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Abstract
The ‘hidden order’ (HO) and superconducting (SC) states of URu2Si2 have been investigated
via electrical resistivity measurements as a function of pressure P up to nearly 30 kbar and
magnetic field H � 9 T. The field and pressure dependences of the SC state were examined for
two crystals with H aligned parallel to c and a, with the latter orientation revealing an enhanced
critical field. No discontinuities in either the field or pressure dependence of the SC state were
found. The evolution of the HO state showed a distinct kink in the pressure dependence at
Pc = 15 kbar, coincident with the destruction of superconductivity. The behavior of the two
ordered phases was analyzed via a model describing the competition for Fermi surface fraction,
where a portion of the Fermi surface becomes completely gapped near Pc. The evolution of the
magnitude of the scattering at the HO transition is compared with the Fermi surface fraction
gapped by the HO state, and the phenomenology of a spin density wave-like ground state is
discussed as it pertains to the data presented.

(Some figures in this article are in colour only in the electronic version)

1. Introduction

The heavy fermion compound URu2Si2 has captivated both
experimentalists and theorists since its discovery over 20
years ago [1–3]. The broad interest in this material has
been primarily due to the presence of pronounced yet poorly
understood phenomena, the most egregious of which being the
‘hidden order’ (HO) state—so called as the order parameter
has yet to be satisfactorily identified—occurring below T0 =
17.5 K at ambient pressure. In addition to the HO transition,
an unconventional superconducting state develops below Tc ≈
1.5 K, exemplifying the complexities inherent to uranium
compounds with strongly correlated electron behavior.

Associated with the HO transition is a large BCS-
like jump in the specific heat and a pronounced spin-
density-wave-like anomaly in the electrical resistivity. The
magnitude of the specific heat jump corresponds to a
significant release of entropy �S ≈ 0.2R ln2. However,
the low-temperature magnetic moment determined from
neutron scattering measurements was found to be ∼0.03μB/U
ion [4], a value much too small to account for the

1 Present address: Lawrence Livermore National Laboratory, Livermore, CA,
94550, USA.

entropy released in the transition. The resolution of
this small moment associated with the HO transition seen
in virtually all macroscopic measurements has been the
driving force behind much experimental and theoretical work,
including numerous models to explain the ordering such as
incommensurate orbital antiferromagnetism [5], crystalline-
electric-field-induced multipolar order [6–8], concomitant
local and itinerant magnetism [9], triple-spin correlators [10],
conventional and unconventional spin density waves [11, 12],
spin nematics [13], and helicity order [14]. In addition
to theoretical work, experimentalists have performed many
measurements to both characterize URu2Si2 and constrain
theoretical models.

The compound URu2Si2 crystallizes in the ThCr2Si2
tetragonal crystal structure with lattice constants a = 4.14 Å
and c = 9.56 Å. Electrical resistivity and magnetization
measurements reveal a broad maximum near 80 K followed
by a rapid reduction in electrical resistivity associated with
the formation of a heavy Fermi liquid ground state. The HO
transition develops out of this Fermi liquid condensate and,
as seen in electrical resistivity, is remarkably reminiscent of
the archetypal spin density wave (SDW) transition seen in
Cr [15]. Below the HO transition, the electrical resistivity is
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well-described by a formula combining a Fermi liquid term
with a gapped magnon scattering term [16, 17]. The signature
of the HO transition in specific heat is a large jump at T0

followed by an exponential decrease in the specific heat with
decreasing temperature, suggestive of a BCS-like transition
opening a partial gap in the Fermi surface. Far-infrared
optical conductivity, high-field magnetization, and thermal
conductivity studies suggest that a charge or spin gap opens at
the HO transition temperature [18–21], supporting speculation
that the HO transition is associated with a charge density wave
or spin density wave [3]. Still, these measurements have been
unable to account for the presence of a small antiferromagnetic
(AFM) moment in conjunction with the magnitude of the
observed transitions.

High-pressure neutron scattering measurements have
served to further enrich the phase diagram of URu2Si2 by
revealing a significant increase in the size of the staggered
moment for pressures in excess of Pc ≈ 15 kbar [22].
Furthermore, high pressure electrical resistivity measurements
have shown that the HO transition temperature T0 undergoes
a change in slope near Pc and that superconductivity is
suppressed at a pressure slightly below Pc [16, 23]. The nature
of this transition into the large moment antiferromagnetic
(LMAFM) state at high pressure is still under considerable
debate. Data obtained from μSR [24] and NMR [25, 26]
measurements under pressure suggest that the small moment
AFM state observed at zero pressure is merely a small,
inhomogeneous volume fraction of the high-pressure LMAFM
state phase segregated from the HO state. In this scenario,
applied pressure serves to increase the volume fraction of
the LMAFM phase while reducing that of the HO state.
Another proposed phenomenological model is one in which
two coupled order parameters, one being the magnetization
of the LMAFM phase and one being the order parameter of
the HO state, simultaneously transform to non-zero values
below the transition temperature T0 [27]. For the case of
linearly coupled order parameters, the symmetries under which
they transform must be identical, yielding a phase diagram
with a first-order transition between a HO-dominated region
and a LMAFM-dominated region. Other order parameter
couplings yield first-order or second-order transitions between
purely HO and LMAFM states. Recent experimental evidence
from neutron scattering and thermal expansion under pressure
appears to exhibit a sharp transition in the vicinity of 5–
8 kbar, although the nature and order of this transition are
unclear [28–30].

The superconducting state of URu2Si2 has been little
explored, and its relation to the HO state or the LMAFM
state could provide clues to the nature of the HO phase.
The superconducting state has been shown to be anisotropic
in its field and pressure dependence with respect to
crystallographic axes [31–33]. Initial neutron scattering
experiments revealed that the small moment persisted into the
superconducting state, suggesting a coexistence of magnetism
and superconductivity [4, 34]. Furthermore, it was suggested
that the HO state and the superconducting state each gapped a
portion of the Fermi surface, and that, with applied pressure,
this competition for Fermi surface resulted in the suppression

of Tc that accompanied the increase in T0 [3]. In this paper,
we report recent experimental investigations of the HO and
superconducting states of single crystal samples of URu2Si2
as a function of both hydrostatic pressure and magnetic field.

2. Experimental details

Stoichiometric amounts of the constituent materials U, Ru, and
Si were combined in a conventional single-arc furnace to form
a boule of polycrystalline URu2Si2. Using the polycrystalline
boule, single crystal samples of URu2Si2 were synthesized
utilizing a tri-arc furnace equipped with a Czochralski crystal
puller. Samples were annealed with a Zr getter at 900 ◦C for
7 days under 150 Torr of argon. After annealing, samples
were aligned using the Laue method and spark cut into
shapes suitable for electrical resistivity measurements within
the pressure cells used.

High-temperature measurements (T � 1 K) as a function
of temperature and pressure were performed in a pumped
4He cryostat using a hydrostatic piston-cylinder cell. Low-
temperature measurements (100 mK � T � 2 K) as
a function of temperature and pressure were performed in
an Oxford Kelvinox MX-100 3He–4He dilution refrigerator
using a hydrostatic piston–cylinder cell. The pressure in the
low-temperature experiments was determined from the HO
transition temperature, calibrated from the high-temperature
experiments that used the pressure-dependent superconducting
critical temperature of lead to determine the pressure [35].

Initial high-temperature measurements performed using
Fluorinert FC75 as the pressure-transmitting medium resulted
in hysteretic behavior in the hidden order transition
temperature with respect to increasing and decreasing pressure
for pressures above approximately 14 kbar, near the room
temperature hydrostatic limit of Fluorinert FC75 [36, 37]. As
the ordered states of URu2Si2 have been shown to be sensitive
to the crystalline axis along which pressure is applied [32, 33]
and initial measurements showed hysteresis, a 1:1 mixture
of n-pentane:isoamyl alcohol, which remains liquid at room
temperature to pressures in excess of 30 kbar [38], was chosen
as a pressure-transmitting medium for both high-temperature
and low-temperature experiments to avoid inhomogeneous
strains caused by non-hydrostatic conditions. Subsequent
measurements performed using the n-pentane:isoamyl alcohol
pressure-transmitting medium revealed no hysteresis upon
depressurizing the cell. Electrical resistivity measurements
were performed using a Linear Research LR-700 ac resistance
bridge with excitation currents below 100 μA.

3. Results

3.1. Hidden order state

In an effort to investigate the evolution of the HO transition
with applied pressure, pressure-dependent electrical resistivity
measurements above 1 K have been performed on a sample
of URu2Si2 with an ambient pressure residual resistivity
ratio RRR = 7.2, where RRR is defined as the room
temperature value of the electrical resistivity divided by
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Figure 1. High-temperature ρ(T ) versus T of URu2Si2 for various
pressures showing the progression of the hidden order transition. The
dashed lines near the transition at P = 4.9 kbar are examples of
extrapolations above and below T0 used to quantify the height of the
resistive anomaly associated with the HO transition δρ. Inset: δρ as a
function of pressure; the error bars are estimated from reasonable
extrapolations of ρ(T ).

the low-temperature value of the electrical resistivity at
2 K, ρ(300 K)/ρ(2 K). With applied pressure, the room
temperature value of the electrical resistivity changes very
little, while the 2 K value of the electrical resistivity decreases
by about 15%, leading to a RRR = 8.5 at the highest measured
pressure of 23.6 kbar.

Figure 1 displays the electrical resistivity ρ(T ) as a
function of temperature in the region of the HO/AFM transition
for selected pressures P measured in this study. The distinctive
peak and trough structure of the HO transition, with the
transition temperature T0 defined as the inflection point in the
electrical resistivity, systematically increases in temperature
with applied pressure. A change in the pressure dependence of
T0 is visible near 15 kbar, above which the feature associated
with T0 increases to higher temperatures more rapidly with
little qualitative change in the shape of the feature (see T0

versus P in figure 4). The width of the transition in temperature
changes little with applied pressure; however, the height of
the transition δρ, defined by extrapolating the temperature
dependence of the electrical resistivity above and below T0 and
evaluating the resultant change in ρ(T ) at T0 (exemplified as
the dashed lines for the P = 4.9 kbar data of figure 1), displays
a moderate, yet significant, pressure dependence. The inset of
figure 1 shows the pressure dependence of δρ, the magnitude of
which gradually decreases with pressure up to approximately
15 kbar, after which it remains roughly constant up to the
maximum attained pressure. The interpretation of the pressure
dependence of δρ will be discussed later.

The electrical resistivity below T0 was fit with an
expression involving a T 2 Fermi liquid term and an exponential
term associated with magnetic order with a gap � in the
magnon dispersion relation:

ρ(T ) = ρ0 + AT 2 + B
T

�

(
1 + T

�

)
e(−�/T ), (1)

Figure 2. Fitting parameters from equation (1) as a function of
pressure for the HO state of URu2Si2; the quantities are described in
the text. (a) A (left axis) and ρ0 (right axis). (b) B (left axis) and �
(right axis). The solid lines are guides to the eye and error bars
correspond to errors returned from the fitting algorithm.

with ρ0, A, B , and � as fitting parameters, where ρ0 is
the residual resistivity, A is a measure of the quasiparticle
effective mass, B is a measure of the spin-wave (magnon)
stiffness, and � is the size of the gap in the magnon
dispersion [16, 17, 39–42]. The use of this expression
can be justified by the presence of commensurate and
incommensurate gapped spin excitations as seen in previous
and recent neutron scattering experiments [4, 43]. The
parameters resulting from these fits at various pressures are
shown in figure 2, with the error bars representing errors
returned from the fitting algorithm and the solid lines being
guides to the eye. The values for the fitting parameters
are different than those reported for polycrystalline samples
by McElfresh et al [16]; however, the general trends of the
parameters with pressure are similar in this particular single
crystal specimen. While ρ0 and A evolve continuously,
monotonically decreasing with pressure, the magnitudes of the
gap � and B show a change in behavior in the vicinity of
15 kbar.

3.2. Superconducting state

A previously oriented and characterized sample (different from
the one used in the hidden order state experiments described
in section 3.1 above), with RRR = 10.6 and displaying a
sharp superconducting transition at Tc = 1.42 K, was spark
cut in half along the crystallographic a-axis (i.e., the freshly
cut surface is perpendicular to the basal plane, nominally in
an ac-plane). The two halves of the sample were mounted
perpendicular to each other such that, when the high-pressure
cell was mounted in the cryostat, the magnetic field was
nominally aligned parallel to the c-axis for one sample and
parallel to the a-axis (basal plane) for the other. In both
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Figure 3. Low-temperature electrical resistivity normalized at 2 K,
ρ(T )/ρ(2 K), versus T of URu2Si2 for various pressures showing
the suppression of superconductivity. The horizontal dashed lines
indicate, from top to bottom, the 90%, 50%, and 10% values of the
resistive SC transition. Tc is defined as the temperature at which the
resistive transition is 50% of its normal state value.

cases, the electrical current was applied in the basal plane and
perpendicular to the applied field (i.e., j ‖ a ⊥ H ). This
permitted measurements of the upper critical field Hc2 for two
field orientations.

Figure 3 shows the zero-field electrical resistivity
normalized to the normal state value at 2 K, ρ(T )/ρ(2 K),
versus temperature T . The horizontal dashed lines indicate,
from top to bottom, the 90%, 50%, and 10% values of the
normalized electrical resistivity with the 50% value used to
define the superconducting transition temperature Tc. The
superconducting state is suppressed monotonically, as seen by
the decrease in Tc, and the transition is slightly broadened with
applied pressure. The superconducting transition develops
a pronounced low-temperature tail at 5.2 kbar that widens
with increasing pressure. For P � 9.2 kbar, a complete
superconducting transition is not observed by 100 mK, the base
temperature of our experimental setup; however, transitions to
the 50% value of the normal state are evident up to 11.5 kbar,
with a reasonable extrapolation of Tc = 55 mK at 13.1 kbar.
Further increases in pressure results in a smooth evolution of
the transition with the highest measured data at P = 27.3 kbar
displaying a reduction in scattering down to 90% just above
100 mK.

4. Discussion

4.1. Zero-field phase diagram

Using the data in figures 1 and 3, a zero-field T –P phase
diagram of the HO/AFM and superconducting states has been
generated as shown in figure 4. The HO transition temperature
T0 increases linearly with pressure up to 15 kbar, after which a
distinct change in slope is seen and T0 continues increasing
with more than twice the slope of the low-pressure region.
The red lines passing through the square symbols in figure 4

Figure 4. SC and HO T –P phase diagram. The SC phase Tc

(left axis) is demarcated by the blue filled circles (the line is a guide
to the eye). The 90% and 10% values of the resistive transition from
figure 3 are indicated as light blue lines (no symbols) forming an
envelope around Tc. The HO/AFM phase (right axis) is indicated by
the red squares with linear fits to the data above and below the
critical pressure Pc = 15 kbar, which is represented by the vertical
dashed line.

are linear fits to the data below and above 15 kbar yielding
fits for the pressure dependence of T0 with slopes equal to
0.10 and 0.23 K kbar−1, respectively. The observed change in
slope occurred at the pressure where the magnetic moment was
previously shown to discontinuously increase to a value more
consistent with bulk LMAFM [22]; this pressure is marked
by the dashed vertical line on the figure at Pc = 15 kbar.
The presence of a kink in the pressure dependence of T0 is
consistent with a SDW-based model for the HO state proposed
by Mineev and Zhitomirsky [12]. Within this framework, the
kink in T0 implies that the order parameter of the HO state
is decoupled from that of the LMAFM state, and furthermore
suggests that the two forms of order are mutually exclusive and
that the observed low-pressure moment arises from itinerant
SDW-like order or extrinsic effects such as lattice strain.
Furthermore, this scenario would dictate that the transition
from the HO state to the LMAFM state is first-order in nature.

The superconducting critical temperature, defined as the
50% value of the normal state resistivity, decreases with
increasing pressure, persisting up to nearly 14 kbar. This
correspondence of the suppression of superconductivity near
the position of the kink in the pressure dependence of T0, itself
related to the appearance of LMAFM and thus the destruction
of hidden order, is in agreement with previously reported
results [16, 23]. The pressure at which superconductivity is
suppressed is, however, in contrast to results that indicate the
destruction of superconductivity at relatively low pressures
below 5 kbar [44]. Envelopes indicating the 10% and 90%
values from figure 3 are plotted as light blue lines (no symbols)
in figure 4, with the 10% envelope extending up to nearly
9 kbar, a pressure significantly higher than the 5 kbar critical
pressure reported by Sato et al [44]. The 90% envelope
exists well above Pc, extrapolating to zero at approximately
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28.5 kbar. This could be a consequence of the inherently broad
superconducting transition characteristic of URu2Si2 samples.

The results of this experiment would seem to implicate
a critical pressure of Pc = 15 kbar, where Tc is suppressed
and the pressure dependence of T0 undergoes a change in
slope, as the transition between the HO state and LMAFM;
however, as the electrical resistivity is indirectly coupled
through scattering processes to the order parameters of both
states, a conclusive determination of the HO/AFM phase
boundary cannot be advanced. There is, however, no evidence
in the zero-field electrical resistivity measurements to support
the supposition of a first-order phase transition between the
HO and LMAFM phases occurring near 7 kbar. If, indeed,
a first-order phase transition exists at this low pressure, as
suggested by several other researchers [28–30], then the
discontinuity in the order parameter is imperceptible by
electrical resistivity measurements—implying that scattering
is weakly affected by this putative phase boundary—and,
additionally, the superconducting state is unaffected by the
presence of such a phase boundary.

4.2. Critical fields

In addition to the zero-field measurements described in
section 3.2, field-dependent measurements were performed at
each pressure step including base temperature field sweeps
and temperature sweeps at various fields. It should be noted
that the zero-field value of Tc for the sample aligned with
H ‖ a is nearly 50 mk higher than that of the sample with
H ‖ c. As these two samples were cut from the same
larger specimen, the disparity in the zero-field Tc is likely due
to slight inhomogeneity within the crystal or effects arising
from the spark erosion process. The observed anisotropy in
the field dependence of the superconducting state is so large,
however, that the small difference in the zero-field value of
Tc has little effect on the general behavior of URu2Si2 in
field. Using the same criteria as described above to define
Tc, a superconducting field temperature H –T phase diagram
has been constructed for both field alignments H ‖ c and
H ‖ a. These phase diagrams are displayed in figure 5,
where the solid lines are empirical fits to a parabolic function
reminiscent of that proposed in the weak-coupling BCS theory
for the thermodynamic critical field [45]:

Hc2(T ) = Hc2(0)

[
1 − A

(
T

Tc

)2
]

, (2)

where Hc2(0) and A are fitting parameters, with the former
being the upper critical field at zero temperature. Equation (2)
provides a systematic determination of Hc2(0) but provides
few physical details or insights for the field dependence of the
superconducting state, as would perhaps be garnered from fits
involving digamma functions coupling the Pauli and orbital
limits [46–48]. Perhaps surprisingly, the fitting parameter A
obtained from these fits is in reasonable agreement with the
BCS value of 1.07, with A ≈ 1.0 and 0.9 for H ‖ c and H ‖ a,
respectively. The fact that equation (2) provides an acceptable
empirical fit for all pressures in figure 5, and furthermore,

Figure 5. H–T critical field curves of URu2Si2 with H ‖ c (a)
H ‖ a (b) for various pressures. The lines are fits to equation (2)
used to determine the value of Hc2(0).

results in similar values of A, suggests that the pairing
mechanism responsible for superconductivity is unchanged
with pressure. This fact further constrains the first-order
transition line seen in neutron scattering and thermal expansion
experiments [28–30] to be inconsequential to the formation and
persistence of superconductivity. Slight disparities between
the critical field data presented herein and those previously
reported [23, 31], specifically the value of Hc2(0), are likely
due to small misalignments of the field with respect to the
crystallographic axes of the samples.

Deviations from equation (2) can be seen near Tc, with
the deviations being more pronounced for the sample with
H ‖ a, where a positive curvature was revealed over a narrow
temperature window below Tc. This curvature in the upper
critical field line has been previously reported and attributed
to anisotropic pairing in the presence of antiferromagnetic
order [31]. No data exist for the H ‖ a specimen above
6.9 kbar, because the sample fractured inside the pressure cell
upon pressurization.

Using the values for Hc2(0) and A determined from
figure 5, the slopes of the upper critical field curves near Tc

are obtained by evaluating the derivative of equation (2) at Tc.
The slopes evaluated at Tc, −dHc2(T )/dT |Tc , are then used
to estimate the orbital critical field at zero temperature H �

c2(0)

from the following weak-coupling formula [49]:

H �
c2(0) = 0.693Tc

(−dHc2(T )

dT

)∣∣∣
Tc

. (3)

Estimates of the Pauli limited upper critical field, in units of
tesla, are determined directly from Tc following Clogston [50]
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Figure 6. Hc2(0) with H ‖ c (a) and H ‖ a (b) as a function of P
with the calculated Pauli and orbitally limited critical fields displayed
as red [below Hc2(0)] and green [above Hc2(0)] lines, respectively.
The dashed portion of the line in (b) indicates that the Pauli limit is
calculated from the zero-field Tc of the sample with H ‖ c.

and Chandrasekhar [51]:

H p
c2(0) = 1.84Tc, (4)

where H p
c2(0) is the value of the Pauli limited upper critical

field at zero temperature derived using BCS theory. Analysis of
previous field-dependent specific heat measurements by Fisher
et al [52]. indicate that H p

c2(0) determined from specific heat
data via the condensation energy is in good agreement with the
value expected from equation (4).

Figure 6 displays the values for the measured upper
critical field, Hc2(0), the estimated Pauli limited upper critical
field, H p

c2(0), and the calculated zero temperature orbital
critical field, H �

c2(0), as function of pressure. For both
field orientations, the measured upper critical field Hc2(0) is
enhanced above what would be expected for the Pauli limited
case; however, while the value of Hc2(0) for H ‖ c is
significantly lower than the orbital limit, the value of Hc2(0)

for H ‖ a is very near the orbital limit.
The coherence length ξ0 is calculated from the values of

H �
c2(0) obtained above using the formula:

ξ0 =
√

�0

2π H �
c2(0)

,

where �0 is the flux quantum. Using previously published
values of the quasiparticle carrier density of approximately
0.05 carriers per U ion [53] and the Fermi velocity vF = 1.9 ×
106 cm s−1 [54] along with the experimentally determined
residual resistivity ρ0 ≈ 25 μ	 cm, the quasiparticle mean
free path lmfp is estimated to be nearly 1100 Å, in good
agreement with previous measurements [55, 56]. With ξ0

of the order 100 Å, an order of magnitude less than lmfp,

it can be concluded, despite the small value of RRR, that
URu2Si2 is in the clean limit; and, as such, many of the closed-
form, analytical expressions describing the behavior of the
superconducting state in the dirty limit are inapplicable.

4.3. Competing Fermi surfaces

It was proposed by Maple et al that the hidden order transition
in URu2Si2 partially gapped the Fermi surface, with the
remaining, ungapped portion of the Fermi surface undergoing
superconductivity at low temperature [3]. In this scenario,
the increase in T0 corresponds to an increase in the amount
of Fermi surface gapped by the hidden order state. As the
amount of gapped Fermi surface increases, it reduces the
number of electrons available to participate in superconducting
pairing, thus lowering Tc as seen experimentally. The pressure-
dependent resistivity measurements reported herein provide
the means for both a qualitative and quantitative confirmation
of this hypothesis. Using the theory developed by Bilbro
and McMillan and later extended to SDW’s by Machida, the
competition between the hidden order and superconducting
states of URu2Si2 can be expressed as [57, 58]:

Tc0 = Tc(P)n(P)T0(P)1−n(P), (5)

provided the coupling constants for the two ordered phases
are comparable, where Tc0 is the superconducting critical
temperature in the absence of a high-temperature gap, Tc is
the pressure-dependent value of the superconducting critical
temperature, T0 is the transition temperature of the HO/AFM
transition, and n, a measure of the percentage of the Fermi
surface that remains ungapped below T0, is the ratio of the
electronic specific heat coefficient above Tc to that of the
normal state above T0 (i.e., n = γ0/γnorm). Evaluating
equation (5) at zero pressure and using n = 0.58 as determined
from specific heat measurements by Maple et al [3] yields
Tc0 = 3.9 K. equation (5) can then be recast as:

n(P) = ln
( Tc0(P)

T0(P)

)
ln

( Tc(P)

T0(P)

) (6)

and, using the transition temperatures Tc and T0 from figure 4,
used to calculate n(P). The values obtained for n(P) from this
method are plotted in figure 7 as red circles, with the red line
being a guide to the eye.

Plotted as green diamonds in figure 7, along with
the values of n(P) obtained above, are values of n(P)

estimated from experimental, pressure-dependent specific heat
measurements performed by Fisher et al [52]. The previously
reported electronic specific heat coefficients, determined from
C(T )/T just above Tc, have been normalized to a value
of γnorm = 120.7 mJ mol−1 K−2 such that n(0) = 0.58;
an accurate estimate of the pressure dependence of γnorm

from [52] is difficult, but the previous data show little pressure
dependence in γnorm, justifying the normalization utilized
above. The data from Fisher et al are in excellent agreement
with the partially gapped Fermi surface results calculated
from the superconducting and HO transition temperatures,
suggesting that, regardless of the order parameter involved, a
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Figure 7. Fraction of the Fermi surface left ungapped by the
HO/AFM transition, n = γ0/γnorm, in URu2Si2 versus P. The red
circles were calculated using the model of Bilbro and McMillan,
while the green diamonds were estimated from data from Fisher et al
[52], with error bars resulting from different estimates of the specific
heat. The red line is a guide to the eye. Inset: δρ as a function of the
fraction of Fermi surface gapped by the HO transition, 1 − n, itself a
non-linear function of pressure. The blue line is a guide to the eye.

partial gap at the Fermi surface develops below T0 even under
pressure. High pressure specific heat measurements in excess
of 7 kbar are necessary to confirm this scenario.

The compound URu2Si2 has been shown to be a
multiband, compensated metal [59–61]. The presence of
metallic conduction at temperatures below T0 precludes the HO
transition from gapping the entire Fermi surface, which would
result in a metal–insulator or superconducting transition at T0.
Instead, it is likely that the Fermi surface gap associated with
HO occupies only a portion or pocket of the Fermi surface,
thus providing residual density of states to permit metallic
conduction below T0. If a SDW-like picture is invoked to
describe the HO state, then the partial gap induced by the onset
of HO should be associated with nested pockets of the Fermi
surface.

The apparent validity of this partially gapped Fermi
surface picture would seem to suggest that the HO state fully
gaps the portion of the Fermi surface on which it resides near
15 kbar. This description is consistent with the evolution
of the height of the resistive signature at the HO transition
δρ. As pressure is applied to URu2Si2, the HO state gaps
a larger fraction of its portion of the Fermi surface; as
such, the number of available states into which quasiparticles
may scatter is reduced, thus reducing the magnitude of the
electrical resistivity. At and above the critical pressure of
Pc = 15 kbar, the portion of the Fermi surface associated
with HO is completely gapped, yielding a constant scattering
term and a relatively pressure-independent value of δρ (see
inset of figure 1). In the inset of figure 7, the value of δρ is
shown as a function of 1 − n, the fraction of the FS gapped
by the HO/AFM transition, which is monotonic but non-linear
in pressure. The non-linear behavior of δρ with 1 − n alludes
to the complex pressure-dependent evolution of the scattering
processes associated with the HO/AFM transition.

As the competing Fermi surface picture only requires the
transition temperatures to calculate the pressure dependence,
it is unable to distinguish between a scenario with phase
segregated HO and LMAFM states, for which the volume
fractions of both evolve with pressure, or a scenario with a HO-
dominated state separated from a LMAFM-dominated state
by a first-order transition. Furthermore, high-field de-Haas–
van-Alphen measurements as a function of pressure reveal
no change in Fermi surface structure [62]. Therefore, it is
highly suggestive, from the reasonable agreement found with
the application of the model of Bilbro and McMillan, that the
HO and superconducting states must occupy the same portion
or pocket of the Fermi surface.

5. Conclusions

We have investigated the effect of pressure on both the HO and
superconducting phases of URu2Si2, with the field dependence
of the latter examined at low temperatures. The HO transition
temperature T0 increases linearly with applied pressure at a
rate of 0.10 K kbar−1 up to a critical pressure Pc = 15 kbar,
after which the rate more than doubles to 0.23 K kbar−1.
This kink in the HO T –P phase diagram occurred at the
same pressure at which LMAFM was seen to develop in
neutron scattering experiments. The superconducting state
persists nearly up to Pc, illustrating the coincidence of
superconductivity and the HO state. Measurements of the
upper critical field along both crystallographic directions reveal
a strong anisotropy, where Hc2(0) for H ‖ a is dominated by
spin–orbit effects resulting in upper critical fields significantly
higher than those for H ‖ c. The upper critical field
curves have been fit with an empirical parabolic expression
that is valid across the pressure range measured, indicating
that the underlying mechanism of superconductivity persists
unchanged up to 9.2 kbar. The contrary evolution of the HO
and superconducting transitions is explained via a partially
gapped Fermi surface scenario in which the increase in the
HO transition temperature corresponds to an increase in the
portion of the Fermi surface that is gapped, thus reducing
the number of states available for superconducting pairing.
This scenario yields excellent quantitative agreement with
previously reported specific heat results; and, furthermore,
effectively describes the observed behavior of the magnitude of
the HO transition δρ. However, additional pressure-dependent
specific heat measurements would be most helpful in verifying
this proposal.

The destruction of superconductivity with the onset of
LMAFM tends to suggest that the LMAFM phase does not
favor the formation of superconducting pairs, meaning the
superconductivity in URu2Si2 likely develops with the HO
state, as suggested by the competition for Fermi surface
fraction by the two ordered phases. The presence of the
distinct kink in the T –P phase diagram of the HO/AFM state is
consistent with the phenomenological description of URu2Si2
suggested by Mineev and Zhitomirsky [12]. Following this
description, this kink implies that a first-order phase boundary
exists between the HO and AFM states–which should be
mutually exclusive, requiring the observed moment at low
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pressures to be attributed to a SDW-like object or extrinsic
effects—with Pc = 15 kbar serving as a critical pressure.
The use of this model is further supported by the existence
of both a gapped spin excitation spectrum, which suggested
the form of equation (1), and a partial gap at the Fermi
surface,which promoted the aforementioned application of the
partially gapped Fermi surface model.

The simultaneous presence of gapped spin excitations
and a partial Fermi surface gap conspires to suggest that a
SDW-like Fermi surface instability occurs at T0. If such an
instability is indeed responsible for the HO transition, then
the charge and spin gaps should be related, as they arise
from the same fundamental mechanism within the framework
of a conventional, mean-field description of an SDW where
the details are dictated by the coupling strength and the
magnitude of an itinerant SDW moment [63]. The lack of any
observed metal–insulator transition, which should accompany
the formation of a SDW in a simple material, is consistent with
URu2Si2 being a more complicated multiband, compensated
metal [59–61], which would permit metallic conduction with
multiple scattering mechanisms below a SDW-like transition.
As the measurements presented herein do not couple to the
staggered magnetization or the order parameter of the HO state,
the details of any HO/AFM first-order transition cannot be
directly probed.
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