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A puzsling phase transition at T, ~ 17.5 K of the heavy-electron 5{ system URu;Si; is charac-
terized by development of an unusually small staggered moment u, concomitant with large bulk
anomalies and sharp magnon excitations. Through clastic and inelastic neutron scattering, we
have studied the influence of pressure P up to ~ 2.8 GPa on this phase transition. For pressures
less than 1.3 GPa, p, at 1.4 K is quasi-linearly enhanced from ~ 0.017(3) pp to ~ 0.25(2) ug,
while its onset temperature increases only ten present. We have also observed a sharp phase
transition at P. ~ 1.5 GPa, above which a 3D-Ising type of antiferromagnetic phase (g, ~ 0.4
pn) appears. Sharp magnon excitations at @ = (1,0,0} and (1,0.4,0) collapse in this high-F
phase. The lattice parameter a decreases discontinuously at P. even for T > T, indicating
that pressure induces a significant change in electronic states in a higher characteristic energy
scale. We show that the observed magnetic instability could qualitatively well be explained by

competition between quadrupolar and dipolar interactions in a non-trivial I's doublet.

KEYWORDS: URu35i;, tiny magnetic moment, neutron scattering, high pressure

§1. Introduction

The ternary intermetallic compound URu;Si; is a well-
known heavy-electron system in that 5f electrons clearly
undergo two successive phase transitions at ~ 17.5 K and
~ 1 K.*% It crystallizes in the body-centered tetragonal
ThCr,8iz structure with space group of I4/mmm. The
1K transition is known as the onset of unconventional
superconductivity due to heavy quasi-particles, while the
origin of the 17.5 K transition is still in controversy in
spite of intensive studies for the past fifteen years.

Microscopic studies of neutron scattering®” and X-
ray magnetic scattering® have revealed a type-l anti-
ferromagnetic modulation with 5f magnetic dipoles po-
larized along the ¢ axis developing below about i7.5 K.
The magnitude of the staggered moment y, is estimated
to be ~ 0.02-0.04 up /U, which is extremely small com-
pared with the effective moment (~ 3 ug) estimated from
the high-temperature magnetic susceptibility.’?} The
similar tiny-moment state has been reported for UPt;%
and CeRh,Si; (under high pressure},’®) but URu,Si; is
unique in the following two respects.

First, the development of u, is accompanied by dis-
proportionally large bulk anomalies.!™ For example,
the specific-heat jump (AC/T ~ 300mJ/K’mol) at
17.5 K involving a large reduction of the 5f entropy
(S ~ 0.2RIn2) cannot simply be reproduced by the one-

* E-meil: amiami@phys._sci.hokudai.ac.jp

present condensation of the 5{ moments.’?) Secondly,

an energy gap occurs in the density of states in the or-
dered state. This is indicated by a term, exp(—A/T),
appearing in various macroscopic quantities such as re-
sistivity’? and specific heat,®) and also manifested in
measurements of neutron scattering,'? far-infrared re-
flectance,' and tunneling spectroscopy.!'®) The evalu-
ated gap averages ~ 100 K.

In the neutron scattering, the excitations are observed
as spin waves which are polarized along the ¢-axis with
a large dipolar matrix element of u$* = gusl{0|J.|1}] ~
1.2 -1.8 up.®® The inelastic reflections are particularly
strong at @ = (1,0,0} and (1,0.4,0), where the dispersion
curve takes minima with gap energies of Agj 0 ~ 2.0
meV and Aq 40 ~ 4.1 meV. In the paramagnetic
state, on the other hand, the system shows a broad
continuous spectrum of antiferromagnetically correlated
spin fluctuations. The fluctuating moment is large, com-
parable to 1%, and the corresponding staggered suscep-
tibility diverges as the systemn approaches the phase tran-
sition.'®? However, the quasi-elastic peak seen just above
17.5 K does not grow into an adequate Bragg peak, but
turns into the above magnon spectrum.

To explain the unusual features of the phase tran-
sition, various scenarios have been proposed, which
can be classified into two groups: (i) the transition is
uniquely caused by magnetic dipoles with highly reduced
g-values;'™'®) and (ii) there is hidden order of a nou-
dipolar degree of freedom.?"?" Staggered quadrupolar
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Fig. 1. (=) The 5f-electronic specific heat Cg¢/T of & polycrystal
of URu3Siz annealed at 800 °C for one month. Nop-5f contri-
bution was subtracted by using the data of ThRu;Siz. Presence
of two phase transitions are clearly indicated by jumps in the
Cet/T curve. Transition temperatures are evaluated as T, ~ 1.1
K end T, ~ 17.5 K, if they are defined by the midpoints of the
jumps. It is known from previous macroscopic measurements
that T, is hardly affected by sample quality and by annealing
conditions. The lowest value of T, is reported to be ~ 17 K2
for a polyerystalline sample. (b) Temperature variations of inte-
grated intensity of the type-I antiferromagnetic Bragg peak for
a high-purity single erystal () from Mason et al.,%) and for sin-
gle crystals annealed at 950-1000°C for 7-8 days (6,0, 8} from
Broholm et ofl.}) P&k et al,?*) and Honma et al.**) respec-
tively. Temperature variations of the uSR relaxation rate (x}
for a polycrysatalline samplet?} are also shown. . The lines are
guides to the eye. :

order is believed to be one of the most promising sce-
narios for the hidden order, which was first suggested by
Miyako and his colleagues on the basis of non-linear sus-
ceptibility measurements.??) After their definition, we
use a notation T, to express the transition temperature
determined from macroscopic measurements. Three-spin
order,2?) singlet orderings,?®} uranium-pair distortions?®
and d-type spin density waves?”) have also been argued.
The models of the second group ascribe the observed
tiny moment to side effects, such as secondary order,
dynamical fluctuations and coincidental order of a para-
sitic phase. Each of the dipolar states may have its own
energy scale, and to take account of this possibility we
define T,, as the onset temperature of g, distinguishing
it from T,,.

To solve the problem, it is necessary to see how p,
relates to the macroscopic anomalies. In contrast to the
mean-field-like anomaly of the bulk properties at T, re-

ported T variations of p, differ largely from each other,
as typically illustrated in Fig. 1. A recent comparison
of T, and T for the same sample has revealed that T,
becomes lower than T, in the absence of annealing.?®)
In addition, careful high-field studies'™ 2731} have sug-
gested that T, and y, are not scaled by a unique function
of field. Moreover, 2*Si-NMR measurements have never
detected the internal fields caused by the development
of y10.33+33) These experimental results seem to support
the hidden-order hypotheses.

To further investigate the relation between the tiny
moments and the macroscopic anomalies, we have per-
formed neutron scattering experiments under high pres-
sure up to 2.8 GPa. Previous measurements of resis-
tivity and specific heat in P up to 8 GPa have shown
that the ordered phase is slightly stabilized by pressure,
with a rate of dT, /dP ~ 1.3 K/GPa.}*3? We now show
that pressure dramatically increases ys, and causes a new
phase transition which is accompanied by collapse of the
magnetic excitations. We have previously made a brief
report on the elastic scattering.f®) In this paper, we give
the detailed description on the experiments and analyses,
including the results of inelastic scattering.

§2. Sample and Experimental Technique

The measurements were made on a 8-mm-long approx-
imately cylindrical single crystal with a diameter of 5mm,
grown by the Czochralski technique in a tri-arc furnace in
Osaka University. The crystal was annealed at 1000 °C
for one week in a vacuum sealed quartz tube. Pressure
was applied by means of a barrel-shaped piston cylinder
device*!) at room temperature, which was then cooled in
a *He cryostat for temperatures between 1.4 K and 300
K. A solution of Fluorinert 70 and 77 (Sumitomo 3M Co.
Ltd., Tokyo) of equal ratio served as the quasihydrostatic
pressure transmitting medium. The pressure was moni-
tored by measuring the lattice constant of NaCl, which
was encapsuled together with the sample.

The present neutron-scattering experiments were per-
formed on the triple-axis spectrometer TAS-1 at the
JRR-3M reactor of Japan Atomic Energy Research Insti-
tute. Vertically bent pyrolytic graphite PG(002) crystals
were used as a monochromator and an analyzer. Elastic
scans were made by using neutrons with a wavelength of
X = 2.3551 A, and a 40°-80’-40'-80" horizontal collima-
tion. Higher-order contamination was suppressed with
double 4-cm-thick pyrolytic graphite (PG) filters as well
as a 4-cm-thick Al,Oj; filter. The scans were performed
in the (hkO) scattering plane, particularly on the anti-
ferromagnetic Bragg reflections (100) and (210), and on
the nuclear ones (200), (020) and {110). For inelastic
scattering measurements, we made constant-Q scans at
@ = (1,0,0) and (1,0.4,0), using neutrons with a fixed
incident energy of Ey = 14.7 meV and a horizontal colli-
mation of (open)-80™-40"-80°. The energy resolution, de-
termined from the vanadium incoherent scattering, was
~ 0.95 meV (FWHM).

The lattice constant a of our sample at 1.4 K at am-
bient pressure is 4.13(1) A, which is in good agreement
with previous reports.”'®) Radial scans at (200) and
(110) show a crystal mosaic spread of ~ 20" at P =0,
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which increases to ~ 40’ by applying pressure.

§3. Experimental Results

In Fig. 2, we plot the pressure variations of elastic
scans at 1.4 K along the (1 + ¢,0,0) and (1,(,0) di-
rections around the (100) antiferromagnetic Bragg peak.
The instrumental background and the higher-order con-
tributions of nuclear reflections were determined by scans
at 35 K and subtracted from the data. The {100) reflec-
tion develops rapidly as pressure increases. No other
peaks were found in a survey along the principle axes
of the first Brillouin zone: (¢,(,0) and ({,1 — ¢,0) for
0.5 < ¢ <1and (1,{,0) for 0 < ¢ < 1. In addition, the
intensities of (100) and (210) reflections follow the |Q|
dependence expected from the U*t magnetic form fac-
tort?) by taking the polarization factor unity. These en-
sure that the type-1 antiferromagnetic structureat P = 0
is unchanged by the application of pressure.
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Fig. 2. Pressure variations of line shape at 1.4 K of the (100)
antiferromagnetic response in URu3Si; shown in scans along the
{1+ ¢,0,0) (a) and (1,{,0} (b) directions. Widths (FWHM)
of the scans taken without filters are shown by horizontal bars
as B measure of the instrumental resolution. The resolution is
unchanged by applying pressure in the longitudinal scans, while
broaden in the vertical scans because of an increase of the crystal
mosaic (given by the broken line for P > 0).

The widths (FWHM) of the (100) peaks for P = 0 and
0.26 GPa are significantly larger than the instrumental
resolution (~ 0.021(1) reciprocal-lattice units for the a*
direction), which was measured by A/2 scattering from
the nuclear (200) Bragg reflection. From the best fit
to the data by a Lorentzian function convoluted with
the Gaussian resolution function, the correlation length
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Fig. 3. Pressure dependence of the correlation length along the

a* direction obtained by fitting the (100) peaks with & Lorentzian
function convoluted with a Gaussian resolution function.
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Fig. 4. Temperature dependence of integrated intensity of the
(100) Bragg reflection of URu;Siy for several pressures.

£ along the a* direction is estimated to be about 180 Aat
P = 0 and 280 A at 0.26 GPa. For the higher pressures
P > 0.61 GPa, the simple fits give £ > 10* A, indicating
that the line shapes are resolution limited (Fig. 3}.

The temperature dependence of the integrated inten-
sity 7(T') at (100) varies significantly as P traverses 1.5
GPa (= P.) (Fig. 4). For P < P, the onset of T} is
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Fig. 5. Normalized intensities I/I{1.4K) plotted as a function of
T/Tw for P < P, (top) and P > P (bottom). Theoretical
calculations based on 2D,59) 3D*?) and mean-field Ising models
are also given by dotted, solid and broken lines. The inset plots
I/1{1.4K) versus (T/Tw)? at low temperatures. The thin line is
a guide to the cye.

not, sharp: I{T) gradually develops at a temperature T,
which is higher than T,, and shows a T-linear behavior
below a lower temperature T;. Here we empirically de-
fine the “antiferromagnetic transition” temperature Ti
by the midpoint of T;} and T7. The range of the round-
ing, 6T = T} — To, is estimated to be 2-3 K, which
is too wide to be usual critical scattering. Above I, on
the other hand, the transition becomes sharper (8T, <
2 K), accompanied by an abrupt increase in T at F..

If I(T) is normalized to its value at 1.4 K, it scales with
T/Te for various pressures on each side of P. (Fig. 5).
This indicates that two homogeneously ordered phases
are separated by a {probably first-order) phase transition
at P.. The growth of I(T) for P < P. is much weaker
than that expected for the mean-field Ising model, show-
ing an unusually slow saturation of the staggered mo-
ment. On the other hand, the overall feature of I(T)
for P > P, is approximately described by a 3D-Ising
model.*®) In the low temperature range T/Tm < 0.5,
however, I(T) rather follows a T? function (the inset of
Fig. 5), indicating a presence of gapless collective exci-
tations.*)

In Fig. 6, we plot the pressure dependence of p,, T
and the lattice constant a. The magnitude of z, at 1.4 K
is obtained through the normalization of the integrated
intensity at (100) with respect to the weak nuclear Bragg
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Fig. 6. Pressure variations of (a) staggered magnetic moment pio
at 1.4 K; (b} the onset temperature T, of the moment deter-
mined from this work (#) and the transition temperature T, de-
termined from resistivity (0,34 2,36} A,37) +,%%) 0%7)) and spe-
cific heat (x39)); and (¢) the relative lattice constant a(P)/ a(0)
at 1.4 K and 35 K. Ty, is defined by (T7 + T )/2 (see the text),
and the range §Tm{= Tt — T ) is shown by using error bars.
The lines are guides to the eye.

peak at (110). The variation of the (110) intensity with
pressure is small (< 5%) and independent of the crys-
tal mosaic, so that the influence of extinction on this
reference peak is negligible. po at P = 0 is estimated
to be about 0.017(3) ug, which is slightly smaller than
the values (~ 0.02-0.04 ug) of previous studies,® €828
probably because of a difference in the selection of refer-
ence peaks. As pressure is applied, 4, increases linearly
at a rate ~ 0.25 up/GPa, and shows a tendency to satu-
rate at P ~ 1.3 GPa. Around P, p, abruptly increases
from 0.23 pp to 0.40 pp, and then slightly decreases.

In contrast to the strong variation of o, T shows a
slight increase from 17.7 K to 18.9 K, as P is increased
from 0 to 1.3 GPa. A simple linear fit of T in this range
yields a rate ~ 1.0 K/GPa, which roughly follows the
reported P-variations of T,. Upon further compression,
Twm jumps to 22 K at P, showing a spring of ~ 28 K
from a value {~ 19.2 K) extrapolated with the above fit.
For P > P., T., again gradually increases and reaches
~ 23.5 K around 2.8 GPa. The pressure dependence of
7. in this range is less clear, and the few available data
points deviate from the behavior of T, see Fig. 6(b).

The lattice constant a, which is determined from
the scans at (200), decreases slightly under pressure
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Fig. 7. Pressure varistions of constant-Q scans at 1.4 K for Q =
(1,0,0) and (1, 0.4,0) of URu25iz. Incoherent scattering and the
instrumental background are subtracted. The lines and shades
are guides Lo the eye.

(Fig. 6(c)). From alinear fit of @ at 1.4 K for P < F, we
derive —~81lna/8P ~ 6.7 x 10~* GPa~!. If the compres-
sion is isotropic, this yields an isothermal compressibility
xp of 2 x 10~? GPa~}!, which is about 4 times smaller
than what was previously estimated frem the compress-
ibilities of the constituent elements.*) ‘

Around P., the lattice shrinks with a discontinuous
change of —Aa/a ~ 0.2 %. Assuming again the isotropic
compression, we evaluate Aln V/Au, ~ —0.04u5" and
AInT,/AlnV ~ —2T associated with this transition.
Note that a similar lattice anomaly at P is observed at
35 K, much higher than 7,. This implies that the sys-
tem has another energy scale characteristic of the volume
shrinkage in the paramagnetic region.

To check the possibility of a structural phase transi-
tion at F,, we have carefully investigated the widths of
the nuclear reflections in longitudinal and radial scans
at two equivalent reciprocal points of (2,0,0) and (0,2,0).
No significant broadening of the peaks is detected at F,
allowing us to conclude that there is no lattice distortion
lowering the fourfold symmetry within the detectability
limit of |@ ~ b|/a ~ 0.05 % and cos™!(d@- b} ~ 2'. The ¢
axis is perpendicular to the scattering plane and cannot
be measured in the present experimental configuration.
Precise X-ray measurements under high pressure in an
extended T-range are now in progress.

In Fig. 7, we plot the pressure variations of the en-
ergy scans at 1.4 K at (1,0,0) and {1,0.4,0), after sub-
tracting the instrumental background including inco-
herent scattering from the pressure cell and the sam-
ple. The background was measured by scans at the
corresponding |Q}-invariant positions (0.702,0.702,0) and
(0.762,0.762,0), where the system is known to have nei-
ther magnon nor phonon excitations.®) At ambient pres-
sure, the observed spectra show clear peak anomalies
centering around Ay g0) ~ 2.3 meV and Agy00) ~ 4.3
meV, which are in good agreement with the previous re-
sults.5 1% For P ~ 0.9 GPa, the peak intensity of the
excitations is reduced by around half, but they still exist
with roughly the same transfer energies. Above F, ~ 1.5
GPa, on the other hand, we could observe no significant
anomalies at least within the energy range of Aw < 8
meV. Large scattering amplitude at hw ~ 0 for (1,0,0)
arises mainly from the magnetic Bragg scattering and the
A/2 nuclear refiections. For (1,0.4,0), on the other hand,
it is mainly due to the statistical error in the subtraction.

§4.
i1

Discussion

A phenomenological analysis based on Landau’s
theory on the low-pressure ordered phase
The remarkable contrast between u, and T, below F,
offers a test to the various theoretical scenarios for the
17.5 K transition. Let us first examine the possibility of
a single transition at Ty, (= T.,) due to magnetic dipoles.
In general, Landau theory with a magnetic free energy

Fp = —a(Tm — T)m? + bm* — gupmh, (1)

gives

m? = (T —T) )

and

AC/Tm ~ (NkB/Tm)(mO/mplll)zi (3)

where m and h denote the staggered dipole and field.
Since T,y and AC are independent of g, their weak vari-
ations by pressure will be compatible with the ten-times
enlargement of u, (= gupm.), f only g is sensilive to
pressure. The existing theories along this line explain
the reduction of g by assuming crystalline-electric-field
(CEF) effects with low-lying singlets,'™ and further by
combining such with gquantum spin fluctuations.!® %)
For small g-values, the theories predict the relations,
g ~ exp(~A/2kpTy,) and g ~ Tin/T*, where A and T*
denote the gap energy between two singlets and a charac-
teristic energy of a quasi particle band. The observed be-
haviar will thus be reproduced, if A and 7' is strongly re-
duced by applying pressure. Previcus macroscopic stud-
ies however suggest opposite tendencies: the resistivity
maximum at around 73 K (P = 0), which is usually re-
garded as T*, shifts to higher temperatures®® *":3%} un-
der pressure, and the low-T susceptibility, x(0) ~ AT
decreases as P increases.’” The simple application of
those models is thus unlikely to explain the behavior of
[o With pressure.

On the other hand, the models that predict a hidden
order due to a non-dipolar degree of freedom  could be

v
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consistent with the present observation. This category is
further divided into two branches according to whether
is odd or even under time reversal, which we call (A) and
(B) after the classification given by Shah et al.**} Three-
spin order?!) and d-type spin density waves?") belong
to the former, and quadrupolar order?®: 222} and struc-
tural distortions?®2%) belong to the latter. We should no-
tice that the polarized neutron scattering has confirmed
that the refiections arise purely from magnetic dipo]es‘”
For each branch, therefore, it has been proposed that the
observed magnetic dipoles are induced by the order of ¢
as secondary order.

The Landau free energy for type (A) theories is given
ag

PA) = —a(T, - ) + Byt + Am? — nmy, (4)

where a, 3 and A are positive, and the dimensionless or-
der parameters m and ¢ vary in the range 0< my <
1.4} Minimization of F*) with respect to m gives
m = —51, where § = n/2A, showing that the staggered
dipole moment appears in proportion to the primary or-
der parameter. The stability condition for then yields
a mean-field solution, $? ~ (75 — T'), where T, ! de-
notes the renomalized transition temperature given as
T! ~ T,(1 + x8%). The coefficient « is given as AfaT,,
where A is originally written as A = —~a(Tw — T). Since
Tm < T, and @ ~ a ~ kg, & is less than unity. There-
fore, the shift of T, due to the coupling between v and
m is the order of 83. If the fluctuating dipole moment
Hpara ~ 1.2 pp seen above T,1%) corresponds to the max-
imum induced value of the secondary order parameter
(m ~ 1), then the observed increase in u, gives the vari-
ation of & (~ M ~ Lo/ fipars) from 0.014 (P = 0} to 0.21
(P ~ P.). This results in dT,/dP ~ Todm2fdP ~ 0.8
K/GPa, which is in good agreement with the previous
bulk measurements (~ 1.3 K/GPa).3¢-%%

In type (B), on the other hand, the simplest free energy
invariant under time-reversal*®4®) must take the form

F®) =—a(T, - T)* + /¢
+a(Tp — T)m? + bm* — (m?y’. (5)

Minimization of F{B) with respect to ¥ gives y? =
2(Ts — T), where Ty = T, + £m?. Trerefore, Tp is un-
cﬁanged, so far as m is contimiously induced by the pri-
mary order (m = 0 at T, < T,,). The secondary order of
this type influences the specific heat at Ty, as AC[Ty ~
Nkpm?/Ty,. By the same arguments as in type (A), we
obtain d(AC/Tw)/dP ~ 20 mJ/K*molGPa, when Tpy, ~
T,,. This cancels out with the P-increase in T,, result-
ing in a roughly P-independent jump in C(T). This is
consistent with previous C(T) studies up to 0.6 GPa,’®
in which ACy /T, is nearly constant, if entropy balance
is considered. Note that in type (B) T can in principle
differ from T,, which could also be consistent with the
annealing effects.?®)

4.2 Quadrupoler and dipolar instabilities of the Iy non-
Kramers doublet

The phenomenalogical consideration shown above sup-

ports the hidden order hypotheses for the ordered phase

below P.. We shall now argue more concretely that the
staggered quadrupolar order due to the non-Kramers
doublet T fairly well explain the observed magnetic
properties including the magnetic instability at P..

In our diluting experiments for Thy - U RusSiz (z <
0.07), we have observed a strong uniaxial magnetic
anisotropy with the c-axis susceptibility diverging down
to ~ 0.1 K.2¥ This evidences a magnetically degener-
ate lowest state, and we have proposed the I's doublet
to be the most promising CEF state to account for the
observed anisotropy. The doublet is usually expressed as
the form,

[TF) =a| £ 3) + 8| F1), (6)

where |+ integer } denote the eigenfunctions for the z
component of the total angular momentum of J = 4.
|TE) diagonalizes J, with eigenvalues of 1(3a® — A%},
but has no matrix elements for J, and Jy. Therefore, I's
always behaves as an Ising spin state for magnetic fields.
Interestingly, I's may also behave as 2 quadrupolar dou-
blet in response to strain fields of €;; —€yy and €zy. One
can see this by transforming the wave function (6) into

l67) = Z5(Il3) £ 115 ) (7)
and
163} = Z(ITE) £ 4lTE), (8)

which then diagonalize the quadrupolar operators 0% =
J2 - J? and Py = HJdy + JyJ;) with eigenval-
ues of +(6v/7af + 104%) and +(3V7af — 547}, respec-
tively. Therefore, both the quadrupolar and dipolar or-
derings may occur in the system that has the I'; lowest
state. Note that these two instabilities compete with
each other, since neither O2 nor P,, commutes with J;.
If the quadrupolar order takes place, then [ or |63)
splits into two quadrupolar singlets, shifting the dipolar
matrix elements to off-diagonal. This is consistent with
the feature of URu,5iy that the phase transition at T,
is accompanied by the diverging staggered susceptibility
and the subsequent development of longitudinal magnon
excitations.’®) The presence of the quadrupolar instabil-
ity has also been suggested by recent measurements of
elastic constants.”}

The relationship between the quadrupolar and dipo-
lar degrees of freedom in I's can be described in terms
of a pseudo-spin § = }, if its components §,,5, and
S, are mapped onto O3, Pzy and J, respectively. The
quadrupolar order may occur when the spin-spin interac-
tions are of X Y-type. Ohkawa and Shimizu have recently
pointed out this equivalence, and applied an extended s-
d model to the I's local state. They have found that
dynamical spin susceptibility along the ¢ axis shows a
peak anomaly in the vicinity of w =0 and Q = (1,0,0}
as a result of the staggered quadrupolar order.?*} From
the calculations they attribute the tiny dipole moments
to the dynamical spin fluctuations with a life time in
between the time scales of static and neutron scattering
measurements. This is supported by recent NMR mea-
surements under pressure, in which the dipolar order has
not been observed even for P ~ 0.4 GPa.5!)
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Interestingly, they have further proposed the phase
transition at P, to be a switching in the order param-
eter between quadrupole and dipole in I's. Opposite to
the above situation, the dipolar order splits El"‘i:c } into
two singlets, which are coupled with each other only by
0% or P.y. Therefore, the magnon excitations should
disappear in the dipolar ordered state of I's. This is
consistent with the present results of inelastic neutron
scattering, at least, in the survey ranging up to 8 meV
{Fig. 7). Note that electrical resistivity below T, follows
a gap-type function even for P > P.,373%) evidencing the
presence of excitations that can be detected by thermal
probes.

§5.

We have found URu,Si; to undergo a new phase tran-
sition under high pressure, at P. ~ 1.5 GPa. Below P,
the sublattice magnetization associated with the 17.5 K
transition is strongly enhanced, where the unusual T-
linear behavior is conserved. In contrast to the ten-
times increase in the saturation moment, however, the
transition temperature rises only ten percent with pres-
sure. These results for P <P, could indicate that the
tiny dipole moments are intrinsically induced by the 17.5
K transition, but that they are not the primary order
parameter. A simple analysis based on the Landau’s
theory supports the hidden (non-dipolar} order scenar-
ios. Above P., on the other hand, the T variations of
the staggered moment are well described by a 3D-Ising
model, where sharp magnon excitations below P, disap-
pear. We have shown that the magnetic instabilities at
F. as well as the exotic phase below P, could be ascribed
to the competitions between the quadrupolar and dipo-
lar degrees of freedom in the I's non-Kramers doublet. In
this context the low-pressure phase will be deseribed as
a staggered quadrupolar ordered state concomitant with
dynamical spin fluctuations.?¥ To obtain a conclusive
proof, we are making the resonant X-ray scattering and
the NMR measurements in a wide P-range.

Conclusion
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Ohkawa Model
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Advances & Prospects

Observation of the Quadrupole Order
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29Si NMR
under high P
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2%3i NMR INTENSITY (a.u.)

29Si NMR K. Matsuda
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Standard time scales of
observations for various methods
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Previous Reports
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u* stopping sites in URu,Si,
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T-vanations of zero field pulse uSR
spectra of URu,Si,
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Zero-field pulse uSR spectra of
URu,Si, at 2.9K and 103K
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T-variations of the relaxation rate A
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uSR spectra in longitudinal fields
(Tests of “decoupling”)
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uSR spectra in longitudinal fields
(Tests of “decoupling”)
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[ The u* relaxation is caused by dynamical fields. ]

For fast fluctuations.......

A=2A2T,

J A=y, [(H2 ~100 (us" pg")

u = 0.02 ~ 0.04 u; (NSE)

t.~0.1-2 X10 ®sec.
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