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We report magnetic susceptibility and electrical resistivity measurements under hydrostatic pressure up to 2
GPa on single-crystalline PrCu2, which exhibits the pressure-induced Van Vleck paramagnet-to-
antiferromagnet transition at 1.2 GPa. The measured anisotropy in the susceptibility shows that the ordered 4f
moments lie in theac plane in the pressure-induced magnetic state. We propose that remarkable pressure
effects on the susceptibility and resistivity are due to changes in the quadrupolar state ofO2

2 and/orO2
0 under

pressure. We present a simple analysis in terms of the singlet-singlet model.
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I. INTRODUCTION

Using a high-pressure technique, the volume and the cor-
responding properties of solids may be tuned, thereby induc-
ing transformations from one solid state to another, as in the
case of nonmagnetic-to-magnetic phase transitions and crys-
tallographic phase transitions. In rare-earth compounds, the
compression of the crystal modifies the electronic state
through single-ion crystal-field and magnetoelastic interac-
tions and/or interatomic interactions, such as quadrupolar
coupling and the Ruderman-Kittel-Kasuya-YoshidasRKKY d
interaction mediated by conduction band electrons.1 The
orthorhombic PrCu2 sCeCu2 type of crystal structured may be
considered to be an exemplary compound in this respect.
PrCu2 has a singlet ground state and undergoes a cooperative
Jahn-TellersJTd transition atTJT=7.6 K. The crystal field of
local symmetryC2v splits the full 3H4 multiplet of Pr3+ into
nine singlets. In fact, the magnetic susceptibility approaches
a constant value at low temperature. As is mentioned below,
a huge anisotropic magnetostriction2 accompanies the meta-
magnetic transition, which occurs for the magnetic field ap-
plied parallel to theac plane.3,4 Consequently, considerable
pressure effects on the magnetic state are expected in PrCu2.
In view of this, the effects of pressure on the magnetic sus-
ceptibility, specific heat, electric resistivity, and lattice con-
stants were investigated recently.5 A pseudouniaxial com-
pression with compressibilitieska>kc,kb is observed, but
no signal of a structural transition is noted up to 4 GPa.
However, atP.1.2 GPa, the susceptibility shows a remark-
able maximum atT=Tmax. At low temperature, an upturn in
the specific heat developed with pressure, which can be at-
tributed to the emergence of a spontaneous magnetic field.
The estimated spontaneous fields are comparable to those in
other magnetically ordered 4f electron systems.5 Around a
pressure ofP=1.2 GPa, the resistivity at low temperatures is
enhanced. These findings suggest that pressure-induced mag-
netism appears atP.1.2 GPa. In Fig. 1, we show the
pressure-temperaturesP−Td phase diagram of PrCu2. The
magnetic transition temperaturesor Tmaxd increases steeply
near 1.2 GPa and monotonously at higher pressure. AtP
.1.7 GPa,Tmax becomes larger thanTJT, the latter being

nearly pressure independent but exhibiting a weak maximum
at P=1.2 GPa.5

This magnetic behavior is a reminder of the pressure-
induced antiferromagnetism appearing atPc=3.0 GPasRef.
6d in the cubic material PrSb, which is simply characterized
by “induced-moment magnetism”sIMM d. For the singlet
ground state, no magnetic order develops when the inter-
atomic exchange interactionK remains below a certain criti-
cal thresholdKc. For K.Kc, the so-called induced-moment
transition occurs at finite temperature. However, when strong
hyperfine interactions between nuclear and electronic mo-
ments exist, even forK,Kc, both moments can undergo a
magnetic ordering at lower temperature.1 In PrCu2 at ambi-
ent pressure, actually, hyperfine coupled electron-nuclear
magnetismsHCENMd appears at very low temperaturessi.e.,
below 54 mKd.1,7 Kawarazakiet al.8 resolved the magnetic

FIG. 1. Pressure-temperature phase diagram of PrCu2 at H=0.
The dotted line representsTmag

cal sPd calculated on the basis of the
singlet-singlet model.Tmaxsxad, Tmaxspowderd, andPansrd were ob-
tained previously in Ref. 5. The solid circle and square atP=0 were
indicated in Refs. 7 and 4, respectively. Dashed and solid lines are
guides for the eye. The inset shows the calculated enhancement
factor as a function of pressure.
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structure by neutron scattering. The electronic and nuclear
spins on the Pr ion are sinusoidally modulated in magnitude
with a modulation vectorQm=s0.24,0,0.68d and point al-
most along thea axis. Consequently, it has been speculated
that, in PrCu2, the phase transition atP=1.2 GPa is of the
HCENM-to-IMM.5,9

In the past decade, it has become clear that quadrupolar
interactions play an important role in the magnetism in
PrCu2, especially, since the metamagnetic transition for mag-
netic fields in theac plane is accompanied by very large
magnetostrictions.2–4 In addition to the crystal field interac-
tion, the quadrupole-quadrupole couplings ofOxy=Jx

2−Jy
2

and O2
2=s2Jz

2−Jx
2−Jy

2d /Î3, whereJx, Jy, and Jz are angular
moments, are essential for the reproduction of the features,
such as, the cooperative JT and metamagnetic transitions,
respectively.4 The former is characterized as a ferroquadru-
polar ordering ofOxy. On the other hand, the rotation of the
quadrupolar moment ofO2

2 under a magnetic field is respon-
sible for the latter. Unexpectedly, in PrCu2 at T=65 K, mag-
netic ordering was observed by a comprehensive muon-spin-
rotation/relaxation sµSRd study.10 Spontaneous internal
magnetic fields appear below 65 K. It is speculated that the
magnetic structure is similar to that of the low-temperature
HCENM phase atT,54 mK. The estimated ordered elec-
tronic moment of 0.29mB is smaller than that of 0.54mB
quoted by Kawarazakiet al. It is suggested that a nonmag-
netic interaction related to a collective state ofOxy is respon-
sible for the magnetic ordering atT,65 K.

The magnetic state in the pressure-induced phase atP
.1.2 GPa is not understood yet. In this work, we report a
high-pressure study of the magnetic susceptibilities along the
different crystal axes in order to characterize the magnetic
structure at high pressure. Additionally, the electrical resis-
tivity rsTd is investigated down to 0.4 K in order to confirm
the pressure-temperaturesP−Td phase diagram and deter-
mine the effect of the pressure on the crystalline electric field
splitting of the low-lying crystal field states. We found that,
even in the paramagnetic region, the anomaly of thex−P
curve aroundPc=1.2 GPa survives. This anomaly preceding
the transition to the magnetic state is possibly related to the
quadrupolar state at high pressure.

II. EXPERIMENTAL METHODS

Single-crystalline samples were made by a Czochralski
pulling method in an induction furnace under a helium gas
atmosphere.3 The magnetization was measured at high pres-
sure up toP=1.8 GPa using the Faraday method in the tem-
perature range of 2–80 K. Measurements were done in a
superconducting magnet system, which consists of a main
solenoid coil producing a main fieldHmain and a set of gra-
dient coils located at the top and bottom sides of the main
coil producing a field gradient,dHz/dzalong the vertical axis
sthez axisd at the sample position. While supplying a current
to the magnet coils, the force that is proportional to
xsdHz/dzdH can be detected by the force balance. In contrast
to the resistive magnet system, in which the magnetizationM
is perpendicular to the forceFz, the superconducting magnet
system producesH and M parallel toFz. In this configura-

tion, it is possible to measure the anisotropy in the magneti-
zation, since it is difficult for the easy axis of magnetization
to rotate towards the direction of the magnetic field when the
magnetization along the hard axis is measured.

The single-crystalline sample was put into a Teflon cell
with Fluorinert as pressure-transmitting media. It was then
pressurized in a piston-cylinder-type clamp made from a
CuBe alloy. To obtainxsTd in various magnetic fields and
Tmax and TJT, we took data atH=4, 10, and 20 kOe. The
resistivity was measured using a standard ac four-probe
method using a Linear Research resistance bridgesmodel
LR-700d. In this case, a hybrid clamp cell made from NiCrAl
and CuBe alloys, which can generate pressures over 2 GPa,
was used. The sample was mounted on a specially designed
plug and put inside a Teflon cell with the pressure-
transmitting medium Flourinert.5 The absorption pump-
operated3He cryogenic system is described elsewhere.11

III. RESULTS AND DISCUSSION

A. Magnetic susceptibility

In Figs. 2sad–2scd, we show the susceptibility under pres-
sure for magnetic fields along thea, b, andc axes. Note that
the applied magnetic field is well below the metamagnetic
transition fieldHm.60 kOe.3 The susceptibility along thea
axisxasTd shows a pronounced maximum atTmax fFig. 2sadg
for pressuresP.1.2 GPa. In contrast,xbsTd shows no
anomaly atTmax over the entire pressure range; however, a
kink is observed atTJT. For xcsTd, the pressure-induced
anomaly atTmax is less pronounced. The observed anisotropy
in the susceptibility suggests that the ordered 4f moments lie
in the ac plane, approximately parallel to thea axis. This is
consistent with the observation that, at ambient pressure, the
ordered nuclear and electronic moments are oriented ap-
proximately parallel to thea axis and sinusoidally modulated
in magnitude belowTN=54 mK.8

The JT-transition temperature as a function of pressure
TJTsPd can be obtained from the kink point ofxbsTd fsee
inset of Fig. 2sbdg. TJT depends weakly on pressure and ex-
hibits a weak maximum at 1.2 GPasFig. 1d. The pressure
coefficients ofTJT, s1/TJTddTJT/dP, below and above 1.2
GPa, are 0.072±0.01 and −0.043±0.01 GPa−1, respectively.
On the other hand,Tmax appears at 1.2 GPa and increases
rapidly with pressure. It is important to note thatTJT is quite
insensitive to pressure compared withTmax. This supports the
speculation that the quadrupolar state ofOxy is influenced
slightly by the magnetic transition atP.1.2 GPa.

Figures 3sad–3scd show the pressure dependence of the
susceptibilities along thea, b, andc axes, respectively, above
and belowTJT measured in a field ofH=4 kOe.xasPd and
xcsPd exhibit pronounced maxima aroundP=1 GPa in the
lower temperature range, whilexbsPd decreases linearly with
pressure over the entire pressure range. This contrasting be-
havior between the pressure dependencies in theac plane
and theb axis seems to be in line with that observed in the
dynamic phenomena of the quadrupolar moments that lie in
the ac plane, as reported in Refs. 2–4. The linear thermal
expansion coefficientsaa and ac show anomalously sharp

T. NAKA et al. PHYSICAL REVIEW B 71, 024408s2005d

024408-2



FIG. 2. Magnetic susceptibility of PrCu2 as a function of pres-
sure for applied magnetic fields parallel to thea sad, b sbd, andc
axesscd. The inset ofsbd shows the Jahn-Teller-transition point as a
function of pressure, determined by the kink inxcsTd.

FIG. 3. sad–scd Pressure dependence of the magnetic suscepti-
bility of PrCu2 measured in a field ofH=4 kOe directed along the
a, b, andc axes, respectively, at various temperatures as indicated.
Solid and dashed lines are guides for the eye.
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peaks atTJT, while ab exhibits a weaker anomaly.2 The meta-
magnetic behavior with the anomalously large magnetostric-
tion occurs for the magnetic fields applied parallel to theac
plane.3 It was confirmed that the easysad and the hardscd
axis directions of the magnetization interchange through the
metamagnetic transition.3,4 Based on a theoretical model in-
cluding quadrupole-quadrupole interactions, it is derived that
the cooperative JT transition results from a quadrupolar or-
dering ofOxy, while the metamagnetic transition is due to the
rotation of the quadrupolar moment ofO2

2 under a magnetic
field.4 Namely, the quadrupolar state ofO2

2 is strongly
coupled to magnetic moments in theac plane but not con-
siderably to that in theb axis; on the contrary, the JT transi-
tion considerably affects the magnetic moment in theb axis
but not that in theac plane, as shown in Fig. 2sbd. It is likely,
therefore, that the quadrupolar moments ofO2

2 and Oxy be-
have independently of each other under magnetic field. This
situation is preserved also at high pressure. Notably, the
maxima inxasPd andxcsPd at aroundP=1 GPa are observed
not only below but also well aboveTmax andTJT, as shown in
Figs. 3sad and 3scd.

B. Electric resistivity and the singlet-singlet model

In Figure 4, we showrsTd at various pressures. At low
temperaturer increases with pressure. AroundP=1 GPa, a
minimum in rsTd is observedssee inset of Fig. 4d. When
plotted versusT2 sFig. 5d, the low-temperature data clearly
show thatrsTd deviates from theT2 dependence with in-
creasing temperature. In a previous paper, we claimed that
the resistivity obeys the characteristics of the Fermi liquid
rsTd=r0+AT2 down to 2 K.5 This new result indicates that
there is a thermally excited component in the resistivity due

to the low-lying excitations in the crystal field states of
PrCu2.

In order to obtain information about the crystal field split-
ting in PrCu2 from thersTd data, we fitted the data below 4
K to the following simple equation:

rsTd = r0 + AT2 + o
i

ri
exps− Di/kBTd

o exps− Di/kBTd
. s1d

Here, the fitting parameters are the residual resistivityr0, the
coefficient of theT2 term A, a component of the thermally
excited state in the resistivityri, and the corresponding crys-
tal field splitting Di. The third term yields the contributions
from thermally excited singlet states. We assume thatri is
independent of the temperature. Based on the crystal field
level scheme for the four lowest levels, as shown in Fig. 6,12

we haver1, r2!r3 at the lowest pressure. This result makes
plausibly that the singlet-singlet model with the ground and
the third excited states describes the low-temperature resis-
tivity. Otherwise, the first and second excited states respond
mainly to the JT transition, as noted previously.13

Figures 7sad and 7sbd show the fitting parameters as a
function of pressure obtained on the basis of the singlet-
singlet model. As previously indicated,5 r0 and A are en-
hanced anomalously atPc and increase with pressure above
Pc, while bothr1sPd and DsPd seem to have a weak mini-
mum at Pc. Remarkably, the extrapolated value ofD
,14 K at P=0 corresponds well with the energy splitting

FIG. 4. Pressure variation ofrsTd at low temperatures for a
current parallel to thea axis. The inset shows the upturn ofrsTd
nearP=Pc. Solid and dashed curves represent the calculated values
based on Eqs.s2d and s1d, respectively. See text for details.

FIG. 5. Resistivity as a function ofT2 at various pressures. Note
thatrsTd deviates clearly from aT2 law sdashed linesd with increas-
ing temperature.

FIG. 6. The low-lying crystal field states in PrCu2 at T.TJT and
T!TJT according to Ref. 12.
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between the ground and the third excited states obtained
from inelastic neutron scattering experiments.12 Kawarazaki
et al.13 measured the anisotropy and the dispersion of the
singlet-singlet crystal-field exciton down to 1.8 K in PrCu2.
The excitons withJx polarization and those withJy polariza-
tion have quite different dispersions. The strong dispersiveJx
transition shows a substantial softening of the excitation en-
ergy atQm=0.24ap+0.68cp. This is consistent with the ob-
servation that the ordered magnetic moment is parallel to the
a axis.8 As mentioned above, it is plausible that the magnetic
structure atP=0 is preserved in the pressure-induced phase.
Additionally, anisotropic RKKY interactions between the 4f
electronsKa,b,c have been reported.13 The low-lying crystal-
field splitting is not sensitive to the application of hydrostatic
pressure in PrCu2, as shown in Fig. 7sbd. Therefore, we sug-
gest that the anisotropic pressure dependence of the suscep-
tibilities xa,b,c for the most part, result from the anisotropy in
the exchange interactionsKa,b,c.

Around Pc, rsTd obviously exhibits a hump at low tem-
perature, as shown in the inset of Fig. 4. Such an increase is
also observed at an antiferromagnetic transition due to the
opening of an energy gap at the Fermi surface.14 In this case,
the resistivity,r8sTd, can be written as

r8sTd =
rsTd

1 − gmsTd
, s2d

wherersTd is the resistivity of the normal state andg is a
truncation factor.msTd is defined asMQsTd /MQs0d, where

MQsTd is the staggered moment and is approximately ex-
pressed asmsTd=f1−sT/TNd2g1/2. In the inset of Fig. 4, the
calculatedr in the vicinity of Pc is shown together with the
experimental data. The structure with a minimum inrsTd is
reproduced. AtP.1.9 GPa, the hump inrsTd is observed,
which can be reproduced by Eq.s2d, whereas thersTd data is
not shown here. The truncation factorg is obtained to be
0.02-0.03, which is considerably smaller than the values 0.5–
0.6 obtained for the spin density wavesSDWd transition in
Cr and related compounds.14 This suggests that the low-lying
crystal field states of the 4f electrons are weakly hybridized
with the conduction electrons. The anomalous points associ-
ated with the pressure-induced transition inrsTd, Tanomaly, are
shown as a function of pressure in Figs. 1 and 9sad.

C. Analysis based on the singlet-singlet model

In this section, we investigate to what extent the singlet-
singlet model can reproduce the pressure-temperature phase
diagram of PrCu2 shown in Fig. 1. Before we calculate the
magnetic transition temperature as a function of pressure, we
recall a simple model for a Van Vleck paramagnet with a
singlet ground state and the first excited singlet state located
at an energyD, the so-called singlet-singlet model. The in-
teraction between the electronic and nuclear magnetic mo-
ments is ignored. In this model, the magnetic phase diagram
is determined as a function of a characteristic factorh
=4K0a2/D where K0 and a are the interatomic electronic
exchange interaction and the off-diagonal matrix element of
Jz between the two singlets,0uJzu1., respectively. It is de-
rived that the magnetic order and a spontaneous moment
appear abruptly at the critical pointsuhu=1 in an accessible
temperature range.1,9 It was shown in Ref. 5 that, in PrCu2,
the characteristic parameterh reaches the critical valueuhcu
=1 atP=1.2 GPa. However, this previous estimate depended
strongly on the initial value ofhs0d. Since the valuehs0d in
PrCu2 is controversial,7,11 we assume the conditionuhcu=1 at
P=1.2 GPa in the following. In the singlet-singlet model, the
susceptibility atT!D /kB is expressed as

xs0d =
c

D

1

1 − h
, s3d

wherec is pressure independent. Consequently, the pressure
coefficient ofx consists of the following two terms:

1

xs0d
dxs0d

dP
=

d ln xs0d
dP

= −
d ln D

dP
−

d lns1 − hd
dP

. s4d

The first term accounts for the crystal-field splitting and the
second term is due to the enhancement factor 1−h. In the
present case,h is negativesantiferromagneticd. To compare
the first and the second terms in Eq.s4d, DsPd obtained
above from thersP,Td data andxa

−1sPd are shown in a
logarithmic-linear plotsFig. 8d. Note that, in the figure, the
gradients ofD and xa

−1 with respect to pressure correspond
with the respective pressure coefficients. The signs of
d ln D /dP and d lnxa/dP change abruptly atPc. From

FIG. 7. Fitting parameterssad A and r0, sbd D and r1 as a
function of pressure. Dashed lines are guides for the eye. The data
point striangled at P=0 is obtained from inelastic neutron scattering
experimentssRef. 12d.
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Eq. s4d and the values of d lnD /dP=0.10±0.03 and
d ln xa/dP=−1.05±0.07 GPa−1, it is derived that
d ln s1−hd /dP=0.95±0.07 GPa−1, which is much larger
than d lnD /dP at Pù Pc. Using the values ofd ln xa/dP
just aboveTmax andd ln D /dP, we numerically estimated the
transition temperatureTmag

cal sPd. The results are shown in
Fig. 1, which reveals that the calculatedTmag

cal sPd increases
more rapidly with pressure than the experimental value.
On the contrary, belowPc, the pressure coefficient of
d ln s1−hd /dP=0.15±0.03 GPa−1 derived from the experi-
mental values d ln D /dP=−0.08±0.03 and d ln xa/dP
=0.23±0.03 GPa−1, is comparable withd ln D /dP. Conse-
quently, the pressure coefficient of not onlyD but also the
antiferromagnetic exchange couplingKa changes abruptly at
Pc. Using the pressure coefficients of the enhancement factor
1−h above and below 1.2 GPa and the initial value of
hs0d=−0.8 used in Ref. 5, we also calculated the pressure
dependence of 1−h, shown in the inset of Fig. 1. Below 1.2
GPa, the enhancement factor is nearly constant, but it in-
creases rapidly above 1.2 GPa. The magnitude of the antifer-
romagnetic exchange coupling along the a axisKa increases
anomalously with pressure at the induced-moment transition.

D. Magnetic and quadrupolar phase diagrams

Figures 9sad and 9sbd show the magnetic and the quadru-
polar transitions in theP−T phase plane, respectively. In
these figures, the points at whichxasPd exhibits a maximum
are connected by the dotted line, which is denoted asPmax. In
the magnetic phase diagramfFig. 9sadg, the Pmax−T curve
seems to make a special point atsPc,Tcd<s1.2 GPa,5 Kd
with the Tmax−P curve. At lower pressure, it is likely that
TmaxsPd extends to the point,TN=54 mK at P=0. This is
supported by the fact that the magnetic structure at higher
pressure is similar to that atP=0, as mentioned above.
TmaxsPd increases rapidly along with theTmax−P curve, de-
viates from it, and moderately increases with pressurefFig.
9sadg. Figure 9sbd showsTJTsPd at H=0 with the quadrupolar
states ofkO2

2l and kOxyl derived by comprehensive experi-
mental and theoretical studies at ambient pressure.4

As mentioned above, the quadrupolar states ofO2
2 andOxy

are strongly coupled with magnetic moments in theac plane
and theb axis, respectively, and behave quite independently
of each other. This fact is reflected into the anisotropic mag-
netic behaviors indicated under pressure. The pressure-
induced magnetism is not simply characterized as an
induced-moment transition. Actually, the anomalous changes
of D and 1−h accompanying the pressure-induced magnetic
transition aroundP=1.2 GPa have been indicated. At ambi-
ent pressure, despite the paramagnetic state, the 4f moment
exhibits metamagnetism due to the collective response of the
orderedO2

2 moment with respect to the external magnetic
field. In the same way, if we assume that the magnetic
anomaly atPmax is due to a collective response of the or-
deredO2

2 moment under external pressure, it is plausibly ex-
plained thatxa,csPd exhibits the anomalous maximum and,
on the contrary,xbsPd has no anomaly in the paramagnetic
region.

FIG. 8. DsPd and xa
−1sPd in a log-lin plot. Dashed lines are

guides for the eye.

FIG. 9. Proposed magneticsad and quadrupolarsbd phase dia-
grams of PrCu2 at H=0. The solid, dotted, and dashed lines are
guides for the eye. The circle and square atP=0 indicate the tran-
sition temperatures obtained in Refs. 10 and 7, respectively. The
states ofOxy andO2

2 at P=0 are derived in Ref. 4.
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Finally, it is noteworthy that the anisotropic compression
under hydrostatic pressure,ka>kc,kb,

5 corresponds effec-
tively with the symmetry strains,«u=s2«zz−«xx−«yyd /Î3 and
«v=«xx−«yy, which couple to the quadrupolar momentsO2

0

and O2
2, respectively, via the magnetoelastic interaction for-

mulated with terms such asGv«vO2
2, whereGv is the magne-

toelastic coupling constant.15 The uniaxial tendency of the
compression may stabilize or destabilize the component of
O2

0 and/orO2
2 in the ordered quadrupolar state but affect the

Oxy state only weakly. Similar to the case of theH−T phase
diagram, the complexity of theP−T one results not only
from the IMM in the Van Vleck magnet but also from the
couplings involved with the quadrupolar moments, which are
generally known as a hidden order parameter that has a con-
siderable effect on the magnetic exchange interaction be-
tween the neighboring 4f moments and, hence, the magnetic
grand state.15

IV. SUMMARY

We have reported the susceptibility and transport data of
single-crystalline PrCu2 under pressure. The observed aniso-
tropy in the susceptibility indicates that, below the pressure-
induced magnetic transition, the ordered moments lie in the
ac plane. In the investigated temperature range, 2 K,T
,80 K, a magnetic anomaly atPc is observed for magnetic
fields directed in theac plane, while no anomaly results for
magnetic fields along theb axis. NearPc, the resistivity data
show an anomaly as a function of temperature near 0.8 K and
aboveTJT. The singlet-singlet model can only in part account
for the observed phase diagram. Our new results lead us to
speculate the pressure-induced anomaly of susceptibility at
P,1.2 GPa above the magnetic transition appears as a pre-
cursor of the pressure-induced magnetism. Further investiga-
tion with respect to the magnetic and quadrupolar states
should be done on a microscopic basis, e.g., neutron diffrac-
tion andµSR measurements under high pressure.

*E-mail address: NAKA. Takashi@nims.go.jp
1K. Andres and O. V. Lounasmaa,Progress in Low Temperature

Physics, edited by D. F. BrewersNorth-Holland, Amsterdam,
1982d, Vol. 8, Chap. 4.

2T. Takeuchi, P. Ahmet, M. Abliz, R. Settai, and Y.Ōnuki, J. Phys.
Soc. Jpn.65, 1404s1996d.

3P. Ahmet, M. Abliz, R. Settai, K. Sugiyama, Y.Ōnuki, T. Takeu-
chi, K. Kindo, and S. Takayanagi, J. Phys. Soc. Jpn.65, 1077
s1996d.

4R. Settai, S. Araki, P. Ahmet, M. Abliz, K. Sugiyama, Y.Ōnuki,
Terutaka Goto, H. Mitamura, Tsuneaki Goto, and S. Takayanagi,
J. Phys. Soc. Jpn.67, 636 s1998d.

5T. Naka, J. Tang, J. Ye, A. Matsushita, T. Matsumoto, R. Settai,
and Y. Ōnuki, J. Phys. Soc. Jpn.72, 1758s2003d.

6D. B. McWhan, C. Vettier, R. Youngblood, and G. Shirane, Phys.

Rev. B 20, 4612s1979d.
7K. Andres, E. Bucher, J. P. Maita, and S. A. Cooper, Phys. Rev.

Lett. 28, 1652s1972d.
8S. Kawarazaki and J. Arthur, J. Phys. Soc. Jpn.57, 1077s1988d.
9T. Murao, J. Phys. Soc. Jpn.31, 683 s1971d; 33, 33 s1972d.

10A. Schenck, F. N. Gygax, and Y.Ōnuki, Phys. Rev. B68, 104422
s2003d.

11K. Bakker, Ph.D. Thesis, University of Amsterdam, 1993.
12J. K. Kjems,Electron Phonon Interaction and Phase Transition,

edited by T. RistesPlenum Press, New York, 1977d, p. 302.
13S. Kawarazaki, Y. Kobashi, M. Sato, and Y. Miyako, J. Phys.:

Condens. Matter7, 4051s1995d.
14S. Maki and K. Adachi, J. Phys. Soc. Jpn.46, 1131s1979d.
15T. Yanagisawa, T. Goto, Y. Nemoto, S. Miyata, R. Watanuki, and

K. Suzuki, Phys. Rev. B67, 115129s2003d.

ORDERED MAGNETIC AND QUADRUPOLAR STATES… PHYSICAL REVIEW B 71, 024408s2005d

024408-7


