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ABSTRACT OF THE DISSERTATION 

 

Spin transport in lateral spin valves and across a metal-insulator 

transition in V2O3 
 

by 

 

Mikhail Erekhinsky 

 

Doctor of Philosophy in Physics 

 

University of California, San Diego, 2013 

 

Professor Ivan K. Schuller, Chair 

 

Spin valves is a class of spintronic devices that use spin degree of freedom. 

They have been used to study various condensed matter phenomena. Applications of the 

spin valves proved to be very useful in every-day electronics. Modern nano-fabrication 

techniques allowed further development of lateral spin valves. It was shown before that 

they separate spin and charge currents. These devices can provide a better insight into 

the spin transport and serve as a basis for the next generation of applications.  

In this thesis spin injection and detection in metallic lateral spin valves with 

transparent interfaces were studied using dc current. This allowed observation of two 

types of backgrounds present in the non-local spin valve signal. One of them originates 

from the inhomogeneous current distribution in the device. The other arises from the 

Joule heating. This heating was found to increase average temperature of the device by 

~100 K for the 10
12

 A/m
2
 current density.  
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The magnitude of the non-local spin valve signal is symmetric with the current 

direction for current densities up to approximately 4×10
11

 A/m
2
. This indicates that the 

type of spin accumulation in the non-magnetic metal can be effectively controlled by 

the current direction. For higher current densities the signal becomes smaller when the 

current is injected from ferromagnetic electrode into the non-magnetic metal. This is 

explained by the spin-dependent Seebeck effect – an additional spin current is induced 

by a temperature gradient inside the ferromagnetic electrode.  

Non-local signal in copper/permalloy lateral spin-valves was measured as a 

function of distance between ferromagnetic electrodes, and Cu thickness. Extracted Cu 

spin diffusion length and permalloy spin-polarization decrease for smaller Cu thickness. 

This is explained by an additional spin-flip scattering at surfaces and interfaces of 

devices. 

Finally, Ni/V2O3/permalloy current-perpendicular-to-plane spin-valve devices 

were measured as a function of temperature. Unique geometry of the device allows 

observation of the metal-insulator transition in V2O3 at ~160 K. Spin-valve effect was 

found in the device below the transition temperature. However the effect disappears at 

higher temperatures. Only anisotropic magnetoresistance of Ni was measured above 

~160 K. The observed magnitude of the spin valve effect, and its disappearance above 

the transition temperature, cannot be explained by simple 2-channel model for a device 

with transparent interface. 

Equation Chapter (Next) Section 1  



1 

 

1. Introduction 

 Spintronics 1.1.

Conventional electronics takes advantage of various transport phenomena in 

materials but ignores the spin degree of freedom. Likewise, spintronics (spin based 

electronics focuses primarily on utilizing the spin the degree of freedom of a solid state 

system. The development of spintronics is powered by the industrial applications, since 

it improves speed and efficiency in existing electronic devices as well as introduces new 

and expanded functionalities. Equally, it is driven by the fundamental physics interests, 

because spin is a purely quantum-mechanical variable, thus studying the interplay of 

spins and other degrees of freedom of materials leads to a better understanding of the 

quantum origin of nature.  

One of the earliest example of spin dependent transport is the observation of 

anisotropic magnetoresistance (AMR) [1]. It was found that the resistance of the 

metallic ferromagnet depends on the angle between the current and local direction of 

the magnetization [2]. AMR effect was also first to be used in various magnetic field 

sensors such as first read heads, digital compasses and position detectors [3, 4]. Later 

the discovery of giant magnetoresistance (GMR) [5-7] allowed for a dramatic 

improvement of these sensors, invention of magnetic random access memory (MRAM) 

and other applications [8-11], and jump-started the rapid development and expansion of 

spintronics. Now spintronics is a broad subject with several overlapping subfields 

defined by the methods used to generate, control and detect the spins, as well as by the 
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materials and geometries involved in the construction of the devices [11-14]. For 

example, metallic ferromagnets (FM) with metallic non-magnetic (NM) spacer were 

used to create and detect spin polarized current in the first GMR experiments [5-7, 15-

17]. Metallic ferromagnets were also used in magnetic tunnel junctions (MTJ), where 

two FM layers are separated by an insulating layer, thin enough to allow tunneling [18-

21]; and in lateral spin valves, which allowed the detailed investigation of the spin 

accumulation and diffusion [22-25].  

In addition to spin transport in metals, there is an ongoing effort in combining 

the functionality of semiconductors (current control by gate voltage, coupling with 

optics) with the functionalities of magnetic materials (current control by spin 

manipulation, non-volatility) [26-31]. This will open up the possibilities to unite 

storage, sensors, logic and communication on a single chip. However, implementing 

this is challenging because of the resistivity mismatch between common ferromagnetic 

(FM) materials, such as Ni, Co, Fe, and semiconductors, which prevents efficient spin 

injection [29, 32, 33]. A common approach to resolve this problem is to control the 

FM/SC interface by decreasing its conductivity. This can be achieved, for example, by 

including a tunnel barrier between the ferromagnet and the semiconductor [32, 34, 35].  

Finally, there are alternative methods to generate and detect spins in materials. 

Some of the methods work without the need for ferromagnetic materials: it was shown 

that spin polarized currents can also be generated and detected by means of direct and 

inversed spin Hall effect (SHE) [36, 37] or by means of absorption or emission of 

circular polarized light in semiconductors [33, 38]. While the other methods eliminate 
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the need of external magnetic field to control spins – the magnetization of FM is 

reversed via spin-transfer torque [39-42]; or even the need for applying a current – spin 

accumulation develops in FM in the presence of temperature gradient (the spin 

dependent Seebeck effect) [29, 43-45]. These two are somewhat related because high 

current is required for operation of the spin transfer torque devices, however this 

produces large thermal gradients due to the Joule heating. Thus, an understanding of 

these effects has important implications for spin based devices.  

  Lateral spin valves 1.2.

Ferromagnetic/nonmagnetic (NM) lateral spin valves are powerful devices that 

decouple a pure spin current from an electrical current by taking advantage of a 

nonlocal geometry [22-25]. With these hybrid nanostructures, a spin polarized current 

has been injected into a metal [22-24, 46-48], a semiconductor [49], or a superconductor 

[50, 51], leading to observation of different fundamental phenomena, such as the spin 

Hall effect [37] or spin dependent Seebeck effect [45] in metals, or the crossed Andreev 

reflection in superconductors [50]. Thus, lateral spin valves are candidates for different 

possible applications, such as integrated spintronic circuits in semiconductors [31]. A 

physical understanding of the creation and manipulation of a spin current from an 

electrical spin injection is essential for the development of these spintronic devices. 

Many device characteristics, such as geometry, materials properties [52, 53], or even the 

FM/NM interface conductivity [46], play a major role. For example, the spin 

polarization of a current injected through a tunnel junction strongly decreases with 
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applied bias limiting the maximum spin current density [46, 54]. However, a similar 

study for transparent interfaces is lacking.  

Most measurements of these nonlocal spin valves (NLSV) use an alternating 

current AC lock-in technique to extract the relatively small spin signal from the 

background noise. When using ac, it is not possible to study the effects of the 

magnitude and direction of the injected charge current on the spin current. In addition, 

any information regarding offsets in the measurements is lost in the method.  

Generally, in lateral spin valves there are two important controlling parameters: 

the polarization of injected current and the spin diffusion length. The polarization of 

injected current depends on the intrinsic spin polarization of the FM electrode [11, 23] 

and the injection efficiency into the non-magnetic electrode NM [46, 55-57]. The spin 

diffusion length in the NM is the distance the injected spin imbalance diffuses before 

reaching its equilibrium value [23, 24, 55, 57]. Since metallic lateral spin valves are 

nanoscaled, surface effects may play a crucial role and maybe comparable to the bulk 

effects. Thus the surface may have a significant influence on both the spin injection 

efficiency and the spin diffusion length. 

 Present work 1.3.

The purpose of the work presented in this thesis is to further understand the 

generation and manipulation of spin-polarized currents in spin valves. This was done by 

investigating various deviations from an ideal, theoretically predicted behavior; and by 
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injecting the spin-polarized current into V2O3 – a unique material that exhibits a 

transition from antiferromagnetic insulator to a paramagnetic metal at 160 K. 

Section 3 is dedicated to the experiments done in all metal lateral spin valves 

with transparent interfaces. The effects of both the current magnitude and current 

direction on spin injection and accumulation were investigated by using direct current 

(dc). It was found experimentally that for current densities up to 3×10
10

 A/m
2
 the spin 

accumulation in the NM reverses with reversal of the injected current, while keeping the 

same magnitude, indicating a symmetric injection mechanism. The origin of two 

different background contributions to the NLSV measurements was identified: 

inhomogeneous current distribution and thermoelectric effect due to Joule heating in the 

spin valve device. This Joule heating also increased the local temperature of the device, 

which was confirmed by measuring the devices with low current at different 

temperatures. 

An unexpected asymmetry was found at high current densities (~ 4.5×10
11

 A/m
2
 

in the FM) – the spin injection was larger when the charge current flowed from the NM 

into the FM, compared to spin extraction when the charge current flowed from the FM 

into the NM. The asymmetry was proposed to arise from a coupling between spin- and 

heat-transport. This effect was the subject of a recently developed section of the 

condensed matter field called spin-caloritronics [58]. Local Joule heating produced a 

temperature gradient in the FM near the FM/NM interface, which induced additional 

thermal spin injection, due to the spin Seebeck effect. The results were in semi 



6 

 

 

quantitative agreement with experimental data of the spin Seebeck coefficient. Peltier or 

spin blockade effects were ruled out. 

Additional insight on the injection and propagation of spin current was provided 

from enhanced performance of Py/Cu lateral spin valve with increasing Cu thickness 

and, contrary to naïve expectation, with increasing copper surface oxidation. The 

measurements of samples with different Cu thicknesses and multiple devices were 

performed to separately determine the spin diffusion length in the Cu electrode Cu and 

the effective spin polarization of Py. Unexpectedly, both these intrinsic parameters of 

Py or Cu were found to increase with copper thickness. This dependence arises from 

different spin-flip scattering probabilities in the bulk Cu, at the Cu surface, and at the 

Py/Cu interface.  

In section 4, I investigated the possibility of spin transport in vertical spin valve 

with V2O3 as the non-magnetic material. This device had a different geometry in which 

current flowed perpendicular to the plane (CPP). The vanadium oxide was particularly 

interesting because of its metal-insulator transition (MIT) at 160 K [59-61]. Thus the 

resistivity mismatch problem [32] could be tested directly by changing the resistance of 

V2O3. The results showed that the magnetoresistance of the device was dominated by 

the anisotropic magnetoresistance (AMR) of Ni at temperatures above the transition. 

However at temperatures below the MIT the magnetoresistance of V2O3 exhibited a 

spin-valve (SV) effect. The size of the SV effect was estimated to be 6-9 orders of 

magnitude larger than theoretically predicted. The disappearance of the SV effect at 

higher temperatures was contrary to what was expected based on the resistivity 
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mismatch. The experimental study was accompanied by extensive finite element 

calculations of the current distribution in the device. This simulation indicated that 

observation of the SV effect only below the transition temperature could not be 

explained by changes in the current distribution in the device with temperature. 

To summarize, spin transport in nano- and micro-structured hybrid devices was 

studied. In lateral spin-valves it was shown how the measured signals are different from 

ones predicted by the one-dimensional spin diffusion model. In CPP devices with 

transparent contacts spin injection and propagation through insulating and metallic 

phases of V2O3 was investigated. The results suggest the presence of additional 

unexpected physical phenomena in the studied devices. Observations made in this work 

help advance the development of next generation spintronic applications, which possess 

improved and expanded functionalities. 

 

 

Equation Chapter (Next) Section 1
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2. Fabrication and methods 

 Introduction 2.1.

In this chapter, first, I give short description of each conventional technique that 

I used to fabricate various devices and samples, examined in the subsequent chapters. 

The complexity of the samples depends on the measurements techniques used to 

characterize the sample, and on the phenomena being investigated. In section 2.3 I will 

explain in details specific fabrication processes that had to be used to study spin-

dependent transport. Structures and devices with dimensions on the order of few 

microns can be fabricated with relatively simple optical lithography, and reactive ion 

etching (RIE) methods. The most complex techniques I used were for the fabrication of 

lateral spin valves in chapter 3, and FM/V2O3/FM vertical spin valves in section 4.  

 Common fabrication methods 2.2.

Common fabrication techniques I used include UV and e-beam lithography, e-

beam and sputtering material deposition methods, reactive ion etching and wet etching 

processes.  

 Depositions 2.2.1.

There are two conventional ways to deposit a thin film of inorganic metallic or 

insulating material: electron beam evaporation deposition and sputtering deposition. 

Electron beam evaporation (e-beam) deposition is a process in which material 

placed on the bottom of the vacuum chamber is melted and evaporated by a beam of 
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high energy electrons. This vapor of source material condenses on the walls of the 

chamber and on the sample mounted upside-down at the top of the chamber. The rate of 

the deposition is controlled by the power of the electron beam. Since this process is 

done in a high vacuum the evaporation process is highly anisotropic. Therefore, this 

deposition method can be used combined with a shadow mask suspended above the 

substrate. In this case the exact place of deposition on the substrate can be controlled by 

changing the angle between the substrate plane and the evaporation direction, see 

section 2.3.1 for details.  

Two different evaporators were used in the studies presented in the following 

chapters. One of them was equipped with only one electron source and accommodated 

up to four different materials. The sample holder was fixed right above the evaporating 

material and could be heated up to 500 ºC. Typical base pressure in this chamber was 2-

5×10
-7

 torr. The other evaporator was in ultra-high vacuum and had typical base 

pressure 2-5×10
-10

 torr. There were two electron beam sources on the bottom of the 

chamber, with four different materials in each. The sample stage was located at the 

center of the chamber, Figure 1(b), and faced down so that the angle between the 

vertical line (normal to the stage surface) and the evaporation direction was about 30º. 

The stage could rotate freely around the vertical axis and could be moved in the 

horizontal plane by about 2 cm in all directions. Optionally, the sample could be 

mounted on a 45º wedge, Figure 1(a), allowing for different angles between the sample 

plane and the evaporation direction. This angle could vary from 15º (with the sample 
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facing away from the vapor source) to 75º (with the sample facing towards the vapor 

source). 

30° 30°

45 

sample

(b)

Metal vapor sources

(a)

 

Figure 1. Schematic drawing of the deposition chamber (b) and a magnified view 

of the sample mounted on the sample stage (a). The lines on the sample represent 

the magnified e-beam lithography pattern for a lateral spin valve device. 

 

Sputtering is a method of thin film deposition in which the source material is 

bombarded by low pressure argon plasma. This forces the atoms of the material to leave 

the source target and mix with the argon ions. If the sample is placed near the plasma 

then the material will be deposited on its surface. Additional gas can be added into the 
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plasma to form more complex compounds. For example, vanadium dioxide thin film 

can be deposited by sputtering vanadium metal with a mixture of oxygen and argon in 

the chamber. Since sputtering deposition is isotropic, it is less favorable to use in 

combination with optical or electron beam lithographies. Material deposited on the side 

walls of the resist might create fences if no additional precautions are taken, such as 

ultra-sonic shaking of the sample. 

In total, three different chambers were used. Two of them had base pressure in 

10
-6

 torr range and were used for deposition of contacts or an insulating SiO2 layer. The 

third one has 10
-8

 base pressure, and an option to heat the substrate up to 750ºC. This 

chamber was mainly used for deposition of V2O3/VO2 in combination with 

ferromagnets used in that project – see sections 2.3.2 and chapter 4. 

 

 Lithographies 2.2.2.

Lithography is the process used in micro- and nano-fabrication. With this 

process a pattern of materials is created on top of a substrate or pre-existing structure. 

One of the most common lithography methods is photolithography (PL), in which the 

pattern is transferred from pre-fabricated photo-mask to a light-sensitive photo-resist 

(PR) on the substrate. This method is relatively quick and several patterns can be 

produced at the same time. The typical resolution of the photolithography method used 

for experiments described in this thesis is about 1 m. Another common method is 

electron beam lithography (EBL), where a beam of electrons is formed and scanned 

over certain areas to expose a charge-sensitive resist. This method has higher resolution, 
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down to 50 nm, but is much slower, due to the scanning process, and the overall size of 

the pattern is limited to few millimeters. Thus, for convenient measurements of nano-

structured devices a combination of both methods is required: EBL is used to create the 

geometry of device itself and PL is used to create a micro- to millimeter-sized contacts. 

The typical process, either for PL or for EBL, consists of the following steps 

described below. These steps are cleaning the surface, spin-coating with the resist, 

exposure, development, material deposition or etching (described separately), and lift-

off. 

Cleaning is done to remove any dust particles and organic compounds from the 

surface of a substrate or a sample, and it usually consists of three steps. First, the 

substrate is submerged in acetone and ultrasonic agitation is used for at least 5 minutes. 

The second step is the same as the first, but methanol or 2-propanol is used instead of 

acetone. Third, the substrate is dried by blowing nitrogen gas onto it. 

Spin-coating with the resist consists of two steps. First, the substrate is spin-

coated with photoresist or e-beam resist, a special viscous liquid that consists of a 

polymer solution and is sensitive to UV light or to electrons. Next, the substrate is fixed 

in the spinner and a couple of drops of the resist are put on the substrate surface. Then 

the substrate is spun for few seconds at 300 RPM, to spread the liquid evenly on the 

surface of the substrate, and then for 1 minute at 2000-6000 RPM. This creates a thin 

homogenous layer with thickness depending on the resist viscosity and the rotation 

speed. Second, the resist is dried by soft backing it on a hot plate. 
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For different projects the following e-beam resists were used: PMMA C4, 

PMMA A2, MMA(8.5)MAA EL 10 – all products of MicroChem Corp. The spinning 

speed varied depending on the resist, but the baking was always performed at 195ºC for 

6 minutes. For photolithography MICROPOSIT S1818 resist was used. For that resist, 

the spinning process was at 5000 RPM, and the soft baking was at 115ºC for 1 minute. 

Exposure procedures for EBL and for PL are very different. For 

photolithography the substrate covered with photoresist is exposed to UV light through 

a mask. The mask is either transparent or opaque for UV light and the needed pattern is, 

in opposite, opaque or transparent. Using a microscope, the mask is aligned with the 

substrate (or with a pre-existing pattern on the sample) and placed in direct contact with 

the surface of the resist. The exposure time varies between 20 seconds and 3 minutes, 

depending on the intensity of the UV light. 

For the EBL, the exposure of the pattern was done in a customized JEOL 

scanning electron microscope (SEM). The position of a 36 keV electron beam and the 

exposure times at each point were controlled by a computer according to a user-

designed pattern and exposure parameters. Typical doses were between 200 and 600 

C/cm
2
 depending on the resolution, type and thickness of resist, and age of the SEM 

filament. For certain devices, to obtain the intended geometry, high precision and very 

narrow range of doses was required. To do this, the intended pattern was repeated 

several times on the same sample at shifted locations, Figure 2(b). A range of doses was 

used (for example between 400 and 600 C/cm
2
) to ensure that at least one of the 

patterns had the perfect dose. 
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Development is a process in which the exposed areas of the resist are dissolved 

in developer – a special solvent specific for the resist, and washed away. This exposes 

part of the substrate or sample surface for subsequent etching or material deposition. 

The EBL resists were developed in a 1:3 solution of MIBK:IPA (methyl-isobutyl-

ketone:2-propanol) for about 40 seconds, followed by a stop-rinse in IPA for 30 

seconds. For the PL resist, a 1:1 mix of MICROPOSIT Developer Concentrate and 

water was used and a typical time was approximately 50 seconds. The sample was then 

washed in water for 30 seconds. 

After the etching or deposition is done, lift-off is the last step. The sample is 

submerged in acetone for at least 2 hours. The remainder of the resist gets dissolved and 

all materials deposited on top of the resist are removed. Thus, only the material that was 

deposited directly on the substrate remains after the lift-off. For some samples it is 

necessary to use ultrasonic agitation to break off the materials deposited on the side 

walls of the resist. 

 

 Etching 2.2.3.

Etching is another way to create the geometry of the sample. It is used when the 

combination of lithography and material deposition is not possible, for example due to 

the high temperature of a deposition. Instead, the material is deposited everywhere. 

Then the areas that need to be preserved are covered by photoresist, or electron beam 

resist pattern, or another material able to withstand the etching process. At the end, only 

these protected areas are left on the substrate. 
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Reactive ion etching (RIE), or dry etching, is a process in which the whole 

surface of the sample is etched by a low-pressure plasma. The chemistry of the plasma 

is chosen to react with the materials on the sample that need to be etched away, and so 

that the products of the reaction are volatile and can be easily evacuated from the 

chamber. For some materials – for example, Ni – only inert argon plasma is used. In 

this case, the relatively slow etching happens only because of the collision of high-

energy Ar ions with atoms of the exposed material.  

Wet etching is an alternative way to selectively remove materials from the 

sample. This is done by submerging the whole sample into a liquid chemical solution. 

As with RIE, the chemistry is chosen to react with etched material and form soluble 

compounds, so that it can be easily washed away after the reaction is complete. Wet 

etching is isotropic, whereas the dry etching is mostly anisotropic, especially at lower 

pressures. Thus, wet etching is more suitable when a vertical etched profile is needed. 
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 Device fabrications 2.3.

 

Spin valves can be separated into two broad categories based on the geometry 

and the corresponding fabrication methods. One category is a layered structure, where 

FM and NM thin layers are deposited one on top of the other [16] (and repeated many 

times in case of multilayers [5-7]). The spin-valve effect in this geometry can be 

measured by applying the current in plane (CIP) of the sample [5-7], or perpendicular to 

the plane (CPP) [15]. Since the contacts used for measuring the device are usually also 

created by photolithography and deposition, CIP measurements are much easier to 

implement than CPP measurements. Fabricating devices for CPP measurements could 

involve a larger number of lithographical steps, and creating an additional insulating 

layer between the top and the bottom contacts [17, 62]. Also the lateral size of the 

FM/NM/FM layer has to be small enough to ensure homogeneous current distribution 

[63]. The size of all-metal spin valves is in the nm scale. Thus, the electron-beam 

lithography has to be used, which complicates the fabrication of the devices even 

further. The advantage of the CPP geometry is that the spin valve effect is larger than in 

the CIP geometry [15]. In section 2.3.2 I show the fabrication process of a Ni/V2O3/Py 

spin valve measured in CPP geometry. Additionally I describe other designs that were 

tried to create a spin valve with vanadium oxides as a non-magnetic layer. 

The other category of spin valve devices has lateral geometry; the current is 

injected from FM electrodes into a bar of NM material [22-24, 26, 64]. Both FM 

electrodes and the NM bar are usually defined by photo- or electron beam lithography, 
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depending on the materials used. The critical parameter here is spin diffusion length 

(SDL) of the NM material, which is the average distance the electrons travel before they 

lose their spin information [23, 55]. The size of the device has to be small enough to 

detect diffusing spin current. In some semiconductors – like Si – the spin diffusion 

length is found to be few microns [26, 65]. Therefore, micron-sized FM electrodes and 

the distance between them can be used to implement the device, which is relatively easy 

to fabricate. Unfortunately, semiconductors have much lower conductivity than 

common FM metals, which drastically diminishes the spin polarization of the injected 

current [32]. To solve this resistivity mismatch problem a tunnel barrier has to be 

constructed at the FM/NM interface [34, 35], or semiconductor ferromagnetic materials 

have to be used [28, 33, 66], both of which significantly complicate the fabrication 

process. 

Conversely, all-metal lateral spin valves allow for an efficient spin injection 

without the tunnel barriers. However, the spin diffusion length of metals is on the order 

of ~100 nm [23, 24, 55]. Therefore, electron beam lithography (EBL) has to be used to 

fabricate all-metal lateral spin valves. There are two common methods are used to do 

that. The first method consists of two subsequent cycles of e-beam lithography and 

corresponding metal deposition. The first cycle is for the FM electrodes, and the other if 

for the NM bar. One disadvantage of this method is the difficulty of controlling the 

interface between the FM and NM layers. Another disadvantage is that more complex 

EBL equipment has to be used to match the positions of the two lithographies with high 

precision. 
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To alleviate this problem and create a clean interface, another method can be 

used. The resist for e-beam lithography is composed of two layers with different 

sensitivity, so that after exposure and development the top resist layer forms a 

suspended mask. This way, of this both the FM and NM materials can be deposited one 

after another at two different angles without breaking the vacuum. 

 

 Lateral spin valves 2.3.1.

A typical sample containing lateral spin valve devices is shown in Figure 2. It 

consists of relatively large electrodes placed inside a square region approximately 1×1 

cm
2
. The shape of electrodes is defined by photolithography and sputtering deposition 

of metal. On the outer ends of each electrode there are pads for attaching cryostat wires 

by soldering them with pure indium or a stronger alloy of indium, 90%, and silver, 

10%. Each electrode leads to the center of the sample where it is attached to a smaller 

electrode created with the EBL, Figure 2(c). The pattern inside the 60×60 m
2
 square 

consists of actual devices, Figure 2(d, e), and the small electrodes, connecting to the 

ends of large electrodes. This pattern is created by electron beam lithography and 

shadow evaporation deposition of metals. 

To make this sample, fabrication started with the empty silicon substrate, 

cleaned according to the procedure described in section 2.2.2. The substrate was then 

prepared for electron beam lithography. A special recipe was used to create a double 

layer of resists with two different sensitivities to electrons. First, the substrate was spin-

coated with high sensitivity resist, MMA(8.5)MAA EL 10, at 6000 RPM, and then it 



19 

 

 

was baked on a hot plate for 6 minutes at 195ºC. After cooling the substrate back to 

room temperature it was spin-coated again with a less sensitive electron beam resist, 

PMMA A2, at 4000 RPM, and then it was baked again for another 6 minutes. The 

thickness of the first layer was about 400 nm and the second was about 50 nm [67]. 

(a) (b) (c)

(d)

(e)

 

Figure 2. A typical sample, (a) full view with wires attached, (b) center of the 

sample with 11 patterns, defined by e-beam lithography, (c) view of one pattern 

with 6 devices in the center, (d) SEM image of all 6 devices, (e) SEM image of one 

device. The vertical lines are FM electrodes, and the horizontal one is the NM bar. 

 

Figure 3 shows an EBL exposure pattern of a single lateral spin valve device. 

The two vertical lines are made for future FM electrodes, and the horizontal line will 

become a NM bar (the big rectangular pads at the ends of the FM electrodes are added 

for domain wall nucleation). Blue (black) rectangles show the areas exposed with a full 
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dose, while pink (grey) rectangles show areas exposed with small doses, approximately 

10% of the full dose. These are added to ensure the exposure and subsequent full 

development of the bottom resist layer in those areas.  

 

Figure 3. The EBL exposure pattern for a single lateral spin valve device. Pink 

(grey) areas were exposed to only approximately 10% of the full dose, received by 

the blue (black) areas. 

 

The optimal development time to produce high quality lateral spin valves was 

found to be 40 seconds. Figure 4 shows a 3D drawing of the developed pattern, where 

the top semi-transparent light-blue layer is the PMMA, and bottom light-green layer is 

the MMA. The openings in the top layer correspond exactly to the exposure pattern on 

Figure 3. However, the full dose is too big for the more sensitive bottom MMA layer. 

This results in a wider exposed area of the bottom layer, and a wider empty area after 

development under the openings in the top layer. If two exposed areas on the pattern are 

close enough, the bottom layer between these two holes will be all removed, leaving 

only the top layer suspended above the substrate. In pattern shown on Figure 3 this is 
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exactly the areas marked with pink (grey), where vertical and horizontal lines are almost 

touching. 

FM

NM
15 

15 

(c)

(a) (b)

Substrate

15 

15 

PMMA and MMA

Suspended PMMA

 

Figure 4. Drawing of a suspended shadow mask formed in the double layer of 

resists by e-beam lithography and development process. (a) view directly from the 

top, (b) 3D view, one part of the top semi-transparent layer suspended above the 

substrate is indicated by dashed circle, (c) 3D view with arrows indicating the 

direction of ferromagnetic and normal metals depositions. 

 

For the next step, electron-beam deposition of ferromagnetic and normal metals 

was performed in an ultra-high vacuum chamber, Figure 1(b), using an additional 45-

degree wedge as a sample mount, Figure 1(a). The arrows in Figure 4(c) show the 

directions of the ferromagnetic and normal metal depositions. First, FM metal was 
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deposited at an angle 15º out of the plane of the samples and parallel to the two vertical 

lines in Figure 4(a) or Figure 5(a). Because of the small incident angle the FM vapor 

went under the suspended part of the resist mask and was deposited on the substrate, 

forming of two FM bars (blue rectangles on Figure 5(a)) that were significantly shifted 

down relative to the vertical openings in the resist mask (black contours). The 

horizontal opening was not wide enough for the FM metal to go through and reach the 

substrate at such a low angle. Instead, the FM metal was deposited on the side wall of 

the resist mask. 

(a) (b)

 

Figure 5. Schematic drawing of subsequent depositions of FM metal (a) and NM 

metal (b) through the resist mask shown in Figure 4(a). The black contours are the 

openings in the top layer. 
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Next, the non-magnetic metal was deposited at an angle of about 75º to the 

plane. Since this is relatively close to the normal, the NM metal was deposited on the 

substrate through all openings in the top layer of resist, shown on Figure 5(b) by light-

red rectangles. Note that there is almost no shift between these rectangles and the black 

contours denoting the openings in the resist. 

Since there are two electron-beam guns inside the chamber, Figure 1(b), 

ferromagnetic materials were placed in one of them and non-magnetic were placed in 

the other. This prevented potential contamination of the NM metal sources with FM 

impurities, which helped to minimize spin-flip scattering on magnetic impurities in NM.  

During the evaporation, the rate of deposition was monitored by quartz crystal 

detectors, which were calibrated by depositing a test sample and measuring its thickness 

with a low angle oscillation of x-ray reflectivity. The deposition rate for FM metals was 

low – approximately 0.5 Å/s – because of the low angle between the direction of 

deposition and the plane of the sample. The rate of the NM metal deposition was 

approximately 2 Å/s. 

After lift-off, the resulting pattern was then examined with the optical 

microscope first, and then with the SEM, to find a pattern that was free of defects and 

had the geometry closest to that which was desired. Figure 6(a) shows a 3D drawing of 

a typical device, and Figure 6(b) and Figure 2(e) show examples of SEM images of the 

real device. 

The result of the two angle deposition through the suspended resist mask was 

that 1) there are parts of the FM lines that were not covered by NM metal (which was 
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deposited after the FM metal), 2) the horizontal bar consisted only of NM metal and did 

not have FM metal under it, and 3) the interface of the intersection between the FM 

electrodes and the NM bar was clean because the sample was in a vacuum between the 

two depositions. 

NM Si Substrate FM  

Figure 6. (a) – 3D drawing and (b) – SEM image of a typical lateral spin valve 

device. 

 

After choosing the pattern, relevant distances – such as widths of FM electrodes, 

the edge-to-edge distance between them, and the width of NM bar – were measured for 

each device. Even though some of these distances should be the same, the actual 

distances varied a little due to the imperfection of the lithography process. 

In order to attach larger electrical contacts to the chosen pattern a standard 

photolithography process was used (see section 2.2.2) in combination with sputtering 

deposition of Ti/Au or Pd metal. The full pattern and parts of finished contacts are 

shown on Figure 2(a,b and c). 
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 Considerations for implementing the spin-valve with VO2 or V2O3 2.3.2.

As it was described in the introduction to the section 2.3 there are different types 

of the spin valve devices. Choosing the right approach depends on various materials 

parameters, such as resistivities and spin diffusion lengths. However the shape of the 

device is also limited by the deposition methods. Below I will describe some 

considerations that one has to take into account in order to fabricate a spin valve device 

with VO2 or V2O3 as the NM material. In all cases there are 4 criteria that have to be 

met: 

1) there is a MIT in the fabricated vanadium oxide layer between the FM 

electrodes; 

2) the two FM electrodes reverse their magnetization at different fields; 

3) the FM/oxide interfaces have to be clean to avoid additional spin 

scattering; 

4) the distance between the FM electrodes has to be small, preferably below 

100 nm, in case the oxide spin diffusion length is short. 

 

Deposition of vanadium oxides 

The main limitation of fabrication of a spin valve device in any geometry arises 

from the high temperature of deposition for VO2 or V2O3. The former is deposited at 

600°C and the latter is at 750°C. Thus, neither of the two oxides could be deposited 

through a photo-resist or e-beam-resist masks. Therefore, to define a nano- or micro-
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scale geometry of the vanadium oxide, photo lithography (PL) or electron-beam 

lithography (EBL), combined with etching techniques, have to be used only after the 

oxide was deposited on the whole substrate. 

The size of the transition of both VO2 and V2O3 also depends on the substrate. 

For example, even if there is a 7 orders of magnitude transition in V2O3 thin film 

deposited on the r-cut sapphire, there could be no transition at all if the oxide is 

deposited on top of a metal layer deposited first on the same substrate. Therefore, for 

CPP geometry, the material for the bottom FM layer has to be chosen carefully, and 

additional studies have to be done to confirm the crystal structure of the oxide and the 

presence of the transition. 

Since the deposition of VO2 is done by reactive sputtering with a mixture of 

argon and oxygen gases, this oxide cannot be deposited on top of a metal. At 600°C and 

oxygenated atmosphere most metals will rapidly oxidize. Therefore only lateral devices 

could be fabricated with VO2, and only with FM electrodes deposited on top of the 

oxide. 

FM electrodes 

For the lateral geometry, only EBL is capable of defining two ferromagnetic 

electrodes at sufficiently short separation. Additionally, fabrication with EBL allows 

fabrication of the FM electrodes with two different widths and, consequently, different 

reversal fields (see, for example, devices prepared in chapter 3).  

In general, there are two methods to create nano-scaled electrodes on top of the 

VO2 or V2O3. With first method, the FM material is deposited through an EBL resist 
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mask on top of the vanadium oxide film. However separate deposition of FM does not 

allow the control of the oxide/FM interface, and, therefore the additional spin scattering 

can result in zero spin polarization of the injected current. To avoid this problem, 

plasma-etch cleaning could be used right before the deposition of the FM material.  

If the cleaning etch option is not available in the sputtering chamber, another 

method can be used. In this method, a bi-layer of vanadium oxide and the FM material 

is prepared without breaking the vacuum. After that, EBL with positive resist is used to 

define a mask through which a hard material, such as Nb, is deposited, followed by 

liftoff. The resulting Nb mask is used for dry etching with argon plasma, which removes 

the FM layer everywhere except under the Nb mask. 

The disadvantage of lateral geometry is that the minimum distance between the 

FM electrodes is controlled by the resolution of EBL and it is difficult to obtain 

distanced shorter than ~100 nm. In the CPP device geometry the distance between FM 

electrodes is controlled by the oxide thickness and can be on the order of 10 nm.  

To ensure that the two FM layers in a CPP device have different reversal fields, 

different materials, and different thicknesses can be deposited. In general, the reversal 

field of a FM material increases with decreasing thickness. Additionally, Py usually has 

smaller reversal fields than Ni or Co. 

Final choice of the device geometry and materials 

Because of the limitations of EBL to produce short distances between FM 

electrodes, it was decided to fabricate CPP spin valve devices. Since VO2 could not be 

deposited on top of a FM metal due to the deposition conditions, only devices with 
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V2O3 were studied. In earlier devices, Py was used for both of the FM layers and the 

reversal fields were controlled by the difference in thickness: 15 nm vs. 35 nm. No spin 

valve effect was observed, however the AMR curves of the Py layers, measured with in-

plane current, exhibited an asymmetry in respect to the zero field at T < ~100 K, 

implying the presence of the exchange bias effect. 

Careful analysis of magnetoresistance (Figure 7), X-ray diffraction patterns 

(Figure 8), and SQUID measurements of Py/V2O3 bi-layers [61] revealed a layer of 

Fe3O4 formed on the bottom Py/V2O3 interface. This was most likely due to a reaction 

of iron atoms from Py and oxygen atoms from V2O3 at high temperature during 

deposition of V2O3. Similar analysis of the same sample with Ni as the bottom layer 

showed no additional material formed at the interface, and no exchange bias was 

present in the MR measurements. 
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Figure 7. MR measurements of Py (30 nm)/V2O3 (50 nm) at different 

temperatures. The sample was cooled from 300 to 4.2 K with an applied field of 

1000 Oe. 

 

In the next version of the FM/V2O3/FM device, a simple cross was made with a 

bottom Ni and a top Py strips, aligned perpendicular to each other. However, Ni, V2O3 

and Py were deposited separately and the quality of the FM/V2O3 interfaces was not 

controlled. However, two things were learned from fabrication and measurement of 

these samples: 1) there was a MIT in V2O3 deposited on top of the Ni layer, 2) the sheet 

resistance (the in-plane resistance) of the FM electrodes was higher than the out-of-

plane resistance of the V2O3 layer. The latter resulted in a negative measured resistance 

at high temperatures, when V2O3 is metallic (positive resistance was measured at low 

temperature). 
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Figure 8. X-ray diffraction patterns for two bilayers: Py (30 nm)/V2O3 (100 nm) 

(top black) and Ni (30 nm)/V2O3 (100 nm) (bottom red). Diffraction maxima from 

Py or Ni (111) and from V2O3 (006) are marked in the figure; diffraction maxima 

shown by the black dots are from an unexpected phase. Peak positions from Fe3O4 

or V3O4 (111) planes are marked at the top. All other diffraction maxima not 

marked in the figure are due to the r-cut sapphire substrate. The (444) peak 

overlaps with one of the substrate peaks. 

 

To compensate for the negative resistance, a device with a different geometry 

was developed. Instead of the top and the bottom straight contacts crossing at 90 

degrees, both the top and the bottom contacts were bent at a 90 degrees angle. The 

intersection of these 90-degree corners also formed a cross, (Figure 10(b) and (c) and 

Figure 36), but in this geometry the current flowed straight from the bottom to the top 

contact. 
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Lastly, to preserve the clean interfaces between the FM metal and the V2O3, two 

adjustments were made to the fabrication process. 1) The bottom Ni contact was 

covered by a 5 nm layer of V2O3 right after the Ni deposition. 2) The top FM was 

deposited right after the V2O3, without breaking vacuum. In order to complete the 

device, dry etching was necessary to remove the V2O3/Py layers everywhere except 

under the top contact. Samples fabricated earlier by an alternative method with separate 

Py deposition through a photolithography mask showed no spin valve effect. Thus, the 

final fabrication process is described in the next section. 

 

 Ni/V2O3/Py sandwich device fabrication 2.3.3.

The method described below was used to fabricate FM/V2O3/FM sandwiches, 

the magnetoresistance of which will be studied in Chapter 4. 

Fabrication began with a standard cleaning of an r-cut (1 ̅02) of single crystal 

sapphire substrate with dimensions 7×12 mm
2
. Next, the bottom contact was formed by 

a combination of standard photolithography and sputtering deposition of 40 nm of Ni 

and 5 nm of V2O3 at room temperature. These and the following depositions were done 

in a high vacuum sputtering chamber with base pressure 1×10
-8

 Torr. During the 

deposition, ultra-high purity argon gas was used at 4×10
-3

 Torr pressure, and the 

sputtering power was fixed at 100 W. During the lift-off after the first deposition high 

power ultrasonic agitation was used to remove the fences – parts of metal deposited on 

the side walls of the resist. This was done to prevent the electrical shorts between the Ni 

layer and the top FM layer (which would be deposited later). Figure 9 shows the central 
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part of the bottom contact, it forms a single path with six 90 degrees turns, grouped 

close to each other near the center of the substrate. 

10 m

 

Figure 9. Central part of the bottom contact. Six 90° corners are shown by darker 

color. Red dashed contour indicates the area shown on Figure 10. 

 

Right after lift-off, the sample was placed again into the sputtering chamber for 

subsequent depositions of V2O3, the top Py layer and the capping Cu or Nb layer. 

Before these depositions, the substrate was heated up from room temperature to 750°C 

at a rate about 7°C/min. Following this, V2O3 was deposited on the whole sample by 

sputtering from a 99.7%-pure V2O3 pressed-powder target. After this deposition, the 

substrate was cooled back to room temperature, again at a rate of 7°C/min.  

With higher heating and cooling rates, the existing Ni layer peeled off from the 

substrate. Also, without the 5 nm V2O3 capping layer deposited right after the Ni layer, 

this heating and cooling procedure resulted in a large number of defects on the sample 

surface, visible in optical microscope and in SEM. 

After the substrate was cooled back to room temperature, 10-15 nm of Py 

(Ni80Fe20), and 2 nm of Cu or Nb as a capping layer, were deposited on the whole 
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sample. At that point, the resulting sample had the bottom Ni contact and the 

V2O3/Py/Cu(Nb) tri-layer was covering the whole substrate. One of the 6 corners 

(marked by dashed contour on Figure 9) and its cross-section are shown on Figure 

10(a), although the V2O3 and Cu(Nb) capping layers are not indicated in this figure. 

V2O3(50)/Py(15)

Al2O3

Al2O3

Ni(40) – bottom contact

Cr/Au/Cr – top contact

Py and V2O3

etched away

(a)

(b)

(c)

Ni/V2O3/Py

V2O3/Py

 

Figure 10. Fabrication of Ni(40)/V2O3(50)/Py(15) sandwich. (a) V2O3 and Py are 

deposited on the whole substrate with bottom Ni contact. (b) 90º bend of the top 

Cr(50)/Au(200)/Cr(70) contact matches the 90º bend of the bottom Ni contact. (c) 

Reactive ion etching removes exposed Py and V2O3 layers.  

 

The shape and position of the top contact was also defined by photolithography 

and sputtering deposition. For each of the 90-degree corner in the bottom contact there 

was a corresponding 90-degree corner in the top contacts, Figure 10(b). However, for 
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the deposition of the top contact a different chamber was used. The base pressure in this 

chamber was 5×10
-6

 Torr and the deposition was done in argon gas at 2×10
-3

 Torr. The 

composition of the top contact was the following: first, 50 nm of Cr was deposited to 

act as an adhesive layer for 200 nm of Au, which was deposited second. Another 70 nm 

of Cr was deposited third, to protect the gold layer from subsequent dry etching. 

After lift-off, the sample was etched using a RIE chamber. A typical process 

consisted of the following steps. First, the hard Py/Cu(Nb) layers were etched by argon 

plasma with 10 mTorr pressure and 200 W power for 5-7 minutes. Second, the V2O3 

layer was reactively etched in a mixture of 1:5 Ar:Cl2 plasma with 50 mTorr pressure 

and 250 W power for 2-3 minutes. Finally, the sample was either washed in deionized 

water or etched for 20 seconds in CF4 plasma at 100 mTorr pressure and 100 W power 

and for 30-60 seconds in O2 plasma at 50 mTorr pressure and 100 W power. This step is 

done to neutralize and remove remaining chlorine compounds from the sample surface. 

This etching completely removed the V2O3/Py/Cu(Nb) tri-layer everywhere 

from the sample except where it was covered by the top Cr/Au/Cr contacts. Since Cl2 

does not form volatile compounds with Ni, the bottom contact remained intact after 

etching. Through this process, Ni/V2O3/Py sandwiches were formed at the intersections 

of the top and bottom contacts, Figure 10(c). 

The thicknesses of the V2O3, Ni and Py layers were measured on separate 

samples, deposited at the same time, by low-angle oscillations of the X-ray reflectivity. 

The crystal growth of the V2O3 on top of the Ni layer, and its growth direction were also 

determined by analyzing the X-ray diffraction pattern. 
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 Characterization methods 2.4.

 Transport measurements 2.4.1.

 

Most of the work in this thesis was done by measuring the response of the 

electrical transport properties of the samples to the changing magnetic field. High 

sensitivity electrical measurements were done in a standard helium-flow Janis cryostat, 

which allowed controlling the temperature in the range from 4.2 to 300 K, and applying 

magnetic field with magnitudes up to 7 T. Samples could be mounted so that the applied 

magnetic field is in-plane or out-of-plane with respect to the plane of the sample. 

Three different types of measurements were performed in the cryostat. First type 

is the magnetoresistance measurement, where the temperature is fixed and the resistance 

of the sample is measured as a function of the applied magnetic field. Second type is 

where the magnetic field is fixed, and the resistance is measured as a function of 

changing temperature. Third type is the I-V measurements, where the voltage (or the 

resistance) is measured as a function of applied current at fixed temperature and the 

magnetic field.  

Up to 18 contacts could be connected simultaneously to the sample in the 

cryostat, but only 2 to 4 specific contacts were used for a certain measurement. The 

switching between different contacts, needed for applying the current and measuring the 

voltage, was done by selecting the corresponding channel on the custom made switch 
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board. The resistance between different channels on the switch board was in the G 

range, while channels not chosen for measurements were floating – not connected to 

anything. 

Keithley Model 2182A nanovoltmeter was used to measure voltage, while 

Keithley Model 6220 DC current source was used to apply the current. Two different 

modes of the Keithley instruments were used for resistance measurements. One of them 

was the delta-mode, where the voltage V
+
 was measured with positive applied current of 

a specified amplitude |I|, and the voltage V
-
 was measured when the same but negative 

current is applied. Then the measured resistance was calculated as R = (V
+
 - V

-
)/2|I|. 

This method is equivalent to the AC lock-in technique [68]. The second resistance 

measurement mode was similar to the first one, but one of the two voltage measurement 

was done at zero applied current. Using this mode it was possible to investigate whether 

the resistance is the same when measured with positive or negative current of the same 

magnitude. 

 

 X-ray diffraction 2.4.2.

X-ray diffraction (XRD) is a common method used to analyze the crystal 

structure of materials. The technique is based on the diffraction of X-ray waves 

reflected from the atomic planes of the crystal. By measuring the angles and intensities 

of the diffraction peaks the crystal structure of the sample can be determined. XRD of 

samples presented in chapter 4, and sections 2.3.2, 2.3.3, was performed with a Bruker 
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D8 Discovery rotating anode X-ray diffractometer using Cu K radiation with the 

wavelength 1.54 Å. 

Typically, a /2 scan was performed to identify the crystal structure and the 

phase purity of the thin film samples. This method also allows distinguishing between 

oriented crystal growth and the random polycrystalline growth of the material. In this 

type of measurements  is the angle between the sample plane and the incident X-rays, 

the detector is then positioned at the 2 angle, Figure 11(a). A typical XRD data of an r-

cut sapphire substrate obtained with this method is shown on Figure 11(b). 
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Figure 11. (a) Geometry of the /2 scan. (b) XRD of an r-cut sapphire substrate. 

(c) Geometry of the low angle reflectivity measurement. (d) Low angle reflectivity 

data for a sample with 82 nm of V2O3.   
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Additionally, film thickness was determined by measuring the low-angle X-ray 

reflectivity of the sample. X-rays reflect from the top surface of the film and from the 

material/substrate interface, Figure 11(c), producing interference pattern, which result in 

the oscillations in the reflectivity, Figure 11(d). The total thickness d was then 

determined using the equation: n = 2dsin. 

 SQUID measurements 2.4.3.

Superconducting Quantum Interference Device (SQUID) magnetometry is a 

standard technique for characterization of magnetic properties of the sample. It uses the 

phenomena of quantization of magnetic flux passing through a superconducting loop 

that contains one (RF SQUID) or two (DC SQUID) Josephson junctions - thin 

insulating layers that allows non-dissipative current flow via quantum tunneling of 

electron Cooper pairs. The output signal from SQUID oscillates with the changes in the 

magnetic flux which are caused by the sample moving through the superconducting 

loop. Counting the oscillations allows evaluation of the flux change which has occurred 

and, therefore, calculation of the sample magnetic moment, M. 

Sample characterization was done with Quantum Design MPMS model SQUID 

magnetometer. One type of measurement was used to investigate how the magnetic 

moment of the sample, M, changes with changing in the sample temperature. The other 

type of measurement was used to determine hysteresis loops – how M changes with the 

applied magnetic field at a fixed temperature. 
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3. Spin injection 

 Introduction 3.1.

 Spin valves 3.1.1.

Spin valve [16] is a basic device, which operation relies on generation, control 

and detection of spin currents. These are the key ingredients in spintronics, which has a 

goal to use both the spin and charge degrees of freedom of the electron [11, 13, 14]. 

There are many different types of spin valve devices, which are used for many practical 

applications [8-11] and for fundamental studies of spin transport in various materials 

[12, 13]. However, the basic principles used to construct all these devices are the same. 

There are two ferromagnetic (FM) electrodes, one is used to create spin polarized 

current and another is used to detect it. In general, this results in a change of the 

device’s resistance depending on the mutual configuration of magnetization of two FM 

electrodes. There is also a non-magnetic (NM) spacer material in between the two FM 

electrodes, for the purpose of separating two FM electrodes. Together with a proper 

choice of FM materials, their thicknesses or lateral sizes, this allows for independent 

reversal of their magnetizations [16, 19, 23]. Spacer material are also used for adding 

functionality to a device, for example, it can improve the polarization of injected current 

[20, 21], add properties of a field effect transistor [29, 30], separate the charge and spin 

currents [23, 24], or add a temperature dependence [60, 69].  

 Non-local Lateral Spin Valves 3.1.2.

Lateral spin valves are powerful devices in which it is possible to decouple a 

pure spin current from an electrical current by taking advantage of a nonlocal geometry 
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[22, 70]. With such hybrid nanostructures, a spin polarized current has been injected 

into a metal [22, 23, 46-48, 70-73], a semiconductor [26, 29, 64, 65], or a 

superconductor [50, 51], leading to the observation of different fundamental phenomena 

(such as the spin Hall effect in metals [37] or the crossed Andreev reflection in 

superconductors [50]) or to different possible applications (such as spintronic integrated 

circuits in semiconductors [31]).  

As with the continuing quest for a larger signal in current CPP spin valve 

devices, the signal enhancement in lateral devices is an ongoing challenge which may 

be the limiting factor in eventual applications. These types of improvements can only be 

obtained by a serious effort geared to understand the creation and manipulation of a spin 

current and the role that device geometry and material parameters play in these 

phenomena [24, 52, 55]. Size of metallic lateral spin valves are on the order of 100 nm, 

therefore surface effects [56] or imperfections of the geometrical details [53] may cause 

deviations from the ideal theoretically expected signal. The FM/NM interface 

conductivity is another important controlling parameter. The spin polarization of a 

current injected through a tunnel junction strongly decreases with applied bias [46, 54] 

limiting the maximum spin current density. However, a similar study for transparent 

interfaces is lacking. Additionally, since most of the measurements are done with ac 

current, any information regarding effects of the current direction, or offsets in the 

signal, is lost. 

Temperature effects and thermoelectric properties in many nano-electronic and 

spintronic applications are also of major importance [47, 58, 74-76]. Although in many 
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cases spintronic devices are operated at high current densities, which cause significant 

Joule heating, the importance of these effects has been largely overlooked. The 

interactions between electrical, spin and heat (or entropy) transport [77] only recently 

have received considerable attention and are all grouped in the term spin-caloritronics 

[58, 78]. Examples include thermal spin transfer-torque [79], spin Nernst [80], spin 

Peltier [81] and spin Seebeck [43-45] effects. While spin-caloritronics may have an 

important role in novel spintronic devices and thermal effects can be used to generate 

new functionalities [45, 82], they might also have deleterious effects on device 

performance. For example, in many applications needing high current densities (e.g., 

spin-torque-induced switching in magnetic random access memory), elevated 

temperatures and spurious thermal gradients may arise [83]. Thus, an understanding of 

these effects has important implications for spin based devices. 

This chapter is dedicated to the experiments done in all metal lateral spin valves 

with transparent interfaces. The purpose is to identify how the signals measured in real 

devices are different from theoretically predicted by the one-dimensional spin diffusion 

model [23, 57, 72]. In section 3.2 qualitative theory of electrical spin injection is 

described and the ideal bipolar behavior of a lateral spin valve is shown. Dependence of 

the expected signal on various geometrical and material parameters is also calculated 

specifically for the device used in this study. In subsequent sections few deviations were 

identified which were concluded to originate from either geometrical factors, sections 

3.3 and 3.5, or additional thermal effects, sections 3.3 and 3.4. 
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The effects of both the current magnitude and current direction on spin injection 

and accumulation is investigated in section 3.3 by using direct current (dc). It was found 

experimentally that for current densities up to 3×10
10

 A/m
2
 the spin accumulation in the 

NM reverses with reversal of the injected current, while keeping the same magnitude, 

indicating a symmetric injection mechanism. The origin of two different background 

contributions to the NLSV measurements is identified: inhomogeneous current 

distribution and thermoelectric effect due to Joule heating in the spin valve device. This 

Joule heating also increases the local temperature of the device, which was confirmed 

by measuring the devices with low current at different temperatures at the beginning of 

section 3.4. Later in this section an unexpected asymmetry is found at higher current 

densities (~ 4.5×10
11

 A/m
2
 in the FM) – the spin injection is larger when the charge 

current flows from the NM into the FM, compared to spin extraction when the charge 

current flows from the FM into the NM. An explanation was proposed that this 

asymmetry arises from coupling between spin- and heat-transport: local Joule heating 

produces a temperature gradient in the FM near the FM/NM interface, which induces 

additional thermal spin injection, due to the spin Seebeck effect. The results were in 

semi quantitative agreement with experimental data of the spin Seebeck coefficient. 

Peltier or spin blockade effects are ruled out. 

Additional insight on the injection and propagation of spin current is provided 

from larger signals observed in Py/Cu lateral spin valve with increasing Cu thickness 

and, contrary to naïve expectation, with increasing copper surface oxidation. The 

measurements of samples with different Cu thicknesses and multiple devices were 
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performed to separately determine the spin diffusion length in the Cu electrode and the 

effective spin polarization of Py. Unexpectedly, both these intrinsic parameters of Py or 

Cu increase with copper thickness. This dependence is proposed to arise from different 

spin-flip scattering probabilities in the bulk Cu, at the Cu surface, and at the Py/Cu 

interface. 
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 Theory of spin injection and detection 3.2.

 Introduction 3.2.1.

The basic theory of electrical spin injection from a ferromagnet to a normal 

metal through a transparent interface has been developed long time ago [22, 84-86]. 

More recently it was applied to the lateral spin valves [23, 57, 72]. In these works the 

situation are described where spins are injected from one ferromagnetic (FM) electrode 

with upward magnetization into non-magnetic metal (NM), and then detected by second 

FM electrode with magnetization either up or down. However, it is hard to find a 

detailed description of how the expected measurement would change if the first FM 

reversed its magnetization, or, more interesting, if the direction of the current was 

reversed. The reason for this is that vast majority of the measurements are done with 

alternating current (ac) [23, 24, 46-48, 87, 88], thus the effect of the current direction on 

the device performance is not observed.  

In many cases tunnel barriers are added at the FM/NM interface [47, 54, 56, 89]. 

Spin injection through a tunnel barrier is different from the transparent interfaces. If this 

is not taken into account, mistakes can be made while interpreting the type of spin 

accumulation at the interface, or predicting the behavior of a device. With tunnel 

barriers, the spins with largest density of states at Fermi level inside FM have higher 

probability to tunnel into the NM. For example, in Ni these are the minority spins, 

therefore accumulation of minority spins is created in NM. When the FM/NM interface 

is clean (transparent interface) the spins with higher mobility are getting injected into 
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the NM. In case of Ni these are the majority spins, creating a majority spins 

accumulation. Everywhere in these chapter only FM/NM junctions with transparent 

interfaces are studied. 

Below I start with explain how spin accumulation is generated in a single 

FM/NM junction. Then I show in details the non-local magnetoresistance measurements 

of a lateral spin valve device and how the expected signal changes with current 

direction. I conclude with potential deviations from the ideal behavior in measurements 

of a real device. 

 

 Ferromagnet/non-magnetic electrical junction 3.2.2.

If a current runs through a ferromagnet/nonmagnetic metal junction, however 

simple it may look, the details of voltage distribution are complicated by the additional 

effects arising from the electron spins. The current inside a ferromagnet is spin-

polarized, but inside a normal metal it is not. The electron spins inside a FM have a 

preferred direction defined by the bulk magnetization. Therefore, all the electrons can 

be divided into two groups: with spin parallel or anti-parallel to the magnetization 

(up/down convention for magnetization and spin direction is used throughout the 

thesis). This so called two channel model was proposed at the beginning of the 20
th

 

century by Mott [90] to explain the behavior of resistances of ferromagnetic metals 

doped with impurities. The model treats the spin-up and spin-down electrons as two 

independent groups of charge carriers, because the momentum scattering (which leads to 
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electrical resistivity) is more frequent than the spin-flip scattering that leads to a 

transition of an electron from one group to another. 

N(E)                    N(E)

E

EF

d-band

s-band

 

Figure 12. Schematics of conducting s- and d- bands of a ferromagnet. Left side 

corresponds to majority spin-up electrons and the right to spin-down electrons. 

Unequal densities of states, N↑(E) and N↓(E), of d-band are indicated by vertical 

dashed lines. 

 

Current inside FM is spin-polarized because spin-up and spin-down channel 

conductivities are different. This comes from difference in density of states at the Fermi 

level. In Figure 12 both s- and d- bands are schematically shown for a typical 3d-

ferromagnet, like nickel or cobalt, with the magnetization directed up. Due to the 

exchange interaction the 3d conduction bands for electrons with different spins are 

shifted relative to each other. This leads to a larger number of spin-up electrons 

(majority) than spin-down (minority). If the magnetization is reversed down, the spin-

down electrons become the majority and spin-up – the minority. Figure 12 indicates that 
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the density of states at the Fermi level is smaller for the majority-spin electrons than for 

the minority (shown by vertical dashed lines on the Figure 12). In addition to the d-band 

there is also a conduction s-band with a much smaller effective mass of the electrons. 

Thus, the s-electrons have a much higher mobility than the d-electrons. Therefore, most 

of the current is carried by the s-electrons. However, fast s-electrons are scattered into 

slow d-electrons with the probability proportional to the density of states at the Fermi 

level of the d-band with corresponding spin. Since in this case the density of spin-up d-

states is smaller, Figure 12, then the spin-up electrons scatter less often. As the result 

the conductivity of the spin-up channel, ↑ is higher than the conductivity of spin-down 

channel, ↓. The currents transmitted by spin-up and spin-down electrons are I↑ ~ ↑ 

and I↓ ~ ↓, correspondingly, and the total current is I = I↑ + I↓. Thus, in ferromagnetic 

metals, such as Ni or Co, the current transmitted by the majority-spin electrons is higher 

than by the minority. The intrinsic polarization of the current inside FM is defined as 

 F

I I

I I

 


 
   

   

 
 

 
. (2.1) 

Therefore, the polarization is positive for the magnetization up, and negative for 

the magnetization down. 

When current is flowing through NM/FM junction, Figure 13, it brings with 

itself a net magnetization from the FM into the NM [22] – there is more spins of a 

certain type are injected into NM than of the opposite type. As a result a spin 

accumulation is created near the FM/NM interface (shown as light-green shade on 

Figure 13). The accumulation then diffuses along the metals away from the interface 
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due to the spin-flip scattering (shown as a gradient of light-green color on Figure 13). 

The magnitude of spin accumulation and the distance of the diffusion inside a material 

depend on the combination of spin-flip scattering rates and resistivities of both 

materials, and on the intrinsic polarization of FM, F. 

M FM NM

+I

electrons
 

Figure 13. Drawing of an FM/NM junction. The magnetization of the FM points 

up. The spin-up accumulation near the interface is shown as a dark-green 

gradient. 

The type of spin accumulation (up or down) depends on both the direction of the 

current and the direction of the magnetization of the ferromagnet. First, consider a case 

of upward magnetization and positive current, (everywhere in this chapter positive 

current corresponds to the current flowing from NM into FM). Since in metals the 

current is carried by electrons, then for positive current electrons are flowing from FM 

into NM. Therefore, there is more of the spin-up electrons (which are the majority in 

this case) are getting injected into NM, creating the spin-up accumulation. If the 

magnetization of FM is reversed, then the majority would be the spin-down electrons, 

and the spin-down accumulation would be created. 

However, if the direction of the current is reversed, then the electrons are not 

injected from FM into NM. Therefore, no net polarization is brought from the FM into 

the NM. Instead, inside the FM the majority spins (up or down, depending on the 
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magnetization) move away from the interface faster than the minority spins. This causes 

a lack of majority-spin electrons near the interface and therefore an accumulation of 

minority spins. This situation is sometimes described as extraction of spins from NM 

(in contrast with injection into NM). The summary of all four situations is shown in 

Table 1. 

Table 1. Type of spin accumulation depending on current direction in FM/NM 

junction and magnetization of the FM. 

Current
NM→FM

Magnetization
Positive Negative

up
Spin-up

accumulation

Spin-down

accumulation

down
Spin-down

accumulation

Spin-up

accumulation
 

In the view of the two-channel model an accumulation of a one type of spins 

means that there is a difference between the chemical potentials of two channels:  = 

↑ - ↓ > 0 for spin-up (< 0 for spin-down) accumulation. This difference is largest at 

the injection/extraction interface and it decays over the characteristic spin diffusion 

length  away from the interface. The spin diffusion length of ferromagnets is usually 

on the order of 10 nm [23, 55, 91], but in non-magnetic metals the spin diffusion length 

is few hundred of nanometers [23, 24, 55]. Far enough from the spin 

injection/extraction interface the spin accumulation decays to zero and the chemical 

potential is the same for both spin types. However this equilibrium chemical potential in 

NM is different from the one in FM because of the intrinsic asymmetry in conductivity 
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and density of states for different spins inside FM, Figure 14. If N() = 0, then the 

chemical potential in FM at infinity is given by 

 int( )
2

F
F

 



   (2.2) 

where int is the splitting of chemical potentials at the interface. The difference F() - 

N() can be measured by attaching voltage probes at the ends of FM and NM 

electrodes far enough from the interface 

 
( ) ( )F N

measuredV
e

   
 . (2.3) 

Thus, FM electrode can be used as a detector of spin accumulation in NM. 

FM NM

0

0

distance



F()

N()

interface

eVmeasured

 

Figure 14. Exponential decay of the chemical potential for the spin-up and spin-

down electrons inside FM (to the left) and NM (to the right). The equilibrium 

chemical potential inside FM is shifted relative to equilibrium chemical potential 

inside NM by . Magnetization of the FM in this case is up. 

The sign of the measured voltage depends on the FM magnetization direction 

and the type of spin accumulation. In the case shown on Figure 14 (the magnetization of 
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FM is up and there is spin-up accumulation) F() > N(), so then the normal metal 

electrode will have positive voltage relative to FM electrode, Vmeasured > 0. If the 

magnetization of FM is reversed, then the equilibrium chemical potential in FM is (- 

F()) < N(), and the measured voltage is negative. Same negative voltage is 

measured if the magnetization of FM is kept positive but the spin accumulation changed 

to spin-down. Finally, if both magnetization and spin accumulation are down then the 

measured voltage is positive again. The summary of all possible situations is shown in 

Table 2. 

Table 2. Measured voltage, Vmeasured, dependence on the mutual alignment of 

magnetization and spin accumulation. 

Accumulation 

Magnetization

Spin-up Spin-down

up Vmeasured > 0 Vmeasured < 0

down Vmeasured < 0 Vmeasured > 0

 

 

 Non-local lateral spin valves 3.2.3.

A typical lateral spin valve device consists of two ferromagnetic (FM) 

electrodes crossed by a non-magnetic normal metal (NM) bar, Figure 15. Current flows 

between one of the FM electrodes (left one on the figure) and the side of the NM bar 

away from the second FM electrodes (to the left shown on the Figure 15). The voltage 

is measured between the second FM electrode and the right side of the NM bar, while 

applied magnetic field is swept between positive and negative fields, large enough to 

magnetize both FM electrodes. 
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Figure 15. Cartoon of a typical lateral spin valve device. Two ferromagnetic 

electrodes (vertical bars) are crossed by the non-magnetic metal bar (horizontal). 

The electrodes used for applying a current a measuring voltage are indicated. 

 

Since the current is applied only between the left FM electrode and the left side 

of the NM metal, then in the right part of the device there is no voltage generated due to 

the charge current. However the spin accumulation created at the interface between left 

FM and NM is free to diffuse in all directions along the NM. Therefore to the right of 

the first FM electrode there is only diffusion of the spin accumulation but there is no 

charge current – this situation is denoted a pure spin current.  

If the second FM electrode is places close enough (less than few NM) then the 

diffusing spin accumulation is still present at the second FM/NM interface. At this 

point, the spin accumulation continues to diffuse along the second FM electrode as well 

as along the continuation of NM bar – the situation shown on Figure 14. Therefore a 

non-zero voltage can be measured between the second FM and the right side of the NM 

(Figure 15) given by formula (2.3). This second FM electrode is called the detector as it 

detects the spin accumulation present in NM metal. The sign of the measured voltage 
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Vmeasured depends only on the combination of magnetization of second FM electrode and 

the type of spin accumulation in NM, Table 2, and does not depend directly on the 

magnetization of the injector (first FM electrode). Instead, the type of spin accumulation 

depends on the magnetization of the injector and on the current directions, as discussed 

above, Table 1.  

Combining both dependencies on the magnetization and the current direction 

helps to understand how Vmeasured changes with the applied magnetic field, H. Let’s start 

with negative H (directed down) and positive current. The applied field is large enough 

to magnetize both FM electrodes in negative (down) direction. For this condition, Table 

1 shows that there is a spin-down accumulation in the NM. Subsequently, Table 2 

shows that the spin-down accumulation and down magnetization produce positive 

measured voltage. With increasing magnetic field this voltage stays constant, red solid 

line on Figure 16(a). When the applied field becomes large enough to switch the 

magnetization of the injector electrode up, but not enough to switch the detecting FM 

electrode, then the spin accumulation in NM becomes positive and the measured 

voltage – negative. If the magnetization of the detector was reversed first, then the 

measured voltage is also negative: spin-down accumulation is being detected with 

positively magnetized FM electrode. When the field becomes large enough to switch 

the magnetization of both FM electrodes then the measured voltage becomes positive 

again. 

For negative current everything is in opposite: negative magnetization creates 

spin-up accumulation in NM bar, Table 1. Then, in Table 2 the negative magnetization 
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of the detector and spin-up accumulation yields negative measured voltage. Following 

the same logic as in previous paragraph, it can be established that antiparallel 

configuration of electrodes (magnetizations of FM electrodes point in opposite 

directions) always creates positive measured voltage and parallel configuration – 

negative voltage, Figure 16(b). 

 

V

+V

-V

H

V

H

(a) +I (b) -I

 

Figure 16. Cartoon of theoretically expected measured non-local voltage vs. 

applied magnetic field in lateral spin valve device, for positive current (a) and for 

negative current (b). Red solid lines correspond to sweeping the magnetic field up 

and blue dashed line to sweeping magnetic field down. 

 

In both cases (positive and negative currents) the curve has a bipolar switching 

between negative and positive voltages, Vmeasured, of the same magnitude. The measured 

voltage divided by the current magnitude, Vmeasured/|I|, is called non-local resistance. The 

size of the switching, V, is equal to 2Vmeasured. This change in voltage divided by the 

magnitude of the applied current, V/|I|, is called the non-local spin valve signal (NLSV 

signal), and can be also denoted as RNLSV.  
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 Spin-resistance approach to the lateral spin valves 3.2.4.

The amount of spin accumulation can be conveniently represented by a spin-

voltage VS = /e. The distribution of spin accumulation along a metal bar is governed 

by the one dimensional diffusion equation [23, 72, 84] 

 

2

2 2

SV V

x 

  



 (2.4) 

where  is the spin diffusion length. The general solution for this equation is 

  S

x xV x V e V e 

   
.
 (2.5) 

Additionally, there are boundary conditions: the spin-voltage and the spin current have 

to be continuous at the interfaces, and cannot diverge when x tends to ±. A particularly 

convenient approach to finding the distribution of spin voltage VS and spin currents (IS 

= I↑ − I↓) along all electrodes of an arbitrary device is described in reference [72] using 

the spin resistances (a measure of the difficulty for spins to mix). In this approach the 

relationship between spin current and spin-voltage has a form similar to the Ohm’s law. 

Spin resistances for normal metal, RN, and for ferromagnets, RF, are defined as: 

 
 2

2 2
, .

1

N F
N F

N N F F F

R R
A A

 

  
 


 (2.6) 

where N, AN, N and F, AF, F are the spin diffusion lengths, cross sectional area and 

conductivity of NM and FM correspondingly. AN = wN thN (where wN and thN are width 

and thickness of NM bar). However AF = wF wN (area of FM/NM interface, Figure 15), 

because it is usually assumed that the spin accumulation is uniform across the interface, 
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and the spin diffusion length is typically less than thickness of FM. The spin current is 

given by 

  , ,

,

1
N F N Fx x

S

N F

I V e V e
R

 

   . (2.7) 

Lateral spin valve devices are composed of few connecting and merging 

sections of different lengths and different material parameters, Figure 17(c). Formula 

(2.7) represents a general solution for spin current propagation in each of those sections, 

and formulas (2.6) define the spin-resistance of each section. However, the rules for 

connection, Figure 17(a), and merging, Figure 17(b), (in other words, adding spin-

resistances in-series and in-parallel) of different sections need to be established. 

(a) (b)

(c)

d

d

x1

x2

RF1 RF2

RN

RNRN RP

RSΔV0 ΔV2  

Figure 17. Schematic views of spin resistances in series, (a) and in parallel, (b). 

Black circle represents the source of the spin current. On (c) is shown the 

schematic spin-resistances representation of a typical lateral spin-valve device. 
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First, consider a channel consisting of two subsections, Figure 17(a), this can be 

represented as two spin-resistances in-series. First subsection has a spin resistance RS1, 

spin diffusion length 1 and the total length d. Second subsection has RS2, 2 and infinite 

length. The source of the spin current (a given spin-voltage V0) is located at the left 

end of the first subsection and marked with black circle on the figure. Using equations 

(2.5), (2.7) and applying boundary conditions for each subsection: VS(∞) = 0, VS(0) = 

V0, and the continuity of spin voltage and spin current at the junction gives the 

following formula 

 
   

   
1 1 2 1

1

1 1 2 1

sinh cosh

cosh sinh

S S
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S S

R d R d
R R

R d R d

 

 





 (2.8) 

For adding two resistances in parallel the situation is much simpler since both 

channels have infinite length, Figure 17(b), and the spin-voltage is the same in both 

channels at the junction point. Therefore adding spin resistances in parallel is the same 

as adding regular resistances 

 
1 2

1 1 1

parallel S SR R R
   (2.9) 

Using these rules it is now possible to calculate the total spin resistance, Rtotal, of 

a typical device, shown on Figure 17(c), with respect to the injection point (marked with 

black circle), which is the source of spin current. Device consists of a long (infinite) 

normal metal strip (horizontal red line), to which two ferromagnetic (FM) electrodes are 

attached (two vertical blue lines), with distance d in-between them.  
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Using equations (2.8) and (2.9), the total spin resistance of the device in respect 

to the origin of the spin current can be calculated. The step by step calculation is the 

following. First, two sections on the right part of the device are added in parallel: right 

FM electrode with spin resistance RF2 and the most right section of NM with spin 

resistance RN. Their combined spin resistance is marked with dotted (smaller) contour 

on Figure 17(c) and denoted as RP. Second, this spin resistance, RP, is added in-series to 

the spin resistance of the NM section between the FM electrodes. The combination of 

these spin resistances is marked by a dashed (larger) contour on Figure 17(c) and 

denoted as RS. For the third, and last, step in calculating Rtotal, three spin resistances are 

added in-parallel: left section of NM – RN, left FM electrode – RF1, and the spin 

resistance of the right part of the device – RS. The result is: 
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 (2.10) 

where Q1,2 = RN/RF1,F2. 

For a given injected spin current IS = F1IC, knowing Rtotal allows to find spin-

voltage at the injecting interface, V0, and at the detecting interface, V2: 
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 (2.11) 

Voltage measured between the second FM electrode and the right side of NM 

strip, Vmeasured, is equal to F2V2/2 (from equation (2.2)). After plugging in formulas 

(2.11), (2.10) and simplifying: 
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 (2.12) 

The polarizations of the two FM electrodes is defined as positive for 

magnetization  directed up, and negative for magnetization directed down. This way the 

measured voltage depends on the mutual orientation of the FM electrodes, recovering 

the ideal magnetoresistance shown on Figure 16. 

 

 Fitting of the spin polarization and the spin diffusion length 3.2.5.

The dependence of the non-local spin valve signal on material and geometrical 

parameters of the device is easily obtained from formula (2.12), RNLSV = V/|I| = 

2Vmeasured/|I| gives  
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 (2.13) 

This dependence can be used to extract spin diffusion length of NM and spin 

polarization of FM. The measured dependence of NLSV signal as a function of distance 

d, measured in several devices deposited together on the same sample, was fitted into 

the equation (2.13). The OriginPro software was used to perform the fitting with the 

following parameters. Distance d and widths of all electrodes, wN, wF1, wF2, were 

measured by scanning electron microscope (SEM) specifically for each device. The 

conductivities of NM were measured per sample (all devices on the same sample were 

assumed to have the same NM). Specifically, the resistance of NM segments was 
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measured between the FM electrodes as a function of d, then a linear fit is performed to 

extract the conductivity. Permalloy (Py, Ni80Fe20) was used as the FM in most of the 

samples. The resistivity of Py, Py = 19 cm, was obtained from a separate sample 

designed specifically for resistance measurements and fabricated under nominally 

identical conditions. Thus, all devices were assumed to have the same resistivity of FM 

electrodes. Spin diffusion length of FM was taken from the literature: Py = 5 nm [55, 

70, 76, 91], and Co = 36 nm [23, 55, 91]. 
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Figure 18. Black line: RNLSV vs. distance d between FM electrodes calculated 

using equation (2.13). Red line: single exponential function exp(-d/NM). For both 

functions NM = 500 nm. 

 

The function RNLSV(d) is very close to a simple exponential decay, Figure 18, 

and deviates significantly only at small distances. Therefore if the fitting is done in 

linear scale then the data-points with small values of RNLSV (at large d) have smaller 

weight in the fitting. To avoid this problem, the data was fitted to the log(RNLSV(d)) 
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function, which is almost equivalent to a linear fit in the semi-log scale. An example of 

fitting the NLSV signal for devices with copper as non-magnetic metal and Py as a 

ferromagnet is shown on Figure 19, providing Cu = 310 ± 23 nm and Py = 0.35 ± 0.04. 
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Figure 19. Semi-log plot of NLSV signal (black squares) as a function of distance d 

between FM electrodes measured in Py/Cu non-local spin valve device. Red line is 

fit to the equation (2.13), yielding Cu = 310 nm and Py = 0.35. 

 

 Deviations from ideal behavior 3.2.6.

Figure 16 shows ideal theoretically expected curves. This non-local voltage 

measured in lateral spin valve shows perfect bipolar switching from positive to negative 

voltage with exactly the same magnitude. This voltage switching happens when either 

the direction of the current is changed or the magnetization of either of the FM 

electrodes is flipped. This behavior is what makes the lateral spin valve useful in 

potential spintronics application as logic or memory elements. However in a real device 

there can be various deviations from the ideal behavior. One is that measured voltage 

could have an offset from zero which shifts the whole curve up or down. Second, this 
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offset can be different if the device is measured with positive or negative currents. 

Finally, the magnitude of the NLSV signal V/|I| could be also different for positive and 

negative currents, this would indicate that the mechanism of spin injection is different 

from mechanism of spin extraction. All this can undermine the potential worth of the 

device. Studies presented in sections 3.3 and 3.4 were performed to directly test lateral 

spin valve devices for these types of deviations from ideal behavior. 

Derivation of the NLSV signal dependence on geometrical and material 

parameters, equation (2.13), does not take into account any effects that can modify the 

spin injection and diffusion. This effects could include additional spin-flip scattering at 

surface of NM or at the NM/FM interface or near the interface (see section 3.5), or 

additional mechanisms of spin current injection (section 3.4). Therefore the extracted 

from fit spin polarization of FM and spin diffusion length of NM are not intrinsic 

parameters of materials but effective ones. 

 

 Conclusion 3.2.7.

Step by step, the exact mechanism of the pure spin current generation in lateral 

spin valves is shown. All possible combinations of the current directions, and the 

magnetization states of the two FM electrodes are considered. The dependence of the 

measured non-local voltage on magnetic field is theoretically predicted to exhibit a 

bipolar behavior, switching between positive and negative voltage when either the 

current is reversed, or the magnetization state of FM electrodes is changed between 

parallel or antiparallel. 



64 

 

 

Using the spin-resistance approach for the one-dimensional spin diffusion 

model, the dependence of the NLSV signal on various geometrical and material 

parameters is derived for the typical device used in the experiments in the following 

sections. By fitting the measured dependence of the NLSV signal to the obtained 

equation (2.13) it is possible to extract the spin diffusion length of the NM and spin 

polarization of FM. However, obtained this way NM and FM are not intrinsic material 

parameters, but effective ones. Their dependencies on other controlled geometrical 

parameters can provide an understanding of additional mechanisms for spin-flip 

scattering and spin injection, that are not taken into account in derivation of the 

equation (2.13). 
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 Control of spin injection by direct current in lateral spin valves 3.3.

 Introduction 3.3.1.

In this section the spin injection and accumulation in metallic lateral spin valves 

with transparent interfaces are studied using dc current with current densities of up to 

3×10
10

A/m
2
. Unlike ac-measurements techniques, this allows the investigation of the 

effects of the direction and magnitude of the injected current. It was found that the spin 

accumulation is reversed by changing the injected current direction, whereas its 

magnitude doesn’t change. The injected mechanism for both current directions is thus 

perfectly symmetric, leading to the same spin injection efficiency for both spin types. 

This result is accounted for by a spin-dependent diffusion model, described in section 

3.2. Two different backgrounds are also identified in NLSV measurements which are 

not accounted for by the model: inhomogeneous current distribution and thermoelectric 

effect due to Joule heating of the device. 

 Experimental detail 3.3.2.

To study the effect of the current direction two types of devices were fabricated, 

characterized by the materials used in the device: one type of devices consists of Py as a 

ferromagnet (FM) and Cu as normal metal (NM), for the second type Co was used as 

the ferromagnet and Al as the normal metal. In short, these two types are denoted as 
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Py/Cu and Co/Al types of lateral spin valve devices. The exact details of the fabrication 

process are described in section 2.3.1. 

In all devices in this study the following geometrical parameters were kept the 

same (Figure 15): width of the NM strip, wN = 230 nm, its thickness, thN = 120 nm, FM 

thickness, thF = 35 nm, widths of two FM electrodes, wF1,2, in each device were 

typically 160 nm and 90 nm providing different switching fields. The edge to edge 

distance, d, between the FM electrodes was varied in the range from 200 to 1500 nm. 

Since all devices behave similarly, the result for a particular Py/Cu and Co/Al devices 

are presented (usually a device with the shortest distance between FM electrodes, d, is 

chosen since it produces the largest signal).  

Measurements were performed in a Helium-flow cryostat at 4.2 K. Detailed 

description of the measurements techniques is given in section 2.4.1. Specifically, direct 

currents were used to measure non-local resistances for positive and negative current 

separately. Measurements using dc-reversal method of the same devices were done as 

well. This method is equivalent to an ac lock-in technique [68], therefore it was possible 

to compare ac with dc measurements. The dc-reversal measurements (as any ac 

measurements) give a better signal to noise ratio, however, any information about the 

effect of the current direction is lost. 

When using non-local geometry, spin polarized electrons are injected from a FM 

electrode (injector) into the NM strip, where it produces a non-equilibrium spin 

accumulation. As discussed in the theoretical section 3.2, this voltage difference is 

expected to show a bipolar switching when the relative orientation of the two FM 
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electrodes is switched between parallel (P) and antiparallel (AP), a pure spin valve 

effect, Figure 16. However, the experimentally measured voltage may contain 

background contributions which create deviations from the ideal bipolar behavior, as is 

often seen in transparent and tunneling spin valves using ac measurements [46, 48, 71]. 

As defined in section 3.2, the measured voltage divided by the magnitude of the 

current (V/|I|), is called non-local resistance. The difference in the measured voltage 

divided by the magnitude of the current, (VP – VAP)/|I| = V/|I|, is called non-local spin 

valve (NLSV) signal. This definition is equivalent to the one given at the end of the 

section 3.2.3, however here VP is not necessarily equal to –VAP. The NLSV signal does 

not depend on the background but only on the pure spin valve effect and is proportional 

to the spin accumulation under the detector. 

 Results 3.3.3.

Figure 20 shows an example of NLSV measurement using the dc reversal 

method for the Py/Cu lateral spin valve as a function of the applied magnetic field 

parallel to the FM electrodes. A clear bipolar switching of V/|I| is observed when the 

relative configuration of the FM electrodes changes from P to AP, resulting in the 

NLSV signal equal to 1.5 m. In some of the fabricated devices with nominally the 

same geometry and measured under the same conditions there is a deviation from the 

ideal bipolar switching – the whole curve is shifted up resulting in an offset from zero. 

The origin of this offset is discussed later in this section. 
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Figure 20. Non-local resistance, V/|I|, measured in Py/Cu lateral spin valve at 4.2 K 

and 0.5 mA with dc-reversal technique. Red solid curve corresponds to the 

sweeping the magnetic field from negative to positive direction, blue dashed line 

corresponds to sweeping in the opposite direction. The size of the NLSV signal is 

marked. 

To study the effect of the direction of the injected current measurement of the 

same device were performed but using only positive (+I) or only negative (-I) dc 

currents, Figure 21(a). The measured non local resistance, V/|I|, for negative current is 

exactly the opposite to the non-local resistance measured with positive current in the 

following way: V/|+I| for parallel (antiparallel) state is the same as V/|-I| for antiparallel 

(parallel) state. The value of the NLSV signal, V/|I|, is the same in both measurements, 

and is equal to the 1.5 m, as measured with dc reversal method. However, in this case 

a 2.8 moffset from zero is observed. 
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Figure 21. Non-local resistance measured in a Py/Cu (a) and Co/Al (b) lateral spin 

valves at 4.2 K and 0.5 mA while sweeping the magnetic field in both directions. 

Measurements obtained with positive and negative currents are plotted with solid 

lines and dashed lines, respectively. 

In devices that show an offset from zero in dc reversal measurement, the offset 

for (+I) measurement is different from the offset for (-I) measurements (example for 

Co/Al device in Figure 21(b)). The difference between these two offsets is equal to the 

offset in dc reversal measurement. Although the offsets are different for positive and 

negative current measurements, the magnitude of the NLSV signal is the same for both 

measurements. 

Figure 22 shows the result of a measurements in which the magnetic orientation 

of the FM electrodes is fixed in either P or AP state and then the applied dc current is 

varied from -1mA to +1 mA (~3×10
10

 A/m
2
) to understand how the non-local resistance 

changes with current in both magnetic configurations. To fix the magnetic orientation in 

P state, first, large enough positive magnetic field is applied to magnetize both FM 

electrodes in the direction of the field (positive or up), then the magnetic field is 

reduced to zero. To prepare the AP configuration, after following exactly the same 

procedure as for the P state the magnetic field is reduced further (increased in negative 
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direction) until just one of the FM electrodes switches its magnetization to the negative 

(down), the magnetic field is then increased back to zero. This way the measurements of 

both magnetic configurations are performed at zero field to prevent any possible effect 

of the magnetic field on the measured voltage. 
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Figure 22. Non-local resistance measured in (a) Py/Cu and (b) Co/Al lateral spin 

valves at 4.2 K as a function of dc current for a parallel (red solid lines) and 

antiparallel (blue dashed lines) magnetic alignments of FM electrodes. Black 

horizontal lines are averages for positive and negative currents, (R(+I)-R(-I))/2. 

Solid (dashed) line corresponds to the P (AP) configurations of FM electrodes. 

 

In the Py/Cu device the non-local resistance is the same if both the direction of 

the current and the magnetic configuration are reversed at the same time: V/|I| for 

positive (negative) current in P state is equal to the V/|I| for negative (positive) current 

in AP state (blue dashed lines on Figure 22(a) are almost mirror images of the red solid 

lines in respect to the vertical axis). Since the NLSV signal is the difference in the 

measured non-local resistance between P and AP, this symmetry in V/|I| also indicates 

that the NLSV signal is the same in magnitude and changes sign with the current for 
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positive and negative currents of the same magnitude. On Figure 23(a) the NLSV signal 

is plotted as a function of current, this data is directly obtained from the Figure 22(a) by 

subtraction of blue dashed line from solid red line. 
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Figure 23. (a) Py/Cu device and (b) Co/Al device. NLSV signal, (VP-VAP)/|I| = 

V/|I|, as a function of dc current, calculated from the data shown on Figure 22 (a) 

and (b) respectively. Note the opposite sign in the vertical scale for positive and 

negative currents. 

Figure 22(b) shows that the non-local resistance for Co/Al device behaves 

similarly with current, but there is an additional constant offset that shifts V/|I| up for 

+I, and down for –I (this is the same offset that is observed in Figure 21(b) and is also 

discussed later in the next section). Nevertheless, the NLSV signal has the same 

magnitude and the opposite sign for reversed direction of the current, same as with 

Py/Cu device, Figure 23(b) is directly obtained from Figure 22(b). 

 Origin of the backgrounds 3.3.4.

The backgrounds mentioned above appear in all measured samples and they are 

deviations from behavior expected from the one-dimensional spin diffusion model. It 
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was verified that these backgrounds are not due to instrumental offsets or parasitic 

capacitances in the measurements, but are intrinsic properties of the devices. The origin 

of the backgrounds in the non-local resistance can be deduced from their current 

dependences.  

In devices like the one measured in Figure 22(a), but not in Figure 22, the 

dependence of the background on the current, for any of the mutual configurations of 

the FM electrodes, P or AP, is the following. 1) The background disappears when the 

current tends to zero – the ideal bipolar switching, arising from the pure spin valve 

effect, occurs. 2) The background increases with the absolute value of the dc current 

and 3) does not depend on the current direction.  

To confirm the latter fact the ac measurement were simulated by averaging the 

non-local resistances measured with positive and negative currents only: (R(+I)-R(-

I))/2. The results of this averaging are plotted in the same Figure 22(a), using black 

solid line for P state and dashed line for AP state. Here the background is completely 

eliminated (the lines are horizontal, indicating no dependence on I), which demonstrates 

that it cannot be observed in a conventional ac measurement (dc-reversal or lock-in).  

The fact that the background is independent of the current direction indicates 

that the origin is a thermoelectric effect due to Joule heating. The heat generated in the 

left part of the device where charge current is flowing. This heat then dissipates along 

the NM strip to the right part of the device where no charge current is flowing but 

where the spin current detection is performed by the second FM electrode. This 

dissipation produces a temperature gradient along the NM strip and along the second 
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FM electrode. Therefore the thermoelectric voltage is generated at the detecting loop, 

similar to the voltage measured in a thermocouple. This process is very sensitive and 

depends strongly on the Seebeck coefficients of material involved (NM, FM, substrate), 

or the thermal coupling between the metals and the substrate, or the exact geometry 

(compare for example the shape of curves on Figure 22 (a) and (b)). After measuring 

several different lateral spin valves no systematic correlation was found between the R 

vs. I dependence and the geometrical parameters or the materials.  

It is worth noting that the temperature dependent background in the non-local 

resistance observed in ref. [47], which is also observed in devices presented here, 

cannot be removed by ac methods. Therefore it has a different origin than the 

background discussed above. The current-direction independent background presented 

here is completely removed in an ac measurement, Figure 20, (or by averaging the 

results for positive and negative currents, black horizontal lines on Figure 22), thus 

indicating that it arises from the Joule heating. 

An additional background in the non-local measurements is present in some 

devices (independently on the materials used in the spin-valve), as the one shown in the 

Figure 22(b). The shapes of solid red and dashed blue lines still exhibit the mirror-

symmetry in respect to the vertical axis, but they are also shifted up for positive currents 

and down for negative. This background is constant with current magnitude (present 

even when the current tends to zero), and is positive for positive currents and negative 

for negative currents. Therefore this background is exhibiting an Ohmic behavior 

(constant resistance background means that the voltage is proportional to the current). 
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In this case, the averaged non-local resistances for both P and AP configurations are 

also shifted up (black horizontal lines on Figure 22(b)), indicating that this background 

is not eliminated by averaging. Therefore, this is the offset observed in some devices 

when measured with the dc-reversal technique, or the conventional ac measurements 

[48].  

The fact that this offset has an Ohmic dependence and varies strongly from 

device to device is in agreement with model proposed in ref. [53]. They indicate that 

this background originates from inhomogeneous current distribution which depends on 

the detailed geometry of the device. 

 Symmetry of NLSV signal with current direction 3.3.5.

After accounting for all the backgrounds it is possible to focus on the non-local 

spin valve signal itself. It was found that NLSV signal is symmetric with applied 

current, Figure 23. This symmetric behavior is theoretically expected and verified 

directly in present measurements. 

In section 3.2.4 it is shown that the measured non-local voltage, Vmeasured, is 

proportional to the applied current, IC, formula (2.12). Although the measured voltage is 

directly proportional to the current and changes sign when the current is reversed, the 

detailed mechanism is not as simple as in regular 4-point resistance measurements. 

There is no charge current in the part of the device where the voltage is measured 

(except for small currents due to inhomogeneous current distribution, which create only 

background in the measurements and don’t affect the NLSV signal itself). Section 0 

describes the exact process how the non-local voltage is generated between the FM and 
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NM electrodes based on the spin injection and detection. Change of the current 

direction creates an opposite type of the spin accumulation, which reverses the sign of 

the measured voltage, Figure 16, however the amplitude of the measured voltage 

change is the same for both current directions. 

Formula (2.13) shows how NLSV signal depends on the geometrical and 

material parameters of the device. Since all these parameters are the same when the 

current direction is reversed then the change in NLSV signal would mean a change in 

the efficiency of spin injection. Measurements presented above show directly that this 

efficiency is the same for spin injection in both directions and the injection mechanism 

in devices with transparent interfaces is perfectly symmetric for opposite spin types and 

current directions up to 1 mA.  

This result, although predicted by the model, has been overlooked due to the use 

of ac currents and has not been proven experimentally before. Moreover, this symmetry 

of spin injection in metals with transparent interfaces is in contrast to the injection 

across the tunnel junctions into metals [46, 54] or semiconductors [26], where a spin 

polarization asymmetry is observed for opposite biases. More importantly this results 

proves that it is possible to manipulate the sign of the spin accumulation (i.e. the spin 

type of the pure spin current) while keeping the same magnitude by only changing the 

direction of the electrical current, without the change in the magnetic configuration of 

the FM electrodes (without applying the external magnetic field). 
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 Conclusions 3.3.6.

In conclusion, this section shows a systematic study of the effect of the direction 

and the magnitude of a dc current on the spin injection and accumulation in metallic 

lateral spin valves with transparent interfaces. It was found that up to a 3x10
10

 A/m
2
 

current density the injection mechanisms are perfectly symmetric when injecting 

electrons from a FM to a NM, accumulating majority spins, and from a NM to a FM, 

accumulating minority spins, which causes exactly the opposite sign of accumulation. 

This pure electrical manipulation of the polarity of the spin current with dc current is 

relevant for the future magnetic field free spintronic devices. These results can be 

explained by a spin dependent diffusion model. The two backgrounds appearing in the 

NLSV measurements originate from the inhomogeneous current distribution (also 

observed in common ac-techniques) and from a thermoelectric effect due to the Joule 

heating (observed only in dc measurements). Since high-current densities are preferred 

for practical spintronic applications such as spin torque [40, 92], spin injection with 

transparent junctions offers a greater advantage than with tunnel junctions, although the 

temperature effects due to Joule heating must be taken into account in the spin 

accumulation magnitude. This is a subject of the next section. 
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 Spin-dependent Seebeck effect 3.4.

 Introduction 3.4.1.

High current densities are necessary for practical spintronics applications such 

as spin torque effect [39, 40, 92], in non-local ferromagnetic (FM)/ non-magnetic (NM) 

metallic lateral spin valves. In this section it is shown that the joule heating increases 

considerably the local temperature of the spin valves when high current densities are 

injected (~80 to ~105 K for 1-2×10
11

 A/m
2
), strongly affecting the spin accumulation. 

In addition to the overall change in NLSV signal with current magnitude an unexpected 

asymmetry was found. At high current densities (~ 4.5x10
11

 A/m
2
 in the FM) the spin 

injection is found to be larger when the charge current flows from the NM into the FM, 

compared to spin extraction when the charge current flows from the FM into the NM. 

This asymmetry is proposed to arise from spin-caloritronics [58]: local Joule heating 

produces a temperature gradient in the FM near the FM/NM interface, which induces 

additional thermal spin injection due to the spin dependent Seebeck effect. The results 

are in semi quantitative agreement with experimental data of the spin Seebeck 

coefficient [45]; Peltier or spin blockade effects are ruled out. 

 

 Experimental details 3.4.2.

To investigate more closely the effects of Joule heating arising from the high 

currents, the NLSV signals of the same Py/Cu and Co/Al devices, as in previous section 

3.3, were measured as a function of temperature and current magnitude. However, to 
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study the symmetry of the NLSV signal with direction of high current Py/Cu and Py/Ag 

devices were fabricated. 

The geometry of each device is the same as in previous section, Figure 15. 

However, in order to be able to find the spin diffusion length of NM and effective spin 

polarization of FM, samples with 6 to 8 lateral spin valves devices, each in close 

physical proximity, were fabricated. As a result, all devices on the same sample were 

prepared under identical deposition conditions to avoid possible systematic errors. The 

only (intended) difference between the devices on the same sample is the edge-to-edge 

distance (d) between them FM electrodes, which was varied from 200 to 2000 nm. Due 

to the imperfections of the lithography, the widths of the NM channel and the FM 

electrodes in each device were slightly different as well, even on the same sample. 

These small variations were taken into account when fitting to the equation (2.13) for 

NLSV signal. The range for NM width variation was 200 to 250 nm, and for the two 

widths of FM electrodes 90 to 130 nm for the thinner one and 150 to 180 nm for the 

thicker. The rest of the geometrical parameters of devices, such as thicknesses and 

widths were kept the same for Py/Cu and Co/Al devices as in previous section. For the 

new type, Py/Ag, the thickness of Ag was set at 140 nm.  

As in previous section 3.3, the non-local measurements of the devices were 

performed in a Helium-flow cryostat using different dc currents as well as the dc-

reversal technique equivalent to using ac current. Most of the measurements were done 

at 4.2 K unless otherwise stated. Details of the measuring scheme are described in 

section 2.4.1.  
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 Dependence of NLSV signal on high current (dc-reversal) 3.4.3.

From Figure 23 in the previous section it could be noticed that the NLSV signal 

of Py/Cu device increases slightly with current magnitude (independently on the current 

direction) but the signal in Co/Al device stays constant. From the spin-dependent 

diffusion model, section 3.2, one would expect that the NLSV signal is constant for any 

current, although this prediction fails in lateral spin valves with tunnel barriers [46], in 

which the signal decays above 1-2×10
8
 A/m

2
 because injected electrons tunnel into high 

energy states with reduced polarization [52]. To find out what is the dependence of the 

NLSV signal on the current magnitude magnetoresistance measurements were 

performed with dc-reversal method and currents magnitudes from 0.2 to 5 mA (1-

2×10
11

 A/m
2
). The results for Py/Cu and Co/Al lateral spin valves are shown on Figure 

24(a) and (b), correspondingly. Surprisingly, the NLSV signal also varies with the 

injected current in our devices with transparent contacts. In the Py/Cu devices it first 

increases and then decreases with increasing the current magnitude. In the Co/Al 

devices the NLSV signal only increases. Similar measurement was also done for a 

Py/Ag device in which the NLSV signal only decreases, Figure 26(b). 
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Figure 24. NLSV signal measured in Py/Cu ((a) and (c)) and Al/Co, (b) and (d), 

lateral spin valves with a dc reversal technique as a function of the current 

magnitude at 4.2 K, (a) and (b), and as a function of  temperature at I = 0.2 mA, (c) 

and (d). Horizontal arrows and dotted vertical lines are used to estimate the 

average local temperature of the devices when 5 mA are applied. 

 

 Temperature dependence of NLSV signal 3.4.4.

In section 3.3 it was established that there is Joule heating present in the device, 

therefore, the observed behavior of V/|I| with current can be explained by the elevated 

local temperature of the device. To confirm this, the same devices as shown on Figure 

24, were measured at different temperatures (up to 160 K) with dc-reversal method and 

low current magnitude, 0.2 mA. The result is plotted Figure 24(c) for Py/Cu and (d) 

Co/Al devices. The dependence on the temperature is very similar to the dependence on 
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the injected current, indicating that the effects observed in Figure 24(a) and (b) arise 

from temperature increase in the device with the injected current. Not only this gives 

another experimental evidence (in addition to the discussed in section 3.3), that the 

Joule heating occurs in the lateral spin valves, but also shows how significant it is. By 

aligning the scales on the y-axis on Figure 24(a) and (c), and on Figure 24(b) and (d), an 

increase in the local temperature (averaged over the device size) can be estimated to 

~105 K in Py/Cu device and ~80 K in the Co/Al device, when 5 mA (1-2×10
11

 A/m
2
 in 

NM) are injected at 4.2 K (temperature measured at the sample holder). 

The same dependence of NLSV signal on the temperature was reported earlier 

for Py/Cu devices [76], where the authors explained the observed behavior by the effect 

of the temperature on the spin diffusion length of Cu. 

 

 Asymmetry of NLSV signal at high currents 3.4.5.

In section 3.3 it was shown that RNLSV is symmetric at low currents in Py/Cu 

and Co/Al devices. Here the symmetry of the signal is investigated in Py/Cu and Py/Ag 

devices at higher dc currents (up to 5.5 mA). 

Figure 25 shows the non-local resistance, V/|I|, as function of magnetic field for 

a Py/Ag sample with an electrode spacing d = 500 nm, measured by the “pure dc” 

technique. Figure 25(a) shows V/|I| for positive and negative currents with the 

magnitude 1.5 mA. The non-local resistance measured in Py/Ag behaves the same way 

as in Py/Cu devices shown in section 3.3, Figure 20: the curves for positive and 

negative currents are inverted in respect to each other. In addition, both have the same 
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~8.8 mΩ offset, indicating a Joule heating of the sample. More importantly, the NLSV 

signals obtained with positive and negative currents have the same magnitude, ~1.9 

mΩ. Note that the mid state jumps appearing around 900 Oe are probably due to partial 

reversal of the FM injector or detector, and have been observed in similar NLSV 

measurements by other groups [93, 94]. 

7.5

8.0

8.5

9.0

9.5

10.0

 

 

V
/|
I|
 (

m


)

-400 0 400 800 1200

15.5

16.0

16.5

17.0

17.5

 

 

V
/|
I|
 (

m


)

H (Oe)

(b)

(a)

 

Figure 25. Non-local voltage normalized to the current magnitude vs. magnetic 

field for positive (red solid) and negative (dashed blue) currents, measured for an 

Ag/Py device with d = 500 nm at T = 4.2 K. (a) I = 1.5 mA, (b) I = 4 mA. 
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Figure 25(b) shows the same measurement as in Figure 25(a), but for currents 

with magnitude 4.0 mA. Both figures, (a) and (b), have the same 2.5 mΩ y-axis range, 

but a different offset. The increased offset from 8.8 mΩ to 16.5 mΩ and the decreased 

NLSV are consequences of the larger Joule heating at higher current densities [76, 95]. 

Although the shapes of the measured curves are similar to Figure 25(a), there is now a 

striking difference in the NLSV signal between positive and negative currents – the 

signal measured with positive currents is larger than the signal measured with negative 

current. 
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Figure 26. NLSV signal vs. current measured for a Py/Cu, (a), and Py/Ag, (b), 

devices at T = 4.2 K. Measurements are done with positive currents (red empty 

squares), negative currents (blue solid squares), and dc reversal (black empty 

circles). Green stars are averages of positive and negative current measurements. 
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Figure 26 shows the NLSV signal as a function of the current up to 5.5 mA, in a 

Py/Cu device – (a), and Py/Ag device – (b). The NLSV signal measured with dc 

reversal technique, black empty circles, equals the average of the positive and negative 

current measurements, green stars, as expected. Also, at low currents the positive and 

negative currents measurement coincide with the dc-reversal measurements. However, 

starting at ~2.5 mA, a separation appears in the NLSV signal for different current 

directions. 

The overall increase and decrease of the NLSV signal vs. current curve is 

similar to its temperature dependence measured with low (0.2 mA) currents, which is 

shown on Figure 27 for the same Py/Cu device (this device is different from the one 

shown on Figure 24). Again, this is expected from Joule heating, and the temperature 

averaged over the device can be estimated to be ~90 K when 5.5 mA is applied. More 

interestingly, Figure 27 also shows that positive currents, negative currents, and dc-

reversal measurements give the same result as a function of temperature. To conclude, 

the overall shape of the NLSV signal in Figure 26 originates from the heating of the 

device. However, the observed difference in the NLSV signal for high positive and high 

negative currents cannot be merely assigned simply to a change in temperature. 
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Figure 27. NLSV signal vs. temperature of the same Py/Cu device as on Figure 

26(a), measured at I = 0.2 mA, for positive current (red empty squares), negative 

currents (blue solid squares), and dc reversal (empty black circles). 

 

An important issue at this point is whether the differences in the NLSV signal 

between positive (+I) and negative (-I) current, observed in Figure 26, arises from the 

simple Peltier effect. The Peltier coefficient () of Py is negative whereas for Cu and 

Ag it is positive [44, 96, 97]. Thus, when positive current flows from Cu (or Ag) into 

Py, heat flows towards the interface in the Cu (or Ag) and also towards the interface in 

the Py. In this case the Peltier effect tends to heat the interface. The opposite will be 

true for –I and therefore the interface will be cooled by the Peltier effect. Therefore, the 

local temperature of the injection interface can depend on current magnitude and 

direction. Above the peak (>50K) the NLSV signal decreases with increasing 

temperature, as shown in Figure 27. This implies that when the interface is hotter (+I), 
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the NLSV signal (red empty squares in Figure 26) should be smaller than for the cooler 

interface produced by –I (blue solid squares in Figure 26). This unequivocally rules out 

a simple Peltier effect as a source of the differences and therefore this must be 

connected to spin diffusion across the interface. 

 

 Dependence of the Cu/Ag spin diffusion length and the Py effective 3.4.6.

spin polarization on the current magnitude. 

To understand the source of asymmetry spin diffusion length of NM, N, and the 

FM effective spin polarization, F, were extracted from the measured data for different 

injection currents, I. For that NLSV signal was measured as a function of the FM 

electrodes spacing, d, and fitted to the equation (2.13), as described in section 3.2.5. It is 

important to remind here that Py extracted in this way may include interface scattering 

and thermal effects and thus is not exactly the same as the intrinsic spin polarization of 

Py (see more about this in section 3.5). 
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Figure 28. Spin diffusion length of Cu (a) and Ag (b) vs. current amplitude for 

measurements with positive currents (red empty squares), negative currents (blue 

full squares) and dc-reversal (black empty circles). 
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Figure 28 summarizes the results of the fits for the spin diffusion lengths of Cu, 

obtained from Py/Cu device, and Ag, obtained from Py/Ag device, as a function of 

magnitude and polarity of the driving currents. Figure 29 similarly shows the effective 

spin polarization of Py obtained from both types of devices. 
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Figure 29. Effective spin polarization of Py vs. current amplitude, obtained in (a) 

Py/Cu and (b) Py/Ag devices, by measuring with positive currents (red empty 

squares), negative currents (blue full squares) and dc-reversal (black empty 

circles). 

 

The Cu and Ag spin diffusion lengths depend on the current magnitude but not 

its direction. The effective spin polarization, on the other hand, has strong current-

polarity dependency, and both types of devices show a similar trend. At low currents 

(up to ~ 2.5 mA) the spin injection efficiencies are equal for positive and negative 

currents. However, above this current, Py is larger for positive than for negative 

currents. The difference increases with increasing the current up to the maximum 

applied current (5.5 mA). This difference in effective spin polarization, 

I

Py

I

PyPy

   , vs. current is plotted in Figure 30, for both the Py/Cu and Py/Ag 
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devices. This shows that above a current threshold there is a linear dependence of Py 

on I. Therefore, for both types of devices the effect probably has the same origin within 

the Py electrode. 
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Figure 30. Difference between effective spin polarization of Py obtained with 

positive and negative currents, plotted as a function of current magnitude. Orange 

empty triangles correspond to Py/Cu system and grey full triangles – to Py/Ag. 

 

Since Py is the ratio between the spin current inside the Py, IS, and the charge 

current IC (IS = PyIC) in the Py, the observed linear dependence between Py and I 

(shown in Figure 30) indicates that the difference in injected spin current is proportional 

to I
2
 (IS ~ PyIC ~ IC

2
). This suggests that the origin of the asymmetry is somehow 

related to the Joule heating. 

 Discussion 3.4.7.

An intriguing possibility is that spin blockade [98] gives raise to similar 

asymmetry; which is attributable to development of a layer at the copper interface, 

where the conduction band is depleted of electrons with a certain spin type. The current 
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density where spin blockade is expected to appear can be estimated using Eq. (11) in 

Ref. [99]. Using for the Cu electron density n = 8.5×10
22

 cm
-3

, Fermi velocity vF = 1.57 

m/s [100] and measured Cu = 400 nm and Cu = 0.04 m, the approximated current 

density to achieve the “spin blockade’ is ~10
14

 A/m
2
. This value is three orders of 

magnitude higher than what was used in measurements presented here, and it is well 

above the critical brake-down current for the devices. 

A realistic explanation for the observed asymmetry may arise from the spin 

dependent Seebeck effect [43-45], in which a temperature gradient T in the FM 

produces a spin current along this gradient. This can act as a spin source in specially 

designed lateral spin valves [45]. This explains experimental results in a natural way: 

the correct sign of the effect, the correct dependence of the parameters on injection 

current, and it gives the right order of magnitude for the observations. 
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Figure 31. Cartoon model of both the current-induced spin injection (black spins) 

and thermally-induced spin injection (red spins). For positive current (a) the up-

spins combine to provide a larger signal, while negative currents (b) result in a 

smaller spin accumulation. The detecting electrode signal is proportional to the 

injection. 
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The above-mentioned Joule heating actually arises from the current flowing in 

the most resistive bare part of the FM electrode (see cartoon in Figure 31) and then 

dissipates along the other parts of device. This induces a large temperature gradient, T, 

in the FM near the FM/NM interface. Moreover, T has the same direction (and 

possibly magnitude) for positive and negative currents since the released heat does not 

depend on the current direction. Consequently, the thermal injection (spin dependent 

Seebeck effect) produces the same spin population for both current directions. 

However, changing the charge current direction results in electrical injection of 

opposite spin populations into the NM channel (i.e. injection vs. extraction, see section 

3.2). Because of the negative sign of the Py spin-Seebeck coefficient [44, 45], for 

positive current the effective spin injection (
SI  ) is the sum of the electrical spin 

injection and the thermally induced spin injection (ISS):
 S FM C SSI I I   . Similarly, the 

effective spin injection for negative currents (
SI  ) is the difference of the electrical spin 

extraction and the thermal spin injection:
 S FM C SSI I I   , Figure 31(a) and (b). This is 

in agreement with measurements in which the NLSV signal for positive current 

injection is larger than for the negative current. 

In addition to producing the correct sign, thermal spin injection is also in 

agreement with the results presented in Figure 28, Figure 29 and Figure 30. Additional 

thermal spin injection modifies only the effective spin polarization (Py), and not the 

spin diffusion length (Cu,Ag), explaining the similarities of the results for Py/Cu and 

Py/Ag devices. Finally, the difference between the spin injection for positive and 
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negative currents is proportional to the spin-Seebeck-induced injection, which is 

proportional to the temperature gradient. Temperature gradient and spin Seebeck 

coefficient can be estimated from the measurements results using the expression for the 

thermally-induced spin current in the FM [45]: 
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   (2.14) 

Here T is the temperature gradient along the FM close to the FM/NM injection 

interface and FM

SS  is the spin-Seebeck coefficient of the FM. From this equation the 

difference in effective spin polarization can be estimated for opposite current directions 

(Py), using the expression for total spin-current injected for positive (
SI  ) and 

negative (
SI  ) charge-currents: 

 
2

PySS
S Py C SS C Py C Py

C

I
I I I I I

I


  

   
        

  
 (2.15) 

which leads to: 
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Since T is a function of the local Joule heating, which is proportional to I
2
, the 

linear dependence between Py and IC is recovered, shown in the Figure 29. Using the 

literature spin Seebeck coefficient for Py, 13.8 μVKPy

SS   [45], temperature gradient 

near the injection interface is found for the Py/Cu device at 5 mA: T ~ 100 K/m. This 

is on the same order of the 50 K/m gradient reported in Ref. [45]. Such a gradient is 

reasonable here, recalling that the current density is 9.5×10
11

 A/m
2
 (just below device 
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failure), the heating is mainly in the small bare Py electrode and the thick NM 

electrodes act as an efficient heat sink. Alternatively, this could indicate that the spin 

Seebeck coefficient of Py used in this study is larger. Assuming a 50 K/m temperature 

gradient it is obtained 17.6 μVKPy

SS   . 

 Conclusions 3.4.8.

In summary, the 4.2 K measurements of the NLSV signal in lateral spin valve 

devices with high currents are compared to the measurements at different temperatures 

but with small, 0.2 mA, current. It was found that large Joule heating produced by high 

current increases the local temperature of the lateral spin valve device, and modifies the 

magnitude of spin accumulation. The dependence of the effective spin injection and 

spin diffusion length on the polarity and magnitude of the injection current was also 

measured. An additional large thermally-induced spin injection at high currents was 

found due to a temperature gradient in the Py electrode. At high current densities (above 

4×10
11

 A/m
2
), the thermal spin injection accounts for about 12% of the total spin 

injection. This additional thermally induced spin injection arises from the spin Seebeck 

current may affect the behavior of spintronic devices. 
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 Surface enhanced spin-flip scattering in lateral spin valves 3.5.

 Introduction 3.5.1.

In this section I show that the performance of Py/Cu lateral spin valve with 

transparent interfaces is considerably enhanced with increasing Cu thickness due to 

increase in both the Cu spin diffusion length and the effective Py spin polarization. A 

proper quantitative analysis shows that the Cu spin diffusion length is dominated by 

surface spin-flip scattering and that the dependence of spin polarization on Cu thickness 

is due to strong spin-flip back-scattering at the Py/Cu interface. This solves a long-

standing puzzle regarding the discrepancy in Py spin polarizations obtained from 

different measurements. Interestingly, the Cu surface oxidation causes enhanced spin 

diffusion, contrary to expectations. These surface effects substantially affect the 

performance of lateral spin valves, and are examples of deviations from the one-

dimensional spin diffusion model, section 3.2. 

 

 Experimental details 3.5.2.

To be able to study behavior of spin diffusion length of NM and the effective 

spin polarization of FM, samples with six to eight lateral spin-valve devices with 

varying distance d between FM electrodes (200 to 2000 nm) were prepared under 

identical conditions, i.e. on the same substrate. For more details on the fabrication 

process see section 2.3.1. Also, the description of the exact geometry of devices was 

given at the beginning of the previous section 3.4, as well as how some of the 

parameters change slightly from one device to another. In this section Py/Cu devices 
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with the same geometrical parameters were fabricated, however this time the thickness 

of the copper bar, thCu, was varied from 55 to 380 nm. Non-local measurements of the 

devices were performed using only dc-reversal technique in a Helium-flow cryostat at 

4.2 K.  Details of the measuring scheme are described in section 2.4.1. 

 Results 3.5.3.

Figure 19 in section 3.2.5 shows the typical semi-log plot of NLSV signal (black 

squares) as a function of d for a sample with thCu = 200 nm. The result of the fit to the 

equation (2.13) is also plotted for this sample – red line on Figure 19. The fit provides 

Cu = 310 ± 23 nm and Py = 0.35 ± 0.04, and appears almost as a straight line implying 

close to exponential decay. The exact fitting procedure is described in section 3.2.5. 

Below are the results of the same fitting with the purpose to find Cu and Py for 

different copper thicknesses. 

Figure 32(a) shows that Py (black squares) increases with Cu thickness and 

starts saturating above ~200 nm. Figure 32(b) shows a tendency to increase (with some 

dispersion) of Cu (black squares) as a function of thCu. Each data point in this graph is 

obtained from a fitting for a different sample. Since each sample was deposited 

separately, the exact geometry and deposition conditions may vary from sample to 

sample giving origin to the dispersion. On the other hand, results for Py have less 

dispersion, which implies that the properties of Py/Cu interface are reproduced in 

different depositions. 
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Figure 32. (a) Py (black squares) vs. tCu. Red solid curve is a fit to the proposed 

model. (b) Cu (black squares) vs. tCu. Blue dashed line is a fitting curve for the 

modified spin diffusion model accounting for all the Cu surfaces and red solid line 

assumes that only the top surface of Cu is relevant. 

 

 Model for effective spin diffusion length 3.5.4.

The spin diffusion model predicts that to first approximation the decrease in 

electron spin polarization should be proportional to the time the electron spends 

diffusing inside the Cu [23, 55]. Therefore, the spin diffusion length should be 

proportional only to the electronic mean free path in the Cu strip (lCu) [56], implying 
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that the ratio Cu/lCu should be constant. Figure 33 shows Cu/lCu as a function of lCu, 

which was determined independently from the resistivity of Cu measured for each 

sample [101]. Even though one could draw a horizontal line at Cu/lCu ≈ 5, the large 

variation of the data implies the presence of an additional spin-flip mechanism, besides 

the momentum scattering which defines the mean free path. 
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Figure 33. Cu/lCu as a function of lCu. 

 

A plausible location for this additional spin-flip scattering is at the Cu surface. 

Each electron while diffusing along the copper bar has a higher chance to reach the 

surface in a thinner bar than in a thicker one, Figure 34(a). Therefore, if the spin-flip 

scattering is different at the surface than in the bulk (in the middle of copper bar) then 

the spin diffusion length of Cu will change with thickness. For this reason, the general 

derivation of the one-dimensional diffusion equation [102] was modified by the 

additional scattering at the surface. 
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First the copper bar is split along its length, x, into small segments, where each 

segment has length x and contains n(x)x number of pins, where n(x) is linear 

concentration of spins along the copper bar. Then after a small time, t = x/vF, where 

vF is Fermi velocity of electrons, each segment looses (n(x)x/3) number of spins to the 

neighboring segments, and receives (n(x-x)x/6 + n(x+x)x/6) number of spins back. 

Also  At the same time, the number of spins experiencing a spin flip scattering in each 

segment is estimated to be n(x)x·pb, where pb, is the probability for an electron to loose 

spin information while experiencing a momentum scattering event. The number of spin 

that scatter at the top, bottom, and side surfaces is also added to the equation. If thCu is 

thickness and w is the width of the bar then only n(x)x/3thCu electrons will reach the 

top or bottom surfaces, and n(x)x/3wCu – the side surfaces. If ps is the probability of 

the spin-flip scattering when electron reaches the surface, then for the steady state the 

final equation is (x is taken to be on the order of lCu – mean free path of electrons 

[102]): 
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which gives the modified spin diffusion length 
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A fit to equation (2.18) (blue dashed curve Figure 32(b)) follows the general 

trend of Cu vs. thCu and gives pb=10
-4

 ± 1.410
-3

 and ps=0.036 ± 0.024. However, an 
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improved fit (red solid curve in Figure 32(b)) is obtained if the spin-flip scattering from 

the side surfaces is excluded. This indicates that the main surface spin flip arises from 

the top surface or the Cu/Si substrate interface. In this case, the corresponding 

probabilities are pb=1.010
-4

 ± 7.410
-4

 and ps=0.14 ± 0.06. In either case, the surface 

spin-flip scattering probability is three orders of magnitude larger than the bulk. This 

leads to the interesting conclusion that the spin diffusion length of Cu is dominated by 

surface scattering. With increasing Cu thickness, the bulk contribution to spin-flip 

scattering becomes more important. The relative importance of the surface to bulk 

contribution depends on wCu, thCu, Cu, varies with deposition method and geometry of 

the device. Since all these are different from experiment to experiment, the low 

temperature values of Cu obtained here and reported in the literature are in the range of 

120 to 1000nm [24, 55, 70, 76, 103]. Enhanced spin-flip scattering from metal surfaces 

was suggested earlier although not quantified by others [76, 104, 105] and also found in 

recent theoretical calculations [106].  
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Figure 34. (a) Cartoon of an electron diffusing along a copper bar of two different 

thicknesses. Blue, brown and grey stars represent momentum scattering in the 

copper bulk, on the surface and one the substrate/Cu interface, correspondingly. 

(b) Schematic drawing of a Py/Cu junction in a lateral spin valve device for two 

different Cu thicknesses. Thick blue line shows the Py/Cu interface and shaded 

region is the section of Cu bar adjacent to the interface. 

 

 Model for effective alpha 3.5.5.

Likewise, the dependence of Py on copper thickness cannot be explained by the 

one-dimensional spin-diffusion model because in this model the spin polarization is an 

intrinsic parameter of the FM. What the one-dimensional model missing is that it does 

not take into account the region of the Cu strip above the Py/Cu interface, shown as 

shaded region on Figure 34(b). This region is an intermediate stage for electrons after 

they have been injected into Cu and before diffusing further along the Cu strip. Injected 

electrons carry into the Cu the intrinsic polarization of Py due to negligible spin-flip 

scattering at the interface [55]. However, during diffusion in this intermediate Cu 

region, scattering of electrons occurs in the Cu bulk, and at the Cu surfaces, providing 
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spin-flip scattering. Moreover, electrons may be back-scattered to the Py/Cu interface, 

increasing spin scattering due to the Py magnetic moments at the interface. Therefore, 

the injected electrons will experience considerable spin polarization loss even before 

diffusion along the Cu strip. As a consequence, the fitted parameter Py is an effective 

spin polarization of Py and is smaller than the intrinsic one. Since the relative 

contribution of all this additional possibilities to scatter spins changes with thicknesses 

of copper, then the effective spin polarization also changes with thCu. 

To derive the correction for spin polarization consider a balance for the total 

number of spins, N, inside the region above the injecting interface: number of injected 

spins equals to the number of spins exiting from the region into the copper bar plus 

spins scattered inside the region 

 in out scatteredN N N  . (2.19) 

During the time t, the number of spins exiting the region, scattered inside the 

copper bulk of the region, scattered on the surfaces, and back-scattered at the interface 

are the following 
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where wCu and thCu are the width and thickness of copper, lCu is the mean free path of 

electrons inside Cu and wF is the width of FM electrode. If F is the intrinsic spin 

polarization of FM then the effective (observed in the measurements) spin polarization 

of FM is equal to 

 out
eff F

in

N

N
   (2.21) 

After plugging in formulas (2.20) and simplifying, the dependence of effective 

spin polarization on the geometry of the region above the interface is obtained 
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An excellent fit (red solid curve in Figure 32(a)) is obtained using this 

formulation, with ps and pb obtained previously, and wF measured separately for each 

sample. The adjustable parameters obtained this way are pi=1.0 ± 0.4 and int=0.50 ± 

0.07. The fit quality and parameters are independent of the inclusion of all free Cu 

surfaces or only the top surface. The value pi=1 is reasonable, implying that each back-

scattered electron that reaches the magnetic Py/Cu interface completely loses spin 

information. More importantly, this also solves a long standing puzzle by recovering a 

value int=0.50 in agreement with values obtained by other methods (0.35-0.8) [91, 107-

109]. 

 Oxidation treatment 3.5.6.

Additional interesting and unexpected results were obtained by oxidizing a few 

samples and re-measuring the NLSV signal. Figure 32 shows the percentage difference 
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between NLSV signals in the thCu = 210 nm sample before and after oxidation and a 

linear fit of the data as a function of distance d. The NLSV signal increases substantially 

for each device, and the fitting line almost passes through the origin point. This implies 

that the eff almost does not change – 0.37 vs. 0.36, but Cu increases from 247 ± 36 nm 

to 282 ± 48 nm. Since the Cu/Si interface is probably not affected by the oxidation, the 

increase of the spin diffusion length implies that it is the top surface which provides 

strong spin-flip scattering. Note that Py does not change with oxidation, indicating that, 

as expected, the Py/Cu interface properties are not affected. 
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Figure 35. Percentage of increase of the NLSV signal after oxidation as a function 

of distance between Py electrodes in Py/Cu lateral spin valves. Red line is a linear 

fit. 

 

 Conclusions 3.5.7.

To summarize, the dependence of the spin diffusion length of Cu and the 

effective spin polarization of Py on Cu thickness was investigated using Py/Cu lateral 

spin valves with transparent interfaces. Quantitative analysis reveals strong spin-flip 
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scattering at the surface of Cu. This surface scattering is dominant for thinner Cu strips 

and considerably reduces the spin diffusion length of Cu. Interestingly, oxidation of the 

Cu strip reduces the surface spin-flip scattering. In addition, the effective spin 

polarization injected from Py is strongly affected by the presence of the Py/Cu interface 

in thinner Cu strips. Moreover, including surface effects and backscattering into the FM 

electrodes into the analysis of spin diffusion in lateral spin valves reconciles the long 

standing apparent contradiction regarding values of injected spin polarization obtained 

from different measurements.  The limitations in spin injection and transport are due to 

surface scattering and interface back-scattering in lateral nanostructured devices may be 

overcome by proper surface manipulation (such as oxidation) and the use of smaller 

junction areas [24]. This also shows that an increased understanding of the origin of 

enhanced spin-flip scattering at the surfaces [106], is crucial for the development of 

future multiterminal spintronic devices. 
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 Summary 3.6.

In this chapter the performance of all-metal lateral spin valve devices with 

transparent interfaces was systematically studied under various conditions. Various 

deviations from standard one dimensional model were found in measured non-local spin 

valve signal in Co/Al, Py/Cu and Py/Ag devices. Careful analysis of these deviations 

provides a better understanding of how geometrical and thermal effects influence spin 

injection and detection in these devices, which is necessary for future practical 

applications. 

In section 3.3 non-local measurement of Py/Cu and Co/Al lateral spin valve 

devices are performed separately with positive and negative dc currents with current 

density of up to 3×10
10

 A/m
2
. It was found that non-local spin valve signal has opposite 

sign and the same magnitude for the opposite current directions, implying that the spin-

injection mechanism is perfectly symmetric. Although theoretically expected this has 

not been proven experimentally before since most of the measurements are done with ac 

current only. Additionally, two backgrounds were identified in the measurements, 

which are not predicted by the model. One of them is due to inhomogeneous current 

distribution in a device. This background has been also observed in ac measurements 

since it depends on the current direction. The other background does not depend on the 

current direction, and therefore is averaged out in the ac measurements. This 

background is explained by the thermoelectric effect due to the Joule heating in the 

device at higher current densities. 
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Since high current densities are used for some practical applications, such as 

spin torque, in section 3.4 the performance of the lateral spin valve devices was studied 

with current densities of up to 9.5×10
11

 A/m
2
 (in the FM electrode). The dependence of 

NLSV signal on current magnitude (measured at 4.2 K) is compared to the dependence 

of the NLSV signal on temperature (measured with small current). It was found that at 

highest current densities the average device temperature is as large as ~100 K. This 

causes significant reduction of the measured signal in Py/Cu devices, and an increase in 

Co/Al devices. The symmetry of the spin injection was also tested for higher currents in 

Py/Cu and Py/Ag devices. For both types of lateral spin valves it was found, that NLSV 

signal is larger when current flows from NM into FM than for the opposite current 

direction. By fitting the dependence of NLSV signal on distance between FM electrodes 

separately for positive and negative currents, the effective spin diffusion length of Cu or 

Ag and effective spin polarization of Py were extracted. Since the fitted effective spin 

polarization of Py was found to be different for opposite current direction, but the SDL 

of Cu or Ag was the same, the asymmetry of the NLSV signal was concluded to 

originate from Py electrode. This is explained by an additional large thermally-induced 

spin injection due to the spin-dependent Seebeck effect and a temperature gradient in 

the Py electrode. Variation of effective spin polarization of Py is estimated to be up to 

12%, proving once more the significance of thermal effects in lateral spin valves. 

By measuring in section 3.5 the NLSV signal in Py/Cu devices as a function of 

separation between FM electrodes and using the same fitting technique as in section 3.4, 

the dependencies of effective Cu and effective Py on copper thickness were obtained. 
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Surprisingly, both these parameters increase for larger copper thickness. This is 

explained by additional spin-flip scattering on the surface of copper bar and near the 

FM/NM interface. A modified spin diffusion model is proposed to include these effects. 

Fitting extracted from measurements data revealed that spin flip scattering at the Cu 

surface is much stronger than in the Cu bulk. Additionally, back-scattering of spins at 

the Py/Cu interface significantly decreases the polarization of injected current for 

devices with thin Cu bar. Interestingly, oxidation of the Py/Cu device was found to 

improve its performance. The effective Py spin polarization did not change, but the spin 

diffusion length of Cu increased after oxidation, implying reduced spin-flip scattering 

on the Cu surface. 
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4. Spin transport through a material with a metal-insulator transition. 

 Introduction 4.1.

The implementation of spintronics [11, 110] in transition metal oxides requires a 

physical understanding of the creation, detection and manipulation of a spin current in 

these materials. Transition metal oxides are systems inherently sensitive to weak 

external stimuli and are known to radically change their physical properties under weak 

perturbations [111, 112]. These oxides then open up the possibility of studying a variety 

of magnetic phenomena all the way from spin transport to exchange bias [113, 114]. 

Implementing spintronic devices based in transition metal oxides is challenging because 

of the resistivity mismatch [32] between oxides and common ferromagnetic (FM) 

materials, such as Ni, Co, Fe, which prevents efficient spin injection [29, 32, 33]. A 

common approach to solve this problem in devices with a semiconductor as a non-

magnetic material (NM) is to control the FM/NM interface by decreasing its 

conductivity [34, 87]. This can be achieved by including a tunnel barrier between the 

ferromagnet and the semiconductor. However, fabrication of the high quality tunnel 

barriers, free of pinholes, could be challenging. Additionally, significantly decreasing 

the conductivity of the interface also decreases the total current through the device, 

which can be disadvantageous for some applications [40, 92].  

An interesting possibility arises from studying spin injection in devices with an 

oxide as the NM material, which exhibits a metal-to-insulator transition (MIT). The 

resistivity mismatch between the FM and the NM in these devices changes orders of 
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magnitude due to the MIT. Vanadium oxides are of special interest since they give rise 

to a series of compounds with closely related crystal structures which undergo a MIT. 

The MITs are of first order and are accompanied by distinct structural transformations 

[59, 60, 115].These different phases of vanadium oxides then open up the possibility of 

studying the effect of conductivity changes on spin transport and spin propagation 

across the MIT. 

The two most prominent vanadium oxides are VO2 and V2O3 both exhibit a first 

order MIT, accompanied by crystal structure changes. The transition temperature is 

~340 K for VO2 and 160 K for V2O3 [59-61, 116, 117]. Above the transition 

temperature VO2 is metallic and has a tetragonal rutile structure, below the transition it 

is an insulator (semiconductor) and has a monoclinic structure. Similarly, above 160 K 

V2O3 is a paramagnetic metal and below it is an anti-ferromagnetic (AFM) insulator 

(semiconductor). Thus, both are suitable systems that allow studying the effect of the 

material resistance change on the spin transport.  

The purpose of this study is to investigate the possibility of spin injection and 

propagation through VO2 or V2O3 with transparent interfaces. Because of the high 

transition temperature, VO2 is more suitable for potential applications. However, the 

fabrication process of a device with VO2 is more complicated than with V2O3, 

especially in the case of the current-perpendicular-to-the-plane (CPP) device [15, 62]. 

After analyzing the limitations posed by the deposition conditions, different fabrication 

techniques, and the material parameters, the final choice was made to study the CPP 



109 

 

 

devices with Ni as the bottom FM electrode, V2O3, and Py as the top FM electrode 

(described in section 2.3.2). 

Thus, temperature evolution of magnetoresistance of more than 50 Ni/V2O3/Py 

sandwich devices was studied with current perpendicular to the plane. AMR of Ni and 

Py layers was measured independently on the same sample to confirm different reversal 

fields for all temperatures. Evolution of the magnetoresistance of the devices with 

temperature was measured between 20 K and 300K at 10 K intervals. Above the 

transition temperature the magnetoresistance of the device is dominated by anisotropic 

magnetoresistance (AMR) of Ni. Contrary to expectation from the resistivity mismatch, 

only at temperatures below the MIT the device magnetoresistance exhibits a spin-valve 

(SV) effect. This is confirmed in similar samples but replacing the Py top layer with Ni 

or non-magnetic Nb.  

The experimental study was accompanied by extensive finite element 

calculations to simulate the current distributions in the device. It was found that the 

current flows mostly straight between the top and the bottom contacts. At 20 K it is 

evenly distributed over the V2O3 layer at the intersection of the top and the bottom 

contacts, although at 300 K the current distribution is very inhomogeneous. 

Nevertheless, the contributions of the different layers to the total measured resistance 

were estimated for different temperatures. The results show that at the temperatures 

below MIT most of the measured resistance originates from the current flow though the 

V2O3 layer. At higher temperatures the V2O3 contribution decreases but still accounts 

for at least half of the measured resistance. Additional analysis suggests that the 
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disappearance of SV effect at high temperature cannot be simply attributed to a change 

in the current distribution in the V2O3 layer. 

 Experimental details 4.2.

 Fabrication. 4.2.1.

A series of devices with current-perpendicular-to-the-plane (CPP) geometry 

were prepared. Overall, more than 20 samples were fabricated with 6 devices on each 

sample, but due to complications during the fabrication process the magnetoresistance 

of only about 50 devices are presented in this study. Figure 10(c) shows a top view and 

a vertical cross section of a fabricated device. Instead of a standard cross geometry 

(straight top and bottom contacts cross in perpendicular directions) [15], an intersection 

of two 90º corners was used, see a microscope image on Figure 36(a). The exact 

fabrication process of a sample with six identical devices was described in section 

2.3.2.The width of each electrode was 10 m, thus the area of the overlap between the 

top and the bottom contacts is approximately 100 m
2
.  
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Figure 36. (a) Microscope image of an experimental device. Direction of applied 

magnetic field, H, as well as electrodes used for applying current and measuring 

voltage, are indicated. The width of each electrode is approximately 10 m. (b) 

Geometry of the simulated device. Red dashed contour indicates the location of the 

V2O3 layer at the intersection of the Ni (blue) and Au (yellow) contacts. 

 

 Characterization 4.2.2.

To check the crystal structure of the grown materials, X-ray diffraction was 

performed on the whole Ni/V2O3/Py trilayer, deposited on a separate substrate 

simultaneously. It was found that Ni and Py grow in the (111) direction, and V2O3 

grows on top of Ni in (001) direction, as mentioned in section 2.3.2 and in reference 

[61]. 

Electrical transport measurements of CPP devices were done in the liquid 

helium flow cryostat (section 2.4.1) as a function of temperature and magnetic field. 

Typically the samples were cooled in zero field to 20 K. Later the temperature was 

stabilized at 10 K intervals up to 300 K. At each of those temperatures the 

magnetoresistance of a device was measured using a dc current source and a nano-
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voltmeter. The contacts schematics used for current and voltage are shown on Figure 

36(a), as well as the direction of applied in-plane magnetic field. The field was swept 

between positive and negative value of Hmax = 1.2 kOe, well above the saturation fields 

of Ni or Py layers. 

Since V2O3 is antiferromagnetic below the transition temperature, in such a 

sandwich structure an exchange bias effect [114] may be expected [118, 119]. This 

effect causes a shift in the hysteresis loops of the FM layer in direct contact with the 

AFM layer. This shift depends on the applied magnetic field present when cooling the 

sample below Neel temperature of the AFM. Therefore, exchange bias in the prepared 

here sandwich structures would result in a magnetoresistance difference, when the 

system is cooled in the presence of a positive, zero, or negative magnetic fields. To 

examine this, some of the samples were cooled down to 10 K in various applied  

magnetic fields, however this did not change the magnetoresistance measurements, 

implying the abcense of the exchange bias in the devices. 

 Simulation details 4.2.3.

To understand the details of the current and potential distributions and to 

estimate the resistivity of the V2O3 layer a quantitative analysis was performed. Comsol 

Multiphysics package was used to implement the 3-dimensional simulations of the 

device. Top view of the simulated structure is shown on Figure 36(b), which replicates a 

typical device with 10 m-wide top and bottom electrodes with 90 degrees corners. The 

length of each electrode was 20 m. Cut corners (with 2 m length of the diagonal line) 

and 0.5 m mismatch between contacts were added to imitate more closely the 
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geometry of a typical experimental device shown on Figure 36(a). As the result of the 

misalignment and cut corners the electrodes form an intersection with cross sectional 

area (9.5×9.5 – 2) m
2
. 

For simplicity, only 3 layers were included in the analysis – 40 nm bottom Ni 

contact, 44 nm V2O3 layer, and the top 200 nm gold contact. Other layers present in the 

real devices, such as 15 nm Py and 70 nm Cr layers, were not included because their 

sheet resistances were estimated to be 100-150 times (Py) and 15 times (Cr) larger than 

the sheet resistance of the top gold layer. Since these layers are in parallel with the gold 

layer along the whole top contact, then the only a small portion of the current would 

flow in these layers. 

A 1 mA current was applied to one side of the bottom Ni contact, marked with 

“I+” on Figure 36(b), while the opposite side of the top Au contact was set as ground, 

marked with “I–“. Then the whole system was solved for voltage and current 

distributions. The resulting voltage difference was calculated between the ends of the 

bottom and the top contacts, not used for applying the current. The simulated measured 

resistance, Rsim, was calculated by dividing the voltage difference by the applied current. 

 Results and discussion 4.3.

 V2O3 transition 4.3.1.

To investigate the spin transport in the metallic and insulator (semiconductor) 

phases of V2O3 it is important to assure that the V2O3 grown under these conditions 

shows a MIT. In thin films the magnitude and temperature of the MIT depends on the 
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substrate, deposition parameters and film thickness [69, 120-123]. When V2O3 is grown 

on Ni it is difficult to measure the transition since the usual in plane resistance is 

dominated by the low resistivity of metallic Ni film. The CPP geometry with all the 

current through the V2O3 layer, allows a more accurate measurement of V2O3 transition, 

as it will be shown in section 4.4, where the simulated current and voltage distribution 

in the device are shown. 
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Figure 37. R vs. T of the devices with 3 different V2O3 thicknesses: 65 nm (black 

solid squares), 39 nm (green empty circles) and 26 nm (orange solid triangles), 

showing the changes of the MITs with thickness. 

 

Therefore, the resistance of the devices as a function of temperature was 

measured first. For this measurement the magnetic field was kept at 1.2 kOe, when the 

magnetizations of both FM layers are saturated. Figure 37 shows three examples of 

Rsat(T) = R(Hmax, T) for devices with different V2O3 thicknesses: 65 nm (black solid 
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squares), 39 nm (green empty circles) and 26 nm (orange solid triangles). For the 

thickest device the resistance changes from ~3  at 20 K to ~0.2  at 300 K, an order 

of magnitude MIT at approximately 160 K. However, for thinner devices the size of the 

transition diminishes, and the metallic behavior appears below the transition 

temperature, Figure 37. This shows that the resistance of the whole device is very 

sensitive to V2O3 thickness. One possible explanation, is that the magnitude of the 

resistance change across the MIT of V2O3 layer decreases with smaller thickness [123], 

another is that roughness and pinholes in the V2O3 layer might reduce the measured 

resistance [124]. In addition, misalignment between top and bottom contacts during the 

fabrication process cannot be discarded: based on measured Ni resistivity in our 

devices, 1 m misalignment could add up to 0.3  to the total device resistance. For 

thinner devices the resistance of V2O3 layer is smaller, resulting in a larger relative 

contribution of the in-plane resistance of metallic contacts; thus, explaining the metallic 

behavior at low T in these devices. The exact magnitude of the transition of V2O3 layer 

is hard to establish for each thickness. Nevertheless, for all thicknesses of V2O3, 

including the 13 nm sample, there is a clear signature of MIT in the temperature 

dependence of the resistance, Figure 37. The resistivity values of V2O3 and the effect of 

the misalignment between contacts are discussed in section 4. 

 Magnetoresistance 4.3.2.

There are two possible effects that may be expected in the MR of these devices: 

anisotropic magnetoresistance (AMR) [1, 125] and spin-valve (SV) effect [6, 7, 16, 

126-128]. In the former, the resistance of a FM layer depends on the angle between the 
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electrical current and local magnetization [125, 127]. The maximum (minimum) of the 

resistance is measured when current is parallel (perpendicular) to the magnetization. 

Thus, measuring AMR in a ferromagnet is also a convenient way to identify coercivities 

in mesoscopic ferromagnetic structures [129]. When current is applied perpendicular 

(parallel) to the magnetic field, the maxima (minima) in the magnetoresistance indicate 

the fields at which the magnetization reverts, i. e. the reversal fields. 

In the SV effect the resistance of the FM1/NM/FM2 sandwich depends on the 

relative orientation of magnetizations of the two FM layers [16, 127]. The lowest 

resistance is measured in the parallel state (P) when both magnetizations are pointing in 

the same direction, and the highest corresponds to the anti-parallel state (AP) when the 

magnetizations are pointing in opposite directions. Therefore, if the two ferromagnets in 

the device have different reversal fields, then by sweeping the magnetic field it is 

possible to measure the change from low in the P state to high resistance in the AP state. 

Thus, before investigating the magnetoresistance of the Ni/V2O3/Py device it is 

important to determine the fields at which Ni and Py layers reverse their 

magnetizations, i. e. their coercivities, HC. For that purpose, in each sample the Ni AMR 

was measured in the straight section of bottom contact between two adjacent devices, 

which was chosen to be perpendicular to the magnetic field. An example AMR 

measured at T = 20 K is shown on the inset of Figure 38. The Py AMR could only be 

measured in combination with other materials comprising the top contact, 

V2O3/Py/Cr/Au/Cr, nevertheless, the relevant peaks in the MR curves were clearly 

visible. 
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Figure 38. Coercivities, HC, of bottom Ni layer (black solid squares), top Py layer 

(empty red circles), and top Ni layer for Ni/V2O3/Ni sample (blue empty triangles). 

Inset: example AMR of the bottom Ni contact at 20 K. Solid and dashed lines show 

positive and negative magnetic field sweeps, respectively. The coercivities are given 

at the peaks positions, indicated by the arrows.  

 

Figure 38 shows the reversal fields for both Ni and Py layers. For all 

temperatures Ni has higher reversal fields than Py. Therefore, for the magnetic fields 

above HC of Py and below HC of Ni the magnetizations of the two FM layers point in 

opposite directions. For the fields smaller than HC of Py or above HC of Ni the 

magnetization directions are the same. 

The magnetoresistance change is defined as R = R - Rsat, where Rsat is the 

resistance measured at the maximum applied magnetic field Hmax. For all measured 
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temperatures R was small in comparison with changes of Rsat with T. The normalized 

MR, R/Rsat, reaches its maximum of 2-3% at temperatures above the MIT. At the same 

time, R/Rsat is only 0.1-0.2% at low T, due to either high values of Rsat or low values of 

R. Therefore, to understand how the features of MR evolve with increasing 

temperature a color map of R (instead of R or R/Rsat) was plotted on Figure 39(a) as a 

function of magnetic field (horizontal axis), and temperature (vertical axis). Five slices 

of this plot, indicated by the black horizontal lines and corresponding to T = 30, 80, 130, 

180 and 260 K, are shown on Figure 39(b). It is important to note that Figure 39, both 

(a) and (b), shows only positive field sweep direction (-Hmax → +Hmax). The opposite 

field sweep is symmetric around zero field. 

At high T (> 130 K) there is a peak at H ~ 100 Oe on top of a smooth 

background, Figure 39(b). The background increases with magnetic field magnitude. 

On the other hand, at low temperature there is a plateau between approximately 0 and 

200 Oe. In this case, the gradual background decreases with applied field magnitude. 

The evolution of the magnetoresistance features with temperature can be seen on Figure 

39(a): when the temperature of the device increases, the low T plateau gradually 

disappears and the high T peak appears.  
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Figure 39. (a) Temperature evolution of R(H) for Ni(40)/V2O3(65)/Py(15) device 

(positive field sweep only). Two light-green (light-grey) vertical curves indicate the 

reversal fields of FM layers (also shown on Figure 38). (b) 5 examples of R(H) for 

5 different T (positive field sweep only – indicated by black arrows), corresponding 

to the black horizontal lines on (a). Each curve is offset by 0.01 . The magnitude 

of the SV effect, RSV, is taken as the resistance difference between the plateau 

height and the extrapolation of the smooth background, demonstrated by the 

dashed lines on the 30 K slice. The magnitude of AMR effect, RAMR, is taken as a 

peak to peak position, demonstrated by the dashed lines on the 260 K slice.  

 

The reversal fields of FM layers are also added to the color map plot, two light-

green (light-grey) vertical curves on Figure 39(a), to correlate them with the 

magnetoresistance of the Ni/V2O3/Py device. Interestingly, the peak in the 

magnetoresistance of the device above 130 K occurs at fields higher than HC of both Py 
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and Ni. Similar magnetoresistance was reported earlier in a Ni film with the magnetic 

field applied at angles near 45 degrees from the current direction [130]. In reference 

[[130]] the positions of the peaks is also at slightly higher fields than the minima 

(maxima) observed for AMR measured for 0 (90) degrees between the field and current 

direction, similar to observed on Figure 39. This suggests that the high T 

magnetoresistance of the device is due to the bottom Ni layer AMR with non-collinear 

applied current.  

The plateau at low T starts at fields slightly smaller than the HC of Py and ends 

at fields slightly higher than the HC of Ni (for positive field sweep direction). The 

plateau can be attributed to either the SV effect (because the observed increase in 

resistance is approximately at fields between the HC of Py and HC of Ni) or to the sum 

of two AMR signals, one from Ni and another from Py, Figure 39(b). 

 Control samples 4.3.3.

To differentiate between the two possible situations at low temperatures and to 

confirm the proposed explanation at high temperature, two additional samples were 

made, with 6 devices on each sample. The top Py layer was substituted with non-

magnetic Nb in one sample, and with Ni in another. In the latter case, the bottom and 

the top Ni layers have different HC due to the difference in thicknesses: 40 nm vs. 15 

nm. The dependence of the coercivity of the top Ni layer on temperature is also plotted 

on Figure 38. 
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Figure 40. Magnetoresistance measurements (a) at 20 K and (b) at 300 K for three 

different samples (positive field sweep only – indicated by black arrows). Red solid 

line corresponds to a regular sample with Py as the top ferromagnetic layer, blue 

dot-dashed line correspond to a sample with top Ni layer, black dashed line – top 

Nb layer. Thickness of V2O3 layer is 44 nm in samples with Py and Nb, and 65 nm 

in sample with Ni. Green dotted and arrow lines show how the RSV is extracted 

from the graph for the sample with Py. 

 

Figure 40 shows the normalized magnetoresistances of the three samples at 20 

and 300 K. At 20 K, Figure 40(a), the device with top Py layer shows a plateau between 

0 Oe and 200 Oe, similar to a different device shown on Figure 39. The device with the 

top Ni layer also has a plateau, but shifted to higher fields, between 200 Oe and 400 Oe. 

Interestingly, the device with Nb does not have a plateau at any field. These 

unambiguously rules out the sum of two AMR signals as the explanation of the MR at 

low T in favor of the spin-valve effect. The shift of the plateau in Ni/V2O3/Ni device to 

higher fields is consistent with this explanation and is due to a larger coercivity of the 

top Ni layer. For positive field sweep, in this case, bottom layer switches first, causing 
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the antiparallel configuration of the two FM layers, and at a higher field the top Ni 

switches as well, restoring the parallel configuration. 

At 300 K all three samples, including the sample with Nb, exhibit very similar 

behavior, Figure 40(b). Moreover, the position of the peak in MR is approximately the 

same for all three samples. This confirms earlier suggestion that at high temperature the 

behavior of the device is dominated only by the AMR of the bottom Ni layer. 

 Thickness dependence of MR 4.3.4.

Besides the difference in the MR shape at low and high T, the size of the effect 

also changes. For all devices the size of the low temperatures spin-valve effect 

(resistance difference between the smooth background and the plateau height, see 

Figure 39(b) and Figure 40(a)) does not exceed 0.2 %. On the other hand, the high 

temperature AMR amplitude (resistance difference between the minimum and 

maximum points of the curve, Figure 39(b)) varies between 1 and 2 % for different 

samples. To check whether this is a consequence of the normalization to the total 

resistance, which changes by a factor of 10 from low to high T for 65 nm of V2O3, a 

series of samples with different V2O3 thicknesses were studied. These results averaged 

over few devices for each V2O3 thickness are plotted on Figure 41. The number of 

devices is different for all thicknesses. For example, magnetoresistance of 5 devices 

with 26 nm and more than 20 devices with 65 nm were measured. The error bars 

indicate standard deviations from average value for devices with specific thickness. The 

variation arises from significant differences in both Rsat and R, even for the devices on 

the same sample. As mentioned above, this is likely due to the imperfect matching and 
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randomly distributed pinholes that create small shorts between the bottom and top 

contacts. Figure 41 shows that the SV effect at 20 K is one order of magnitude smaller 

than the AMR at 300 K. This is true even for thinner devices, in which the resistance at 

low T is comparable to the resistance at room T, Figure 37. Therefore the small values 

of RSV/Rsat cannot be explained just by the high Rsat at low temperatures. 
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Figure 41. RSV/Rsat and RAMR/Rsat as a function of V2O3 thickness. Solid violet 

squares correspond to the spin-valve effect at 20 K, empty magenta circles 

correspond to AMR effect at 300 K. The error bars indicate the standard deviation 

of the magnetoresistance measured for different devices with the same V2O3 

thickness. Straight lines are guides to the eye, highlighting the difference between 

low and high temperature MR. 

 

The two-channel model [84, 86, 128] was used to calculate the expected size of 

the spin-valve effect by two different methods. First, the equivalent resistance model 
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[23, 126, 128, 131] was utilized. This model is valid if the spin diffusion length 

(distance traveled by an electron before it loses its spin information) of V2O3 is assumed 

to be much larger than its thickness. In this approach the total resistance is calculated as 

two parallel resistances, one for spin-up and another for spin-down channels, Figure 

42(a). The resistance of each channel is a sum of corresponding resistances of two FM 

and one NM layers. Assuming that both FM layers are identical for simplicity, the 

resistances of the spin-up and spin-down channels for the P configuration are 

 2 and 2 ,N NF F
R R R R

 
    (3.1) 

correspondingly, where the NM resistance for each spin channel   N = 2RN, is twice the 

total CPP resistance of the NM layer. The difference between channels is due to the 

ferromagnetic materials, since they have different resistances for the spin-up and spin-

down electrons, RF↑ ≠ RF↓. For the AP configuration the resistance of both channels is 

the same: 

 NF F
R R R

 
  . (3.2) 

The normalized magnetoresistance of the device is the difference between resistances 

for the AP and P states, normalized to the resistance of the P state – the saturation 

resistance. After simplification, the resulting formula is the following:  
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, (3.3) 

where RN and RF are the CPP resistances of FM and NM layers, and  is the FM 

polarization. Using measured CPP resistances of V2O3, 0.1-1 , and calculated CPP 
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resistance of FM layers is ~3 , and assuming that the average polarizations of Ni and 

Py is approximately ~0.5 [91, 107, 132], R/Rsat was roughly estimated to be 

~10
-11

-10
-9

. This is much smaller than the observed value of 10
-3

. 
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Figure 42. (a) Equivalent resistance model of the FM/NM/FM device for P and AP 

states. (b) Schematics of a FM/NM/FM device with x-axis perpendicular to the 

layers.  

 

For the second approach, the spin diffusion length of V2O3 was assumed to be 

comparable to its thickness. In this approach, the spin diffusion inside V2O3 and spin 

accumulation near the FM/V2O3 interfaces is taken into account. The spin accumulation 

creates an additional voltage between the FMs [23, 84, 86], which can be measured. For 

each of the regions, FM1, NM and FM2 on Figure 42(b), chemical potential of each 

spin channel, ↑ and ↓, has the following general dependence on coordinate x [23]: 
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where ↑,↓ are the conductivities of each spin channel, and  is the spin diffusion length. 

Equations provided by combination of boundary conditions at infinity and continuity of 

chemical potentials and currents at both FM/NM interfaces, can be solved for A, B, C 

and D in each of the FM and NM regions. Additional symmetry considerations [84, 

133] allow reduction of the number of independent coefficients. The final solution 

allows calculation of the additional voltage drop V at the FM/NM interfaces due to the 

spin accumulation, which is different for P and AP states of the two FM layers: 
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 where J is the current density,  is the FM spin polarization, rN = 2N/N and rF = 

2F/F(1–2
) are the spin resistivities of NM and FM materials (similar to the formulas 

(2.6)), and e
+
 = exp(d/2N), e

–
 = exp(–d/2N) are abbreviations for brevity. The 

difference between voltage drops for P and AP states, normalized by the current, 
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. (3.6) 

For a typical device this is estimated to be in 0

 range. However on Figure 39(b) 

the measured signal is approximately 5 m.  

Thus, in both models the predicted magnitude of the SV effect is much smaller 

than the magnitude measured in the devices. The reason for the small predicted values 

is usually assumed to originate from the so called resistivity mismatch [32, 33] – a large 
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resistivity difference between metallic FM and semiconducting NM materials produces 

an inefficient spin injection. In the devices measured here at 20 K the resistivity of Ni is 

~2.2 cm whereas the resistivity of insulating V2O3 is estimated to be in the cm 

range, see section 4.4. Because of the high resistivity of a semiconductor there is a very 

limited number of carriers that can be injected into it, compared to the number of 

carriers a metal can deliver to the junction. Thus, almost equal numbers of the two spin 

types are injected resulting in zero net current polarization [32]. This can also be readily 

seen using the equivalent resistance model: if RN >> RF, then the resistance of both 

channels becomes the same, see formula (3.1). 

Tunnel barriers or highly resistive interfaces limit conduction into the 

semiconductor and help remedy this problem [32-34, 87]. Thus, a possible explanation 

of a higher than expected spin-valve effect may reside in the formation of high 

resistance additional thin layers at the V2O3/Py and V2O3/Ni interfaces. However this 

does not explain why the spin-valve effect is observed only below the transition. Since 

the resistance of the V2O3 decreases and the resistance of FM metal increases at higher 

T, then the efficiency of spin injection and, as a consequence, SV effect should increase. 

Moreover, V2O3 is reported to be antiferromagnetic at the temperatures below the 

transition. This long range spin ordering could create an additional polarization of the 

current inside V2O3, however the exact mechanism is unclear. 

Finally, another possible explanation could arise from the presence of pinholes 

and nano-shorts in the V2O3 layer. In the insulating state the observed MR could be 

explained either by spin tunneling through the pinholes or by a SV effect in the nano-
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shorts. In the metallic state the effect would disappear because of the different current 

distribution and lower resistance of V2O3 layer. Contribution of the pinholes to the total 

resistance was estimated based on the analysis adopted from ref. [134]. Gaussian 

distribution over the area of the device was assumed for the V2O3 thickness. In this case 

the roughness is the standard deviation of the Gaussian distribution. Areas with zero or 

negative thickness were considered as shorts. Thus it was calculated how the total area 

of short depends on thickness. It was found that the contribution of shorts to the total 

resistance should increase exponentially with decreasing the device thickness. The 

tunneling MR and the SV effect are directly proportional to this contribution. Therefore, 

the observed MR below the transition temperature should significantly increase for 

lower thickness. Figure 41 indicates that this is not the case; therefore, the explanation 

due to the presence pinholes is an unlikely one. Additional argument against this 

explanation is provided by the low temperature dependence of the measured resistance. 

Because of the pinholes and nano-shorts some of the devices exhibit metallic behavior 

below the transition temperature, while the devices free of those defects do not (see 

Figure 37 and Figure 43(a)). However, the SV effect is observed in both groups of the 

devices. 

 Simulations of the device 4.4.

Figure 43(a) shows an example of temperature dependence of the resistance 

measured in a real device with V2O3 thickness of 44 nm. The measured resistance 

changes from approximately 3.5  at 20 K to 0.2  at 300 K. The resistivity of Ni, Ni, 
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and its temperature dependence were taken from the measurement of the bottom Ni 

contact in the real devices. The values obtained from the experiment (and used in the 

simulation) were changing between 2.2 cm at T = 20 K and 12 cm at 300 K. 

Because the resistivity of gold, Au, was not measured separately, the Comsol built-in 

values were used for all temperatures. The resistivity of V2O3, V2O3, and its dependence 

on the temperature were not known. Therefore, several characteristic temperatures, 

indicated by red circles, were chosen, and the device was simulated for various 

resistivities of V2O3 to match the simulated and experimental values of the measured 

resistance. For each temperature the corresponding Au and Ni values were used. Figure 

43(b) shows the result of this matching where V2O3 changes from 0.7 cm at 20 K to 

0.018 cm at 300 K with the transition around 150 K. 
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Figure 43. (a) Example of a measured resistance as a function of temperature 

measurement of a real device. (b) Resistivity of V2O3 obtained by matching the 

simulated and experimental measured resistances for temperatures indicated by 

red circles on (a). 

Figure 44(a) and (b) show the current-flow lines as viewed from the top of the 

device for 20 K and 300 K, correspondingly. For both temperatures, most of the current 

flows straight from the bottom Ni to the top Au contacts. Some parts of the current flow 

on larger loops inside the side top and bottom contacts where the voltage is measured. 

Figure 44(c) and (d) show the distribution of the out-of-plane component of the current 

density inside the V2O3 layer. At 20 K the current is distributed equally over the whole 

V2O3 layer at the junction (the part of V2O3 layer between the top and the bottom 
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contacts). The current density in this case is approximately equal to 1.13×10
7
 A/m

2
. 

However, at 300 K most of the current passes through V2O3 layer near the edge of the 

top Au contact. Moreover, for all temperatures the direction of the current inside V2O3 

varies between 87 and 90 degrees from the plane of the sample.  

(c) (d)

(a) (b)
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Ni

Ni

Au

Au

~1.1

 
Figure 44. (a) Current-flow lines (red) through the device with material 

resistivities set at values corresponding to 20 K. (b) Same as (a) but for resistivities 

corresponding to 300 K. (c) Out-of-plane component of the current density inside 

the V2O3 layer, marked by dashed lines in (a), at 20 K. (d) Same as (c) but at 300 

K. Color-scale of the current density is the same for both (c) and (d).  

Because of the inhomogeneous current distribution in the V2O3 layer, and 

because some parts of the current flow in the side contacts, it is not easy to understand 

what exactly contributes to the voltage potentials measured at the ends of the side 

contacts. For example, in reference [126] the authors show how the inhomogeneous 

current distribution in a CPP device with large lateral dimensions leads to a much 
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smaller measured resistance than in reality.  Although it is possible to find the 

equipotential surfaces that extend to the side contacts used for measurements, it is still 

unclear how the resistivities of different materials contribute to the measured resistance. 

Therefore, to estimate the relative contributions of Ni, Au and V2O3 layers to the total 

measured resistance the following approach was taken. 

If the measured resistance is a function of all 3 materials resistivities, 

 2 3, ,sim V O Ni AuR f    , then it is possible to do a first order Taylor expansion around 

certain values 2 3, ,V O Ni Au     : 
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 (3.7) 

Thus, Rsim can be represented as a linear function of its parameters: 

 2 3sim V O Ni AuR A B C D      , (3.8) 

where A, B and C are the corresponding partial derivatives (for example, 

 2 3 2 3, ,V O Ni Au V OA f         ), and D is the sum of all constants in the formula (3.7). 

To estimate the individual contributions of the first 3 terms in the equation (3.8) 

each of the variables was varied slightly, and the changes of the total sum was observed. 

For example, to find the relative contribution of the first term, AV2O3/Rsim, the 

resistivity of V2O3 was increased by V2O3, and the change of the measured resistance 

was calculated from simulations. Since the increase in resistance Rsim = AV2O3, then 
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The described analysis was performed for temperatures marked by red circles on 

Figure 43(a) using the V2O3 resistivity values obtained from matching, Figure 43(b). 

The results, shown on Figure 45(a), indicate that at low temperature most of the 

measured resistance is due to the voltage drop across the V2O3 layer. However, at 

higher temperatures the contribution of the bottom Ni layer raises up to approximately 

40%, while the contribution of V2O3 layer drops below 60%. High relative contribution 

of the Ni layer explains the observed AMR in this material at high T. Contribution of 

the top Au layer is much lower and reaches approximately 5% at 300 K. 
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Figure 45. (a) Relative contributions of V2O3 (black squares), Ni (red circles) and 

Au (violet stars) as a function of temperature. (b) Dependence of simulated R/Rsim 

on temperature. 

 

This analysis so far does not include the possible voltage drops across the 

FM/V2O3 interfaces due to the possible spin accumulation. These voltage drops, if 

present, would be proportional to the current, would have the same sign on both 

interfaces (for example see figure 7 in ref. [133]), and would reverse sign for the 

opposite current direction. Therefore the voltage drops due to the spin accumulation can 

be simulated by additional layers, placed on both sides of V2O3 layer, with certain 
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thickness thi and anisotropic resistivity tensor. Resistivity was set to be infinite for the 

in-plane directions (zero conductivity), while the out-of-plane resistivity was calculated 

to be such that the total out-of-plane resistance of each additional layer would have 

resistance, Ri, equal to approximately 0.1% of Rsim. By turning these additional layers 

on and off the switching between P and AP states of FM layers was simulated. The 

difference R between the simulated measured resistances for P and AP states was 

calculated. This difference normalized to the Rsim (R/Rsim) indicates if the voltage drop 

is measurable in the device. This method inherently accounts for the highly 

inhomogeneous current distribution as well.  

Figure 45(b) shows how R/Rsim, changes with temperature. At low T the 

measured difference corresponds to the sum of two additional interface resistances Ri 

(since Ri = 0.1%∙Rsim, the value R/Rsim = 0.2% is recovered). Figure 45(b) indicates 

that the inhomogeneous current distribution at higher temperatures actually increases 

slightly the effect of adding the interfaces in our geometry: R/Rsim reaches 0.25% at 

300 K. Moreover, the difference in measured resistance does not decrease below 0.2% 

for any temperatures. This implies that if there is an additional voltage drop at the 

FM/V2O3 interfaces due to the possible spin accumulation then it should be measurable 

in experimental devices at all temperatures. The observed in measurements Ni AMR is 

on the order of 1% at 300 K. This might make it difficult to discern a 10 times smaller 

SV signal. However, near the transition temperature of V2O3 the AMR signal is still of 

the order of 0.1% and the SV signal disappears. 
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The 0.1% value was taken because it is of the same order of magnitude as the 

SV effect measured in experimental devices at low temperatures. In this case, the 

interface resistivity changes with temperature in the same way as the measured 

resistance. This, in fact, could be an underestimation of the simulated SV effect. The 

theoretical calculations in section 4.3.4, formulas (3.3) and (3.6), imply that the voltage 

drop due to the SV effect is proportional to (RF/RN)
2
 for RN >> RF. Since RF increases 

and RN decreases with temperature, the voltage drop, and therefore Ri, should increase 

with temperature as well. Since the simulation results indicate the possibility to detect 

even the assumed underestimated values of the SV effect, therefore larger values in real 

devices should be detectable as well. 

Finally, the effect of the shift between the top and the bottom contacts was 

investigated. It was found that with negative shift (when the overlap between the top 

and the bottom contacts is smaller than 10×10 m
2
, Figure 36(b)) the measured 

resistance and the contributions of Ni and Au increase, while the contribution of V2O3 

decreases. Conversely, the effect of shifting the contacts in the opposite directions is 

reversed. The normalized difference in measured resistance R/Rsim was found to 

increase with negative shifts, and decrease with positive. For example, at 300 K and 

negative 0.5 m shift we showed that R/Rsim = 0.25%, Figure 45(b); for the same 

temperature and zero shift it is approximately 0.23%; and for positive 0.5 m shift it is 

0.19%. 
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 Conclusion 4.5.

Spin valve devices composed of Ni, V2O3 and Py layers in the CPP geometry 

were measured. V2O3 grown on Ni in the (001) direction exhibits a metal insulator 

transition at ~160 K for all fabricated thicknesses from 13 nm to 65 nm. 

Magnetoresistances at temperatures above the MIT are solely due to the AMR of the 

bottom Ni contact. The normalized amplitude of the magnetoresistance at high T is 

approximately 1-2 % and is consistent with AMR amplitudes reported in literature. At 

low temperatures a ~0.1% spin-valve effect is observed. However this is 6-9 orders of 

magnitude larger than theoretically predicted due to the resistivity mismatch. The 

relatively large measured spin-valve effect could be due to a combination of high 

resistance V2O3/Ni and V2O3/Py interfaces, together with additional polarization 

produced by the low temperature antiferromagnetic state of V2O3. Surprisingly, the spin 

valve effect disappears at the MIT, contrary to expectations based on the resistivity 

mismatch effect.  

Finite element analysis of the experimental devices showed that at low 

temperatures the current distribution is homogeneous across the devices cross-section, 

but at high temperatures the current is concentrated near the edge of the top Au contact. 

Additionally, the direction of the current through the V2O3 layer remains nearly vertical 

even at 300 K, confirming that in this device geometry the current flows perpendicular 

to the plane. The relative contributions of various materials to the measured resistance 

were estimated. It was found that at low temperature most of the measured resistance is 

due to the voltage drop across the V2O3 layer. However at higher temperatures the 
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contribution of the bottom Ni layer rises up to 40% while the contribution of V2O3 layer 

drops below 60%, which explains the observed AMR of Ni at high T. Contribution of 

the top Au layer is much lower and does not exceed 5% at 300 K.  

An additional voltage drop across the FM/V2O3 interfaces due to the possible 

spin accumulation was simulated by adding extra layers with anisotropic resistivity. The 

changes in the measured resistance were observed on the same order of magnitude for 

all values of material resistivities. This indicates that the absence of SV effect above 

MIT cannot be explained by changes in the current distribution in the device. 
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5. Summary 

Spin transport in hybrid nano- and micro-structures is a subject of intense 

research which led to revolutionary applications, such as read heads, random access 

memory, and numerous sensors [8-11]. Spintronic devices facilitated study of 

condensed matter phenomena such as spin-Hall [37] and spin-torque effects, coupling 

of spin and heat transport [45], as well as crossed Andreev reflection in superconductors 

[50]. Lateral spin valves are a relatively new class of devices that take advantage of the 

non-local geometry to decouple spin and electrical currents [23]. This makes them good 

candidates for applications with strict requirements for sensitivity and power 

consumption. For the development of these spintronic devices it is important to 

understand how various device characteristics, such as geometry and materials 

properties [52, 53], affect device performance. This understanding may also provide 

insight into transport phenomena and reveal new effects. In addition to the lateral spin 

valves, another topic of interest to the magnetism and spintronic communities lies in 

spin injection in novel materials that exhibit unique properties, such as metal-to-

insulator transition. This may lead to new devices that combine the functionality of 

regular spintronic devices and the unique property of the material.  

In the first part of this work, all-metal lateral spin valves with transparent 

interfaces were studied. The measured non-local voltage was theoretically predicted to 

exhibit a bipolar behavior – switching between positive and negative voltage, when 

either the current is reversed, or the magnetization state of the ferromagnetic electrodes 
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is changed between parallel and antiparallel. The dependence of the device signal on 

various material and geometrical parameters was derived using the spin-resistances 

approach [72] for the one-dimensional spin-diffusion model, see formula (2.13) in 

section 3.2.4. However, a systematic study of the non-local signal measured in lateral 

spin valve devices revealed several deviations from the theoretically predicted behavior.  

By measuring the non-local spin valve (NLSV) signal, V/|I|, in Py/Cu and 

Co/Al lateral spin valves with dc current it was found that the injection mechanisms are 

symmetric for current densities up to 3×10
10

 A/m
2
. When injecting electrons from a FM 

into a NM, there is an accumulation of majority-spin electrons near the FM/NM 

interface. However, when the current is reversed, there is an accumulation of minority-

spin electrons. This result is predicted by the spin dependent diffusion model, and 

shows that the polarity of the spin current can be controlled electrically, without 

changing the external magnetic field.  

Two types of background appear in non-local resistance measured at 4.2 K with 

dc current, that are not predicted by theory. One type of background depends on the 

current direction, but not on its magnitude. Furthermore, it is also observed using ac-

techniques. This indicates that it is due to the inhomogeneous current distribution. The 

other type of background is independent on the current direction and is proportional to 

current magnitude. This can be explained by a thermoelectric effect due to Joule 

heating. Since this background does not depend on the current direction, it is only 

observed in dc measurements.  
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The NLSV signal measured at 4.2 K as a function of the applied current, for 

current densities up to 10
12

A/m
2
, was compared to the signal in the same device 

measured with small current as a function of temperature. This showed that Joule 

heating produced by high currents increases significantly the average temperature of the 

device (up to 100 K, while the sample holder is kept at 4.2 K). Because of the increase 

in temperature, the magnitude of the NLSV signal also changes as a function of the 

current magnitude, reproducing the temperature dependence. For example, in Co/Al 

devices the LNSV signal was found to increase with increasing either the current 

magnitude or the temperature (in Py/Ag – only decrease, and in Py/Cu – first increase 

and then decrease).  

The dependence of the effective spin injection and spin diffusion length on the 

polarity and magnitude of the injection current was also measured in Py/Cu and Py/Ag 

devices for current densities up to 10
12

 A/m
2
. First, it was observed that the NLSV 

signal measured with positive currents (current flows from NM into FM) becomes 

larger than the signal measured with negative current. To understand the origin of this 

asymmetry, the measured NLSV signal was fitted to the theoretically expected 

dependence on geometrical and material parameters (equation (2.13)), to extract the 

spin diffusion length of the NM and spin polarization of FM. This was done separately 

for positive and negative currents. It was found that the fitted spin diffusion length of 

Cu or Ag does not depend on the current direction, but the fitted spin polarization of Py 

was considerably smaller for negative than for positive currents. This can be explained 

by a large additional thermally-induced spin injection at high currents due to a 
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temperature gradient in the Py electrode. At high current densities (above 4×10
11

 A/m
2
), 

the thermal spin injection was estimated to account for about 12% of the total spin 

injection. This additional thermally induced spin injection arises from the spin-

dependent Seebeck effect and may alter the behavior of spintronic devices. 

The study of the NLSV signal asymmetry at high currents demonstrates that the 

obtained from fitting NM spin diffusion length – NM, and FM spin polarization – FM, 

can change. Therefore, they are not intrinsic to the material. Dependence of these two 

properties on the geometrical parameters is not taken into account by the derived 

equation (2.13). Therefore, this is an indication of additional mechanisms for spin 

injection and spin-flip scattering. 

The dependence of the Cu spin diffusion length and the Py effective spin 

polarization in Py/Cu lateral spin valve devices was investigated as a function of the Cu 

thickness. It was found that both fitted Cu and Py increase with Cu thickness. Modified 

1-dimensional spin diffusion models was proposed, which took into account additional 

spin-flip scattering at the Cu surface and at the Py/Cu interface. The result of the 

quantitative analysis indicated that a spin-flip scattering at the surface of Cu is stronger 

than in Cu bulk. Therefore, surface scattering is dominant for thinner Cu strips and 

considerably reduces the spin diffusion length of Cu. Similarly, in thinner Cu strips the 

Py effective spin polarization is strongly affected by the presence of the Py/Cu 

interface, which provides additional spin-flip scattering.  

The limitations in spin injection and transport due to surface scattering in hybrid 

nanostructured devices may be reduced by proper surface manipulation as well as the 
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use of smaller junction areas [24]. Paradoxically, oxidation of the Cu strip was found to 

reduce the surface spin-flip scattering and led to larger NLSV signals in Py/Cu lateral 

spin valve devices. This and other surface treatments could be interesting subjects for 

future study. 

Current-perpendicular-to-the-plane (CPP) spin valve devices composed of Ni, 

V2O3 and Py layers were studied. V2O3 deposited by sputtering on top of Ni was found 

to grow in the (001) direction and exhibit a metal insulator transition at ~160 K. Thus, 

the Ni/V2O3/Py spin valve device with transparent FM/V2O3 interfaces was used to 

investigate the resistivity mismatch effect. The CPP spin valves devices in this work 

were fabricated with a novel design. The bottom FM electrode had a shape of a 10 m 

wide bar with a 90-degrees turn. The top FM electrode had the same shape but rotated 

180 degrees in respect to the bottom electrode. Both electrodes were positioned in a 

way that only the 90-degrees turns overlap. The resulting device was formed at the 

~10×10 m
2
 intersection of these two turns (Figure 36). 

At temperatures above the MIT, the normalized magnetoresistance of the 

devices exhibits a 1-2% AMR of the bottom Ni layer. At low temperatures a ~0.1% 

plateau in magnetoresistance is observed. Additional samples with a non-magnetic 

metal instead of the top FM layer showed no magnetoresistance at low temperature, but 

the Ni AMR at high temperature was still present. This implies that the low temperature 

magnetoresistance of Ni/V2O3/Py devices is due to a spin valve effect. However, the 

observed 0.1% magnitude of the MR is 6-9 orders of magnitude larger than what is 

theoretically expected, based on the resistivity mismatch. Additionally, the spin valve 
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effect disappears at temperatures near the MIT of V2O3. This is also contrary to the 

expectations based on the resistivity mismatch effect.  

The current distribution in Ni/V2O3/Py devices with the new geometry was 

simulated by finite element method using the material and geometrical parameters 

obtained in the experimental devices. The results indicate that at low temperatures the 

out-of-plane current distribution is uniform across the device, but at high temperatures 

most of the out-of-plane current is concentrated near the edge of the top Au contact. 

Nevertheless, the direction of the current through the V2O3 layer remains nearly vertical 

(87-90 degrees from the plane) for all temperatures. Relative contribution of the V2O3 

layer to the measured resistance is almost 100% at low temperature, but drops below 

60% at higher temperatures. At the same time, relative contribution of the bottom Ni 

layer increases up to 40% at 300 K. Relative contribution of the top contact is much 

lower due to the high conductivity of gold, and does not exceed 5% at 300 K. 

An additional voltage drop across the FM/V2O3 interfaces due to possible spin 

accumulation was also included into the simulation of the device. The simulations 

showed that if there was a spin valve effect in the device for all temperatures, then it 

should have been observed regardless of the large changes in the current distribution in 

the device. Thus, to explain the observed SV signal in Ni/V2O3/Py devices it is 

necessary to explore additional effects at the FM/V2O3 interfaces (high resistance, or 

spin-filtering), or in the V2O3 bulk, since this oxide is antiferromagnetic below the 

transition temperature. 
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To summarize, the presented work contributes important observations for spin 

transport in nano- and micro-structured hybrid devices. Two types of structures were 

studied: all-metal lateral spin valves and the CPP spin valves with V2O3 as the NM 

material. In lateral spin valves various deviations of the NLSV signal from the 

theoretically expected behavior were discovered, such as additional backgrounds, 

thermal effects and thermal spin-injection, large additional spin-scattering at the device 

surfaces and interfaces. In the CPP spin valves with V2O3, the observation of the spin-

valve effect at temperatures below the transition in V2O3, and its disappearance at 

higher temperatures, cannot be explained by the 2-channel model for devices with 

transparent interfaces. Therefore, these observations should be investigated in greater 

detail to gain a better understanding of their origin. The results could potentially be used 

for future spintronics devices and sensors with expanded functionalities, lower heat 

dissipation, and an enhanced all-electrical control of the state of the device.  
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