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The pressure dependent electrical resistivity of URu2Si2 has been studied at high pressure across the first order
phase boundary of Px where the ground state switches under pressure from “hidden order” (HO) to large moment
antiferromagnetic (LAFM) states. The electrical transport in URu2Si2 at low temperatures shows a strong sample
dependence. We have measured an ultraclean single crystal whose quality is the highest among those used in
previous studies. The generalized power law ρ = ρ0 + AnT

n analysis finds that the electric transport property
deviates from Fermi liquid theory in the HO phase but obeys the theory well above Px . The analysis using the
polynomial in T expression ρ = ρ0 + α1T + α2T

2 reveals the relation α1/α2 ∝ Tsc in the HO phase. While
the pressure dependence of α2 is very weak, α1 is roughly proportional to Tsc. This suggests a strong correlation
between the anomalous quasiparticle scattering and the superconductivity and that both have a common origin.
The present study clarifies a universality of the HO phase inherent in strongly correlated electron superconductors
near quantum criticality.

DOI: 10.1103/PhysRevB.85.054516 PACS number(s): 74.70.Tx, 71.10.Hf, 74.40.Kb

Tetragonal URu2Si2 is a heavy-fermion superconductor
with a superconducting (SC) transition temperature Tsc = 1.5 K
at ambient pressure.1The compound undergoes a second order
phase transition at T0 = 17.5 K, and this ordered state coexists
with the unconventional superconductivity of chiral d-wave
symmetry.2 Although many theoretical models have been
proposed for the ordered state,3 the nature of the state is still not
understood and is known as “hidden order” (HO). Applying
pressure to URu2Si2 induces a first order phase transition
from the HO to a large moment antiferromagnetic (LAFM)
state at Px = 0.5–0.9 GPa.4–8 The bulk-SC state exists only
below Px .5,6

Previous studies have reported unusual electrical transport
in URu2Si2.6,9 However, there is no consistency in the reported
values of the exponent n obtained from the fitting of the
resistivity data with a general power law ρ0 + AT n. This
may come from a strong sample dependence of the electrical
transport in URu2Si2 that has been carefully studied in
collaborative work between research groups in JAEA/Tokai
and CEA/Grenoble.10,11 The electrical resistivity of samples
with different quality has been analyzed with the general power
law just above Tsc at ambient pressure. It was found that the
value of the power law exponent n depends on sample quality
when the residual resistivity ratio (RRR) = ρRT/ρ0 (where ρ0

and ρRT are a residual resistivity and the value of the resistivity
at room temperature, respectively) is less than roughly 100. For
RRRs above 100, the value of n saturates to about 1.5 for the
electrical resistivity with current along the a and c axes.11

We conclude that the deviation from the Fermi liquid theory is
intrinsic to the electronic state of URu2Si2 at ambient pressure.
A further question is whether the “non-Fermi liquid” behavior
is intrinsic to the HO phase or not. In this paper we report the
detailed investigation on the electrical transport of URu2Si2
of an ultraclean sample at high-pressure across Px . We find a
strong correlation between anomalous quasiparticle scattering
and superconductivity in the HO phase.

The high quality single crystal of URu2Si2 was grown by
Czochralski pulling. The details of the sample preparation are
given in Ref. 11. The electrical resistivity at high pressure was
measured using the ac four terminal method in a 3He cryostat
using a piston cylinder-type high-pressure cell. Daphne 7474
was used as pressure transmitting medium.12,13 The viscosity
of the Daphne 7474 is two orders of magnitude lower than that
of the Daphne 7373 and a Fluorinert mixture,14,15 commonly
used in the previous studies.4,5,7 This indicates the better
pressure quality in the present study. It is difficult to estimate
the RRR value because ρ0 is negative if the resistivity just
above Tsc is simply extrapolated to 0 K. A lower value of the
RRR was estimated as 300 using the resistivity value (ρTsc ) just
above Tsc (RRR = ρRT/ρTsc ). The residual resistivity is very
small, far less than 1 μ� cm and the real RRR value exceeds
1000, indicating ultracleaness of the single crystal.10 We note
that the quality of samples used in the previous studies is
not enough to justify a conclusive discussion of the electrical
transport in URu2Si2.6,8,9 The values of RRR are far less than
100. With the present sample with much higher RRR value, it
becomes possible to investigate the intrinsic electrical transport
under high pressure.

Figure 1(a) shows the pressure-temperature phase diagram
of URu2Si2 determined in the present resistivity measurement.
Open squares indicate the transition temperature T0(P ) or
TN(P ) (at high pressure). Closed circles indicate the SC
temperature Tsc(P ) below Px and open circles Tsc(P ) above
the pressure that show the applied current dependence.

Figure 1(b) shows the low temperature electrical resistivity
ρa at 1 bar, 0.24, 0.54, and 0.75 GPa below Px . At 1 bar,
a clear SC transition was observed at Tsc = 1.43 K. The
transition temperature decreases with increasing pressure. The
value of Tsc is 0.94 K at 0.75 GPa. The resistivity value
in the normal state decreases with increasing pressure, suggest-
ing the suppression of the inelastic scattering of quasiparticles
under compression. Figure 1(c) show the temperature
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FIG. 1. (Color online) Pressure phase diagram determined in the
present study of URu2Si2. Temperature dependencies of the low
temperature electrical resistivity ρa at (b) 1 bar, 0.35, 0.75 GPa below
Px , and (c) 0.94, and 1.51 GPa above Px in URu2Si2. The dotted lines
represent the fit of a generalized power law ρ = ρ0 + AnT

n to the
data from Tl = Tsc(onset) + 70 mK to 3.0 K where Tsc(onset) is the
onset temperature of the SC transition in URu2Si2.

dependencies of ρa at 0.94 and 1.51 GPa above Px . The
bulk-SC state exists only below Px , while a broad SC transition
in the resistivity is still observed in the pressure region far
above Px .5,6 The persistence of the SC transition seen in
the resistivity seems to be related to residual HO phase well
beyond the LAFM boundary.5,6 The filamentary SC above
0.94 GPa suggests that Px lies between 0.75 and 0.94 GPa
in the present study. The shape of the phase boundary of
T x(P ) is sensitive to experimental conditions such as the
pressure-transmitting medium.7 The line of T x(P ) intersects
the other two lines of T 0(P ) and T N(P ) at a tricritical point of
P ∗.6 In the Ref. 6 P ∗ was determined from the resistivity data
around T0 (or TN).6 If we estimate it in the same way from the

present data, P ∗ is below 0.94 GPa and the phase boundary line
of T x(P ) runs upward with a very steep gradient as shown by
the dotted line. Since the boundary is basically insensitive to
the resistivity, it should be checked by a future study with other
measurements such as a thermal expansion and heat capacity.

First, the temperature dependence of ρa at 1 bar was
analyzed with the equation ρ = ρ0 + AnT

n + B(1 + 2T/�)
exp(−�/T ) in a wide temperature region from Tl =
Tsc(onset) + 70 mK to 16 K, just below T0. Here Tsc(onset)
is the onset temperature of the SC transition and ρsw = B(1 +
2T/�)exp(−�/T ) is the contribution from an excitation
with an gap � in the HO phase.6 This contribution becomes
negligibly small: ρsw/ρ < 10−5 below 4 K. We ignore it in
following analyses.

We analyzed the temperature dependence of ρa with the
generalized power law ρ = ρ0 + AnT

n in the temperature
region from Tl to 3.0 K.16 The dotted lines in the figure are
the results of the fit to the data. The pressure dependencies
of n and An obtained from the analyses in the temperature
regions are shown in Figs. 2(a) and 2(b). Below Px , n shows
a weak pressure dependence with approximately 1.5 ± 0.1.
Above Px , n increases with increasing pressure and the value
at 1.51 GPa becomes 2.0. There seems to be a discontinuous
change in the pressure dependence of n at Px . The value
of An simply decreases with increasing pressure with no
anomalous behavior in its pressure dependence. It is difficult
to discuss the exponent n in the LAFM state above Px since
the filamentary superconductivity from the residual HO phase
affects the analysis of the data in the pressure region close
to Px . The volume of the residual phase decreases with
increasing pressure. Zero resistivity was not observed at 1.35
and 1.51 GPa. Assuming that the LAFM phase is dominant at
1.51 GPa, the value of the power n is 2.0, expected in Fermi
liquid theory.

The analysis with the generalized power law reveals the dif-
ference of the electrical transport between the HO and LAFM
phases. On the contrary, recent Fermi surface studies under
high pressure across Px suggest the similarity of the Fermi
surface topology between the HO and LAFM phases.17,18 To
gain further insights into the electrical transport in URu2Si2,
we now analyze the data in the temperature regions from Tl to
3.0 K using the expression ρ = ρ0 + α1T + α2T

2 that has
been used in the analysis of the anomalous electrical transport
in the organic superconductors, the iron pnictide supercon-
ductors, and the high-Tc cuprate superconductors.19–21 The
expression assumes two independent scattering rates: one is an
isotropic rate in k space that gives the T 2 term in the resistivity
and the other is anisotropic one that does the T -linear term.
Although the expression is empirical and further theoretical
study is required for the justification of the application to
URu2Si2, the following analysis gives interesting view points
for the HO phase.

The pressure dependencies of α1 and α2 are shown in
Figs. 2(c) and 2(d). It is found that the contribution to
the resistivity from the term α1T is far larger than that
from α2T

2 in the HO phase below Px . With increasing
pressure, the value of α1 decreases monotonously and shows a
discontinuous decrease at Px . Above Px , α1 decreases strongly
with increasing pressure going to 0 at 1.51 GPa. The value of
α1 remains finite up to 1.35 GPa even though the ground state
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FIG. 2. (Color online) Pressure dependencies of (a) the resistivity
exponent n and (b) the coefficient An obtained by fitting the
generalized power law ρ = ρ0 + AnT

n, and (c) the coefficient α1

and (d) α2 obtained by fitting the expression ρ = ρ0 + α1T + α2T
2

to the resistivity in the temperature regions from Tl to 3.0 K in
URu2Si2.

changes to the LAFM phase. This may be due to the residual
HO phase in the LAFM phase as mentioned above. Compared
with the drastic change of the α1, the coefficient α2 shows
only weak pressure dependence, which is consistent with the
fact that the Fermi surface topology does not change across
the critical pressure Px studies.17,18 This suggests the validity
of the analysis with the expression for the electrical transport
in URu2Si2. We speculate that the scattering process of the
quasiparticles on most regions of the Fermi surface obeys
the Fermi liquid theory but the process in specific regions
of the surfaces deviates from the theory in the HO phase.

Figures 3(a) and 3(b) show α1T/(α1T + α2T
2) and

α2T
2/(α1T + α2T

2) that correspond to the ratios of the
terms α1T and α2T

2 to the resistivity due to the electron
correlations �ρ (= ρ − ρ0). The contributions from the two
terms to �ρ are comparable around 3 K. The contribution from
α1T to �ρ increases with decreasing pressure and becomes
dominant just above Tsc. Interestingly, α1T/(α1T + α2T

2)
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FIG. 3. (Color online) Temperature dependencies of (a) α1T/
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values of the coefficients α1 and α2 obtained from the fits of the data
from Tl to 3.0 K. (c) Pressure dependencies of α1Tsc/(α1Tsc + α2Tsc

2)
and α2Tsc

2/(α1Tsc + α2Tsc
2) in URu2Si2.

and α2T
2/(α1T + α2T

2) show almost pressure-independent
values of 0.74 ± 0.05 and 0.25 ± 0.05, respectively, just
above Tsc as shown in Fig. 3(c). This suggests the relation
α1/α2 ∝ Tsc.
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FIG. 4. (Color online) (a) Relation between the superconducting
transition temperature Tsc and α1/α2 in URu2Si2. The (dashed) line
is a fit with the relation α1/α2 = a(Tsc)δ1 , where the values of a and
δ1 are determined as 3.10 ± 0.12 and 1.04 ± 0.17, respectively.
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Figure 4 shows the relation between Tsc and α1/α2. The
(dashed) line is a fit with the relation α1/α2 = a(Tsc)δ1 , where
the values of a and δ1 are determined as 3.10 ± 0.12 and
1.04 ± 0.17, respectively, suggesting a linearity between Tsc

and α1/α2. Since the pressure dependence of the coefficient
α2 is very weak as shown in Fig. 3(c), the value of Tsc depends
primarily on the coefficient α1. We obtain the relation α1 =
cTsc

δ2 , where c and δ2 are determined to be 0.22 ± 0.01 and
1.11 ± 0.15, respectively, suggesting an almost linear relation
between α1 and Tsc. These results suggest the strong correlation
between anomalous quasiparticle scattering and unconven-
tional superconductivity in the HO phase of URu2Si2. We
suggest that the anomalous quasiparticles scattering and the
superconductivity have a common origin, possibly rooted
in the magnetic excitations at Q0 since the excitations are
observed only in the HO phase and peak position E0 in the
inelastic resonance is shifted below Tsc.22,23 It is noted that the
almost same results are obtained when the the resistivity data
between Tl to 3.4 K are analyzed.

Similar correlation between the T -linear resistivity and
Tsc has been found in the organic superconductors, the iron
pnictide superconductors, and the high-Tc cuprate supercon-
ductors as summarized by Taillefer.21 This correlation may be
a universality in the unconventional superconductors. In these
systems, the T -linear resistivity appearing around a magnetic
phase boundary has been interpreted as manifestation of
quantum criticality. We suggest that the HO phase in URu2Si2
shares this universality inherent to the strong correlated
electron superconductors near the quantum criticality, al-
though the peculiarity of the HO phase originating from the
multipole degree of freedom in the 5f electrons has been

stressed in theoretical studies without experimental evidence.3

The “hidden order” could exist in other strongly correlated
electron compounds. Unidentified mysterious phases have
been reported near the SC phase or a quantum critical point
such as “pseudogap phase” in the cuprate superconductors.21

It is interesting to note recent studies on the unconventional
superconductors including URu2Si2 from the viewpoint of
electronic nematicity whose emergence around a quantum
critical point has been studied theoretically.24–27 We hope this
study provides a different point of view for existing or future
theories of the HO phase.

In summary, our analysis of resistivity measurements near
Tsc on very high resistance ratio URu2Si2 single crystal now
places this unusual material in the group of cuprate, pnictide,
and organic quantum critical superconductors identified by
Tailleferfs resistivity correlation. We find the ratio of the
coefficient of the linear in T term in the resistivity to the
quadratic term T 2 α1/α2 is directly proportional to Tsc. Since
the value of α2 is almost pressure independent, α1 is roughly
proportional to Tsc. Similar correlation has been reported in
other strongly correlated electron superconductors.
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Culture, Sports, Science and Technology (MEXT) and Japan
Society of the Promotion of Science (JSPS).
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