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If we are uncritical we shall always find what we want:

we shall look for, and find, confirmations,

and we shall look away from, and not see,

whatever might be dangerous to our pet theories.

– Karl Popper

The first principle is that you must not fool yourself,

and you are the easiest person to fool.

– Richard Feynman

It is better, of course, to know useless things than to know nothing.

– Lucius Annaeus Seneca
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The properties of the heavy fermion superconductor URu2Si2 have been

investigated as a function of Re substitution. Single crystals of URu2−xRexSi2,

for 0 ≤ x ≤ 0.6, were synthesized via the Czochralski technique and studied

through measurements of x-ray diffraction, electrical resistivity, specific heat, and

dc magnetization. In accord with previous studies, it has been found that su-

perconductivity is quickly suppressed, while the hidden order state persists up to

about x = 0.1. Ferromagnetic behavior is observed at intermediate concentrations,

for x > 0.15, and its properties are consistent with itinerant ferromagnetism. The

magnetic ordering transitions, interpreted via a scaled Arrott analysis, are charac-

terized by unconventional exponents, strongly suggesting proximity to a quantum

critical point. It is argued that in this system, low-temperature divergence in the

specific heat divided by temperature and power-law temperature-dependence of the

electrical resistivity, both archetypal characteristics of non-Fermi liquid behavior,

may not be related to the ferromagnetic quantum criticality. The x-dependence

of these properties and the evolution of the heavy fermion state is discussed in

relation to the ordered phases in the URu2−xRexSi2 phase diagram.
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I

Introduction

I.A Magnetism in Metals

Magnetism in materials is usually attributed to unpaired spins in partially-

filled d - or f -electron orbitals of ions, but it can also arise from conduction electrons

in a metal. The simplest cases of long-range magnetic order are ferromagnetic

(FM) order, with all spins parallel, or antiferromagnetic (AFM) order, with neigh-

boring spins antiparallel. Above the Curie temperature TC for FM order or the

Néel temperature TN for AFM order, a material is paramagnetic and its magnetic

susceptibility χ(T ) is usually well-described by a Curie-Weiss (CW) law, where

χ = (T − θCW )−1 and θCW ≈ TC or TN , depending on its sign. In the absence of

magnetic order, the sign of θCW from a high-T CW fit is used to gauge whether

paramagnetic spins experience FM or AFM correlations.

In a pure nonmagnetic metal, the electrical resistivity ρ(T ) decreases

monotonically with decreasing T as the phonon modes are depopulated, extrapo-

lating to a small residual value at 0 K that arises due to scattering off of impurities

and defects. The addition of small concentrations of magnetic impurity ions to

the metal can lead to the Kondo effect, in which ρ(T ) develops a low-T minimum,

below which ρ ∼ − ln(T ). At lowest T , ρ(T ) saturates as −T 2.The Kondo tem-

perature TK is a characteristic temperature that separates high T behavior, where

1
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χ(T ) follows a CW law, from low T nonmagnetic behavior, where χ(T ) saturates

to a constant value. A physical picture of this nonmagnetic ground state involves

the gradual formation of a many-body singlet for T < TK , in which the spin of the

impurity ion is screened by antiferromagnetically coupled spins of the conduction

electrons. In terms of J , the AFM exchange between the conduction electrons and

the local moment, and the density of states at the Fermi energy N(EF ),

kBTK ∝ EF e(−1/|JN(EF )|). (I.1)

The presence of a magnetic impurity also induces damped spin oscillations in the

conduction electrons that serve to screen the moment over long distances, much in

the same manner that Friedel charge oscillations in the conduction electrons screen

impurity charges. Two sufficiently close magnetic impurity ions in a metal can

thus couple via the conduction electron spin polarization through the Rudermann-

Kittel-Kasuya-Yosida RKKY interaction, which goes as

JRKKY ∝ −J 2N(EF )
cos(2kF r)

r3
, (I.2)

where kF is the Fermi wavevector and r is the position in real space. Because the

sign of JRKKY oscillates with r, the RKKY interaction can lead to either FM or

AFM coupling between neighboring impurities. Note that both Kondo and RKKY

interactions are still present when the concentration of magnetic ions in a metal

is increased to the point where the ions occupy regular crystal sites and form a

Kondo lattice. Because the energy scales of the two interactions depend differently

on JN(EF ), this quantity is a useful conceptual tuning parameter, which forms the

basis for the popular Doniach phase diagram that describes the magnetic ground

state of a Kondo lattice [1]. At low JN(EF ), the RKKY interaction dominates and

a magnetically ordered ground state is expected (usually denoted as being AFM),

whereas at high JN(EF ), the Kondo energy scale dominates and the ground state

is a lattice of nonmagnetic Kondo singlets. For some real materials, it is possible

to tune the system from one regime to the other via the application of pressure
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or chemical substitution [2]. The Doniach description is commonly applied to the

heavy fermion compounds described in the next section.

I.B Heavy Fermion Compounds

Heavy fermion compounds are metallic materials in which strong elec-

tronic interactions result in dramatically enhanced electronic effective masses m∗,

proportional to the enhanced N(EF ) in these systems. Despite the strong interac-

tions, these systems display physical properties that can be adequately described

within the Landau Fermi liquid framework. Fermi liquid theory posits that the

low-energy collective excitations of a strongly interacting system of fermions can

be treated as single particle excitations with renormalized properties, such as the

effective mass m∗, which can reach values as large as several hundred times the

bare electron mass. In the low-T limit, the specific heat divided by temperature

C/T , χ, and ρ have the following T -dependence:

C(T )/T ∼ γ0, (I.3)

χ(T ) ∼ χ0, (I.4)

and

ρ(T ) ∼ ρ0 + AT 2. (I.5)

Because both the electronic specific heat and the magnetic susceptibility depend on

N(EF ), γ0 can be related to χ0 via the Wilson-Sommerfeld ratio
π2k2

B

µ2
eff

χ0

γ0
≈ 1 and the

empirically determined Kadowaki-Woods ratio A
γ2
0

= 10−5µΩ cm (mole K mJ−1)
2

[4]. The vast majority of the heavy fermion compounds contain rare earth or

actinide elements [3], often obeying a full-moment CW law at high T . The Kondo

effect is evident in many of these compounds, but in contrast to the conventional

single-ion Kondo effect, in these Kondo lattice compounds, ρ(T ) not only exhibits

a local minimum, it also goes through a local maximum at T ∼ 50 − 100 K, and

then decreases rapidly to low T as it would in a conventional metal. In analogy to
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the single-ion Kondo effect, at high T the highly-concentrated magnetic ions act

as independent local moments, while at lower T the conduction electrons screen

the moments. Below a coherence temperature Tcoh, the regular distribution of the

ions in the crystal lattice leads to coherent Kondo scattering, which results in the

formation of narrow conduction bands at the Fermi energy, which are responsible

for the heavy quasiparticle masses. Localized electron phenomena other than the

Kondo effect can also lead to large effective masses. Some examples include valence

fluctuations, inelastic exchange scattering involving crystalline electric field-split

energy levels, and scattering off of ions in off-center potential wells.

I.C Quantum Critical Points

An important phenomenon often observed in heavy fermion systems is the

quantum critical point (QCP). While conceptually similar to the classical critical

point commonly observed at finite temperature, the QCP is a zero-temperature

phase transition, which can be experimentally accessed via the laboratory tuning

parameters of applied magnetic field, pressure, or chemical substitution. In prac-

tice, the QCP often forms the endpoint of a line of classical phase transitions,

commonly occurring at the value of some tuning parameter at which a magnetic

phase transition is suppressed to 0 K. Because they occur at zero temperature,

critical order parameter fluctuations are quantum mechanical in nature instead of

thermally driven, which can significantly affect the statistical and scaling proper-

ties at the phase transition in relation to the classical counterpart. In addition, it

is sometimes found that new ordered states, such as superconductivity, occupy the

region of parameter space where a QCP is extrapolated to occur. Were the quan-

tum effects strictly limited to zero temperature, QCP’s would be nothing more

than an intellectual curiosity. Fortunately, the quantum fluctuations can affect the

physical properties of a system at finite, but usually low T . One manifestation

of this behavior is the occurrence of non Fermi liquid (NFL) behavior, which is
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literally the absence of Fermi liquid behavior, ie., a regime where the independent

quasiparticle description breaks down. That this effect is named is a testament to

the success and ubiquity of the independent quasiparticle Fermi liquid picture for

metallic compounds. Experimentally, NFL behavior is recognized as:

C(T )/T ∼ − ln T or − T a or T−a, (I.6)

χ(T ) ∼ − ln T or T−a, (I.7)

and

ρ(T ) ∼ ρ0 + A′T n, (I.8)

where usually a < 1 and n < 2. It should be noted that NFL behavior is also

observed in the absence of quantum criticality, and may be associated with un-

conventional Kondo phenomena [5, 6] or other exotic physical mechanisms [7] in

addition to proximity to QCP’s. An additional class of NFL behavior has been

identified via inelastic neutron scattering experiments: the energy-temperature

scaling of the magnetic response [8]. Much of the pioneering work on NFL systems

was conducted in this laboratory [9, 10]. While NFL behavior is now being iden-

tified in a staggeringly large number of systems [11], there are not many broadly

applicable NFL models.

I.D URu2Si2 Hidden Order and Superconductivity

Some 20 years since its discovery, the ordered phase below T0 ≈ 17 K of

the heavy fermion superconductor URu2Si2 remains a mystery, the nature of its

order parameter still a matter of controversy, for which it has been since dubbed

hidden order (HO). The superconducting (SC) phase occurs below TSC ≈ 1.5 K,

and URu2Si2 was the first heavy fermion compound known to exhibit both mag-

netic and superconducting order [12, 13]. URu2Si2 crystallizes in the tetragonal

ThCr2Si2 structure with lattice constants a = 4.13 Å and c = 9.58 Å. Its structural

anisotropy is reflected in the bulk physical properties, such as the electrical resis-

tivity and magnetic susceptibility [14, 15]. The HO phase transition is marked by
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a large specific heat anomaly at 17 K characterized by a BCS-like exponential tem-

perature dependence, which, along with the resistive anomaly, is reminiscent of the

spin density wave transition [16, 17] in elemental Cr [18]. Based on this evidence,

the transition has been associated with a Fermi surface instability since the earliest

days [19]. Evidence in favor of a spin or charge density wave was also found in early

inelastic neutron scattering measurements [20], Raman scattering measurements

[21], and thermopower and elasticity measurements [22], and in later point-contact

spectroscopy and infrared spectroscopy studies [23, 24]. Large anomalies at T0 were

identified in thermal expansion measurements and a minimum in c/a at 60 K [25],

which corresponds to the maximum in magnetic susceptibility, and the onset of

Fermi liquid behavior, determined via 29Si NMR [26]. It was found that the Hall

effect also has features similar to magnetic susceptibility, and high temperature

electrical resistivity measurements yielded an estimated single-ion Kondo temper-

ature of 370 K [27].

In the HO phase, a staggered moment aligned with the c direction was

identified via neutron diffraction but it was noted that the small moment of 0.03 µB

could not account for the large entropy associated with the feature in specific heat

[28], leading to speculation that the entropy is associated with some hidden order

parameter. Subsequent µSR measurements identified an internal field even smaller

than one attributable to 0.03 µB, and it was suggested that the muon site might

be located symmetrically between AFM sublattices [29]. Further inelastic neu-

tron scattering measurements on polycrystalline samples identified the persistence

of strong spatial correlations up to 50 K [30], but it was found in later neutron

scattering studies on single crystals that the correlations persist to 100 K, which

coincides with the maximum in electrical resistivity [31]. Broholm and coworkers

also presented an argument strongly in favor of a localized moment interpretation,

which has figured heavily in subsequent discussions. The small ordered moment

was also observed in x-ray magnetic scattering measurements, which found that

the moment is intrinsic to the sample and that it persists unchanged into the SC
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region [32]. Although the authors of a nonlinear susceptibility study argued that

the HO phase involves quadrupolar order [33], the results of a polarized neutron

scattering study found that the HO order parameter breaks time-reversal symme-

try and excluded the possibility of any multipolar order other than spin dipole

[34], and elastic neutron scattering measurements in magnetic field ruled out sym-

metric multispin order parameters [35]. A clear discussion of the order parameter

controversy at the time is given in Ref. [36], where it is noted that quadrupolar

order is only a possible candidate if the measured moment arises from defects. The

authors of a point contact spectroscopy report found the splitting of a peak in the

HO phase to be consistent with the onset of quadrupolar order [37].

Indications that the entire sample does not order in the HO phase came

from µSR measurements that were interpreted as indicating that the volume frac-

tion of magnetically ordered sample increases with decreasing temperature [38].

Evidence for phase inhomogeneity was also found in measurements of 29Si NMR

[39]. It was also suggested that an isotropic 29Si NMR signal below T0 was due

to the HO parameter, which was suggested to be orbital AFM [40, 41]. However,

neutron scattering experiments found no evidence for orbital AFM, instead iden-

tifying quasielastic scattering at incommensurate wavevectors, which below T0 by

a gap of ∼ 100 K [42]. A follow-up study found that this gap accounts for the

entropy released at T0, that spin correlations persist to 100 K, and that the HO

transition is itinerant in nature, finding no evidence for crystal field excitations

[43]. The authors of a 101Ru NQR study argued in favor of quadrupolar order [44].

Measurements of 29Si NMR imply that there is no internal field associated with

HO at the 29Si site [45].

Recently, transport studies have reopened discussions of the gapping phe-

nomenon associated with the HO transition. A giant Nernst signal was observed

below T0, along with an increase in the entropy per charge carrier inferred from

Seebeck and Hall measurements [46]. A discovery that the lattice thermal conduc-

tivity is enhanced dramatically below T0 was linked to the disappearance of most
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of the charge carriers resulting in an increase in the electronic and phononic mean

free path [47]. This conclusion was supported by a study of the thermal Hall effect

[48].

Meanwhile, the unconventional nature of the SC state was being estab-

lished. Electrical resistivity measurements in field demonstrated the anisotropy of

the SC state, with the upper critical field Hc2 ≈ 2 T for H||c and > 8 T for H||a
[49]. Low-temperature thermal conductivity measurements suggested anomalous

superconductivity [50]. Point contact spectroscopy identified the opening of a gap

at T0 that persisted into the SC phase, which was interpreted as having d -wave

symmetry [51]. In addition, an irreversibility line tentatively associated with the

flux-line lattice was identified via ac magnetic susceptibility measurements [52].

The anisotropy of Hc2 was more carefully determined, with a value of 3.5 T for

H||c and 14 T for H||a [53, 54]. An anisotropic and hysteretic magnetostriction

was found in the SC state as well [55]. The existence of line nodes in the SC

energy gap was inferred from 101Ru NQR measurements [56]. Magnetization mea-

surements mapped out Hc2 for H||c [57].

Recently, attention has returned to the SC state. Electrical and thermal

transport measurements on “ultraclean” samples show evidence for unprecedented

magnetoresistance at low temperatures, a first order transition at the SC upper

critical field, and a nodal gap topology [58]. A study of the specific heat in field

found no nodes in-plane, but suggestions of nodes along the c-axis [59], and pos-

sible evidence for a first-order transition at the upper critical field [60]. Thermal

conductivity measurements in the “ultraclean” samples have mapped out a flux

line liquid transition line [61].

It was noted that many of the physical properties of URu2Si2 exhibit sam-

ple dependence. An early study reported the observation of a second SC transition

in specific heat [62], after which Hasselbach and coworkers claimed that only one

transition exists, [63], and Ramirez and coworkers put the issue to rest by demon-

strating that SC transitions occurred in different macroscopic sections of single
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crystals [64]. Indications were reported that low-field temperature irreversibility

in the magnetic susceptibility may have arisen from metallurgical defects [65, 66].

A thorough study described differences in magnetic properties due to sample qual-

ity, although this amounted to mostly differences in neutron scattering intensity

as a function of temperature [67]. Measurements up to 20 T found no annealing

dependence of the HO transition [68]. Effects of disorder were also observed in 29Si

NMR spectra [69].

Over the years, much theoretical effort has been put into describing the

HO parameter. Here is a short list of some of these ideas: local multipole order

[70, 71, 72], orbital antiferromagnetism [73, 74, 75], spin-density wave [76], and

helicity order [77].

I.E URu2Si2 Pressure Studies

Shortly after the discovery of URu2Si2, the material’s behavior under

pressure was investigated. Electrical resistivity [78, 79, 80] and specific heat [81]

measurements established that T0 is enhanced by applied hydrostatic pressure and

that the rate of increase ∂T0

∂P
becomes larger at a critical pressure Pc ≈ 12 kbar

[19, 82, 83, 84, 85]. In contrast, TSC was found to extrapolate to 0 K at a similar Pc,

which led to the suggestion that HO and SC order compete for the same portion

of the Fermi surface [19, 82]. Studies of electrical resistivity under applied uniaxial

stress found that stress applied along the a axis suppressed TSC and enhanced T0,

while the opposite effect occurred for stress applied along the c axis: enhanced TSC

and suppressed T0 [86, 87].

Interest renewed once a neutron diffraction study found that the small

staggered moment associated with HO grew by an order of magnitude, becoming

large-moment AFM order at 15 kbar [88]. However, this was soon reinterpreted

when 29Si NMR measurements found evidence for the heterogeneous coexistence

of the HO and AFM states below 15 kbar, with the coexistence eventually yielding
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to homogeneous AFM order above 15 kbar [89, 90]. Measurements of µSR support

this model; they indicate that the AFM volume fraction starts to increase from 0 at

approximately 5 kbar (extrapolated to T = 0 K) and that the HO-AFM transition

is first order [91, 92]. More support was offered by a study of dilation under

pressure, which showed that thermal expansion is sensitive to the paramagnetic

(PM)-HO, PM-AFM, and HO-AFM phase boundaries [93]. Measurements of ac

magnetic susceptibility on the same samples from the thermal expansion study

found that SC is suppressed abruptly at the boundary of the HO-AFM transition

[94, 95]. Studies pertaining to the detailed nature of the HO-AFM transition

have been undertaken to test a model describing the coexistence of the HO and

AFM order parameters [96, 76]. Data from neutron scattering under hydrostatic

pressure support the first-order nature of the HO-AFM transition, but find that

the transition is separate from the PM-HO/AFM curve [96, 97]. Further support

for a first-order transition has been provided by a study of neutron scattering

under uniaxial stress [98]. Measurements of dc magnetization under hydrostatic

pressure found that increasing pressure was accompanied by a dramatic change in

the magnetocaloric effect at T0, but were insensitive to the HO-AFM transition

[99]. Similarly, a study of ac calorimetry under pressure was not able to track the

HO-AFM transition [100].

A consensus seems to be forming regarding the pressure phase diagram

of URu2Si2. A hydrostatic pressure study of neutron scattering and ac suscepti-

bility found evidence that supports the SC phase boundary reported in Ref. [94],

and a sharp HO-AFM transition at 7 kbar consistent with a first order transi-

tion [101, 102]. These reports also concluded that SC and AFM are mutually

exclusive, with the respective decrease/increase in volume fraction occurring over

a very narrow pressure range. In contrast to the insensitivity to the HO-AFM

transition reported in Ref. [100], recent measurements of electrical resistivity and

ac calorimetry have successfully tracked the PM-HO, PM-AFM, HO-AFM, and

HO-SC phase transitions [103], and the phase diagram generated from these data
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agrees with the those based upon NMR, µSR, neutron scattering, and thermal

expansion measurements [89, 90, 91, 92, 94, 97, 101, 102].

However, all data do not support this phase diagram, and it is important

to note that many experimental probes cannot confirm the HO-AFM phase sep-

aration. A study of the de Haas-van Alphen effect under pressure was unable to

find changes in Fermi surface across the HO-AFM transition [104]. Measurements

of the magnetization in the SC state under pressure indicate that SC persists to

at least 11 kbar and that the critical field curve shows no sensitivity to the HO-

AFM transition at 5 kbar [105]. Measurements of the SC critical field curve in

electrical resistivity measurements [106, 107] also found no signature of a 5 kbar

transition.The additional observation that the ordered phases in high magnetic

field do not change appreciably between 1 bar and 11 kbar also has been taken as

evidence against HO/AFM phase separation [108].

The sensitivity of URu2Si2 to pressure inhomogeneities during measure-

ments has been studied extensively. From studies of uniaxial stress, a strong

dependence on the direction of applied stress has been established [86], which is

corroborated by the fact that the small ambient-pressure moment increases only

when stress is applied along the basal plane, not along the c axis [98]. During mea-

surements the loss of hydrostaticity often occurs due to the solidification of the

pressure medium above its critical pressure, which generates shear stresses that do

not exist when the medium is fluid. For instance, a study of neutron scattering

measurements performed in He, which was limited to less than 5 kbar because of

experimental constraints, showed no sign of AFM moment, while measurements

performed in Fluorinert in order to access higher pressures detected a moment at

the lower pressure of 4.5 kbar [97]. A comparison of neutron scattering and ac

susceptibility measurements in Fluorinert FC70/FC77 and Daphne oil 7373 was

reported, which determined that the HO-AFM transition and disappearance of SC

both occurred at slightly higher pressure in the Fluorinert, [109]. Most recently,

a comparison was made of electrical resistivity measurements performed in two
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Fluorinert mixtures and isoamyl alcohol/n-pentane mixture, which found that the

commonly used Fluorinert yields a hysteretic pressure phase diagram, while the

isoamyl alcohol/n-pentane measurements show no sign of hysteresis in pressure

[110].

I.F URu2Si2 in High Magnetic Fields

Studies of the high-field properties of URu2Si2 date back to early mag-

netization measurements that found two transitions at 36 T and 40 T [78]. A

subsequent study of magnetization and electrical resistivity found a third transi-

tion at 38 T and magnetoresistance jumps that indicated Fermi surface gapping

[111]. Studies of the Hall coefficient identified its suppression at 40 T [112]. Mea-

surements of magnetization over a range of temperatures and high fields found a

sharp metamagnetic transition with three steps is found below 14 K that evolved

into two steps from 14−17 K, and then into a broad metamagnetic transition above

17.5 K, persisting up to 55 K which coincides with the maximum in the magnetic

susceptibility [113]. An electrical resistivity study up to 1 GPa found that the

36 T transition survives, while the higher temperature transitions broaden [114].

A neutron scattering investigation found an inflection in the field-dependence of

the ordered moment at 10 T, and that the size of the excitation gap at commen-

surate wavevectors grew with field, while the gap at incommensurate wavevectors

stayed constant to 17 T [115].

Measurements of the specific heat in both pulsed and constant high fields

established that multiple phases exist at low temperatures in the vicinity of 36 T

[116, 117]. This phase diagram was corroborated by magnetization measurements

that found evidence in favor of reentrant HO and a possible QCP [118, 119] and

ultrasound measurements [120]. A subsequent study of high-field electrical resis-

tivity found evidence of no less than five ordered phases in the vicinity of the QCP

[121]. When resistivity measurements were extended to lightly Rh-substituted
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compounds, it was found that the quantum critical point remained at the same

field, protected by an ordered phase, and was seemingly unrelated to the suppres-

sion of HO [122]. Specific heat measurements of a Rh-substituted sample found

that the QCP was associated with a the breakup of a heavy Fermi liquid [123],

which was supported by Hall effect measurements [124, 125]. Recently, measure-

ments of the Re-substituted system have been performed, and are currently being

analyzed [126].

I.G URu2Si2 Electronic Structure

Because the unusual properties of URu2Si2 seem so strongly tied to the

conduction electrons, determination of the electronic structure has been pursued

for many years. Measurements of the de Haas-van Alphen (dHvA) effect can help

to define the Fermi surface. An early study found URu2Si2 to be a compensated

metal with closed Fermi surfaces, and tracked the persistence of a spherical Fermi

surface into the SC phase [127], while another noted that only moderately massive

branches were found, in contrast to the sister compound CeRu2Si2 [128]. The

Fermi surface was more carefully mapped in Ref. [129], and it was found that

there is no change in dHvA frequency, but a reduction of effective mass, in the SC

phase. Based on the angular dependence of the dHvA signal in the mixed state,

a line node in the SC gap was suggested [130]. Most significantly, angle-resolved

photoemission (ARPES) studies mapped out the Fermi surface, finding evidence

for mixing of d - and renormalized f -states, while temperature-dependent data were

consistent with 5f Kondo physics [131].

I.H URu2Si2 Chemical Substitution

Very early on, in an attempt to investigate the HO phase via perturba-

tions of the Fermi surface, transition metal M substitutions URu2−xMxSi2 were

pursued. Most of the neighboring elements of Ru: Mn, Tc, Th, Re, Os, Rh, and



14

Ir had been substituted onto the Ru site, and in all cases except Os, the HO and

SC phases were suppressed by x = 0.1 [132, 133, 134]. Despite the fact that the

Mn, Tc and Re substitutions resulted in the first known heavy fermion FM in-

stability, historically Rh substitution has been the most popular transition metal

substituent.

Rhodium substitution at high concentrations was reported by Miyako

and coworkers, who found from bulk property measurements that three different

magnetic phases existed as x was varied [135]. A 29Si NMR study found that the

HO transition becomes less pronounced as Rh is added and that large-moment

AFM order appears for x > 0.3 [136]. Early neutron scattering measurements

identified a complex magnetic structure at x = 0.3 [137]. Later, the low x phase

part of the phase diagram was investigated via neutron scattering, where it was

found that from x = 0.02 − 0.04, HO transitioned to AFM, while at higher con-

centrations no magnetism was observed [138]. It was also found that the inelastic

peaks associated with HO vanish in the Rh-induced AFM phase [139].

Doping with Re, Tc, or Mn results in suppression of the HO and SC

phases, and leads to FM order at intermediate concentrations [134], with a maxi-

mum TC ≈ 40 K at x = 0.8 (Re). It was found that the FM is itinerant in nature,

with a maximum ordered moment of ∼ 0.45µB, while the paramagnetic effective

moment is ∼ 1.5µB [132] and that the electronic contribution to the specific heat

peaks at x = 0.6 (Re). The long range nature of the FM phase in URu2−xRexSi2

was established via neutron scattering for x = 0.8 [140] and 29Si NMR for x = 0.4

[141]. A systematic study of bulk magnetization established that the FM instabil-

ity exists at x = 0.3, while measurements of specific heat and electrical resistivity

provided evidence for the occurrence of NFL behavior far within the FM state

[142, 143]. Inelastic neutron scattering measurements found indications of mag-

netic frustration for intermediate x and a further manifestation of NFL behavior in

the appearance of energy-temperature scaling in the dynamic susceptibility [144].

The present study was carried out in order to establish and characterize
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the presence of NFL behavior in URu2−xRexSi2 using nominally purer and better-

ordered samples, to account for magnetic and transport anisotropy, and to more

precisely trace the HO and FM phase transitions.



II

Experimental Details

II.A Polycrystalline Sample Synthesis

The single-crystalline samples of URu2−xRexSi2 investigated in this study

were synthesized using the Czochralski technique [145, 146, 147]. Samples were

first prepared as polycrystalline boules or buttons, which were melted together in

a conventional single-arc furnace under a purified argon atmosphere in the presence

of a zirconium oxygen getter on a water-cooled copper hearth. Starting materials

consisted of raw elements: uranium (U), ruthenium (Ru), rhenium (Re), and silicon

(Si), which were weighed and mixed in stoichiometric ratio. Elemental U (3N,

New Brunwick Lab) was obtained in ingot form and had to be sectioned with bolt

cutters, after which selected pieces were etched for five minutes in 1 : 1 HNO3/H2O

to remove the oxide layer. Both Ru (3N8, Colonial Metals; 4N, Englehard Corp.;

4N, ESPI) and Re (4N, Johnson Mathey; 3N, Colonial Metals) were initially melted

into balls from sponge in an arc furnace, which served to reduce their surface area,

remove any oxide layer, and, by increasing their mass, make them more convenient

to work with. Si (8N, Alfa Aesar) flakes or slivers were mechanically removed from

a large solid chunk.

It was noticed earlier that inhomogeneous Re distribution can occur in

URu2−xRexSi2, resulting from difficulties in preparation related to the high melting

16
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temperature of Re (3455 K) relative to U (1408 K), Ru (2610 K), and Si (1683 K).

This was previously addressed via a two-step synthesis of polycrystalline samples:

after the raw elements were initially melted together and reacted, the boule was

crushed into small pieces, which were melted together to form a homogenized final

product [143]. This approach did result in chemical homogeneity, as determined

via electron probe microanalysis [142]. However, this technique was not used in

the present study because of concerns that the act of crushing could introduce im-

purities (at levels below the sensitivity of the electron microprobe). Instead, before

combining all of the elements, the Ru and Re were first alloyed [148]. Because the

Ru-Re alloys were Ru-rich, their melting points were significantly lower than that

of pure Re. This method lead to better Ru/Re mixing in URu2−xRexSi2 after the

U and Si were combined with the initial Ru-Re alloy. Mass loss after arcing was

less than 1%, within acceptable limits. The tendency of URu2Si2 and its alloys

to form large grains on cooling resulted in polycrystalline boules with large reflec-

tive facets on the surface, mimicking the general appearance of a disco ball, as in

Fig. II.1. These facets, which are oriented normal to the tetragonal [001] direction,

are of sufficient quality that they have been used in lieu of single crystals [21, 52].

This growth habit probably facilitated the synthesis of large single crystals.
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Figure II.1: Photograph of a polycrystalline sample of URu1.65Re0.35Si2, with a
diameter of approximately 2 cm, formed in an arc furnace. The large facets on the
surface that give the sample its disco ball appearance are oriented perpendicular
to the [001] direction.
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II.B Single Crystal Synthesis

The homogenized polycrystalline samples were placed in a water-cooled

tri-arc furnace (Centorr) equipped with a Czochralski pulling assembly, shown in

Fig. II.2. Under flowing argon, the boules were melted with the three arcs, which

were spaced evenly to provide the most homogeneous heating. A cold, rotating

tungsten tip was inserted into the melt and removed, and URu2−xRexSi2 solidified

in a cone shape on the tip as it was withdrawn, forming a seed. Despite the

polycrystalline nature of this solid, at the tapered end near the tip, a large grain

was inevitably found, which was used to seed the single crystal growth. The tip

of the seed was reinserted a shallow depth into the melt, and withdrawn at a slow

rate, ranging from 2− 4 cm/hr, for the duration of the growth.

To homogenize the temperature in the pulled sample, the pulling rod was

rotated at approximately 10 rpm. Rotation of the pulling rod was important be-

cause the melt remained stationary with respect to the electric arcs, forming hot

and cold spots in the melt. Rotation of the growing crystal also ensured that the

pulled crystal was exposed evenly to the bulk of the melt and promoted mixing in

the liquid. The latter is arguably more important in the case of URu2−xRexSi2,

for which the maintenance of a homogeneous Ru/Re distribution throughout was

crucial. It was found that rotation of the pulling rod promoted a cylindrical sym-

metry for the pulled single crystal that maintained the best concentricity with the

melt. These were critical to stability of the growth, ensuring that the liquid-solid

interface inside the melt, where crystal growth occurs, did not move.

The three electric arcs could be positioned about the melt with a great

degree of freedom. It was important to space them evenly around the melt, but

their height with respect to the melt was critical. Note that even when molten,

the metal boule maintained a round shape due to surface tension, although the

maximal cross-section sat lower than half of the height of the melt. The electric

arcs were generated by electrodes inserted and controlled from the top of the
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furnace, which introduced a mechanical bias against the ideal growth conditions.

Through trial and error, it was found that the ideal growth environment required

the electrodes to sit approximately 1 − 2 mm off of the hearth, roughly at the

height of the maximal cross-section.

This requirement can be understood based on the following description.

Bear in mind that the melt sits on a water-cooled copper hearth, so it is being

both heated and cooled at the same time, leading to the existence of rather large

temperature gradients, the description of which may be further complicated by

the rotation of the pulled sample and stirring of the melt. Additional cooling is

provided by the pulling rod and the crystallizing sample being slowly removed

from the melt. Thus the melt is hottest in the middle, coldest at the bottom,

and cool at the top where the crystal is being grown. Successful single crystal

growth relies on maintaining the growth interface and its immediate environment

at a stable temperature. As the hottest parts of the melt are in the vicinity of

the arcs’ incidence, if these hot spots occur too close to the top of the melt, they

are too near the growth interface and limit the diameter of the single crystal. In

this configuration, the bottom of the molten boule is colder and is at least more

viscous, if not solid. Thus moving the arcs’ hot spots to a lower height provides

three benefits: a larger volume at the bottom of the melt is hotter, the vertical

temperature gradient between the growth interface and the hot spots is smaller

(assuming constant hot spot and interface temperatures), and a large volume of

liquid near the interface is cooler.

Stabilizing the liquid-solid interface is the goal of steady-state crystal

growth, but the entire process involved much more than just this. In an arc

furnace, temperature is not controlled or even monitored; instead, the position

of and current flowing through the electrodes are adjusted, and temperature is

inferred from the appearance of the melt and crystal (note that UV filters are

necessary to avoid retinal damage). To begin with, it was necessary to take a

submillimeter diameter seed crystal and create a bulk crystal with a diameter of
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several millimeters, if not larger. Before the growth, current was adjusted such

that the boule was entirely molten. The seed was deposited with the electrodes

in a relatively high position so that the top of the melt was hotter, less material

solidified on the tungsten tip, and the solid tapered down over a relatively short

distance. The electrodes were then lowered, and current was increased as necessary

to keep the boule molten. In their lower positions, the arcs may have also been

close enough to the hearth to heat it also, reducing the efficiency with which

they heat the sample. With the seed reinserted and slowly retracting, a small

diameter crystal began to emerge. By very carefully reducing the current in the

arcs further, it was possible to cool the melt further and encourage an increase

in crystal diameter. There were limitations on how quickly the diameter could

be forced to increase and doing this too quickly reduced crystal quality. Over a

length of about 4− 5 mm it was safe to increase the diameter of the crystal to the

target size of 5 − 6 mm. Through experience, it was determined that the stable

crystal diameter was a function of mainly the position and currents of the arcs,

for a roughly constant volume and shape of melt. In other words, a crystal would

increase its radius if it were too small or decrease its radius if it were too large to

reach an equilibrium size in response to the operator’s adjustments. Over a short

period of time, the arcs’ position and current could be held steady once growth

stability was established. However, the melt volume decreased as the crystal grew,

necessitating periodic decrease of arc current to compensate for a smaller volume

and the adjustment of electrode position to bring them closer to the melt as its

radius decreased. As mentioned earlier, the appearance of the crystal and melt

were monitored. Specifically, during most of the growth, current and position of

the electrodes were adjusted to keep the crystal diameter and the shape of the

liquid meniscus on the retracting solid constant. Inevitably, the melt diameter

decreased to slightly larger than that of the crystal, forcing a decrease in crystal

diameter. It was decided when the diameter was too small, and the crystal was

pulled out of the melt quickly, sometimes with an increase in arc current, to finally
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separate it.

Following the growth, each sample was annealed at high temperature.

The samples were wrapped in tantalum foil and sealed in a quartz tube under

150 Torr of argon along with a piece of zirconium foil, which acted as a getter.

The samples were placed in a box furnace and held at 900 ◦C for 7 days.

At the time of this writing, the tri-arc furnace has been retired and re-

placed by a tetra-arc furnace (Techno-Search) that features several improvements

(Fig. II.3). First, the furnace chamber is cleaner: many joints are welded, metal

bellows are used instead of ball joints for the arcs, the system has a diffusion pump

instead of just a mechanical roughing pump, and the pulling rod is sealed inside

the chamber via long bellows, instead of being fed through an o-ring seal. Temper-

ature homogeneity in the melt is improved with four arcs with individual current

control and a rotating cooled hearth. The system has a fifth electrode dedicated to

continuously arcing a zirconium getter during the entire crystal growth. Despite

these upgrades, the general growth procedure remains the same, with the same

demand for an operator’s constant attention and intervention. Several single crys-

tals have been grown using this system, including one crystal of URu2−xRexSi2,

x = 0.12, reported herein. A single crystal of URu1.9Re0.1Si2, which was featured

in the August 2007 volume of Physics Today, is shown in Fig. II.4.
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Figure II.2: Photograph of the tri-arc furnace used in the Czochralski growth
of URu2−xRexSi2 single crystals. The pulling rod is inserted into the chamber
through an o-ring assembly at the top. A motor rotates the rod while a separate
drive translates the rod upward. During operation of the arcs, a UV filter is placed
between the operator and the furnace.
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Figure II.3: Photograph of the tetra-arc furnace during the Czochralski growth of
URu1.88Re0.12Si2 single crystals. Here the four arcs are seen heating the molten
boule on a rotating copper hearth as the counter-rotating single crystal is extracted
from the melt.
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Figure II.4: Photograph of a single crystal of URu1.9Re0.1Si2 grown in a tri-arc fur-
nace. The large flat face was determined to be perpendicular to the [001] direction
(Fig. II.5), a condition almost always true in our single crystal growth.
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Figure II.5: Laue pattern from the sample of URu1.9Re0.1Si2 shown in Fig. II.4.
This image shows that the sample face is perpendicular to the [001] direction.
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II.C Measurements

In order to verify sample composition, material from each growth was

powdered and θ − 2θ x-ray diffraction measurements were performed using a

commercial Rigaku Rotaflex rotating anode x-ray machine. Peaks in the pow-

der diffraction pattern were used to establish the lack of impurity phases and to

calculate lattice constants [149, 150]. Single crystal samples were oriented via the

Laue backscattering technique, using a GE x-ray generator equipped with a Po-

laroid land camera [151]. An example Laue pattern of a sample oriented along the

[001] direction is shown in Fig. II.5. In rare cases, the Laue technique provided

evidence for the existence of multiple crystallites in a sample presumed to be a

single crystal.

Single crystals were initially cut up using a diamond wheel saw (South

Bay Tech Model 650), which both cut the large sample into more manageable

pieces, but had the added benefit (in hindsight) of cleaving the samples through

the inevitable gentle mechanical vibration arising from slight warping of the cutting

blade. For precision cutting, samples were cut using an abrasive wire saw (South

Bay Tech Model 850), an Agie electric discharge machine (EDM or spark cutter),

and/or a Hylozoic Products micro-EDM. Where specimen thickness was critical,

further shaping of samples was achieved by sanding using a Buehler Ecomet 3

Variable Speed Grinder-Polisher or simple sanding by hand.

Measurements of bulk magnetization M as a function of magnetic field

H and temperature T were performed using a Quantum Design Magnetic Prop-

erties Measurement System (MPMS) superconducting quantum Interference de-

vice (SQUID) magnetometer. The cryostat had a working temperature range of

1.8−300 K, while the superconducting magnet provided applied magnetic fields up

to 5.5 T. Samples were typically attached via diluted Scotch glue or Duco cement

to a Delrin disk mounted in a plastic drinking straw.

The specific heat C was measured using a custom-built 3He refrigerator-
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based calorimeter with a base temperature of 600 mK. Apiezon N-Grease was used

to attach samples to a suspended sapphire disk. Cernox chips were used for both

the heater and thermometer.

Electrical resistance measurements were performed using two models of

Linear Research ac resistance bridge: the LR-201 and the more modern LR-700,

operating at 16 Hz. Sample resistivity ρ was calculated using measured sample

dimensions, with an absolute uncertainty of 5 − 10%. Excitation currents ranged

from 10−100µA. Measurements in the temperature range 1−300 K were performed

in a a pumped 4He cryostat (Captain America custom-built). Measurements at

temperatures down to 25 mK were performed in 3He-4He dilution refrigerators

(SHE Minifridge, Oxford Kelvinox 300, and Oxford Kelvinox MX100) equipped

with superconducting magnets capable of generating magnetic fields as large as

9 T.
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X-ray Diffraction

URu2Si2 crystallizes in the tetragonal ThCr2Si2 structure, illustrated in

Fig. III.1. The lattice constants are a = 4.13 Å in the basal plane and c = 9.58 Å

perpendicular to the basal plane. When Re is substituted for Ru in URu2−xRexSi2,

it is assumed to occupy the Ru site in the lattice. Substituting Re for Ru removes

one electron and adds a 5d shell. The U atoms form a body-centered tetragonal

lattice. The structure is rather planar, or two-dimensional, which is reflected in

the observed anisotropy in magnetic and transport properties.

Powder x-ray diffraction measurements confirmed the absence of bulk

impurity phases, at no more than 5% volume fraction, and provided information

about the variation of the crystal structure with x. The results are summarized

in Figs. III.2 and III.3. In both figures, the electronic phase diagram, which

will be discussed in greater detail, is superimposed for reference. Note that x-ray

diffraction was performed at room temperature, while the electronic order occurs at

much lower T . For x ≤ 0.1, the lattice constants a and c are roughly independent

of x. For 0.1 < x ≤ 0.6, c lengthens noticeably. In contrast, a increases slightly

over 0.1 > x > 0.3, while for higher x, a contracts appreciably. Because of this

behavior, the lattice volume remains constant to x = 0.1, and increases with x,

leveling off slightly by x = 0.6. The aspect ratio c/a is also constant up to x = 0.1,

after which it increases substantially. These values deviate slightly from those

29
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published for polycrystalline samples in Ref. [132].

Thus, the crystal lattice of URu2−xRexSi2 not only increases in volume,

but also elongates with increasing Re concentration. Ultimately, the U atoms,

which contribute most strongly to the magnetic properties, experience an in-plane

contraction and out-of-plane separation, as x increases. It is telling that the dra-

matic changes in the lattice coincide with the disappearance at low temperature

of the HO phase. In addition, the strengthening of the ferromagnetic moment

at intermediate x follows the increasing value of c. Because the AFM order ob-

served in URu2Si2 involves antiferromagnetically coupled FM planes, the increased

interplanar spacing could weaken the AFM coupling.
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Figure III.1: Crystal structure of URu2Si2, which forms in the tetragonal ThCr2Si2
structure, with lattice constants a = 4.13 Å and c = 9.58 Å. Substituted Re is
assumed to occupy the Ru sites.
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Electrical Resistivity

IV.A General Features

The in-plane electrical resistivity ρ(T ) of URu2−xRexSi2 is displayed for

several values of x for 0 ≤ x ≤ 0.6 in Fig. IV.1. The data for x = 0 agree well with

published data [15], while data for x > 0 cannot be directly compared to those

in Refs. [132, 143, 142] because those data lack an absolute resistivity scale, but

the same general trends are seen. Note that the x = 0 and x = 0.6 data were

scaled to match the room temperature values of the other data sets. Over a large

number of samples, it seems that ρ(300 K) ≈ 350 − 400 µΩ cm, independent of

x. The main characteristics of the x = 0 ρ(T ) data are the negative slope over

80 < T < 300 K, the maximum at about 80 K, the anomaly associated with

the HO transition at 17 K, and the SC drop at 1.4 K. The high-T resistivity is

believed to reflect Kondo lattice physics, with a very high single-ion TK [27] leading

to the negative slope in ρ(T ), and a maximum at Tcoh that indicates the onset of

coherent Kondo scattering as T is lowered, which leads to the formation of a heavy

quasiparticle band. As x increases, the HO anomaly is suppressed in T , as shown

in Fig. IV.2, and can only be seen for x ≤ 0.1. The ρ(T ) data below the coherence

maximum for higher x are characterized by power-law T -dependence, as shown for

x = 0.3 and x = 0.6 in Fig. IV.1. There is also an increase in the residual resistivity
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ρ(0 K), leading to a decrease of the residual resistivity ratio RRR = ρ(300 K)
ρ(0 K)

as

x increases. In addition, Tcoh moves to higher T as x increases, and the high-T

slope ∂ρ
∂T

decreases, leading to a decrease in the maximum value of ρ. A similar

increase in Tcoh has been observed in pressure studies [82]. Naively, an increase in

Tcoh implies an increase in the energy scale of coherence, or a strengthening of the

coherence mechanism, but instead it appears that the maximum in ρ(T ) may be

broadening as x increases. Thus, the main effects of Re substitution on ρ(T ) seem

to be simply the increase of disorder. As shown in Fig. IV.2, the HO anomaly

similarly broadens with increasing x until it can no longer be defined.

To study any evolution with x of anisotropy in the electrical transport,

ρ(T ) was measured with current J passed along both the a- and c-axes. Compar-

isons of the in- and out-of-plane data are shown in Figs. IV.3, IV.4, IV.5, IV.6,

IV.7, and IV.8. Note that the data for J ||c in Fig. IV.3 appear to have a significant

contribution from J ||a, probably stemming from imprecise sample orientation. In

particular, the high-T slope is much too high compared to published data [15],

although the overall magnitude of ρ(T ) is in agreement. It is immediately evident

that the HO transition is visible for both current directions and for x = 0.02 and

x = 0.04, the minimum in the HO anomaly actually seems to be better defined

along c. For T > 100 K, ρ(T ) for J ||c seems to be almost constant for all x, with

the additional exception of x = 0.25, where alignment and measurement problems

are evident. In addition, ρ(T ) for J ||c seems to be roughly a factor of 2 smaller

than for J ||a. This fact can be understood within the context of the apprecia-

ble structural anisotropy, which only increases with x, and the fact that c is the

easy magnetic axis. The caveat to any statement about transport anisotropy in

URu2−xRexSi2 is the large uncertainty in the absolute magnitude of the resistance,

which stems mostly from uncertainty in the geometric factor due to the precise

shape of the samples. Even in carefully prepared bar-shaped samples, the current

path may be limited by cracks, which readily form perpendicular to the c-axis. An

example of the kind of variation possible is exhibited in Fig. IV.5 and is probably
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responsible for the fact that in Fig. IV.8, the data for J ||c have higher values than

for J ||a. In order to confirm this suspicion, several more samples at high x will be

measured with J ||c.
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IV.B Energy Gaps and Power Laws

The low-T dependence of ρ was analyzed via fitting the data to two

different functional forms in different ranges of x. Following Refs. [82] and [106],

fits of the form

ρ = ρ0 + aT 2 + b(
T

∆
)(1 + 2(

T

∆
))e−

∆
T (IV.1)

were performed on samples in the HO state. This function combines Fermi liquid

scattering with scattering off of gapped AFM magnons. Here, ρ0 = ρ(0 K) arises

from static defects, a is the coefficient of the quasiparticle-quasiparticle scattering

term, which is significant in a heavy fermion material, b is the coefficient of the

magnon scattering term, and ∆ is the gap size of the energy gap. Fits were

performed on ρ(T ) data below the HO transition, as shown in Fig. IV.9. The

range over which these fits could be performed as T0 decreased with increasing

x, and the broadening and flattening of the transition lead to some uncertainty

whether fits for x > 0.4 are accurate. For all x, power-law fits of the form

ρ = ρ0 + cT n (IV.2)

were performed. The power-law exponent n has a value of 2 if Fermi-liquid quasi-

particle scattering is dominant, but may take different integer or half-integer values

if scattering off of phonons or magnons is dominant. As a rule of thumb, a fit to

Eqn. IV.2 is only robust if it is applicable over at least a decade in T . If such a fit

produces non-integer n < 2, it might be considered as evidence of NFL behavior.

For low x, fits of Eqn. IV.2, which yielded n > 3, were compared to fits of Eqn. IV.1

to the same T range, with Eqn. IV.1 always producing a better fit. Examples of

successful power-law fits to ρ(T ) for higher x are shown in Figs. IV.10 and IV.11.

In samples exhibiting a weak HO anomaly, the power-law fits could be performed

in T ranges below and above the transition, although in some of these samples

and those at higher x, the T range was limited by sharp drops in ρ(T ), shown in
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Fig. IV.12. These features look like incomplete SC transitions, and will be dis-

cussed in Chapter VII. Fortunately, the magnitude of these features and the T at

which they occurred were sample-dependent. For x ≥ 0.2, fits of Eqn. IV.2 above

and below the features yielded equivalent values of n, and there are some dramatic

examples of fits over the entire uninterrupted T range, as in Fig. IV.11. A resistive

phase diagram, generated by combining the values of ∆ and n in their respective

ranges of x, is shown in Fig. IV.13. Fits were performed to ρ(T ) along both a and

c axes, although the values did not exhibit dramatic direction-dependence. Based

on this phase diagram, the AFM gap seems to close at x ≈ 0.06. As mentioned

before, the gap value may be inaccurate, especially when compared to the analysis

presented in Chapter V, although its x-dependence is consistent with the disap-

pearance of HO. It is noteworthy that the power-law exponent n < 2 for all x and

both J directions, confirming the earlier findings based on measurements of poly-

crystalline samples [142]. Outside of the HO phase, the value of n monotonically

decreases with increasing x and even becomes sublinear for x > 0.5, which was

not seen in Ref. [142]. This tendency is due to the broadening of the coherence

peak as x increases. For n > 1, there must be an inflection point in ρ(T where

the curvature changes from negative to positive as T decreases. For x ≥ 0.5, there

is no longer an inflection point and the curvature remains negative to lowest T .

Sublinear T -dependence is indeed unusual, but not unprecedented: it has been

observed in the heavy fermion compounds CeRh1−xCoxIn5 [152], Ce1−xYxCoIn5

[153], and Sc1−xUxPd3 [154] (ρ(T ) diverges in the last case).



47

20

40

60

80

100

120

140

2 4 6 8 10 12 14 16

URu
2
Si
2

ρ 
(µ

Ω
 c
m
)

T (K)

∆ = 59 K

ρ
0
 + aT

2
 + b(T/∆)(1+2(T/∆))e-∆/T

Figure IV.9: Example fit of ρ(T ) to gapped magnon scattering function. This
specific form also includes a Fermi liquid scattering term.



48

50

60

70

80

90

100

110

120

130

6 8 10 12 14 16 18

URu
1.85
Re

0.15
Si
2

ρ 
(µ

Ω
 c
m
)

T (K)

n = 1.8

Figure IV.10: Power-law fit to ρ(T ) data for x = 0.15.



49

240

260

280

300

320

340

360

380

400

0 5 10 15 20 25 30

URu
1.4
Re

0.6
Si
2

ρ 
(µ

Ω
 c
m
)

T (K)

n = 0.8

Figure IV.11: Power-law fit to ρ(T ) data for x = 0.6. The negative curvature
persists over at least a decade in T .



50

0

50

100

150

200

250

0 5 10 15 20

URu
2-x
Re

x
Si
2

x = 0.06
x = 0.08
x = 0.1
x = 0.15
x = 0.2
x = 0.25

ρ 
(µ

Ω
 c
m
)

T (K)

Figure IV.12: Examples of low-T drops in ρ(T ) data. These features make it
impossible to perform reliable power-law fits to ρ(T ) over several decades in T .
The nature of these features is discussed in more detail in Chapter VII.



51

0

10

20

30

40

50

60

70

0

0.5

1

1.5

2

2.5

3

0 0.1 0.2 0.3 0.4 0.5 0.6

URu
2-x
Re

x
Si
2

J||a
J||c

J||a
J||c

A
F
M
 g
a
p
 (
K
) e

x
p
o
n
e
n
t

x (Re)

Fermi Liquid

Figure IV.13: Phase diagram based upon electrical resistivity data. The HO phase
is characterized by an AFM scattering gap, while the higher x exhibit power-law
T -dependence, always with an exponent less than 2. Multiple points on the HO
side reflect fits to data from different samples. Lines are guides to the eye.



V

Specific Heat

V.A General Features

The C(T )/T data are shown in Fig. V.1. Because the entropy S =
∫

dT C/T , any residual S at 0 K is readily identifiable. At first glance, the most

outstanding feature in C/T is the anomaly associated with the hidden order transi-

tion, which appears for 0 ≤ x ≤ 0.08, as shown in Fig. V.2. Note that the anomaly

associated with the SC transition at x ≈ 1.2 K in x = 0, is not observed in any of

the Re-substituted materials. Interestingly, for all values of x, an upturn at low T

is evident. As shown in Fig. V.3, C/T at low temperatures increases with x, and

between x = 0.5 and x = 0.6 a qualitative change in behavior occurs.

To isolate the electronic contribution to C(T ), it is necessary to subtract

the estimated phonon contribution. At low T , C(T ) is typically modeled as

C = γT + βT 3. (V.1)

The term γ represents the electronic contribution, and is proportional to the elec-

tronic density of states at the Fermi surface, while β comes from the zero T limit

of the Debye model for phonons. The Debye temperature θD is inversely propor-

tional to β−1/3, and kBθD = ~ωD, which gives the high frequency cutoff of the

Debye model. With the phonon term subtracted, but not γ, the electronic contri-

bution Ce/T is plotted in Fig. V.4. Compared to Fig. V.1, the HO transition is
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much more pronounced and an increase at low T can be seen for all x, including

the parent compound. The value of γ, estimated from Ce/T using the region of

constant Ce/T in the range 15 < T < 25 K, can then be used to estimate the

effective electronic mass m∗. When appropriate, a lower-T estimate of γ was also

made at T < T0. Both θD and m∗/me, where me is the rest mass of a bare electron,

are plotted in Fig. V.5. Note that because the values of m∗/me are estimated using

extrapolations from data at rather high temperatures, they may ignore a possi-

ble low-T enhancement of γ that can arise from the presence of a narrow peak in

N(EF ). This scenario leads to an effective γ(T ), a situation that can also arise due

to NFL behavior. The value of θD roughly agrees with published values [13]. That

θD ≈ 270 K is further supported by the the full Debye C/T calculated from this

value (Fig. V.6) as the peak at approximately 75 K is consistent with measured

data [43]. As shown in Fig. V.5, the linear suppression of θD with x is observed,

which has been used as a guide in the analysis of C(T ) for intermediate x, where it

proves more difficult to uniquely determine a value of β. The reduction of θD with

increasing x is expected as the heavier Re is substituted for Ru. Because the value

of γ depends on the value of β, for the fits from x = 0.25 and x = 0.3, there is

scatter in the value of m∗, which may reflect an inappropriate choice of β at these

concentrations. However, if the value of β is adjusted to make the x-dependence

more monotonic, the associated value of θD will substantially deviate, by about

20 K, from the plotted line, so that the monotonicity of θD(x) is considered the

more reliable guide. At low x, there is a decrease in γ at T < T0 associated with

the HO transition, which has been attributed to the partial gapping of the Fermi

surface by the HO transition [19]. These values of γ are also plotted in Fig. V.5,

from which it is evident that the putative Fermi surface gap closes at about x = 0.1.

Another relevant feature seen in Fig. V.4 is that for T > 15 K, a local maximum is

evident in Ce/T , and the T at which it occurs decreases slightly with increasing x.

It is tentatively associated with a deviation from T 2 of the phonon contribution to

C/T , which occurs when the low-T limit is exceeded, or if the Debye model is in-
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accurate. The Debye model invokes a frequency limit to the phonon spectrum and

assumes a constant sound velocity for all modes. In a tetragonal pseudo-ternary

intermetallic compound, both of these assumptions are questionable, even at low

T . It should be noted that the values of β determined in the present study do not

agree with those published previously for polycrystalline samples [132] and cannot

be compared directly to those in Ref. [143], because of different fitting forms used

to approximate the phonon contribution. This difference in analysis may also be

the cause of disagreement between values of γ.
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Figure V.1: The specific heat divided by temperature of URu2−xRexSi2 for all
values of x.
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Figure V.2: The specific heat divided by temperature of URu2−xRexSi2 for x ≤
0.15.
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V.B Hidden Order

The evolution of the HO phase with x is best seen in the C/T data. In

previous studies, the HO phase boundary was extrapolated to T = 0 K at x = 0.15

[142]. In ρ(T ) measurements, the significantly-broadened anomaly associated with

the HO transition is still visible at T ≈ 10 K in x = 0.1, but is no longer seen in

x = 0.15. In the C(T ) data, the HO transition is no longer observed in x = 0.12,

calling into question whether T0 is smoothly suppressed to 0 K, and whether there

is a HO QCP on the Re x-axis. However, T0 does not represent the only energy

scale associated with the HO phase, and is not necessarily directly proportional to

the HO order parameter. Two other metrics of the HO transition are the jump in

C at T0, denoted as ∆C, and ∆0, the 0 K value of the energy gap at the Fermi

surface opened by the HO transition, which is determined by a fit of the form

C ∝ e−∆0/kBT . (V.2)

The x-dependence of these parameters is shown in Fig. V.7. The x-dependence of

T0 extrapolates to linearly or with a weak power law to x > 0.15, even though the

HO transition is not observed for x ≥ 0.12. Similarly, ∆0 also extrapolates linearly

to values of x beyond those in which the HO transition is observed. In contrast, ∆C

extrapolates linearly to x = 0.1, as might be expected, since ∆C 6= 0 is necessary

for there to be an observable anomaly in C(T ). Another parameter describing the

HO transition is the reduction of γ due to the partial gapping of the Fermi surface,

which was determined after subtraction of the logarithmic T -dependence described

below. The construction is clearest in Fig. V.11, where the difference in C/T above

and below the HO transition is most readily evident. In analogy with BCS theory,

the dimensionless ratios ∆C
γT0

and ∆0

kBT0
were determined (for reference, BCS weak-

coupling yields ratios of 1.43 and 1.76, respectively [155]). These parameters are

shown in Fig. V.8. In this plot, it is evident that ∆γ extrapolates linearly to 0

at x ≈ 0.1. In addition, ∆C
γT0

also extrapolates smoothly to 0 at x ≈ 0.1, although

∆0

kBT0
extrapolates linearly to 0 at x = 0.3. These latter two extrapolations do not
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offer much insight as they deviate from the BCS values by a large margin and are

not constant. On the other hand, the fact that ∆γ and ∆C both extrapolate to

0 at x ≈ 0.1 is consistent with the closing of a Fermi surface gap at x = 0.1, at

which point there would be no change in the electronic contribution to the specific

heat, and no entropy gain at T0 once the gap is closed.
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V.C Logarithmic Temperature Dependence

The low-T upturn observed for all x seems to play an important role

in URu2−xRexSi2. Divergence in C/T at low T is commonly associated with NFL

behavior, within the context of which the data are fit to logarithmic or weak power-

law functions of T . In URu2−xRexSi2, this type of analysis was used previously as

a means to identify a quantum critical point [143, 142]. To characterize the low-T

divergence in the present study, fits of the form Ce/T = a− b ln T were performed,

generally over the range 1 < T < 8 K. Example fits are shown in Fig. V.9, where

it is demonstrated that the low-T log fits do not depend very sensitively on the

Debye fit. The results of these fits are presented in Fig. V.10. The value of the

constant peaks at x = 0.4, while the value of the logarithmic coefficient peaks at

x = 0.35. This behavior agrees well with data presented by Bauer and coworkers

[143, 142]. This fact is important, because if the logarithmic T -dependence is

associated with a low-T increase in the electronic m∗, the maximum effective mass

would be expected at the QCP.

The C(T ) data with both the Debye and logarithmic contributions sub-

tracted is shown in Fig. V.11. In this view, two features are emphasized: the

change in electronic contribution due to the HO transition, and the existence of a

small, broad hump at x = 0.5. As shown in Fig. V.12, this hump persists over a

large range of x, although it may actually be an artifact due to the assumption of

logarithmic T - dependence. Over the limited range of T in question, a logarith-

mic dependence is indistinguishable from a weak sub-linear power law. Because

the physical mechanism responsible for the upturn is not established, there is no

strong theoretical motivation to choose one fitting form over the other. Although

both forms can be considered reasonable, the logarithmic fits are used here be-

cause they involve one fewer free parameter. If the hump in Ce−ln/T is a real

feature, then it may be tentatively ascribed to low-T spin fluctuations associated

with the spin glassiness inferred in neutron scattering measurements [144]. It is
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also reasonable to acknowledge that the feature may be due to an impurity phase.

Despite uncertainties regarding its origin, the hump represents an energy scale

that shows little x-dependence. In Fig. V.12, another persistent feature of C/T is

clearly seen at low T : an even stronger divergence for T < 1 K. It is speculated

that this may be the high-T tail of a nuclear Schottky anomaly, which might arise

due to dipolar or quadrupolar splitting in a U, Ru, or Re atomic nucleus through

hyperfine coupling, but the C/T data exhibit a T−4 dependence instead of T−3,

the expected leading term from a nuclear Schottky anomaly. Another possible

explanation is that at intermediate x, Re inhomogeneity leads to the existence of

low-x phase-separated portions of the sample, and the upturn is actually the high

T onset of a SC transition, albeit one with a suppressed Tc. This possibility cannot

be discounted outright, but there is no evidence from transport or magnetization

measurements of a sizable SC transition at these temperatures. In several NFL

materials, the logarithmic T -dependence of C/T has been observed to diverge even

more strongly at lower T [9, 10, 11], suggesting that the stronger low-T divergence

is a general feature of such systems.
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Magnetization

VI.A Magnetic Susceptibility

The magnetic susceptibility χ = ∂M
∂H

is calculated from measured low-field

M(T )/H, which equals ∂M
∂H

when χ(H) is constant. Plots of χ(T ) with H||[001]

(c-axis) for all x are shown in Figs. VI.1 and VI.2. The data can be roughly

divided into high-T and low-T regimes. The former is characterized by a hyperbolic

T -dependence, which rolls over and exhibits a maximum that is believed to be

associated with the onset of Kondo coherence; this behavior is largely independent

of x. The low-T regime, on the other hand, exhibits dramatic x-dependence.

At x = 0, the HO transition is visible at 17 K, while at lower T , χ diverges.

The strength of this divergence and its origin are not clearly addressed in the

literature, as it is often ignored entirely, although it is can be used to assess a

sample’s quality [99]. An approach usually taken with metallic systems is to treat

a small low-T divergence as due to magnetic impurities and to subtract it from

the data [156], although there is always uncertainty regarding whether the low-T

signal really comes from impurities[157, 158]. In URu2−xRexSi2, the magnitude

of this divergence clearly increases with x, as shown in Figs. VI.1 and VI.2, and

it eventually engulfs the local maximum associated with coherence. Note that

the low-T divergence in x = 0.1 exceeds that of x = 0.15, which may be due
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to an extra magnetic impurity contribution. It is possible that such impurities

exist in the bulk samples at levels lower than 5%, which is the approximate lower

level of sensitivity of x-ray powder diffractometry. Alternatively, it may be due to

an uncorrected contribution from free oxygen, a common contaminant in SQUID

measurements that can undergo AFM order at T as high as 50 K [159, 160]. If the

low-T divergence is simply due to magnetic impurity ions, then its growth with

x would imply that Re substitution somehow adds isolated magnetic moments to

the system, perhaps by inducing the underscreening of U local moments by the

conduction band via the removal of electrons from the system. If this scenario

were true, the size of the divergence should scale with impurity concentration. As

seen in Fig. VI.3, this is clearly not the case: χ(2 K) for x = 0.6 exceeds χ(2 K)

for x = 0.08 by 3 orders of magnitude instead of a simple factor of 10.

A feature evident in χ(T ) is the magnetic irreversibility shown in Fig. VI.3.

This behavior is exhibited by almost all samples, regardless of x. For x > 0.2, ir-

reversibility due to magnetic ordering may be expected. One caveat is that the

irreversibility temperature is always higher than the Curie temperature TC of the

material, calculated below in detail. This effect may be the result of spin fluctu-

ations that persist to T > TC , but the existence of spin fluctuations capable of

generating magnetic irreversibility is more difficult to establish in lower x. Note

that even in the absence of magnetic order, there is strong evidence for spin fluc-

tuations in URu2Si2 persisting to 100 K [31, 43]. However, that T scale does not

readily explain the low-T behavior, especially since magnetic irreversibility is not

an accepted characteristic of URu2Si2. It has been previously shown that there

exist higher-T magnetic phases extrinsic to the sample [94, 101]. In fact, the report

of Amitsuka and coworkers states that low-H irreversibility is observed to some

degree in all of their U(Ru1−xRhx)2Si2 samples. Note that a potential contaminant

in this system is UO2, with TN ≈ 31 K [161, 162].

As shown in Fig. VI.4, there is marked magnetic anisotropy in URu2−xRexSi2.

As mentioned previously, this behavior is consistent with a tetragonal crystal struc-
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ture and magnetic easy axis parallel to the long c-axis. Fig. VI.5 shows the in-

plane χ(T ). Several features are important: a low-T divergence that increases in

magnitude with x, and magnetic irreversibility with comparable T scales to the

out-of-plane data, but no visible maximum in the vicinity of 50 K. In- and out-of-

plane χ(T ) data are compared directly across a wide range of x in Fig. VI.6. From

this plot, it is evident that at x = 0, the low-T χ differs by about a factor of 4, but

at x = 0.5, there is a difference of more than 2 orders of magnitude between in- and

out-of-plane susceptibilities. This trend is related to the development of magnetic

order at higher x and indicates a strengthening of the magnetic anisotropy - the

magnetism becomes more Ising-like.

To quantify the behavior of the behavior of χ(T ) for H||[001], a standard

Curie-Weiss (CW) analysis was performed at high T , while at low T , it was deter-

mined that an extra Pauli-type constant paramagnetic contribution was required

to successfully describe χ(T ) by a CW law. The general approach is shown for

x = 0.25 in Figs. VI.7 and VI.8. Note that the coherence maximum separates the

high- and low-T behavior. While the high-T behavior is well described by a CW

law, which can be interpreted in a straightforward manner, the low-T data can be

interpreted and fit in several ways, shown in Fig. VI.9. In addition to the Pauli-

enhanced CW law, a simple power-law T -dependence, interpreted as due to NFL

behavior [143], can be fit to the data, albeit poorly. The fit quality can be improved

by adding a term similar to the CW temperature θCW . While some contact may

be made with unconventional scaling exponents determine via neutron scattering

[144], it is made difficult by the wide discrepancy between power-law exponents

from these two fits. A further complication from these fits is that the coefficient

cannot be interpreted in a straightforward manner like the Curie constant because

its units involve a non-integer power of T . Between the two 3-parameter fits, the

Pauli-enhanced CW law is thus used exclusively. The results of high-T CW fits

for all x is shown in Fig. VI.10. Good fits to the data were generally obtained for

100 < T < 300 K. The first thing to note is the constancy of the effective moment
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µeff , which has a value slightly in excess of the free ion moment ∼ 3.6µB of U3+ and

U4+. The values of θCW are large and negative for small x, becoming significantly

less negative by only x = 0.5, but always remaining negative. The large negative

values are commonly associated with strong AFM coupling between the paramag-

netic spins, with θCW ∼ TN . In the absence of true AFM order, it is noteworthy

that the 100 K T scale corresponds instead to Tcoh, and Kondo coupling between

local and itinerant moments is indeed AFM in nature. It is unclear whether the

change in value of θCW can be interpreted as a lowering of Tcoh, because the local

maximum in χ(T ) disappears by these values of x, and in ρ(T ), Tcoh is observed to

actually increase with x. Results of fits to χ(T ) at low T are shown in Fig. VI.11.

The T range over which these fits were performed shifted from T < 5 K at low x

to 30 < T < 50 K at x = 0.6, well into the FM regime. The value of µeff is small,

but gradually increases with x to a sizable value. In the absence of other data,

at low x, the size of the moment would typically be associated with an impurity

contribution, but by x = 0.6 the moment is large enough to be associated with a

crystalline electric field-split ground state with a reduced moment. In the case of

URu2−xRexSi2, this trend may be due to the aforementioned reduction in Kondo

screening resulting from Re substitution and the removal of electrons from the

conduction band. The trend in θCW is more straightforward to interpret. At low

x, in the absence of magnetic order, its value is negligible, whereas it increases due

to the onset of FM order. At higher x, the magnitude of θCW is indeed tens of K,

although these values do not correspond directly to the values of TC determined

in the next section.
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Figure VI.1: Magnetic susceptibility for low x.
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Figure VI.2: Magnetic susceptibility for high x.
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Figure VI.3: Irreversibility in magnetic susceptibility.
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VI.B Scaled Arrott Analysis

A large challenge in the characterization of the FM phase is the determi-

nation of the ordering temperature TC at each x, in the absence of anomalies in

ρ(T ) and C(T ). This is especially important in terms of identifying the value of x at

which the FM phase boundary extrapolates to 0 K, which may be a QCP. Through

a large number of M(H) measurements for the various x, shown in Figs. VI.12,

VI.13, VI.14, VI.15, VI.16, VI.17, and VI.18, it was found that a scaled Arrott

analysis, based on the Arrott-Noakes equation of state [163], was appropriate.

From M(H) data, it is clear that the magnetization exhibits hysteresis at low T .

The ordered moment is small compared to the paramagnetic µeff and M(H) does

not saturate at high H, indicative of itinerant FM.

A conventional Arrott analysis, which works for mean-field FM systems,

fails when applied to URu2−xRexSi2. Using the scaled Arrott analysis, the proper

choice of critical exponents linearizes M(H) isotherms in the critical region via a

plot of |M |1/β vs |H/M |1/γ, allowing a self-consistent determination of TC and the

ordered moment M0. To identify the scaling exponents β and γ, an approximate

TC is first determined along with the scaling exponent δ, from a plot of ∂ ln H
∂ ln M

vs H,

as shown in Figs. VI.19, VI.20, VI.21, VI.22, and VI.23. The three exponents are

typically defined for reduced magnetization m, field h and temperature t = (T−TC)
TC

by

m ∼ tβ (t < 0), (VI.1)

m ∼ h1/δ (t = 0), (VI.2)

and
∂m

∂h
= χ ∼ t−γ (t > 0), (VI.3)

and are related by

δ − 1 = γ/β. (VI.4)

In the plots of ∂ ln H
∂ ln M

vs H, δ and TC are estimated by finding the isotherm with a

zero slope over the widest range of H, because m ∼ h1/δ strictly only at t = 0. In
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general, this analysis is only meaningful over an intermediate range of H, because

of the possible presence of magnetic domains and unsaturated magnetic impurities

at low H, along with the effects of terms of higher order in M at higher H. In

practice, the plots of ∂ ln H
∂ ln M

vs H are used to identify the range of H over which

∂ ln H
∂ ln M

is constant, and the analysis is limited to that range of H. Plotting scaled

field H/|t|δβ vs scaled magnetization |M |/|t|β, Figs. VI.24 and VI.25, collapses the

M(H) data within the critical T range onto two curves, corresponding to T > TC

and T < TC . This collapse onto two scaling curves is the first criterion used to

experimentally determine the proper exponents and TC . The second criterion is

to have the M(H) isotherms transformed into parallel lines evenly spaced in T

in a plot of |M |1/β vs |H/M |1/γ, as shown in Figs. VI.26, VI.27, VI.28, VI.29,

and VI.30. The linear T -dependence is more clearly seen in plots of the M1/β

intercepts vs T , shown in Fig. VI.31, in which a linear fit yields a value of TC

that must be consistent with the value determined from the scaling analysis. The

M1/β intercept of the linear fit, raised to the β power, is an estimate of M0 at

0 K. These values are all fractions of µB. The other set of intercepts, |H/M |1/γ

vs T , shown in Figs. VI.32, VI.33, VI.34, VI.35, and VI.36, yield an estimate of

the initial susceptibility. Because the inverse initial susceptibility is linear in T ,

it is possible to relate the slope to µeff , although its real meaning is questionable

because of the noninteger exponent on H/M . Interestingly, these values also show

a monotonic increase with x. Although the value of the initial susceptibility is

only valid in the critical region, it is instructive to compare a plot of its values

to measured data, as shown in Figs. VI.37, VI.38, VI.39, VI.40, and VI.41. For

x = 0.5, there appears to be decent agreement between the data and the initial

susceptibility, although for lower x, the agreement is not as satisfactory.

A summary of this analysis is presented in Figs. VI.42 and VI.43. The

error bars reflect a range of reasonable values within which the scaled Arrott anal-

ysis works. It is particularly interesting that TC , M0, γ and δ − 1 all extrapolate

to 0 at x ≈ 0.15 - this remarkable convergence strongly indicates the existence
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of a FM instability there. The critical exponents determined via this analysis are

extremely peculiar, as they deviate substantially from mean-field values (β = 0.5,

γ = 1, δ = 3) and those describing conventional FM systems, where β < 0.5 and

δ > 3 [164, 165]. It is interesting that β = 0.8 is independent of x and significantly

larger than the values it normally exhibits in 3-dimensional systems. Recall that

m ∼ tβ, so β describes how the ordered moment grows as T is lowered below TC .

Values of β closer to 1 imply a slower saturation than found in a mean field magnet.

As χ ∼ t−γ, values of γ 6= 1 imply deviation from CW behavior, which is uncom-

mon in theoretical treatments, even those involving quantum criticality. There

are a limited number of examples of experimentally determined magnetic scaling

exponents with γ < 1 in both nominally stoichiometric [166, 167] and chemically

substituted materials [168, 169], however γ → 0 appears to be unprecedented. As

the value of γ decreases, χ(T ) diverges more weakly, eventually becoming constant

when γ = 0. A T -independent χ characterizes the paramagnetic response of itin-

erant electrons at low T , so this trend of γ may necessitate an itinerant origin of

the FM order. Finally, because m ∼ h1/δ describes the slope of M(H) at TC , δ ex-

trapolating to 1 also results in conventional low-H, low-T paramagnetic behavior.

Because β and γ must be positive, δ cannot be less than 1.

Despite their unprecedented nature, the determined values of these crit-

ical exponents do not appear to be physically unreasonable. One caveat is that

these exponents describe low-H behavior, but are extracted from an analysis at

rather high values of H, and may not reflect the detailed low-H magnetic response

of the actual system. In fact, similar behavior is suggested to exist in the high-H

phase diagram of URu2Si2, where the existence of a QCP seems insensitive to the

existence of other ordered phases [122]. The seeming robustness of the critical

point, where the actual low-energy details of a system, even impurities or defects,

are irrelevant to the emergence of order, has been dubbed a ”quantum protec-

torate” by Laughlin and Pines [170, 171]. On the other hand, it is possible that

disorder is required for the existence of non-mean field FM quantum criticality
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[172], and so should not be so simply dismissed.

A reasonable criticism of the preceding analysis is that the FM contri-

bution to M(H) may not have been isolated properly. For instance, in a weakly

magnetic system, it is possible that a strong paramagnetic contribution to M(H)

exists in addition to the FM response. Generally, a two-component system such

as this might exist in a system with small FM ordering local moments weakly cou-

pled to an unpolarized conduction band, where a sufficiently heavy paramagnetic

band could contribute a magnetic response of the same magnitude as the weak

FM response. This scenario is a bit unrealistic, because a heavy band would be

expected to arise from strong hybridization between local and itinerant moments,

and in URu2−xRexSi2, U ions contribute the dominant magnetic moments, so even

if the FM moments are localized, they are not decoupled from the conduction band.

Regardless, a form of the same argument might still hold for a spatially inhomoge-

neous distribution of paramagnetic and FM moments. In principle, the subtraction

of a non-saturating susceptibility from a FM M(H) would increase the exponent δ

(m ∼ h1/δ) by increasing the curvature in M(H). However, attempts to subtract

a significant paramagnetic contribution from the M(H) data failed. In particular,

it was impossible to even estimate δ, rendering the scaling analysis meaningless.

Thus, it is not possible to recover more conventional magnetic exponents. This

result is consistent with claims that magnetic disorder or heterogeneity leads to

the invalidation of mean-field Arrott analysis [173, 174]. Fortunately, although the

results of the analysis are unusual, they do yield a self-consistent description.

A significant challenge remains in the interpretation of these critical ex-

ponents, as there appears to be no compatible theory currently available (some be-

lieve that 3D FM QCP’s cannot exist [175]). As discussed in Ref. [142], the closest

descriptions are due to models of disordered quantum critical itinerant ferromag-

nets, particularly the works of Belitz, Kirkpatrick, and coworkers [172, 176, 177],

which predict that δ = 1.5, β = 2, and γ = 1. To my knowledge, no models exist

describing γ → 0, so it is possible that the present work may offer new insight into
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the nature of the FM quantum critical point.
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Discussion

VII.A Impurity Phases

The substitution of Re into URu2−xRexSi2 has been a challenging metal-

lurgical problem since the earliest days when it was realized that the ThCr2Si2 only

exists for x ≤ 1 [132]. Most recently, it was noted that impurity peaks that could

be identified with Re appeared in x-ray powder diffraction patterns and that impu-

rity superconductivity with Tc ≈ 2.2 K appeared in some samples [143]. As part of

the same work, electron microprobe measurements confirmed the Re concentration

to within 7% of the nominal concentration in a range of x [142]. As discussed in

Chapter II, much effort was taken to ensure the homogeneous distribution of Re

into URu2Si2 during sample preparation. No impurity peaks due to Re are seen

in powder x-ray diffraction patterns. The bulk properties of the single crystals

measured in this study are similar to the published properties of polycrystalline

samples [132, 134, 143, 142], which indicates their similar chemical composition.

Nevertheless, the superconducting transitions observed in ρ(T ) (Fig. IV.12) have

not been seen before. These transitions do not occur for low x, but they become

dramatically apparent at x = 0.07 and persist to x = 0.2. The transition temper-

atures vary from 2.5− 7 K and vary from sample to sample, as do the magnitudes

of the resistive drops, although a complete transition has never been observed. It
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should be noted that for x = 0.04 and as high as x = 0.5, very slight drops are also

observed in ρ(T ), but these occur at T < 3 K. Evidence in favor of the supercon-

ducting nature of the transition is presented in Fig. VII.1, where it is shown that

at constant T , the resistive drop is suppressed by the application of a high enough

current. The strongest signatures of this superconductivity appear to occur at the

same concentrations where HO disappears and FM appears, which, considering the

growing number of examples of superconductivity near magnetic quantum critical

points (CeIn3 [178], UGe2 [179], Fe [180]), were a very appealing prospect for the

URu2−xRexSi2 system. The resistive upper critical field curves for x = 0.08, 0.15,

and x = 0.2, shown in Figs. VII.2, VII.3, and VII.4, are remarkably large. The

90%, 50%, and 10% lines represent the values of ρ(T ) relative to the normal state

value, minus the residual value due to the incomplete transition. These curves

demonstrate that this superconductivity is most likely not due to pure URu2Si2,

which exhibits T = 0 K upper critical fields of ∼ 3 T and ∼ 12 T for H||c and

H||a, respectively.

Aside from making it difficult to perform fits to ρ(T ) over the largest

possible ranges of T , signatures of the superconductivity also affected χ(T ), which

was usually measured at 0.01 T. An example of this, measured for several different

values of H, is shown in Fig. VII.5. The drops in χ(T ), in units of volume sus-

ceptibility (technically unitless) are smaller than 1% of the value 1
4π

expected of

bulk superconductors. Further evidence that the signature is magnetically weak

comes from virgin zero-field-cooled M(H) measurements at low T , as shown in

Fig. VII.6. Isolating the superconducting signal was difficult; for reference, the

measured M(5.5 T) = 475 emu/mol. Nonetheless, χ determined from the initial

slope of M(H) below the lower critical field also yields a value less than 1% of 1
4π

.

To summarize these findings, drops in ρ(T ) are incomplete, estimates

from χ(T ) yield small volume fractions, and no anomalies are observed in C(T ).

These all seem to indicate some form of filamentary superconductivity. Given

the cleavage habit and known proclivity of URu2−xRexSi2 for stacking faults, it
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may be that inter-platelet regions in the bulk samples serve as sites of preferential

segregation for an impurity superconducting phase. Regardless of its structure,

the composition of this phase is unknown. Three of four elements that make up

URu2−xRexSi2 are superconductors: Ru (Tc = 0.5 K), Re (Tc = 1.8 K), and U

(Tc ¿ 1 K) that cannot account for Tc ∼ 7 K. Of all the binary alloys, Ru-Re has

the highest Tc = 2.2 K, at about 20% Ru [148]. However, if possible contamination

by another element is considered, then an apparent match is found. The Re-W

system, with 12% W, exhibits Tc > 7 K [148] and several Re-W compounds have

Tc > 5 K [181]. This distribution of transition temperatures reflects well that

observed in this study. Elemental W itself exhibits a low Tc = 0.012 K, but it only

takes 35% Re in W to enhance it to Tc > 6 K [181].

The source of W contamination is probably the tri-arc furnace, as both

the pulling rod and electrodes are made of 2% thoriated tungsten, and it could be

introduced via direct contact with the pulling rod or via sputtering off of the elec-

trode tips. With crystal growth times on the order of 1 hour or longer, the single

crystals were exposed to W for much longer times than their polycrystalline coun-

terparts. This scenario does not necessarily imply that all Czochralski growth in

arc furnaces yields contaminated crystals, because it is possible that URu2−xRexSi2

has an unusually high W solubility, perhaps because of its Re content.
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VII.B Phase Diagram

A consistent picture of the physical properties of URu2−xRexSi2 has emerged

from measurements of the single crystal samples in this study. One of the most

important general features of the phase diagram is its separation into high- and

low-T regimes. The high-T regime, characterized by impurity Kondo screening

and the onset of Kondo coherence at ∼ 100 K, remains relatively unchanged de-

spite appreciable Re substitution by x = 0.6. In ρ(T ) and χ(T ), the data are

qualitatively constant in this data range, although broadening is observed in ρ(T ).

The constancy of the high-T single-ion Kondo and coherence energy scales

implies that the heavy fermion state is very robust, which is born out by the

appreciable values of γ calculated from C(T ) data for all x. It is worth noting that

applying the Kadowaki-Woods ratio to values of the coefficient of the T 2 term in

Eqn. IV.1 yields values of γ ranging from 0.05 − 0.15 J mol−1 K−2, and a similar

range of values for γ is obtained by assuming a Wilson-Sommerfeld ratio of 1 and

performing a calculation based on the value of χ0 determined from fits of a Pauli-

enhanced CW law, as described in Fig. VI.7. These calculated values compare

well with those shown in Fig. V.5, but, despite their consistency, they should

only be regarded as order-of-magnitude estimates. Because the heavy fermion

state persists over the entire range of x, the Doniach phase diagram cannot be

used to explain the low-T properties of the system, even at x = 0. That is, the

single-ion Kondo T scale is very high and there is no crossover to an RKKY-

dominated regime where light-electron magnetic order dominates. That the heavy

fermion state is independent of HO has been suggested in high-H measurements

of U(Ru1−xRhx)2Si2, where a QCP persists despite the suppression of HO [122].

The combined T − x phase diagram, based on ρ(T ), M(H, T ), and C(T )

measurements, is shown in Fig. VII.7. The roughly defined coherence regime per-

sists for all x and appears to broaden in T as x increases. The ordered phases

in the low-T portion of the phase diagram can be considered as arising from the
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renormalized heavy quasiparticle bands, as was suggested almost twenty years ago

by Dalichaouch and coworkers, who performed their substitution studies in an at-

tempt to tune the Fermi energy through a sharp density of states in URu2Si2 [132].

The substitution of Re removes electrons from the system, but for x > 0.1, the

crystal lattice starts to also stretch along the c-direction. Thus it may be consid-

ered that Fermi-level tuning plays a dominant role in the evolution and suppression

of the HO phase, but at higher x, changes in the structure of the Fermi surface are

probably dominated by the effects of the lattice stretching. The increase of disorder

due to Re substitution also seems to play an important role, in that features, such

as the coherence maximum and HO transition, broaden with increasing x. That

Re substitution increases disorder but does not change energy scales has also been

observed in pressure measurements of the HO state for x < 0.1, where a critical

pressure of 15 kbar is maintained despite a suppression of T0 with increasing x

[106], and similar broadening may be observed in ρ(H) and M(H) measurements

in high field [126] .

The effects of the posited Fermi-level tuning on the ordered phases at

low x is dramatic, starting with the disappearance of SC. It is possible that the

introduction of disorder through chemical substitution is solely responsible for

pair-breaking, but at that Re concentration, no other properties seem dramatically

affected, that is, unless one considers the small increase in T0 (Fig. VII.7) and the

ρ(T ) AFM gap (Fig. IV.13). The antagonistic behavior between the HO and SC

states under hydrostatic pressure and uniaxial stress is well established [82, 86, 87,

106, 107] and has been described in terms of two ordered phases competing for the

same portion of Fermi surface [82, 106, 107]. It is possible that substitution of less

than 1% Re actually enhances the HO phase at the expense of the SC phase. Note

that the opposite effect, enhancement of the SC phase at the expense of the HO

phase, was seen in the case of Rh and Ir substitution in polycrystalline samples

[133]. For x > 0.02, T0 is suppressed, which may be due to the effects of electron

removal, disorder, or perhaps the onset of crystal lattice stretching. Based on
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Fig. V.7, T0 and ∆0 are large at x = 0.08, and HO is no longer observed at x = 0.12.

Measurements of ρ(T ) extend the phase boundary to x = 0.1 (Fig. VII.7). A similar

sharp fall-off is observed with Rh substitution [138]. It might be suggested that the

discontinuity in T0 is indicative of a first order transition, but based on Fig. V.7,

the specific heat jump ∆C does extrapolate to 0 at x = 0.1, suggesting that there

is no large release of S upon leaving the HO phase as x is increased. The only other

parameter that seems to extrapolate to 0 at x = 0.1 is ∆γ, as shown in Fig. V.8.

Both ∆γ and ∆0 are expected to describe a Fermi surface gap, the former as a

measure of the fraction gapped, the latter as a measure of the gap size in energy.

Contrary to convention, in URu2−xRexSi2, ∆0 and T0 may not be proportional to

the HO parameter. If the HO parameter is proportional to ∆γ, then there is a

second-order phase transition and quantum critical point at x = 0.1. If it is not,

then the HO phase terminates abruptly, which might be attributed to the disorder

induced by Re substitution. Similarly, the coincidence of the disappearance of HO

and the stretching of the crystal lattice may not be accidental, and the change

in the Fermi surface induced by the lattice stretching may be what destroys HO.

Several measurements are planned to confirm this description: measurement of

ρ(T ) on x = 0.12 to confirm the absence of HO, and measurements of C(T ) on

x = 0.02 and x = 0.1 to confirm the x-dependence of ∆0.

The x-dependence of the properties of the FM phase was discussed at

length in Chapter VI. The FM order seems to be itinerant in nature, as it is not

marked by anomalies in C(T ) and ρ(T ), and features a very small M0 relative to

µeff . Relative to prior studies, the FM instability on the x-axis has been established

at the lower value of x ≈ 0.15, potentially tying the linear x-dependence of TC to

the linear x-dependence of the lattice anisotropy c/a. The appearance of AFM

order has already been linked to c/a via hydrostatic pressure and uniaxial stress

studies on URu2Si2 [93, 98]. In the case of Re substitution, the c-axis lengthens,

which may stabilize FM order instead of AFM order.

Alternatively, removal of electrons might lead to a gradual underscreen-
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ing of the U moments, which can be arbitrarily underscreened (thus arbitrarily

small) and couple to each other via the RKKY interaction carried by the heavy

renormalized conduction electrons. The monotonic x-dependence of the power-law

exponent n could be associated with this effect. The bulk properties of an FM or-

dered phase of small underscreened local moments could mimic those of itinerant

FM, in that the small size of the moment would lead to small entropy change and

thus not appear in C(T ) and perhaps cause minimal change to ρ(T ) as well.

A lingering question involves the relationship between the T − x phase

diagram and the NFL behavior in the system, as quantified in Fig. VII.8. In

Ref. [142], the maximal logarithmic divergence in C/T was correlated with the

FM QCP. In the present study, the QCP has been identified at lower x, while

the NFL phase diagram remains relatively unchanged. The results of the scaled

Arrott analysis strongly support the existence of a FM QCP, in that the order

parameter M0 and the ordering temperature TC are both continuously suppressed

to 0. The additional suppression of γ and δ − 1 is equally compelling. Thus the

existence of a QCP is not in question, which immediately suggests that logarithmic

T -dependence of C/T and power-law T -dependence of ρ are not clearly related to

quantum criticality. Arguments against using the logarithmic T -dependence of

C/T as a metric for NFL behavior in this system are that it is observed over

the entire range of x, and that C/T actually more strongly diverges at lower

T . Likewise, no certain explanation exists for the x dependence of the power-

law exponent n, which seems to decrease monotonically, becoming more NFL-like

deeper into the FM phase. Particularly at high x, where n < 1, it seems possible

that ρ at low T is dominated by an exceptionally broadened coherence peak. In

contrast, at x = 0.15, the coherence feature is well defined, and at lower T more

conventional power-law T -dependence is recovered. For values of x in between, it

appears that ρ(T ) can be considered a convolution of the two extremes. A cursory

inspection of Fig. IV.1 gives the impression that increasing x serves to ‘smear’ ρ(T )

out in T . Preliminary photoemission studies currently being carried out may help
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resolve this issue.

The results of this study accentuate the findings of the previous study

of Bauer and coworkers: the URu2−xRexSi2 system is very unusual. The anoma-

lous ρ(T ) and C(T ) observed in polycrystalline samples have been confirmed in

nominally cleaner single crystals. A scaling analysis of M(H, T ) has revealed some

very unusual critical exponents, which do not seem to make good contact with

currently available theories of ferromagnetic quantum criticality. In addition, tra-

ditional hallmarks of NFL behavior do not seem to show the x-dependence they

would be expected to have were they associated with quantum criticality, instead

they seem to be associated with other phenomena. It is possible that the expected

effects of quantum criticality in ρ(T ) and C(T ) are lost because of competing con-

tributions from other effects in the system. It is safe to say that the search for

quantum criticality in URu2−xRexSi2 has been successful, although it seems to

have have left us in unfamiliar territory.
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