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Temperature-pressure phase diagram of URu,Si, from resistivity measurements
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By performing combined resistivity and calorimetric experiments under pressure, we have determined a
precise temperature-pressure (7', P) phase diagram of the heavy fermion compound URu,Si,. It will be com-
pared with previous diagrams determined by elastic neutron diffraction and strain gauge techniques. At first
glance, the low-pressure ordered phase referred to as hidden order is dominated by Fermi-surface nesting,
which has strong consequences on the localized spin dynamics. The high-pressure phase is dominated by large
moment antiferromagnetism (LMAF) coexisting with at least dynamical nesting needed to restore on cooling
a local moment behavior. ac calorimetry confirms unambiguously that bulk superconductivity does not coexist
with LMAF. URu,Si, is one of the most spectacular examples of the dual itinerant and local character of

uranium-based heavy fermion compounds.
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I. INTRODUCTION

The heavy fermion compound URu,Si, has attracted
much attention mainly due to the observation of a tiny anti-
ferromagnetically ordered moment My~ 0.03upz at T—0 K
with wave vector Qy=(1,0,0).! However, M, is too weak to
be the origin of the large anomaly associated with the order-
ing temperature 7,=17.5 K, which implies that the ordered
state is not that of a classical antiferromagnet (AF). Different
theoretical models have been proposed to account for the
loss of entropy at the transition such as the formation
of a spin or charge-density wave, which may be coupled
with another antiferromagnetic component,” higher orbital
ordering,>> “orbital antiferromagnetism,”® or “helicity
order.”” However, large changes in the inelastic spin excita-
tion spectrum have been observed in neutron scattering ex-
periments and agree with the size of the specific heat
anomaly.®® The fluctuations at the commensurate wave
vector Qy=(1,0,0) are associated with an energy E,
~2.1 meV and are characteristic of a gapped energy spec-
trum that opens just below T,,. Another gapped energy spec-
trum with a similar intensity appears at an incommensurate
wave vector Q,=(1.4,0,0) below T,.»'%!" In contrast to the
0, case, no sublattice magnetization can be detected at Q;.
Looking now to the charge motion by electrical and thermal
transport,'>~1> the main phenomenon at 7T, is the opening of a
partial gap A; at the Fermi level and the decrease of the
carrier number is estimated to be by a factor of 3—10. The
debate on the possible ground state for URu,Si, at ambient
pressure (P) has involved different possibilities (for a recent
overview, see also Ref. 16). However, the fact that the major
phenomenon at 7 is certainly the drop in the carrier number
has frequently been omitted. The uncertainty in the exact
nature of the order parameter below 7 has led to the low-
temperature—low-pressure phase of URu,Si, being denoted
as hidden order (HO).

New insight into the understanding of the ground-state
properties of URu,Si, came from a high-pressure neutron
diffraction scattering study which claims a transition from
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the HO state to large moment antiferromagnetism (LMAF)
with M, reaching 0.3uy above 1 GPa.'” Further, with strain
gauge experiments a transition has been detected at P,
~0.5 GPa for T— 0 K. The transition was claimed to be of
first order. Above 1.3 GPa a single transition occurs from a
paramagnetic (PM) state to LMAF on cooling.'® Successive
neutron diffraction experiments indicate that LMAF is
the ground state of URu,Si, above P,.'®! Furthermore, it
seems now that there is a consensus by NMR,?>?! muon
spectroscopy,?? and neutron scattering!® that a pure HO
ground state below P, will exclude tiny ordered moments M
at Q.

The aim of this paper is to draw carefully the (T, P) phase
diagram of URu,Si, in excellent hydrostatic conditions by
combining resistivity measurements [highly sensitive to the
nesting of the Fermi surface (FS)] and calorimetric experi-
ments (a good technique to qualify the bulk nature of a phase
transition). Special attention has been paid to small P varia-
tions. One goal was especially to detect if the transition line
between the HO phase and the LMAF phase T,(P) ends in a
critical end point or if it unites with the initial transition line
between the PM and the HO phase T,(P) at some tricritical
point (T*, P*), leading to a single line Ty(P) at higher pres-
sures. A phenomenological model predicts that the T.(P) line
may end in a critical end point (case A) if there is a coexist-
ence of two orderings with the same antiferromagnetic di-
pole symmetry, while for a different symmetry (case B), the
lines To(P), T,(P), and Ty(P) intersect at a tricritical point.”

A supplementary interest of URu,Si, is that, in its HO
phase, superconductivity (SC) appears below T~ 1.2 K,
presumably of an unconventional nature.>*> We focus here on
the domain of the existence of SC in the HO or LMAF
phase. Experimentally, the difficulty to study SC is its high
sensitivity to imperfections.?*?> We observed a drastic differ-
ence on the pressure dependence of T detected by resistivity
(a surface sensitive technique) and specific heat (a bulk
probe).

©2008 The American Physical Society
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II. EXPERIMENTAL DETAILS

A single crystal of URu,Si, was grown by the Czochralski
method in a tri-arc furnace under purified argon atmosphere
using uranium (3N: 99.9% purity), ruthenium (4N: 99.99%
purity), and silicon (6N: 99.9999% purity) as starting mate-
rials. The crystal was prepared under the same experimental
conditions as those already used in Grenoble for the study of
SC,? of neutron scattering,?” and of quantum oscillations in
Cambridge®® or Tallahassee.” Large single crystals of centi-
meter size have been obtained as verified by neutron
scattering.”’ The crystal is pulled at about 5 mm/h. A rota-
tion of about 20 turns per minute homogenizes the tempera-
ture during the growing process. A large single crystal of
5 mm in diameter and of several centimeters in length in the
direction of the crystalline ¢ axis has been obtained. The
large single crystal was cut, using electroerosion, into differ-
ent pieces with masses of about 1 mg which have been tested
by specific heat measurements in a Quantum Design PPMS.
The final sample for the high-pressure measurements (de-
noted as sample 2b) has been prepared from the one of these
samples (denoted as sample 2) showing the steepest super-
conducting transition in the specific heat. The width of the
superconducting transition (A7,=0.15 K in the resistivity at
ambient pressure) is comparable to that of the best sample in
Ref. 24.

Figure 1(a) shows the temperature dependence of the spe-
cific heat and the resistivity of sample 2 close to the transi-
tion at T\. The transition temperature 7|, in the specific heat
is defined by the maximum of C/T. This temperature corre-
sponds to the minimum of the temperature derivative of the
resistivity curve. The superconducting transition of sample 2
is shown in Fig. 1(b). The transition to the superconducting
state does not appear at the same temperature in specific heat
and resistivity measurements; in the specific heat the transi-
tion occurs when the resistivity is already zero. The ac sus-
ceptibility measurement clearly shows a structure in the su-
perconducting transition. Similar shifts of the transition
temperatures were always observed on all published data
when such a comparison has been performed.>*?> At least for
URu,Si,, the curious phenomenon is that, by annealing, the
SC specific heat anomaly can become sharper than the ones
detected by resistivity and susceptibility.3® This is in strong
contrast to the data obtained on UPt; superconductors.

The sample for the high-pressure measurements was cut
from this sample 2 with a circular saw. The thickness was
reduced by polishing with a diamond coated disc. The final
size of the parallelepiped sample was 283 X 60X 50 um?.
Laue diffraction showed that the long axis of this sample was
misaligned in polar coordinates ¢=7° and #=25° with re-
spect to the tetragonal c¢ axis. For resistivity and specific heat
experiments the same sample has been used. The resistivity
was measured using a standard four point lock-in technique.
Electrical contacts to the sample have been realized by spot
welding 10 or 12 um Au wires to the sample. A current of
100 nA was used to measure the resistivity. The specific heat
has been measured by a specially developed ac calorimetric
technique.’!'3? At low temperatures, the laser beam of a laser
diode, which is tunable in frequency and power, and at high
temperature (7> 1.5 K) a mechanically chopped laser beam
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FIG. 1. (Color online) (a) Temperature dependence of the spe-
cific heat (red line) and the electrical resistivity of sample 2 at
ambient pressure around the phase transition to the HO state at T,
In the resistivity 7, is defined by the minimum of the derivative
dp/dT. The dashed line gives the resistivity normalized to the re-
sistivity of sample 2 at 7, of the small sample inside the uncharged
pressure cell. The difference in the resistivity is due to the different
orientation of the current injection. For the sample 2(b) in the pres-
sure cell the misalignment is about 25°. (b) Superconducting tran-
sition of the initial sample 2 (specific heat and ac susceptibility) and
of sample 2(b) inside the uncharged pressure cell (detected by
resistivity).

has been used to heat the sample. The temperature oscilla-
tions of the sample were measured with a Au/AuFe(0.07 %)
thermocouple which was directly soldered onto the sample.
At low temperatures (T<<2 K) the measurement frequency
was 127 Hz, at higher temperatures 678 Hz. Due to the un-
known addenda contribution to the observed signal, this
method gives only qualitative information on the specific
heat.

The high-pressure experiments have been performed us-
ing an argon loaded diamond anvil pressure cell. Argon guar-
antees very good hydrostatic pressure conditions. The pres-
sure is determined by the fluorescence of several ruby grains
(located at different places in the pressure chamber) at 4.2 K
before and after the measurement. No change of pressure due
to long time relaxation processes could be observed. The
absolute error in pressure is estimated to be about AP
~().05 GPa, but the relative error bar is far lower.

Precise pressure-dependent measurements with fine-tuned
pressure steps above 7=1.5 K have been performed in a “He
cryostat where it is possible to change pressure in situ at low
temperatures.®3 In this case the pressure inhomogeneity is
approximately 10% of the absolute pressure, i.e., 0.05 GPa at
the pressure P,=0.5 GPa.

For more detailed measurements at a fixed pressure we
used a *He cryostat to measure resistivity and specific heat in
the temperature range from 0.5 K up to 30 K and in mag-
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FIG. 2. (Color online) Temperature dependence of the resistivity
of URu,Si, for different pressures from P=0 to 5.4 GPa.

netic fields up to 7.5 T. The temperature was determined
using a calibrated Cernox sensor which is placed in the com-
pensated region of the superconducting magnet and con-
nected by a Cu heat link directly to the high pressure cell.
Here the pressure has been fixed at ambient temperature, but
it has also been determined at 4.2 K. Taking the width of the
ruby spectra as an indication of the pressure homogeneity in
the cell we observed a slight broadening of the ruby line
corresponding to pressure gradients of about 4% of the ab-
solute pressure in the cell. Additionally, ac calorimetric ex-
periments under pressure have been performed in a dilution
refrigerator for pressures close to 0.5 GPa.

III. RESULTS

The first striking result is obtained in resistivity measure-
ments up to 5.4 GPa (Fig. 2). Clearly, the upturn of the re-
sistivity below T}, (or Ty at high pressure), which is charac-
teristic of a FS nesting [as produced either by spin density
wave (SDW),** or a charge density wave (CDW)??] is visible
in the whole pressure range. It appears much more pro-
nounced than in previous resistivity measurements® in the
same pressure range and is comparable to recent measure-
ments by Jeffries et al.’’ This might be due to the much
better hydrostatic pressure conditions. Furthermore, in the
previous measurements the resistivity has been measured

FIG. 3. (Color online) Enlarged view on the resistivity close to
the transitions at T, (upward arrows) and 7, (downward arrows) for
pressures close to P*. For P=1.3 GPa the transition at 7, cannot be
detected anymore.
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FIG. 4. (Color online) Temperature dependence of the derivative
of the resistivity dp/dT of URu,Si, for different pressures. A pro-
nounced anomaly develops for P>0.4 GPa. The arrows indicate
the position of the transition at 7,. The solid lines for P
=0.57 GPa show the determination of 7.

with the current along the a axis where the relative jump of
the resistivity is less pronounced than along the ¢ axis (al-
most accomplished in the measurements presented here).’®
However, the resistivity anomaly observed in all pressure
ranges implies that the gap opening due to the FS nesting
survives in the LMAF phase.

Above P,=~0.47 GPa (P, being the pressure where the
transition to the LMAF will be extrapolated at 7=0 K), a
small and broad second anomaly is visible in the resistivity
up to P*=~1.3 GPa (as shown in Fig. 3). It is more pro-
nounced and therefore better visible in the temperature de-
rivative of the resistivity (Figs. 4 and 5). For P<0.5 GPa a
clear minimum in the derivative dp/dT is observed at T, (see
Fig. 4); on increasing P further, a pronounced shoulder ap-
pears in the derivative and 7 is determined by taking a tan-
gent criterion. Starting from P, the transition temperature 7',
shifts to higher temperatures with increasing P and the
anomaly at T, becomes narrower and better defined (Figs. 4
and 5). Above P*=~1.3 GPa, where the T, (P) and T,(P)
lines meet, only one phase transition occurs.

The specific heat detected by the ac technique is presented
in Fig. 6 in comparison to the resistivity measurements. The
transition at T,.(P) appears as a broadened specific heat
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FIG. 5. (Color online) Temperature dependence of the derivative
of the resistivity close to the transition of the HO state for different
pressures. The arrows indicate the transition at 7, to the LMAF
state at P=1.18 and 1.25 GPa. No such second anomaly appears for
P>P*=1.3 GPa.
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FIG. 6. (Color online) Temperature dependence of specific heat
C,./T (lower data set, left scale) in comparison to the resistivity p
(upper data, right scale) for different pressures from 0.3 to 2.2 GPa.
(Equal colors correspond to equal pressures.)

anomaly which is superimposed on the main specific heat. It
is also interesting to observe that above P*=~1.3 GPa the
main specific heat anomaly at T is symmetrical while it is
asymmetric in temperature at low pressure at 7). The change
in the shape of the main specific heat anomaly at P* is also
obvious by looking at the normalized width of the transition
(Fig. 7). Below 1.3 GPa the width is smaller than 0.5 K, but
the behavior changes abruptly for P> 1.3 GPa and the tran-
sition gets far broader than 1 K. A similar change in regime
appears in the P variation of the resistivity anomaly and also
in the amplitude of the ratio pp,./Pmin Of the resistivity
maxima and minima detected through 7, or Ty:P*
=1.3+0.05 GPa (Fig. 8). It is obvious that this phenomenon
is not due to the increase of pressure inhomogeneities, but is
an intrinsic property of URu,Si,.

Another interesting attempt to detect P, is to look care-
fully to the P dependence of the electronic scattering as de-
tected by resistivity. First, we will assume the validity of a
Fermi liquid law
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FIG. 7. Normalized width of the phase transition 7|y from resis-
tivity and specific heat measurements. In the resistivity the width is
defined by (Trin—"To)> Tmin being the temperature of the minimum
of the resistivity at the transition. In the specific heat the width is
defined as the difference between the temperatures of the onset and
the maximum of the specific heat at the transition. In both quantities
the transition broadens for pressures higher than P*=1.3 GPa. The
line is drawn to guide the eye.
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FIG. 8. Height of the resistivity anomaly at the transition T}y (T
for P>1.3 GPa) as a function of pressure. The increase of this ratio
starting already at P=1.1 GPa is due to the second anomaly at 7',
which is on top of the maximum. The arrow indicates the critical
pressure P*. The height of the jump is an indication that part of the
Fermi surface is gapped due to nesting which is also observed at
high pressure. The line is drawn to guide the eye.

p=py+AT

for the temperature variation of the resistivity in a limited
temperature range from the superconducting transition tem-
perature T, up to 2.75 K. As shown in Figs. 9(a) and 9(b), P,
is marked by the flattening of the residual resistivity p, and a
maximum of the A coefficient. However, the fit by a T2 law
is rather poor. As used in Ref. 37, a fit of the resistivity
taking into account an additional term for an antiferromagnet
with a spin excitation gap A (see Ref. 39) with

o+ AT Bz(l 22) ( é)
p=po+ + A + A )X T

is only possible with an exponent x as a fifth fitting param-
eter, which confirms the failure of Fermi liquid behavior just
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FIG. 9. Pressure dependence of (a) the residual resistivity p, (b)
the A coefficient of the Fermi liquid behavior of the resistivity, and
(c) of the resistivity exponent x, obtained by fitting a generalized
power law to the low-temperature resistivity.
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FIG. 10. (Color online) High-pressure phase diagram of
URu,Si, from resistivity (circles) and ac calorimetry (triangles).
The low-pressure hidden order (HO) state is characterized by a FS
nesting which coexists probably with another order parameter.
Above P* only one transition is observed; however, the nesting
character of the resistivity is preserved. Bulk superconductivity
(SC) detected by ac calorimetry (open triangles) is suppressed when
the LMAF state appears. Open circles present the temperature of
the onset of the superconducting transition in the electrical
resistivity.

above T,. It is worthwhile to point out that a similar obser-
vation was made at ambient pressure on assumed excellent
crystals (see Refs. 40 and 41). Furthermore, due to the ob-
servation of the anomaly of the transition to the LMAF state
at T,(P) the temperature range of the validity of this expres-
sion is just above P, very small.

A power law exponent x smaller than 2 is required to
represent the data in the temperature range just above 7. If a
parametrization with a generalized power law p=py+A,T" is
chosen in the temperature range from 7. up to 2.75 K, the
exponent x of the power law has a deep minimum with x
=1.4 just at P,=0.5 GPa [Fig. 9(c)]. The observation that the
power law may change drastically in the vicinity of a first-
order phase transition at least in a restricted temperature
range has been pointed out recently for MnSi (Ref. 42) and
CeRh,Si, (Ref. 43). If SC would not appear, a 7> dependence
of the resistivity would presumably be obeyed only at very
low temperature; its failure in an intermediate temperature
range may be caused by multiband effect and the importance
of the magnetic contributions.

The phase diagram obtained from the resistivity and ac
specific heat measurements is shown in Fig. 10. Ty(P) seems
to be the continuation of the T,(P) line. At low pressure,
To(P) varies linearly with the slope dT/9P=1.01 K/GPa in
good agreement with the variation predicted from thermal
expansion** and specific heat measurement via the Ehrenfest
relation. To point out the contribution at 7, in the specific
heat, the electronic and magnetic contribution C/T—-BT? is
represented in Fig. 11 at 1.1 GPa. One can see that the sus-
pected first-order transition at 7', from the HO to the LMAF
does not correspond to the textbook example of a sudden
jump of the entropy at the phase transition but to a broad
feature which appears at T,. This may have a fundamental
reason like a weakly first-order transition appearing on top of
a regime with strong fluctuations and/or an experimental ori-
gin linked to the large sensitivity of the 7, line to pressure
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FIG. 11. (Color online) Electronic contribution of the specific
heat for P=1.1 GPa. The phonon contribution has been determined
from a fit C/T=y+aT” above the transition at T,. The red curve
corresponds to an approximation of the specific heat in the absence
of the transition at 7, and has the same shape as C/T at low pres-
sure. AS, (AS,) corresponds to the gain in entropy due to the tran-
sition at T, (T), respectively (see the text).

and thus to pressure gradients inside the pressure cell. Using
the recent results of the volume variation through the 7', and
T, line AV (T,)/AVy(Ty))=10 (see Ref. 18) associated to a
corresponding entropy variation ASy(T,)/AS(T,)= 1.6, one
can predict that the pressure dependence of the T,(P) line is
16 times higher than T,(P). An extrapolation with a straight
line as shown in Fig. 10 gives dT,/dP=10 K GPa~!, which is
roughly the predicted order of magnitude. As it has been
already observed in the strain gauge experiment'® by the
strong increase of the thermal expansion at T in comparison
to the low-pressure signal at 7, a strong increase of the
transition temperature under pressure is observed above P*.

In contrast to our previous measurements,* no indication
has been found on cooling of the appearance of first a LMAF
transition and then another low-temperature phase with co-
existing LMAF and nesting phase for high pressures. Our
combined resistivity and specific heat experiments point out
the simultaneous coexistence of LMAF with nesting at the
transition at Ty. The origin of this discrepancy between the
two different experiments can only be explained by the oc-
currence of an extra weak pressure gradient in our previous
experiment due to the change of pressure in sifu at low tem-
perature. Above 1.3 GPa, at least in both cases, the main
calorimetric signature of a phase transition is at Ty; the sec-
ond one observed on cooling in the previous experiment was
only marked by a weak specific heat anomaly. The main
order parameter of the high-pressure phase has the character-
istics of LMAF with My=0.3up at Q. A clear signal in the
sublattice magnetization is observed; the NMR spectrum cor-
responds to a unique LMAF spectrum below 7.2

The pressure variation of the superconducting transition is
also drawn in Fig. 10. Let us notice already the difference
between the temperature of the onset of superconductivity
detected by resistivity (7.~ 1.4 K) and by specific heat (T,
~(.8 K). This indicates that either surface or filament super-
conductivity, or possibly robust superconductivity in layers
near stacking faults, appears at a higher temperature than
bulk superconductivity in this tiny URu,Si, crystal. The high
sensitivity of superconductivity in URu,Si, to residual im-
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perfections is well known.?*23-30 Even for the best material, a
difference of 200 mK in 7~ measured by p or C is observed
and the relatively large broadening of the transition in the
resistivity survives even in excellent crystals (see Refs. 30
and 39). In order to learn something about the bulk material
properties one has to look at the signal in the specific heat.
The interesting point is that the bulk superconductivity
anomaly at 7. vanishes above P, in contrast to the persis-
tence of the onset of superconductivity in the resistivity at
least up to 1.8 GPa. This is not astonishing because it does
not reflect the bulk property. The width of the superconduct-
ing transition in resistivity increases under pressure (AT,
=0.15 K at P=0 and AT,=0.29 K at 1.75 GPa); however,
this broadening is negligible compared to the transition
width recently reported in Ref. 37. In a previous Grenoble
resistivity experiment 7. seems to collapse close to P* 446
In Ref. 37 it is reported that SC survives even above
1.8 GPa.

In the case of sample inhomogeneities, resistivity, ac sus-
ceptibility, and specific heat measurements give different val-
ues for 7T,. Surprisingly, a good agreement seems to occur in
the collapse of the diamagnetic shielding and of the bulk
superconductivity at P,. SC seems to be restricted only to the
HO phase and is excluded when a LMAF component
exists.!%47 The intriguing phenomenon is that the disappear-
ance of bulk SC at P, is clearly coupled to the appearance of
LMAF.

IV. DISCUSSION

Contrary to the high sensitivity of the SC properties to
imperfections both the 7|, value and the size of the HO spe-
cific heat anomaly are robust quantities which are weakly
sample dependent.”’ Looking at the presented phase dia-
gram, there is no evidence of a critical end point correspond-
ing to the case A of Ref. 2. Of course, it may happen that the
distance of the critical end point to the (7, Ty) boundary is
too small to be detected experimentally. However, case B
with orderings with two order parameters of different sym-
metry appears likely.

The main argument for the case A scenario is based on the
intrinsic origin of the tiny ordered moment below P, and the
excellent description of the inflection point observed in the
unusual field dependence of the intensity of the antiferro-
magnetic Bragg reflection at Q,.** However, today the detec-
tion of the tiny ordered moment M below P, appears most
probably as a parasitic effect caused by imperfections. Thus,
the tiny ordered moment may not be an intrinsic property at
low pressures but it comes certainly from the high-pressure
sensitivity of the pure material (low value of P,). Notably,
near stacking defaults where large pressure gradients of few
tens of GPa over atomic distances can be induced, small
droplets of the LMAF phase can be nucleated (that may be
also true for residual HO droplets above P, and thus the
origin of the residual superconductivity discussed above).
Detailed neutron scattering experiments under uniaxial stress
have pointed out that the low-temperature state of URu,Si, is
extremely sensitive to small strain effects.*” Recent careful
and systematic neutron diffraction experiments'® derive a
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T.(P) line through the emergence of the large sublattice mag-
netization, which is in very good agreement with the one
drawn in Fig. 10. In these new measurements, the residual
ordered moment M, in the HO is less than 0.01 wp. Addition-
ally, the temperature of the onset of the magnetic intensity at
13.5 K is even far less than T, of the HO state;!® a clear
inhomogeneity occurs in the material assumed to be of high
quality from the low residual value of M| at ambient pres-
sure compared to previous measurements?’ where annealing
has led to the coincidence between the appearance of tiny
sublattice magnetization and the HO phase transition at 7,

As developed in theoretical models,>*>! the unusual phase
diagram of URu,Si, has its origin in the duality between the
itinerant and localized nature of the 5f electrons. For U ions
in a metallic environment, valence fluctuations occur be-
tween the U*(5f%) and U*(5f%) configurations; pressure
must favor a final 5f2 configuration, which is rather similar
to the 4f2 situation of Pr, well known to present often a
singlet crystal-field ground state and associated phenomena
such as a magnetic ordering for a critical value of the ex-
change interactions.>?

For the heavy fermion compound UPd,Al; a duality
model of localized and itinerant 5f electrons has been
proposed,®® where the localized part corresponds to a 5f°
configuration and the itinerant part to an extra 5f electron. In
the same spirit, studies of 4f intermediate valence systems
such as TmSe have shown that even if the valence is inter-
mediate, the local magnetism may be renormalized to the 2*
or 3* configuration.>?> A simple picture to understand the
complex phase diagram of URu,Si, is to assume a competi-
tion between two different ground states corresponding, for
example, to a spin density wave (SDW) at the incommensu-
rate wave vector O and to LMAF at the commensurate wave
vector Q.

The possibility that the HO phase is a SDW with O, wave
vector is suggested by the inelastic magnetic neutron scatter-
ing response. Indeed, a drastic change occurs in the inelastic
neutron spectrum’!'! at 7, with the formation of a character-
istic energy gap E;~4.2 meV at Q. Furthermore, the evo-
Iution of the inelastic contribution can well explain the drop
of entropy below T,,.” However, below P, the assignment of
the HO to a SDW with a wave vector Q, is yet not estab-
lished. If the ordering is due to dipole moments it may influ-
ence the NMR signal but no sign of a spin-density wave has
been reported yet even in very recent careful NMR
measurements.”! This suggests that the FS nesting is associ-
ated to a more complex order parameter (e.g., octupole or-
dering).

The real order parameter of the HO may be much more
complex than a SDW. However, if for the best crystal no
sublattice magnetization M, may appear at low pressure in
the HO phase, 02922 the energy spectrum at the commensu-
rate wave vector Q, and its temperature dependence is a very
robust quantity independent of the size of M. All measure-
ments show a clear energy gap at Ey=2.1 meV while above
T, the spectrum becomes quasielastic (E;=0) and its inten-
sity will collapse above 25 K. The temperature evolution of
the spectrum at Q; above 7 is different as the excitation
remains inelastic but strongly damped.’!' As the tempera-
ture variation of the intensities of the spectrum at E, for Q,
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and at £, for Q; can be superimposed below T, the simple
idea is that the gap opening at Q; corresponds to a drop of
the density of states at the Fermi level. The feedback of
lowering the carrier number below 7|, is a decrease of the
magnetic fluctuations around Q,. That leads one to recover a
spectrum characteristic of a 5f% configuration with a well
resolved crystal-field excitation at E;. An illustrating ex-
ample of a gap opening on an inelastic spectrum character-
istic of a local magnetism is well established for supercon-
ductivity (see the recent experiment®* on PrOs,Sb;,). This
has also recently been observed in the skutterudite system
PrFe,P;,, where an interplay between a nesting and a com-
plex multipolar ordering appears.®>® To summarize, we
point out the mutual influence between the formation of a
ground-state characteristic of the itinerant contribution
(Q;,E,) and the emergence of a localized behavior (Qy, E)
even in the absence of LMAF.

Increasing the pressure just above P, at P,+¢ leads to a
situation where, in a large temperature interval from 7, to 7',
a concomitant formation of energy gap occurs at E; and E,
for O, and Qy; thus little magnetic entropy is left at the phase
transition T,. The T(P) line is dominated by the volume and
sublattice magnetization jump. Of course just below the criti-
cal point P*—¢, when T reaches T, the gap at E, and E| is
not fully opened, and the entropy variation at 7, becomes
large as shown in Fig. 11. Entering in the LMAF phase, the
inelastic neutron spectrum at Q, seems to be modified and
the characteristic gap energy®’>® collapses. Such behavior is
at least in good qualitative agreement with the evolution of
the collective excitations in magnetically ordered materials
with a singlet crystal-field ground state.’®° In contrast, the
gap at Q; is very robust and increases with P like Ty. The
establishment of LMAF at Ty requires the restoration of a
5f%-like local magnetism and thus the concomitant opening
of a gap with energy E; at Q; to allow a slow localized
moment regime. An appealing proposal is that below P, the
ordering is mainly driven by the nesting at O and above P*
by the LMAF phase at Q. At high pressures a change in the
inelastic spectrum at Q; is required in order to preserve the
condition of a low carrier density and to reach the regime of
slow spin fluctuations. Comparing different NMR results?%0
supports the conclusion of a strong drop of the nuclear re-
laxation time at Ty and Ty, i.e., on both sides of P,.

The occurrence of superconductivity is clearly forbidden
in the LMAF phase where M;,=0.3u; and E collapses. The
coexistence of AF and SC in heavy fermion compounds is
still not fully understood.®! For example, UPd,Al; is a case
where AF and SC coexist peacefully like in Chevrel phases
or borocarbides which are conventional antiferromagnetic
systems with different electronic baths responsible for SC
and magnetic properties. There are other examples such as
CeCu,Si,, CeRhIns, CeRhSi;, and CelrSi; where a coexist-
ing domain is either excluded or restricted to a narrow pres-
sure range around the condition (7y~ T,).%!

PHYSICAL REVIEW B 77, 115117 (2008)

There is no microscopic indication on the origin of the
residual inhomogeneous SC above P,. At the opposite to the
case of ZrZn,,%> we have verified that the origin is not com-
ing from surface effects due to sample cutting as in previous
work it survives through annealing and chemical treatments.
The possibility of an impurity phase as Ru in Sr,RuO, seems
also unlikely®® because at least at P=0 all reported measure-
ments show a drop in the resistivity roughly 200 mK above
the T, derived from specific heat. An interesting possibility is
that this residual SC is generated near defects characteristic
of the URu,Si, lattice; thus residual LMAF and SC on both
sides of P, may have the same origin. As URu,Si, crystals
can be cleaved nicely with a beautiful basal plane surface, it
would certainly be possible to get information by scanning
tunneling microscopy. The high sensitivity of URu,Si, to
uniaxial stress is illustrated by the opposite sign in the ther-
mal linear expansion measured along the ¢ and a axes at the
successive phase transition at 7, and T,.**%* It is interesting
to remark that for SC a similar effect is observed in the case
of Celrlns,%> where resistivity measurements indicate T,
above 1 K while specific heat gives clearly 7, equal to
0.4 K.

V. SUMMARY

The high-pressure phase diagram of the heavy fermion
compound URu,Si, has been studied by resistivity and spe-
cific heat experiment under highly hydrostatic conditions. In
both quantities we could observe the transition line from the
hidden order state at low pressure to the large moment anti-
ferromagnetic phase at high pressure. This transition line
T.(P) seems to join the transition line of the hidden order
Ty(P) at P*~ 1.3 GPa. Our resistivity measurements clearly
show that the nesting behavior characteristic for the HO state
at low pressure is preserved up to the highest pressure P
=5.4 GPa. The high-pressure LMAF coexists with at least a
dynamical nesting. A possible route to understand the
pressure-temperature phase diagram is given by the duality
picture of the 5f uranium electrons. Below P* the HO is
dominated by nesting properties of the itinerant electrons
with strong feedback on the localized part and vice versa at
high pressures. An uncertainty remains on the relative sym-
metry of the two coexisting orderings and thus the fascinat-
ing point remains the nature of the HO phase.
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