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Abstract 

Identifying material parameters affecting properties of ferromagnets is key to optimize 

materials better suited for spintronics. Magnetic anisotropy is of particular importance in van der 

Waals magnets, since it not only influences magnetic and spin transport properties, but also is 

essential to stabilizing magnetic order in the two dimensional limit. Here, we report that a hole 

doping effectively modulates the magnetic anisotropy of a van der Waals ferromagnet, and explore 

the physical origin of this effect. Fe3-xGeTe2 nanoflakes show a significant suppression of the 

magnetic anisotropy with hole doping. Electronic structure measurements and calculations reveal 

that the chemical potential shift associated with hole doping is responsible for the reduced 

magnetic anisotropy by decreasing the energy gain from the spin-orbit induced band splitting. Our 

findings provide an understanding of the intricate connection between electronic structures and 

magnetic properties in two-dimensional magnets and propose a method to engineer magnetic 

properties through doping. 
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Layered materials composed of two dimensional (2D) planes that are stacked by van der 

Waals (vdW) interactions have been extensively investigated. vdW materials exhibit interesting 

electronic, magnetic, and optical properties such as charge density wave, two-dimensional 

superconductivity, strong excitonic coupling, and valley dependent optical responses.1-3 In 

particular, magnetism in the 2D limit is an intriguing subject in which the role of spin-orbit 

coupling (SOC) providing magnetic anisotropy is crucial for long range magnetic order.4, 5 The 

weak inter-layer coupling and flexible lateral configurations of vdW materials, along with the 

tunability of magnetic properties (magnetic anisotropy and SOC) through external parameters 

(strain, gating, proximity effect, Moiré potential, and optical excitation), provide model systems 

for exploring new and diverse phenomena in 2D magnetism. Moreover, heterostructures based on 

magnetic vdW materials can be utilized in various valleytronics and spintronics device 

applications.6, 7  

Various vdW materials showing robust ferromagnetism in the ultrathin limit have been 

discovered, such as monolayer CrI3,8, 9 Cr2Ge2Te6,10 Cr2Si2Te6,11 VSe2,12 MnSe2,13 and 

Fe3GeTe2.14 Fe3GeTe2 is a fundamentally interesting material that exhibits large intrinsically 

driven anomalous Hall effect (AHE).15 Its high Curie temperature (Tc) relative to other 2D 

ferromagnetic materials, along with its highly tunable magnetic properties by changing the 

chemical composition, layer thickness, and external gating makes Fe3GeTe2 a strong candidate for 

spintronic devices.16, 17 In particular, voltage dependent change of Tc,17 and composition dependent 

change of the AHE15 was observed in Fe3GeTe2. In those studies, it is shown that simple yet subtle 

changes in the electronic structure lead to significant modifications to the magnetic properties. The 

strong dependence of intrinsic magnetic properties (e.g. Tc, AHE) on the chemical potential 

(doping) by compositional change or voltage gating, suggests that a thorough investigation on 
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doping-dependent electronic structures of Fe3GeTe2 is required to fully understand its magnetic 

properties. 

In this paper, we report doping dependent magnetic properties and electronic structures of 

Fe3-xGeTe2. The magnetic properties of thin layers of Fe3-xGeTe2 (x ~ 0.36), measured by magneto-

optic Kerr effect (MOKE), show a drastic suppression of the magnetic coercivity and 

perpendicular magnetic anisotropy (PMA) with hole doping. The investigation of doping 

dependent changes in the electronic structures by angle-resolved photoelectron spectroscopy 

(ARPES) and first-principles density functional theory (DFT) reveals that the decrease in PMA is 

due to the reduction of the electron pockets which possess strong spin-orbit induced band splitting 

that dominantly contributes to the PMA. We will discuss how our findings can be used to interpret 

earlier reports on controlling magnetic properties of Fe3GeTe2,15, 17 thereby providing a unified 

understanding of the modulation of magnetism with electronic structure changes. Moreover, we 

emphasize that the magnetic anisotropy is one of the most important material parameters that 

determines magnetic and spin transport properties (e.g. magnetic domain phase, current induced 

magnetization switching). There has been great effort in spintronics research for developing an 

effective scheme for controlling magnetic anisotropy in spin devices, such as the voltage induced 

magnetic anisotropy reduction for low power magnetization switching.18, 19 We believe our method 

(hole and electron doping) to control the magnetic anisotropy provides an important step for the 

development of efficient 2D ferromagnet based spin devices.  
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Figure 1.  a, Optical microscope image of a mechanically exfoliated Fe3-xGeTe2 flake on a SiO2/Si 

substrate. b, Height profile measured by AFM along the orange line in a. c-e, Temperature 

dependent out-of-plane M-H loops of Fe3-xGeTe2 flakes measured by MOKE at several 

representative thicknesses (t). (M-H loops for thicker Fe3-xGeTe2 are shown in SI Figure S1) f-h, 

Temperature dependent MS extracted from c-e, and the M-T fitting curves (red solid lines). The 

magnetization in c-h is normalized by the extrapolated MS at T = 0 (MS,0) obtained from the fitting 

in f-h. i, Comparison of the coercivities of Fe deficient Fe3-xGeTe2 and Fe3GeTe2. The Fe3GeTe2 

data are taken from ref. 20 [square data points marked †]20 and ref. 14 [square data points marked 

*]14. 

 

  The exfoliated Fe3-xGeTe2 (x ~ 0.36) flakes display defect-less flat surfaces (Figure 1a) 

with the thickness obtained from the height profiles measured by atomic force microscopy (AFM) 

(Figure 1b). The out-of-plane magnetic hysteresis loops (Figure 1c-e) show square loops with 

nearly full remanence at low temperatures (T ≤ 80 K), implying that the thin Fe3-xGeTe2 layers 

have a uniaxial out-of-plane magnetic easy axis, i.e. they have PMA. The robust PMA is crucial 

for stabilizing the long-range magnetic order in thin layers of Fe3-xGeTe2.4, 5 The magnetic 

coercivity decreases as the temperature increases, typical for magnetic systems approaching the 

2D regime. The saturation magnetization (Ms) also decreases with increasing temperature (Figure 



6 
 

1f-h), and a ferromagnetic-paramagnetic phase transition is observed at the Tc. The Tc of the flakes 

determined by fitting the M-T data (see Supporting Information (SI) for the fitting details) are 

101~121 K, slightly increasing with thickness.  

In contrast to the moderate change of Tc and coercivity with thickness, we find significant 

change in both values with Fe content (hole doping). First, the Curie temperature of Fe3-xGeTe2 (~ 

100 K for ~ 10 nm layers) is significantly lower than Fe3GeTe2 (~ 150 K for ~ 10 nm layers).17, 20 

Second, the thin Fe3-xGeTe2 flakes show large reduction in the magnetic coercivity (~ 300 Oe for 

~ 10 nm layers, T = 10 K), significantly smaller than Fe3GeTe2 (~ 4000 Oe for ~ 10 nm layers, T 

= 10 K)14, 20 (summarized in Figure 1i). The Fe deficiency in Fe3GeTe2 provides significant 

modification to the magnetic transition temperature and coercivity. For the micron sized Fe3-

xGeTe2 flakes used in this study, the easy axis coercivity is roughly proportional to the uniaxial 

magnetic anisotropy (see SI).21 Therefore, the large reduction in coercivity implies that Fe3-xGeTe2 

has significantly smaller, albeit still perpendicular, magnetic anisotropy compared to Fe3GeTe2. 

The decrease of Curie temperature and coercivity with Fe deficiency has been reported in bulk Fe3-

xGeTe2.22 Also, from earlier reports on the hard-axis (in-plane) hysteresis loops of bulk Fe3GeTe2 

and Fe3-xGeTe2,23-25 we estimate roughly 7 fold decrease in the magnetic anisotropy due to the Fe 

deficiency. In our study, we find that the decrease in magnetic anisotropy holds true down to the 

ultrathin regime. 

Considering that the magnetic anisotropy is an all-important parameter that stabilizes the 

magnetic ordering and determines spin transport characteristics, we examine the origin of the Fe 

content dependent magnetic anisotropy of the Fe3-xGeTe2 using X-ray magnetic circular dichroism 

(XMCD), ARPES, and DFT calculations (See SI for XMCD results). Since the magnetic 
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anisotropy decreases with Fe content in both bulk and thin layers, the measurements and 

calculations in the following sections are conducted with bulk Fe3-xGeTe2. 

       The relation between the reduced PMA and hole doping is investigated by DFT 

calculations. We focus on the dependence of the magnetic moments and magnetocrystalline 

anisotropy energy (MAE) on the hole doping, in which the MAE is defined as the total energy per 

formula unit (f.u.) with in-plane ([210]) magnetization (IPM) relative to that with out-of-plane 

([001]) magnetization (OPM); positive MAE indicates PMA. (We find negligible MAE 

dependence on the in-plane magnetization directions (see SI) in line with previous DFT results.26)  
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Figure 2. Calculated electronic band structures and momentum dependent MAE of Fe3-

xGeTe2 as a function of hole doping.  a. PDOS around the Fermi energy. b. MAE and 

magnetization per f.u. as a function of doping. c-e. Band structures with OPM (black solid lines) 

and IPM (red dotted lines). d-f. Momentum-resolved MAE along the high-symmetry lines. g-i. 

Momentum-resolved MAE summed for out-of-plane momentum. The black solid lines are Fermi 

surfaces with kz = 0. The panels (c, f, j), (d, g, j), and (e, h, k) are for pristine, 0.5 h/f.u., and 1 h/f.u  

doped Fe3GeTe2, respectively.  

 

Figure 2a shows the projected density of states (PDOS), which reveals that the majority of 

the density of states is derived from Fe states responsible for ferromagnetism. Upon hole doping, 

there is a small reduction in magnetization relative to the pristine Fe3GeTe2, 5% for 0.5 h/f.u. and 

10% for 1 h/f.u., whereas the reduction in MAE is much larger, 33% for 0.5 h/f.u  and 93% for 1 

h/f.u. (Figure 2b). This strongly suggests that the drastic reduction of MAE is not likely from the 

decreased spin moments but from the change in SOC. Since the valence of Fe ions in Fe3-xGeTe2 

is expected to be in between Fe3+ and Fe2+,24, 25 the 1 h/f.u. doping corresponds to a Fe deficiency 

of x = 0.33 - 0.5, close to x ~ 0.36 of the Fe3-xGeTe2 measured in this study; the ten-fold decrease 

in MAE is consistent with the large reduction of coercivity and magnetic anisotropy observed by 

MOKE.   

 In order to understand the relationship between the MAE and the chemical potential shift 

associated with the hole doping, we investigate the change in band structure with magnetization 

directions. We define the momentum dependent MAE as27, 28  

∆𝐸𝒌 =
1
𝑁'

(𝑓(𝜖,𝒌-./)𝜖,𝒌-./ − 𝑓(𝜖,𝒌2./3𝜖,𝒌2./3
,

	

= 	
1
𝑁'5

𝜖,𝒌-./ + 𝜖,𝒌2./

2 8𝑓(𝜖,𝒌-./) − 𝑓(𝜖,𝒌2./39 + 𝑂(|𝜖,𝒌-./ − 𝜖,𝒌2./|)< ,
,

													(1) 
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where 𝜖,𝒌-./ and 𝜖,𝒌2./  are eigenvalues with IPM and OPM, respectively, N is the number of k-

points, and 𝑓(𝜖)  is the Fermi-Dirac distribution. The second equation is derived using the 

eigenvalues at the Fermi energy (𝜖>  ~ 9 eV) much larger than the SOC energy: positive (negative) 

MAE for 𝜖,𝒌-./ < 𝜖> < 𝜖,𝒌2./  (𝜖,𝒌-./ > 𝜖> > 𝜖,𝒌2./ ) around the Fermi energy. Figure 2c-e show 

band structures with IPM and OPM. Around the Γ-A line (green shaded region), we find 

𝜖,𝒌-./ > 𝜖> > 𝜖,𝒌2./ , resulting in a negative MAE (Figure 2f-h), whereas around the K-H line (blue 

shaded region), we find 𝜖,𝒌-./ < 𝜖> 	< 𝜖,𝒌2./  from lifted degeneracy with OPM,15 resulting in a 

positive MAE (Figure 2f-h).  

     To investigate the origin of the reduced MAE by hole doping, ∆𝐸𝒌 is summed for the out-

of-plane momentum (Figure 2i-k). We first emphasize that the MAE contribution is positive 

around the K points (electron pockets), and negative around the Γ points (hole pockets). Compared 

with the pristine Fe3GeTe2, the doping of 0.5 h/f.u. increases the positive contribution around the 

K point but also enhances the negative contribution around the Γ point, resulting in an overall 

reduction of total MAE (Figure 2g, j). The mechanism of hole doping induced MAE reduction is 

clearly identified when an additional 0.5 h/f.u. is introduced for a total of 1 h/f.u.. In Figure 2h, k 

we observe the electron pockets around the K point almost vanishing, and also the contribution 

from the hole pockets is strongly suppressed since the majority of energy shifts along the Γ-A line 

is shifted above the Fermi energy. Thus, with hole doping, the bands with large spin-orbit induced 

changes are pushed away from the Fermi energy by the chemical potential shift, thereby decreasing 

the MAE. We note that the density of states (DOS) at the Fermi energy is 6.5 and 4.1 eV-1 for 

pristine and 1 h/f.u. doped Fe3-xGeTe2, respectively, showing only a moderate decrease with hole 

doping. This indicates that the momentum dependence of the band structures is important in 

understanding the drastic decrease in MAE (See SI for details). In addition to the hole doped cases, 
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we find that electron doping of 0.5 e/f.u. increases the MAE by 30% relative to the pristine 

Fe3GeTe2 (Figure 2b), due to the increased k-space volume of the positive MAE (See SI for the 

band structures and momentum resolved MAE for the electron doping case). 

 
 

 

Figure 3. Electronic band structures of Fe3-xGeTe2 single crystals. a, Fermi surface measured 

by ARPES (upper panel), the second-derivative ARPES spectra of the Fermi surface (middle 

panel), and the calculated Fermi surface for 1 h/f.u. (from Figure 2k) marked by black solid lines 

overlapped with the ARPES spectra (lower panel). The Brillouin zone is marked by the red solid 

line. b, c, Band dispersions along the high symmetry directions (dotted lines A and B in a) with 

the calculated band dispersion (black solid lines) for 1 h/f.u. (from Figure 2e). 

 

In order to confirm the calculated electronic band structures, we performed ARPES 

measurements on Fe3-xGeTe2 single crystals. Compared to earlier reports on the band structure of 

pristine Fe3GeTe2,15 a Fermi-level shift is observed in that of Fe3-xGeTe2 measured in this study 

(enlarged hole pockets and disappearance of electron pockets) implying that the Fe deficiency 
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effectively results in hole doping of Fe3GeTe2 (See SI for details). The disappearance of the 

occupied states of the electron pockets around the K point is clearly shown in the Fermi surface 

(green arrows in Figure 3a) and in the Γ-K cut (green arrows in Figure 3b and 2e) confirming the 

Fermi energy shift expected from the DFT calculations, and thus supporting the mechanism of 

chemical potential shift induced MAE reduction.  

 The mechanism of doping dependent electronic structure modification that we identify can 

be applied to other interesting phenomena that Fe3GeTe2 and Fe3-xGeTe2 exhibit. One such 

observable is the large AHE,15 induced by the Berry phase from the lifting of the band degeneracy 

along the K-H lines around the electron pockets.15 A large AHE is expected when the Fermi energy 

crosses the electron pockets, consistent with the reported AHE for both pristine and hole doped 

Fe3GeTe2;25 the decreased AHE of hole doped Fe3GeTe215, 25 can be qualitatively understood by 

the reduced surface area of the electron pockets with hole doping. Our mechanism is also consistent 

with the voltage induced enhancement of the Tc in ultrathin Fe3GeTe2,17 in which the increased 

surface area of electron pockets by electron doping could play an important role. The increase of 

MAE with electron doping could be responsible for the increase of the Tc, considering that Tc 

fundamentally increases with magnetic anisotropy.4 In fact, our DFT calculation shows 30% 

increase in MAE with doping of 0.5 electron/f.u. (Figure 2b). Thus, according to our mechanism 

of doping induced band structure change, we believe that there are positive correlations between 

the coercivity, MAE, AHE, and Tc, thereby providing a unifying scheme for understanding the 

modulation of magnetic properties of a vdW ferromagnet Fe3GeTe2. Moreover, we believe the 

doping effect on the magnetic properties of vdW ferromagnets, that we experimentally observe in 

this study, can be potentially utilized in 2D material based spintronic devices by providing an 

effective way to manipulate the magnetic anisotropy of 2D vdW ferromagnets.  
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In conclusion, a large hole doping induced magnetic anisotropy reduction is observed in 

Fe3-xGeTe2. DFT calculations show that the sharp decrease in MAE is due to changes in the 

electronic structure, in which the majority of bands that are strongly affected by spin-orbit coupling 

are shifted away from the Fermi energy by hole doping, thereby reducing the energy gain by spin-

orbit induced change in the band structures. The electronic structures of Fe3-xGeTe2 measured by 

ARPES shows significant chemical potential shifts with enlarged hole and reduced electron 

pockets, supporting the mechanism of electronic structure driven change in the magnetic 

anisotropy.  

 

Experimental Section 

Single crystal growth. Single crystals of Fe3-xGeTe2 were grown from molten metallic fluxes as 

described previously.24 

Magnetic characterization of Fe3-xGeTe2. Low temperature magnetic hysteresis loops of the 

exfoliated Fe3-xGeTe2 flakes were measured using a polar (out-of-plane) MOKE system. The 

MOKE system uses a 408 nm diode laser with a laser spot size ~ 2 micron, and has Kerr rotation 

detection sensitivity < 0.1 mrad. The XMCD spectroscopy measurements on Fe3-xGeTe2 and 

Fe3GeTe2 (in-situ cleaved bulk single crystals) were done at Pohang Light Source beamline 2A. 

ARPES measurement. ARPES measurements were performed at the HERS endstation of the 

Beamline 10.0.1, Advanced Light Source, Lawrence Berkeley National Laboratory. The ARPES 

system is equipped with a Scienta R4000 electron analyzer and has base pressure 3×10-11 Torr. 

The photon energy was set at 55 eV with energy and angular resolution of 25 meV and 0.1 degree. 

Measurements were made at the temperature 15 K. 

First-principles calculations. We perform first-principles density-functional-theory calculations 
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using the Vienna ab-initio simulation package.29, 30 The Perdew-Becke-Erzenhof parametrization31 

for the exchange-correlation functional is used with the projector augmented wave method.32 The 

energy cutoff of 600 eV, k-point sampling on a Γ-centered 16×16×5 grid, and the experimental 

atomic structure were used. The MAE is determined by the force theorem.27, 28 We confirm that 

the calculated energy differences relative to self-consistent calculations are within 3%. Simulation 

with hole doping is treated by reducing the total number of electrons with compensating uniform 

background charge.  

 

Supporting Information 

Magnetic properties of Fe3-xGeTe2 flakes, Correlation between coercivity and magnetic 

anisotropy, Fe spin and orbital moments of Fe3-xGeTe2 and Fe3GeTe2 determined by XMCD 

spectroscopy, MAE by force theorem compared with MAE by self-consistent calculations, 

Dependence of MAE on the in-plane magnetization angles, Electronic band structures of Fe3-

xGeTe2 flakes 
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