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Thermal expansion, electrical resistivity, magnetization, and spe-
cific heat measurements were performed on URu;_ ,FexSi, sin-
gle 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 temper-
ature Ty 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 tran-
sition 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.

hidden order | URu,Si; | thermal expansion

he search for the order parameter of the hidden-order (HO)

phase in URu»>Si> has attracted an enormous amount of
attention for the past three decades (1-4). The small antiferro-
magnetic moment of only ~0.03 13/U found in the HO phase
is too small to account for the entropy of ~ 0.2RIn(2) derived
from the second-order mean-field Bardeen-Copper—Schrieffer
(BCS)-like specific heat anomaly associated with the HO tran-
sition that occurs below Ty = 17.5 K (2, 5). A first-order transi-
tion from the HO phase to a large-moment antiferromagnetic
(LMAFM) phase occurs under pressure at a critical pressure
P, that lies in the range 0.5-1.5 GPa (6-9). Many studies sug-
gest 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 presum-
ably 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 URu»Siz by sub-
stitution of Fe for Ru affords an opportunity to study both the
HO and LMAFM phases and the HO-LMAFM phase transi-
tion at atmospheric pressure (12-14). Specifically, the substitu-
tion of the smaller Fe ions for Ru ions in URu2Si> appears
to act as a chemical pressure such that the temperature vs. Fe
concentration (7 — x) phase diagram for the URu,_.Fe,Siz
system resembles the temperature vs. applied pressure (T — P)
phase diagram for URu»Si». In a previous study, neutron diffrac-
tion measurements on single-crystal samples of URu>_,Fe,Si>
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 inter-
pretation 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 URuz_,Fe,Si> system. Extensive effort has been expended
to map out the precise phase boundary between the HO and
LMAFM phases in URu2Si> under pressure, which is not ver-
tical 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 Ty, whereas it drops to about 0.8 GPa at the base tem-
perature (9). Therefore, at intermediate values of pressure, €.g.,
1 GPa, URu»Siz 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 URus_,Fe,Sis. 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 parame-
ter of the HO phase in the compound URu:Si; remains a
long-standing mystery. The HO phase is intimately related to

Significance

The identity of the order parameter of the hidden-order (HO)
phase in the heavy fermion compound URu;Si; remains a
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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 uni-
axial thermal expansion coefficients and uniaxial pressure deriva-
tives 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 URu,_,Fe,Sis single crystals for various val-
ues 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 expan-
sion coefficient, reflecting differences in the coupling of the two
phases to the lattice. The uniaxial pressure derivative of the tran-
sition 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 z. ~
0.1, two features in the thermal expansion are found upon cool-
ing, 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 measure-
ments such as specific heat or neutron scattering.

Results

Shown in Fig. 14 are electrical resistivity p(7") data, normal-
ized to values at 250 K, for various URu2_,Fe;Si> compounds.
The p(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 7o is defined as the
minimum in dp/d7. Upon Fe substitution, the signature of the
phase transition is preserved, whereas T changes systematically.
After an initial suppression to 16.2 K atx = 0.08, Ty increases up
to 34 K atx = 0.7. Similar results are obtained from magnetiza-
tion M(T) data, as shown in Fig. 1B. The corresponding feature
for the phase transition in M(T) is the slope change. The transi-
tion temperature can be extracted from the quantity d(MT)/dT
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Fig. 1. (A) Electrical resistivity p and (B) magnetization M vs. T for
URu, _xFe\Si, single crystals with various values of x between 0 and 0.7.
The electrical resistivity p is normalized to values at 250 K.
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Fig. 2. Electronic specific heat divided by temperature, C./T, vs. tempera-

ture T for URu,_xFe,Si, 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 p(T) and M(T) seems
to remain unchanged across the entire Fe concentration range
measured in this study, the neutron diffraction experiments indi-
cate that the ground state of URuz_,Fe,Si> changes from the
HO to the LMAFM phase, with a phase boundary close to z, =
0.1 at low temperatures of the order of 1 K (13).

Displayed in Fig. 2 is the electronic contribution to the spe-
cific heat, C.(T), divided by temperature 7, vs. T', determined by
subtracting the phonon contribution to the specific heat Cy,(T)
from the measured specific heat C(T), as discussed in our previ-
ous work (12). The electronic specific heat C.(T') exhibits a well-
defined BCS-like anomaly at 7, upon transition from the PM
into the HO and LMAFM phases.

The size of the jump at T, remains nearly constant as x
increases to 0.15, after which it decreases substantially for the
sample withx = (.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 z. between 0.15 and 0.2 and that for
x smaller than z, 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 7, was observed and attributed
to disorder (12). There is no sign of the broad shoulder in the C.
vs. T data for the single crystals.

Presented in Fig. 3 A and B are the linear thermal expan-
sion coefficients in the ab plane, a4, and along the ¢ axis, .,
vs. temperature T for URuz_ . Fe,Sis single crystals with various
values of x between 0 and 0.7. The linear thermal expansion coef-
ficient is strongly anisotropic, with a,; positive and «. negative.
At the HO-LMAFM phase transition, an anomaly is observed
in both a4, and a.. 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 Tj is rel-
atively weak, whereas, for larger x, where the LMAFM phase
is the ground state, the size of the jump at T, is more than
three times larger. Similar differences in the size of the jumps in
aqy and o, for the PM-HO and PM-LMAFM transitions have
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Fig. 3. Linear thermal expansion coefficients (A) in the ab plane () and
(B) along the c axis (a.) vs. temperature T for URu,_xFe,Si, single crystals
with various values of x between 0 and 0.2. (C) The calculated volume ther-
mal expansion coefficient, 3, vs. T derived from the a,, and o vs. T data in
A and B, respectively.

been reported for URu»Siz under pressure (21). One of the basic
features of URu3Sis 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 z = 0.08 and 0.1, there are two
separate anomalies observed in both directions of «(7), as well
as in B(T), indicating two distinct phase transitions. In both the
x = 0.08 and 0.1 samples, the sizes of the features at higher tem-
perature are comparable to one another and also consistent with
the features observed at the second-order PM-HO phase transi-
tion in those samples with lower Fe concentrations. This result
suggests that the jump in the thermal expansion coefficient at
higher temperature in the z = 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 «(T) at lower tem-
peratures in the z = 0.08 and 0.1 samples is probably due to the
phase transition from the HO phase to the LMAFM phase. How-
ever, the size of the jump at lower temperature in the z = 0.08
sample is smaller than the size of the jump at lower temperature
in the z = 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 « at lower temperature is a consequence of the difference in
volume fraction of samples undergoing this phase transition.

Hence, for the z = 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
URu»Siz 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 spe-
cific heat measurements, the anomalies observed at lower tem-
perature 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 mea-
surements of the Fe-substituted samples of URu,Si; reported in

13350 | www.pnas.org/cgi/doi/10.1073/pnas.1616542113

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).

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 URus_,Fe,Si> 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 concen-
tration, the PM-LMAFM phase boundary increases to 34 K at
x = 0.7. This overall behavior is reminiscent of what was pre-
viously observed in the dependence of the HO-LMAFM phase
boundary on pressure for single crystals of the parent com-
pound URusSis, indicating that the interpretation of Fe sub-
stitution as a chemical pressure (12) also applies to the single
crystals.

It is clear that for the intermediate levels of Fe concen-
tration, x = 0.8 and 0.1, there are two distinct phase transi-
tions 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 tempera-
ture 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
URus_;Fe,Sis single crystal withx = 0.1. The magnetic field was
applied along the ¢ 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

MIH
— .
1 X 1
d(MT/H)AT dpldT
T
1 1
MIH

25 10 15 20 25
T(K) T(K)

10 15 20

Fig. 4. Normalized electrical resistivity p/p (250 K), magnetization M/H,
electronic specific heat Ce, thermal expansion coefficient in the ab-plane ap
and along the c-axis a vs. T for a URu,_xFe,Si; single crystal with x =0.08
(A-E) and x = 0.1 (F-J). Derivatives of p/p (250 K) and MT/H with respect to
T vs. T are shown in red.
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Fig. 5. Temperature T vs. Fe concentration x-phase diagram for the
URu, _xFeSi, system. The phase diagram is based on measurements of elec-
trical resistivity, magnetization, specific heat, and thermal expansion coeffi-
cient as a function of temperature on single-crystal specimens.

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 To, the electrical resistivity p(7T") consists of contri-
butions from the residual resistivity po, Fermi liquid electron—
electron scattering, and electron-magnon scattering due to spin
excitations with an energy gap A. Because the magnons have
antiferromagnetic character, the following expression for p(T) is
appropriate (26):

T
p(T) = po + AT® + BA® X

(3 2 (3)-

The specific heat C.(T) displays a well-defined, BCS-like
anomaly upon transition into the HO and LMAFM phases at
To. Below the transition, the C.(T) data can be described by the
expression:

C(1) = Aexp (= ) +9T. 2]

where ~ is the electronic specific-heat coefficient (2). The volume
thermal expansion coefficient, 3(T), exhibits a BCS-like anomaly

Ran et al.

upon transition into the HO and LMAFM phases as well. There-
fore, the 5(T) data can be described by a similar expression:

B(T) = Cexp(—%) + AT. [3]

The gap values extracted from the three types of measure-
ments are shown in Fig. 7, together with fits of Egs. 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 URu,Si; under pressure (7, 8), as well as recent results for
Fe-substituted URu2Si, under pressure (27).

For second-order phase transitions, the uniaxial pressure
derivatives of the transition temperature, d 7o/dP, can be esti-
mated using the Ehrenfest relation (28),

dT() Aai
sz —VmTOApr [4]
where V,, is the molar volume that can be calculated from lat-
tice parameters, Ac; is the change in the linear (i = a, ¢) or
volume (a, = () thermal expansion coefficient at the phase
transition, and AC, 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 ther-
mal expansion measurements, whereas only the PM-HO phase
transition was detected in specific heat measurements. There-
fore, for x = 0.08 and 0.1, Eq. 4 allows for an estimate of
dTo/dP only for the HO phase. d7o/dP has different signs for
the two crystallographic orientations. Uniaxial pressure applied
along the a or b axes should produce an increase in T, whereas
uniaxial pressure applied along the ¢ axis should result in a
decrease in To. Another striking feature is that d 7o/dP changes
dramatically when crossing the HO-LMAFM phase boundary.
For the HO phase, dTo/dP; is relatively small, 0.6 K/GPa for
in-plane uniaxial pressure and —0.2 K/GPa for c-axis uniax-
ial pressure, and does not vary much with Fe concentration.
On the other hand, for the LMAFM phase, the magnitude of

a, (10°/K)

0 5 10 15 20 25
T(K)

Fig. 6. Thermal expansion coefficient along the c axis vs. temperature T for
a URu,_xFe,Si; 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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dTo/dP; is significantly enhanced to above 2 K/GPa for both
orientations.

For hydrostatic pressure, d 7o/dP can be calculated using the
expression
dTo dT  dT

dPy 2dPa + dp.’ 151
which also shows a dramatic change upon crossing the HO—
LMAFM phase boundary. d To/dP for the hydrostatic pressure,
estimated using the Ehrenfest relation, can be qualitatively com-
pared with recent results of direct measurements of the electri-
cal resistivity of URu>_,Fe,Si> 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 d Ty/dP seems to be closer
to that of the LMAFM phase. However, as noted above, the
value of d 7To/dP for x = 0.1 is estimated for the HO phase only
and, therefore, does not fully account for the measured value of
dTo/dP.

The dramatic change in d 7o/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 ¢ 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 vec-
tor @ =1(0,0,1). In particular, the experiments show that as
the temperature is lowered below the respective transition tem-
peratures, the nesting gives way to gapping and reconstruction
of the Fermi surface. Furthermore, density functional calcula-
tions (33) also indicate that 5f electronic states at the Fermi
energy with j = 5 and j. =432 are connected by the same @ to
ji= g states with j, = j:% character. The average number of 5f

5

electrons in the lower-energy spin-orbit level j = 5 is approxi-

mately given by n; 5 ~2.35, whereas the number of 5f electrons

in the higher-energy j = g spin-orbit level is about n; L 0.65,

consistent with a spin-orbit coupling strength of {(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 p(T), (C) electronic specific heat C.(T), and (E) volume
thermal expansion coefficient 3(T) data and values of the energy gaps A,
Ac, and Ag, extracted from the fits (B, D, and F).
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Fig. 8. Uniaxial pressure derivatives of the transition temperature, Ty, esti-
mated 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 j. =+2 and

j- =2, we obtain an effective itinerant model for the low-energy
excitations. Within this itinerant effective model, we can investi-
gate a number of possible competing orderings involving @, 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, mag-
netization, and specificheat measurements on URus_ , Fe,Sis sin-
gle 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 tem-
perature Tp 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 ther-
mal expansion measurements, we observed a possible phase tran-
sition 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 URu,Si; were grown by the Czochralski
method in a tetra-arc furnace. Electrical resistivity measurements were per-
formed using a home-built probe in a liquid “He Dewar by means of a
standard four-wire technique at 16 Hz, using a Linear Research LR700 ac-
resistance 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 Quan-
tum 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 pol-
ished into a rectangular shape, approximately 2 x 3 mm in the ab plane and
1 mm along the c axis.
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