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Thermal expansion, electrical resistivity, magnetization, and specific heat measurements were performed on URu2−x Fex Si2 single crystals for various values of Fe concentration x in both
the hidden-order (HO) and large-moment antiferromagnetic
(LMAFM) regions of the phase diagram. Our results show that
the paramagnetic (PM) to HO and LMAFM phase transitions are
manifested differently in the thermal expansion coefficient. The
uniaxial pressure derivatives of the HO/LMAFM transition temperature T0 change dramatically when crossing from the HO to the
LMAFM phase. The energy gap also changes consistently when
crossing the phase boundary. In addition, for Fe concentrations
at xc ≈ 0.1, we observe two features in the thermal expansion
upon cooling, one that appears to be associated with the transition from the PM to the HO phase and another one at lower
temperature that may be due to the transition from the HO to the
LMAFM phase.
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T

he search for the order parameter of the hidden-order (HO)
phase in URu2 Si2 has attracted an enormous amount of
attention for the past three decades (1–4). The small antiferromagnetic moment of only ∼0.03 µB /U found in the HO phase
is too small to account for the entropy of ∼ 0.2Rln(2) derived
from the second-order mean-field Bardeen–Copper–Schrieffer
(BCS)-like specific heat anomaly associated with the HO transition that occurs below T0 = 17.5 K (2, 5). A first-order transition from the HO phase to a large-moment antiferromagnetic
(LMAFM) phase occurs under pressure at a critical pressure
Pc that lies in the range 0.5–1.5 GPa (6–9). Many studies suggest that the HO and LMAFM phases are intimately related
and that a comprehensive investigation of both phases will be
useful in unraveling the nature of the order parameter of the
HO phase (10). Although the order parameters are presumably different in the HO and LMAFM phases, the two phases
exhibit almost indistinguishable transport and thermodynamic
properties. This behavior has been referred to as “adiabatic
continuity” (11).
We have recently demonstrated that tuning URu2 Si2 by substitution of Fe for Ru affords an opportunity to study both the
HO and LMAFM phases and the HO-LMAFM phase transition at atmospheric pressure (12–14). Specifically, the substitution of the smaller Fe ions for Ru ions in URu2 Si2 appears
to act as a chemical pressure such that the temperature vs. Fe
concentration (T − x) phase diagram for the URu2−x Fex Si2
system resembles the temperature vs. applied pressure (T − P)
phase diagram for URu2 Si2 . In a previous study, neutron diffraction measurements on single-crystal samples of URu2−x Fex Si2
for various values of x (13) revealed that the magnetic moment
increases abruptly to a maximum value at x = 0.1, above
which it then decreases slowly with x, supporting the interpretation that tuning by Fe substitution acts as a chemical
pressure.
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On the other hand, the phase boundary between the HO
and LMAFM phases has not been definitively determined for
the URu2−x Fex Si2 system. Extensive effort has been expended
to map out the precise phase boundary between the HO and
LMAFM phases in URu2 Si2 under pressure, which is not vertical on the T − P phase diagram (8, 9, 15–19). The critical
pressure at which the HO–LMAFM transition occurs is about
1.5 GPa at T0 , whereas it drops to about 0.8 GPa at the base temperature (9). Therefore, at intermediate values of pressure, e.g.,
1 GPa, URu2 Si2 goes through two successive phase transitions
upon cooling: a second-order transition from the paramagnetic
(PM) into the HO phase and then a first-order transition from
the HO into the LMAFM phase. The HO–LMAFM transition
upon cooling has not been observed in either polycrystalline or
single-crystal samples of URu2−x Fex Si2 . It is possible that in
the polycrystalline samples, both the PM–HO and HO–LMAFM
transitions are broadened, especially in the vicinity of the HO–
LMAFM phase boundary, so that the transition from the HO
phase into the LMAFM phase with decreasing temperature
is not readily discernible. The identity of the order parameter of the HO phase in the compound URu2 Si2 remains a
long-standing mystery. The HO phase is intimately related to
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Results
Shown in Fig. 1A are electrical resistivity ρ(T ) data, normalized to values at 250 K, for various URu2−x Fex Si2 compounds.
The ρ(T ) curves are offset vertically for clarity. For this study,
we focus on the interrelation of the HO and LMAFM phases.
Therefore, we did not perform low-temperature measurements
to study superconductivity. The transition from the PM into the
HO phase in the parent compound is manifested as an anomaly
at around 17 K. The transition temperature T0 is defined as the
minimum in dρ/dT. Upon Fe substitution, the signature of the
phase transition is preserved, whereas T0 changes systematically.
After an initial suppression to 16.2 K at x = 0.08, T0 increases up
to 34 K at x = 0.7. Similar results are obtained from magnetization M(T) data, as shown in Fig. 1B. The corresponding feature
for the phase transition in M(T) is the slope change. The transition temperature can be extracted from the quantity d(MT)/dT
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Fig. 1. (A) Electrical resistivity ρ and (B) magnetization M vs. T for
URu2−x Fex Si2 single crystals with various values of x between 0 and 0.7.
The electrical resistivity ρ is normalized to values at 250 K.
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Fig. 2. Electronic specific heat divided by temperature, Ce /T, vs. temperature T for URu2−x Fex Si2 single crystals with various values of x between 0
and 0.7.

(see Fig. 4), which is expected to yield a feature that is similar
in shape to that observed in the specific heat (20). Although the
signature of the phase transition in both ρ(T) and M(T) seems
to remain unchanged across the entire Fe concentration range
measured in this study, the neutron diffraction experiments indicate that the ground state of URu2−x Fex Si2 changes from the
HO to the LMAFM phase, with a phase boundary close to xc =
0.1 at low temperatures of the order of 1 K (13).
Displayed in Fig. 2 is the electronic contribution to the specific heat, Ce (T), divided by temperature T, vs. T , determined by
subtracting the phonon contribution to the specific heat Cph (T)
from the measured specific heat C(T), as discussed in our previous work (12). The electronic specific heat Ce (T) exhibits a welldefined BCS-like anomaly at T0 upon transition from the PM
into the HO and LMAFM phases.
The size of the jump at T0 remains nearly constant as x
increases to 0.15, after which it decreases substantially for the
sample with x = 0.2. This result indicates that the transition from
the HO to the LMAFM phase along the HO–LMAFM phase
boundary occurs at a value of xc between 0.15 and 0.2 and that for
x smaller than xc , the system consists primarily of the HO phase
with only a small amount of the LMAFM phase. The size of the
jump at the transition decreases above x = 0.15 and broadens
considerably at x = 0.7. In our previous work on polycrystalline
samples, a broad shoulder above T0 was observed and attributed
to disorder (12). There is no sign of the broad shoulder in the Ce
vs. T data for the single crystals.
Presented in Fig. 3 A and B are the linear thermal expansion coefficients in the ab plane, αab , and along the c axis, αc ,
vs. temperature T for URu2−x Fex Si2 single crystals with various
values of x between 0 and 0.7. The linear thermal expansion coefficient is strongly anisotropic, with αab positive and αc negative.
At the HO–LMAFM phase transition, an anomaly is observed
in both αab and αc . However, the signature of the anomaly is
markedly different for the PM to HO and LMAFM transitions,
showing that the HO and LMAFM phases are clearly distinct
from one another. For x < 0.05, where the compounds exhibit
a PM–HO phase transition, the size of the jump at T0 is relatively weak, whereas, for larger x, where the LMAFM phase
is the ground state, the size of the jump at T0 is more than
three times larger. Similar differences in the size of the jumps in
αab and αc for the PM–HO and PM–LMAFM transitions have
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the LMAFM phase that is induced under pressure. Although
these two phases have distinct order parameters, their transport
and thermodynamic properties are nearly indistinguishable.
The measurements reported herein reveal that the HO and
LMAFM phase transitions are manifested differently in the uniaxial thermal expansion coefficients and uniaxial pressure derivatives of the transition temperature. These results suggest that an
itinerant effective model should include band states of different
orbital and magnetic characters, if it is to describe the differing
responses of the competing ordered phases to uniaxial pressure.
In the experiments reported herein, we performed thermal
expansion, electrical resistivity, magnetization, and specific heat
measurements on URu2−x Fex Si2 single crystals for various values of x throughout the PM, HO, and LMAFM regions of the
T − x phase diagram. Our thermal expansion measurements
reveal differences in the features associated with the PM to HO
and LMAFM phase transitions that appear in the thermal expansion coefficient, reflecting differences in the coupling of the two
phases to the lattice. The uniaxial pressure derivative of the transition temperature, based on an analysis using thermal expansion
and specific heat data, changes dramatically when crossing from
the HO to the LMAFM phase. In addition, for Fe concentrations
near the boundary between the HO and LMAFM phases at xc ≈
0.1, two features in the thermal expansion are found upon cooling, one that appears to be associated with the transition from
the PM to the HO phase and another at lower temperature that
may be due to the transition from the HO to the LMAFM phase.
These two features have not been observed in other measurements such as specific heat or neutron scattering.

this study, where the first-order HO–LMAFM phase transition
is not clearly reflected in electrical resistivity, magnetization, or
specific heat measurements (as shown in Fig. 4).
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Fig. 3. Linear thermal expansion coefficients (A) in the ab plane (αab ) and
(B) along the c axis (αc ) vs. temperature T for URu2−x Fex Si2 single crystals
with various values of x between 0 and 0.2. (C) The calculated volume thermal expansion coefficient, β, vs. T derived from the αab and αc vs. T data in
A and B, respectively.

been reported for URu2 Si2 under pressure (21). One of the basic
features of URu2 Si2 is the significant amount of coupling of the
HO phase to the lattice (22). However, the net volume change is
even larger for the PM–LMAFM phase transition, as shown in
Fig. 3C, indicating that the LMAFM phase is even more strongly
coupled to the lattice than the HO phase.
It is noteworthy that for x = 0.08 and 0.1, there are two
separate anomalies observed in both directions of α(T), as well
as in β(T), indicating two distinct phase transitions. In both the
x = 0.08 and 0.1 samples, the sizes of the features at higher temperature are comparable to one another and also consistent with
the features observed at the second-order PM-HO phase transition in those samples with lower Fe concentrations. This result
suggests that the jump in the thermal expansion coefficient at
higher temperature in the x = 0.08 and 0.1 samples is likely to be
a manifestation of the second-order PM–HO phase transition.
On the other hand, the size of the features in α(T) at lower temperatures in the x = 0.08 and 0.1 samples is probably due to the
phase transition from the HO phase to the LMAFM phase. However, the size of the jump at lower temperature in the x = 0.08
sample is smaller than the size of the jump at lower temperature
in the x = 0.10 sample (Fig. 4). It is likely that only a portion of
the sample undergoes a phase transition from the HO phase to
the LMAFM phase, and the difference in the size of the jumps
in α at lower temperature is a consequence of the difference in
volume fraction of samples undergoing this phase transition.
Hence, for the x = 0.08 and 0.1 samples, there appears to
be a second-order PM–HO phase transition followed at lower
temperature by a first-order HO–LMAFM phase transition. It is
worth noting that in previous studies of the parent compound
URu2 Si2 under applied pressure, successive phase transitions
from the PM phase to the HO phase and then from the HO
phase to the LMAFM phase were also observed in electrical
resistivity, specific heat, and thermal expansion measurements
(18, 21, 23). However, in both the electrical resistivity and specific heat measurements, the anomalies observed at lower temperature corresponding to a first-order transition from the HO
phase to the LMAFM phase are much weaker compared with
those of the second-order phase transitions from the PM to the
HO/LMAFM phases (18). The absence of well-defined features
in the electrical resistivity and specific heat associated with the
HO–LMAFM phase transition in the parent compound under
pressure is consistent with transport and thermodynamic measurements of the Fe-substituted samples of URu2 Si2 reported in
13350 | www.pnas.org/cgi/doi/10.1073/pnas.1616542113

Discussion
Based on the electrical resistivity, magnetization, specific heat,
and thermal expansion data, we were able to establish the
T − x phase diagram for the URu2−x Fex Si2 single crystals
shown in Fig. 5. The LMAFM phase becomes stable at
x ≈ 0.1 where the PM–LMAFM phase boundary intersects the
PM–HO phase boundary. For further increases in Fe concentration, the PM–LMAFM phase boundary increases to 34 K at
x = 0.7. This overall behavior is reminiscent of what was previously observed in the dependence of the HO–LMAFM phase
boundary on pressure for single crystals of the parent compound URu2 Si2 , indicating that the interpretation of Fe substitution as a chemical pressure (12) also applies to the single
crystals.
It is clear that for the intermediate levels of Fe concentration, x = 0.8 and 0.1, there are two distinct phase transitions as observed in the thermal expansion measurements. The
transitions occurring at lower temperatures help identify the
phase boundary between the HO and LMAFM phases. This
HO–LMAFM phase boundary can be extended to zero temperature somewhere between x = 0.05 and 0.08. It is now believed
that the HO and LMAFM phases exhibit different symmetry
with distinct order parameters. According to Landau theory,
there should be a first-order phase transition between the two
phases with different symmetry. However, no obvious hysteresis
has been observed in thermal expansion measurements, which
indicates that the HO–LMAFM transition is weakly first order.
To further investigate the two distinct phase transitions
detected at intermediate Fe concentrations, thermal expansion
measurements were performed in magnetic fields up to 9 T on a
URu2−x Fex Si2 single crystal with x = 0.1. The magnetic field was
applied along the c axis, which is the easy axis, and the thermal
expansion was measured in the same direction. The results are
shown in Fig. 6. Both transitions are systematically suppressed to
lower temperatures by the magnetic field. However, the rate of
suppression is clearly different; the higher temperature transition
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Fig. 4. Normalized electrical resistivity ρ/ρ (250 K), magnetization M/H,
electronic specific heat Ce , thermal expansion coefficient in the ab-plane αab
and along the c-axis αc vs. T for a URu2−x Fex Si2 single crystal with x = 0.08
(A–E) and x = 0.1 (F–J). Derivatives of ρ/ρ (250 K) and MT/H with respect to
T vs. T are shown in red.
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upon transition into the HO and LMAFM phases as well. Therefore, the β(T) data can be described by a similar expression:


∆
β(T ) = C exp −
+ AT .
[3]
T
The gap values extracted from the three types of measurements are shown in Fig. 7, together with fits of Eqs. 1–3 to the
data. Although the magnitudes of the gaps are different for the
three types of measurements, the gaps follow a consistent trend.
The gap values for the HO phase are relatively small, ∼100 K
from thermal expansion, ∼80 K from specific heat, and ∼60 K
from electrical resistivity. When crossing from the HO to the
LMAFM phase (x = 0.1 and 0.12), the gap value is suddenly
enhanced by ∼20 K. This is consistent with what has been seen
for URu2 Si2 under pressure (7, 8), as well as recent results for
Fe-substituted URu2 Si2 under pressure (27).
For second-order phase transitions, the uniaxial pressure
derivatives of the transition temperature, dT0 /dP, can be estimated using the Ehrenfest relation (28),

is reduced only slightly, whereas the lower temperature transition
is suppressed more rapidly at a rate of 7.5 K/T. The behavior of
the two transition temperatures as a function of magnetic field is
shown in Fig. 6, Inset. These results, together with resistivity data
in high magnetic field (24), are consistent with our hypothesis
that the transition at higher temperature is the PM–HO phase
transition, whereas the one at lower temperature is the HO–
LMAFM phase transition.
At the onset of the HO phase, as well as the LMAFM phase,
there is a reconstruction of the Fermi surface, as revealed by
transport and thermodynamic measurements (1, 2, 25). For the
parent compound, an energy gap associated with the HO phase,
originally attributed to a charge or spin density wave (2), opens
over about 40% of the Fermi surface. To determine how the
energy gap evolves upon Fe substitution, we have evaluated the
size of the gap by performing fits of relevant theoretical models
to features observed in measurements of the electrical resistivity,
specific heat, and thermal expansion coefficient that characterize
the HO and LMAFM phases.
Below T0 , the electrical resistivity ρ(T) consists of contributions from the residual resistivity ρ0 , Fermi liquid electron–
electron scattering, and electron–magnon scattering due to spin
excitations with an energy gap ∆. Because the magnons have
antiferromagnetic character, the following expression for ρ(T) is
appropriate (26):
r
T
2
2
ρ(T ) = ρ0 + AT + B ∆
∆
 
 2 



2 T
∆
2 T
+
exp −
. [1]
× 1+
3 ∆
15 ∆
T
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The specific heat Ce (T) displays a well-defined, BCS-like
anomaly upon transition into the HO and LMAFM phases at
T0 . Below the transition, the Ce (T) data can be described by the
expression:


∆
Ce (T ) = Aexp −
+ γT ,
[2]
T
where γ is the electronic specific-heat coefficient (2). The volume
thermal expansion coefficient, β(T), exhibits a BCS-like anomaly
Ran et al.

dT0
∆αi
= V m T0
,
dPi
∆Cp

[4]

where Vm is the molar volume that can be calculated from lattice parameters, ∆αi is the change in the linear (i = a, c) or
volume (αv = β) thermal expansion coefficient at the phase
transition, and ∆Cp is the change in the specific heat at the
phase transition. The inferred uniaxial pressure derivatives are
shown in Fig. 8. Note that for x = 0.08 and 0.1, both the PM–
HO and PM–LMAFM phase transitions were detected in thermal expansion measurements, whereas only the PM–HO phase
transition was detected in specific heat measurements. Therefore, for x = 0.08 and 0.1, Eq. 4 allows for an estimate of
dT0 /dP only for the HO phase. dT0 /dP has different signs for
the two crystallographic orientations. Uniaxial pressure applied
along the a or b axes should produce an increase in T0 , whereas
uniaxial pressure applied along the c axis should result in a
decrease in T0 . Another striking feature is that dT0 /dP changes
dramatically when crossing the HO–LMAFM phase boundary.
For the HO phase, dT0 /dPi is relatively small, 0.6 K/GPa for
in-plane uniaxial pressure and −0.2 K/GPa for c-axis uniaxial pressure, and does not vary much with Fe concentration.
On the other hand, for the LMAFM phase, the magnitude of

Fig. 6. Thermal expansion coefficient along the c axis vs. temperature T for
a URu2−x Fex Si2 single crystal with x = 0.1 in magnetic fields up to 9 T. The
magnetic field was applied along the c axis. Inset shows the magnetic field
dependence of the two transition temperatures.
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Fig. 5. Temperature T vs. Fe concentration x-phase diagram for the
URu2−x Fex Si2 system. The phase diagram is based on measurements of electrical resistivity, magnetization, specific heat, and thermal expansion coefficient as a function of temperature on single-crystal specimens.

dT0 /dPi is significantly enhanced to above 2 K/GPa for both
orientations.
For hydrostatic pressure, dT0 /dP can be calculated using the
expression
dT0
dT
dT
=2
+
,
[5]
dPV
dPa
dPc
which also shows a dramatic change upon crossing the HO–
LMAFM phase boundary. dT0 /dP for the hydrostatic pressure,
estimated using the Ehrenfest relation, can be qualitatively compared with recent results of direct measurements of the electrical resistivity of URu2−x Fex Si2 under pressure (27), which are
also shown in Fig. 8. The two sets of data match quite well over
the entire range of Fe concentration, except for x = 0.1. At this
concentration, the measured value of dT0 /dP seems to be closer
to that of the LMAFM phase. However, as noted above, the
value of dT0 /dP for x = 0.1 is estimated for the HO phase only
and, therefore, does not fully account for the measured value of
dT0 /dP.
The dramatic change in dT0 /dP upon crossing from the HO
to the LMAFM phase needs to be addressed theoretically, and
a possible approach is outlined below. The chemical substitution
and pressure dependencies of the PM–HO and HO–LMAFM
transition temperatures appear to be related to the lattice
parameters c and a. Many experiments (11, 29–32) indicate that
both phases evolve from an itinerant paramagnetic phase through
Fermi-surface nesting with the same commensurate wave vector Q = (0, 0, 1). In particular, the experiments show that as
the temperature is lowered below the respective transition temperatures, the nesting gives way to gapping and reconstruction
of the Fermi surface. Furthermore, density functional calculations (33) also indicate that 5f electronic states at the Fermi
energy with j = 52 and jz = ± 25 are connected by the same Q to
j = 52 states with jz = ± 32 character. The average number of 5f
electrons in the lower-energy spin-orbit level j = 25 is approximately given by nf , 5 ≈ 2.35, whereas the number of 5f electrons
2

in the higher-energy j = 72 spin-orbit level is about nf , 7 ≈ 0.65,
2
consistent with a spin-orbit coupling strength of ζ(3) ≈ 0.21 eV
and a 5f bandwidth of 2 ∼ 3 eV (33). Using the abovementioned
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Fig. 7. Representative fits of the expressions given in the text to the (A)
electrical resistivity ρ(T), (C) electronic specific heat Ce (T), and (E) volume
thermal expansion coefficient β(T) data and values of the energy gaps ∆ρ ,
∆C , and ∆β , extracted from the fits (B, D, and F).
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Fig. 8. Uniaxial pressure derivatives of the transition temperature, T0 , estimated using the Ehrenfest relation, as well as from direct measurement.

character of the 5f states involved in the Fermi-surface gapping,
by projecting onto the Hilbert space spanned by jz = ± 52 and
jz = ± 32 , we obtain an effective itinerant model for the low-energy
excitations. Within this itinerant effective model, we can investigate a number of possible competing orderings involving Q, two of
which describe AFM phases and a third that may be a candidate for
the HO phase. Calculations based on the model described above,
along the lines of ref. 34, are currently in progress.
Concluding Remarks
We have performed thermal expansion, electrical resistivity, magnetization, and specific heat measurements on URu2−x Fex Si2 single crystals for various values of x between 0 and 0.7, in both
the HO and LMAFM regions of the phase diagram. Our results
show that the PM–HO and PM–LMAFM phase transitions are
expressed differently in the thermal expansion coefficient. The
uniaxial pressure derivatives of the HO/LMAFM transition temperature T0 change dramatically when crossing from the HO to
the LMAFM phase. The energy gap also changes consistently
when crossing the phase boundary. In addition, by means of thermal expansion measurements, we observed a possible phase transition from the HO into the LMAFM phase for intermediate levels
of Fe substitution, which has not been observed in other types of
measurements.
Materials and Methods
Single crystals of Fe-substituted URu2 Si2 were grown by the Czochralski
method in a tetra-arc furnace. Electrical resistivity measurements were performed using a home-built probe in a liquid 4 He Dewar by means of a
standard four-wire technique at 16 Hz, using a Linear Research LR700 acresistance bridge. Magnetization measurements were made in a magnetic
field of 0.1 T, using a Quantum Design magnetic property measurement
system (MPMS). Specific heat measurements were performed in a Quantum Design Dynacool physical property measurement system (DC-PPMS-9),
using a heat-pulse technique. Thermal expansion measurements were made
in a Quantum Design DC-PPMS-9 with a dilatometer measurement option
(model P680). For thermal expansion measurements, the samples were polished into a rectangular shape, approximately 2 × 3 mm in the ab plane and
1 mm along the c axis.
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