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Uniaxial pressure effect on the magnetic phase diagram and Fermi-surface properties of CeB6
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The magnetic phase diagram and the de Haas–van Alphen~dHvA! effect of CeB6 have been studied under
uniaxial pressures and magnetic fields applied parallel to@001#. Two phases IIA and IIB in the antiferroqua-
drupolar~AFQ! state and three phases III9, III, and III8 in the antiferromagnetic~AFM! state are found. With
application of a small uniaxial pressure, the low-field phases IIA and III9 change drastically and are likely to
disappear. On the other hand, the AFQ transition temperature for the high-field phase IIB does not change
within experimental error. The AFM transition temperature for phase III, the transition field between phases III
and III9, and the one between III9 and paramagnetic phases all increase with uniaxial pressure. The dHvA
frequency increases with uniaxial pressure, whereas it is expected to decrease from the area change of the
reciprocal space. The effective mass increases rapidly with uniaxial pressure at low pressures and then does not
change appreciably at high pressures. The present observations of the uniaxial pressure effects are qualitatively
different from those of hydrostatic pressure effects. By comparing the hydrostatic and uniaxial pressure effects,
we argue that the compressions along the@001# direction and in the~001! plane give very different effects,
reflecting the quadrupolar order.

DOI: 10.1103/PhysRevB.69.014423 PACS number~s!: 75.30.Kz, 71.27.1a, 75.30.Mb, 71.18.1y
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I. INTRODUCTION

CeB6 has been most intensively studied as a typical co
pound which shows antiferroquadrupolar~AFQ! order. With
decreasing temperature it exhibits AFQ transition at 3.3
and then antiferromagnetic~AFM! transition at 2.4 K. It also
shows a dense Kondo behavior. These interactions com
with each other to give rise to fascinating properties of t
compound.

A pressure has been used as a powerful tool to change
relative strengths of the competing interactions. For exam
according to the Doniach model,1 the relative strength of the
Ruderman-Kittel-Kasuya-Yosida~RKKY ! and the Kondo ef-
fect can be tuned by pressure. It is also rather well und
stood how the Kondo effect or the RKKY interaction aris
from the interaction between thef electron and the conduc
tion electrons or how the electronic structures of the cond
tion electrons are affected by them. On the other hand, a
experimental studies have been performed for the pres
effect on the quadrupolar interaction or the quadrupolar
der. Moreover, little is known about the microscopic mech
nism of the quadrupolar interaction or how the quadrupole
the quadrupolar order affects the electronic structure of
conduction electron. To pursue these issues, it would be
teresting and useful to clarify how the electronic structure
well as the physical properties associated with quadrup
interaction change with pressure.

The hydrostatic pressure effects on quadrupolar transi
temperature (TQ) and AFM transition temperature (TN) or
on the phase diagram of CeB6 have been studied by variou
groups.2–5 The electronic structure changes with hydrosta
pressure has been studied by us6 using the de Haas–van Al
phen~dHvA! effect. On the other hand, there are few expe
mental studies on the uniaxial pressure effect, althoug
0163-1829/2004/69~1!/014423~10!/$22.50 69 0144
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uniaxial pressure is an interesting tool to study the sys
with quadrupolar order. For example, the uniaxial press
lowers the symmetry of the crystal and therefore affects
degenerate ground state from which the orbital degree
freedom arise. Particularly, it can produce strain with a p
ticular symmetry which couples with quadrupoles of t
same symmetry and therefore would affect significantly
quadrupolar order and the properties closely related with
In the previous papers we have investigated such effec
uniaxial pressure on the magnetic phase diagram and e
tronic structure of the system with quadrupolar ord
Ce3Pd20Ge6.7,8

Another interesting effect of uniaxial pressure is to d
form the sample quite differently from the hydrostatic pre
sure, i.e., it compresses the sample along the axis but
pands the sample in the perpendicular plane to the axis
the ordered state of quadrupoles the electronic structur
well as the physical properties must be anisotropic reflec
the order. The anisotropicf electron state due to the quadr
pole order has been studied by resonant x-ray experime9

However, it is difficult to see the anisotropy of the electron
structure of the conduction electrons and therefore f
pieces of experimental evidence for such anisotropy h
been reported. The anisotropy is also expected to be refle
in the pressure effect. However, hydrostatic pressure c
presses the sample in all directions; it would be difficult
pick up a peculiar effect arising from the anisotropy. On t
other hand, by comparing the effect of uniaxial pressure w
that of hydrostatic pressure, the difference between the
fects of compression along the axis and in the perpendic
plane could be investigated.

This paper reports the first systematic study of t
uniaxial pressure effect on the phase diagram and the e
tronic structure of CeB6. The dHvA effect and ac suscept
©2004 The American Physical Society23-1
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bility are used to investigate the Fermi-surface properties
the magnetic phase diagram of CeB6 under uniaxial pres-
sures. We have found a qualitatively very different effect
uniaxial pressure from that of hydrostatic pressure. Part
larly, a very drastic effect of uniaxial pressure has been fo
for the low-field phases.

Section II describes sample preparation and experime
procedures. Section III reports the magnetic phase diag
and the dHvA effect under uniaxial pressures. In Sec. IV
compare the magnetic phase diagram and the dHvA ef
under uniaxial pressures with that under hydrostatic p
sures. We pay a particular attention to the low-field phase
the AFQ and AFM states whose origins have not been cl
fied. Finally by analyzing the experimental results und
uniaxial and hydrostatic pressures, we show that the pre
pressure effect is consistent with the symmetry of the q
drupolar order.

II. EXPERIMENTS

Single crystals of CeB6 were grown by the floating
method and cut into a rectangular shape of 23234 mm3

FIG. 1. Magnetic phase diagram of CeB6 at pressures 0 kbar, 1
kbar, 2 kbar, and 3 kbar. The uniaxial pressure and magnetic
are applied parallel to@001#. The solid lines are guides to the eye
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with the long axis parallel to@001#. The two opposite~001!
planes of the sample are carefully polished to be paralle
each other and to have smooth surfaces. Uniaxial press
and magnetic fields were applied parallel to the@001# direc-
tion. A clamp-type cell with a spring inside is used to pr
duce the uniaxial pressure. The pressure was applied at r
temperature and the pressures at low temperatures
monitored by a strain gage to confirm that the pressure d
not change more than 0.05 kbar at low temperatures.
dHvA effect was measured by using a dilution refrigerator
magnetic fields up to 15 T. The dHvA signal was detected
using the standard field modulation technique. The ac s
ceptibility measurements were performed using the same
ting with that for the dHvA measurements in the dilutio
refrigerator or in a3He cryostat. We have chosen appropria
modulation field and frequency depending on the purpose
experiment so that the heating effect of the cell does
affect the measured quantities significantly.10,11

The phase-shift analysis was used to determine the
quency change with pressure. This method is very accu
to determine the small change of the frequency but can
determine whether the frequency increases or decrea
Therefore, as a complementary method the fast Fourier tr
form ~FFT! was also used at each pressure to determine
frequency semiquantitatively. The effective mass was de
mined both from the temperature dependence of the Fou
amplitude of the signal in the field range between 14 T a
14.7 T and the peak to peak amplitude of the dHvA oscil
tion at around 14.6 T. In this paper we conventionally u
symbolH to denote the magnetic-flux density coming fro
externally applied field. SymbolB is used only when we
need to take the effect of magnetization into account.

III. RESULTS

A. Magnetic phase diagram

Figure 1 shows the magnetic phase diagram determ
by the ac susceptibility measurements under uniaxial p
sures of 0 kbar, 1 kbar, 2 kbar, and 3 kbar. The magn
phase diagram at 0 kbar is consistent with those repo
previously by Nakamuraet al.12 and Brandtet al.2 We de-
note the paramagnetic phase as phase I, and the two ph
in the AFQ state as IIA and IIB, and the three phases in
antiferromagnetic state as III9, III, and III8 following the
notation of Nakamuraet al.12 In the following we describe
more details of the phase diagram and the related ac sus
tibility measurements.

First we describe the ac susceptibility measurements
constant magnetic field as a function of temperature to de
mine the antiferroquadrupolar transition temperatureTQ(H)
and the antiferromagnetic transition temperatureTN(H).
Figure 2 shows the ac susceptibility as a function of tempe
ture at zero magnetic field or in phases I, IIA, and III9. At
ambient pressureTQ is defined by the inflection point of the
curve andTN by the peak of the curve. With application o
pressure of 1 kbar, the curve form of the susceptibility qua
tatively changes particularly belowTQ . This qualitative
change is also demonstrated as a function of magnetic
later in Fig. 7. The change atTQ becomes very weak, but stil
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a very weak change can be observed there. We have tem
rarily plotted these temperatures asTQ’s under uniaxial pres-
sure in Figs. 1~b!–1~d!. However, the weak change cou
arise from an inhomogeneity of strain and may not cor
spond to the AFQ transition under uniaxial pressure. T
point will be discussed in Sec. IV B. With decreasing te
perature the susceptibility shows sharp increase at aroun
K, and then makes a peak at around 2.4 K. With furth
application of pressure up to 3 kbar, no qualitative chan
takes place in the behavior of the susceptibility curve.
have plotted the inflection point and the peak as the two e
of the error bar for theTN under uniaxial pressures. Since th
curve form changes between 0 kbar and 1 kbar, it is diffic
to say whetherTN increases or decreases. However, if
compare the curve forms under uniaxial pressures, we
see thatTN increases with uniaxial pressure. This point
also discussed later in Sec. IV B.

FIG. 3. ac susceptibility of CeB6 at uniaxial pressures 0 kbar,
kbar, 2 kbar, and 3 kbar as a function of temperature under m
netic field of 0.5 T. The uniaxial pressure and magnetic field
applied parallel to@001#. PM, AFQ, and AFM denote paramagnet
phase, antiferroquadrupolar phase, and antiferromagnetic ph
respectively. The positions where the letters are placed show
proximately the temperature regions of the phases.

FIG. 2. ac susceptibility of CeB6 at uniaxial pressures 0 kbar,
kbar, 2 kbar, and 3 kbar as a function of temperature under
magnetic field. The uniaxial pressure is applied parallel to@001#.
PM, AFQ, and AFM denote paramagnetic phase, antiferroqua
polar phase, and antiferromagnetic phases, respectively. The
tions where the letters are placed show approximately the temp
ture regions of the phases.
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Figure 3 shows the ac susceptibility at 0.5 T or in pha
I, IIB, and III. It is noted that the curve forms are qualita
tively the same under ambient and uniaxial pressures.
have plotted the shoulder and the inflection point of t
curve as the right- and left-hand ends of the error bar, resp
tively. Figure 4 shows the ac susceptibility as a function
temperature at 3 T or in phases I and II. The curve forms
nearly the same for all pressures. It can be also clearly s
thatTQ(H) does not change with pressure within the expe
mental error of 10 mK.

Next we describe the ac susceptibility measurements
constant temperature as a function of magnetic field. Fig
5 shows a typical ac susceptibility curve of 0 kbar at 0.12
in phases III9, III, III 8, and II. With increasing field the sus
ceptibility is nearly constant at low fields. Then it makes
broad hump, a sharp peak, and a shoulder, successi
Hereafter, we denote the magnetic fields corresponding to

g-
e

es,
p-

FIG. 4. ac susceptibility of CeB6 at uniaxial pressures 0 kbar,
kbar, 2 kbar, and 3 kbar as a function of temperature under m
netic field of 3 T. The uniaxial pressure and magnetic field
applied parallel to@001#. The zeros of the data points at each pre
sures are shifted to each other for clarity of presentation. The
rows indicate the positions of peak from which the antiferroquad
polar transition temperatures have been determined.

ro

u-
si-

ra-

FIG. 5. ac susceptibility of CeB6 as a function of magnetic field
at 0.12 K. The magnetic field is applied parallel to@001#. The tri-
angle symbols for up and down indicate that the data were ta
with increasing and decreasing fields, respectively. The vertica
rows show the positions from which the transition fieldsH1 , H2,
andH3 have been determined.
3-3
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top of the hump, the peak, and the shoulder asH1 , H2, and
H3, respectively. They are defined as the transition fie
between phases III9 and III, III and III8, III 8 and II, respec-
tively. With decreasing field from above 2.5 T, a simil
curve is obtained with clear hysteresis forH1 , H2, andH3.
At zero field the susceptibility jumps back to the starti
value. When we increase the field again, the same curve
the previous curve is obtained.

Figure 6 shows some typical ac susceptibility curves a
function of magnetic field in the AFQ phase~2.85 K and 2.5
K! and the AFM phase~2.0 K and 0.62 K! at ambient pres-
sure. It is noted that in the both phases the susceptibilit
nearly constant at low fields and increases steeply appr
mately at the same field. The peak field in the AFQ phas
defined as the transition field between phases IIA and
The transition shows a hysteresis behavior similar to thos
H1. As noted from the transition fields in the AFQ and AF
phases of Fig. 1, phases IIA and III9 seem to be closely
related with each other.

Figure 7 shows the ac susceptibility as a function of fi
at pressures 0 kbar, 1 kbar, 2 kbar, and 3 kbar at about
K or in AFM and AFQ phases. With application of 1 kba
the behavior of ac susceptibility changes considerably at

FIG. 6. ac susceptibility of CeB6 at 0 kbar as a function o
magnetic field at temperatures 0.62 K, 2.0 K, 2.5 K, and 2.85
The magnetic field is applied parallel to@001#.

FIG. 7. ac susceptibility of CeB6 at uniaxial pressures 0 kbar,
kbar, 2 kbar, and 3 kbar as a function of magnetic field at 0.12
The uniaxial pressure and magnetic field are applied paralle
@001#.
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fields from that of 0 kbar. This behavior corresponds to
behavior shown in Fig. 2. With further application of pre
sure, the curve form at low fields does not change further
finally the peak of the hump becomes indistinguishable. T
may imply that the difference between phases III9 and III
becomes smaller or nothing with application of uniax
pressure. As long as the peak of the hump is identified,
plotted in the phase diagram in Fig. 1. As discussed later,
small remnant peak could be due to a small inhomogen
of strain. The peak and shoulder atH2 andH3 shift to higher
fields and become broader, and then the shoulder beco
difficult to identify. The dotted lines forH2 in Fig. 1 are
guides to the eye and that forH3 in Fig. 1 is drawn by
assuming the shoulder, if any, sits in the middle between
peak forH3 and the field where the ac susceptibility becom
approximately constant.

Figure 8 shows the ac susceptibility as a function of m
netic field at about 2.6 K. The sharp increase of susceptib
at ambient pressure corresponds to the phase IIA–phase
transition. It is also noted that the susceptibility increas
steeply at the phase boundary for all pressures, i.e.,
boundary for phase IIB is clearly observed under uniax
pressures as well as that in the temperature sweep~Fig. 4!.
This observation is in contrast to the observation that
boundary between phases III9 and III and that between phas
I and phase IIA become obscure with application of 1 kb
~Figs. 2 and 7!. This point will be discussed in Sec. IV B
The phase boundary for phase IIB does not change appre
bly at lower temperatures such as 2.6 K, but slightly
creases with pressure at higher temperatures as show
Fig. 1.

To summarize the result briefly, the uniaxial pressure
fects the low-field phases IIA and III9 significantly, but does
not changeTQ(H) for phase IIB.TN(H) for phase III,H2,
andH3 increase with uniaxial pressure.

B. The dHvA effect

The dHvA effect of CeB6 has been studied by a numb
of groups.14–20 The Fermi surface is quite similar to that o
LaB6, indicating that thef electrons of CeB6 are well local-
ized. There are ellipsoidal electron Fermi surfaces at thX

.

.
to

FIG. 8. ac susceptibility of CeB6 at uniaxial pressures 0 kbar,
kbar, 2 kbar, and 3 kbar as a function of magnetic field at about
K.
3-4
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UNIAXIAL PRESSURE EFFECT ON THE MAGNETIC . . . PHYSICAL REVIEW B69, 014423 ~2004!
points which are connected by necks extending in the^110&
directions. These are the main Fermi surfaces of Ce6.
When a field is applied parallel to the@001# direction, thea3
oscillation arises from this Fermi surface. There are a
lower-frequency oscillationsr, g, and e. The first and the
latter two are attributed to small electron pockets at the n
position and to holelike orbits circulating inside the multip
connected Fermi surface, respectively. We have studied
pressure effect of thea3 oscillation. The amplitudes of othe

FIG. 9. ~a! a3 dHvA oscillations at 3 kbar presented as a fun
tion of inverse field. The uniaxial pressure and magnetic field
applied parallel to@001#. ~b! Fourier spectrum of the oscillation in
~a!.

FIG. 10. Relative change of frequency@F(P)2F(0)#/F(0) of
the a3 oscillation as a function of uniaxial pressure, whereF(0)
and F(P) denote the frequencies at 0 kbar and under press
respectively. The uniaxial pressure and magnetic field are app
parallel to @001#. The broken line denotes the frequency chan
expected from the change in the reciprocal space.
01442
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oscillations are too small to study their effective masses
frequencies under uniaxial pressures.

Figures 9~a! and 9~b! show the dHvA signal unde
uniaxial pressure of 3 kbar and its Fourier spectrum. Fig
10 shows the relative frequency changeDF/F(0)5@F(P)
2F(0)#/F(0) of a3 as a function of pressure. The frequen
change is determined by the phase-shift analysis of the dH
oscillation around 14.6 T. The dotted line shows the f
quency change expected from the change of the recipr
space, which corresponds to the expansion of the real-s
area, perpendicular to the direction of the uniaxial press
For the calculation of the broken line, we have used
value of 6.231024/kbar ~Ref. 2! for the compressibility and
assumed the value of 0.25 for the Poisson ratio. Theref
the dotted line is a semiquantitative guide for the compari
with the experimental result. Although the dHvA frequen
is expected to decrease with uniaxial pressure, the exp
mental frequency increases with pressure. The magnitud
the frequency change is also much larger than expected

Figure 11 shows the relative change of the effective m
as a function of pressure. Although the error for the m
measurements is large, it can be seen that the effective m
increases steeply at low pressures and then stays app
mately constant at higher pressures. The initial increas
rate is comparable to or more than those observed in
most pressure sensitive heavy fermion compou
CeRu2Si2.21

IV. DISCUSSION

A. Comparison with hydrostatic pressure effect

1. Magnetic phase diagram

The hydrostatic pressure effect onTQ , TN , andHn or the
phase diagram has been studied by various groups.2–5 TQ
increases very slightly with pressure„7.6731023K/kbar @at
1 kOe for H//@110# ~Ref. 5!# or 931023K/kbar ~Ref. 2!….
The increase is reported to depend on magnetic field an

e

e,
d

e

FIG. 11. Relative change of effective mass@m* (P)
2m* (0)#/m* (0) for the a3 oscillation as a function of uniaxia
pressure, wherem* (0) andm* (P) denote the effective masses at
kbar and under pressure, respectively. The uniaxial pressure
magnetic field are applied parallel to@001#. The closed and open
circles are the data obtained from the FFT analysis and the pea
peak amplitude of the oscillation, respectively. The broken line i
guide to the eye.
3-5
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larger at higher magnetic fields.3,5 On the other hand, Brand
et al.2 shows that the increasing rate does not depend ap
ciably on magnetic field. It is difficult to tell whetherTQ
increases or decreases with uniaxial pressure from
present experiment, but the changing rate is comparable
smaller than that with hydrostatic pressure.

TN decreases with hydrostatic pressure and the decrea
rate is20.039 K/kbar~Ref. 2! or @TN(P)2TN(0)#/TN(0) is
21.631022/kbar. On the other hand, the increasing ra
with uniaxial pressure is between 0.05 K/kbar and 0
K/kbar or@TN(P)2TN(0)#/T(0) is (4 –6)31022/kbar. It is
also noted that the changing rate ofTN is by one order of
magnitude smaller than those recently reported for s
compounds where hydrostatic pressure can driveTN to
zero,22 although the compressibility of CeB6 is comparable
to the ordinary alloys or compounds.

The behavior of the ac susceptibility in the AFM state
also different. Under hydrostatic pressure the curve form
the ac susceptibility shown in the AFM phase~Fig. 2! do not
change qualitatively from that at ambient pressure and
transition fieldsH1 , H2, andH3 can be clearly defined unde
hydrostatic pressures. Figure 12 shows theH1 , H2, andH3
at low temperatures of about 100 mK as a function
uniaxial and hydrostatic pressures. The data for the hyd
static pressure are reproduced from the previ

FIG. 12. Transition fieldsH1 , H2, and H3 as a function of
pressure. The closed and open triangles denote the data poin
uniaxial and hydrostatic pressures, respectively. The data point
normalized with respect to the values at 0 kbarH1(0), H2(0), and
H3(0). Theuniaxial pressure and magnetic field are applied para
to @001#.
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measurements.6 The relative change@Hn(P)#/Hn(0) is
shown instead ofHn itself. The large scatter of theH1 data
for the uniaxial pressure is mostly due to the difficulty
determine the peak position. On the other hand,H1 for hy-
drostatic pressure can be clearly defined and does not ch
with hydrostatic pressure whereasH2 andH3 decrease with
hydrostatic pressure. The changing rates ofH2 and H3 are
much smaller for uniaxial pressure than for hydrostatic pr
sure. SinceH3 for uniaxial pressure is difficult to define
as described above for Fig. 7, we compare the changing
of H2. The decreasing rate for hydrostatic pressu
is 20.17 T/kbar or @Hn(P)2Hn(0)#/Hn(0) is 29
31022/kbar. On the other hand,H2 does not increase lin
early with uniaxial pressure and the increasing rate at
pressures is between 0.032 T/kbar and 0.076 T/kbar
@Hn(P)2Hn(0)#/Hn(0) is between 1.731022 and 4.0
31022. It is noted that@Hn(P)2Hn(0)#/Hn(0) is by one
order of magnitude larger than@TN(P)2TN(0)#/TN(0) for
hydrostatic pressure but they are comparable for unia
pressure.

2. dHvA effect

Figure 13 shows the relative frequency change as a fu
tion of hydrostatic pressure determined from the phase-s
analysis. The dotted-broken line indicates the freque
change expected from the decrease of the volume chang
the expansion of the reciprocal space. The frequency
creases rapidly at lower pressures and then changes al
linearly with pressure. The initial increasing rate at low pre
sures is comparable to that of the heavy fermion compo
CeRu2Si2,21 or even larger than that, if we compare the ra
with that of dHvA frequency with similar size. On the othe
hand, the increasing rate at high pressures is comparab
that of the dotted-broken line. Figure 14 shows the relat
change of the effective mass as a function of hydrost
pressure. The data were reproduced from Fig. 2 of our p
vious paper6 to show the relative change of the effectiv
mass. The effective mass decreases rapidly at lower p
sures and then becomes approximately constant at hi

for
re

l

FIG. 13. Relative change of frequency@F(P)2F(0)#/F(0) for
thea3 oscillation as a function of hydrostatic pressure, whereF(0)
and F(P) denote the frequencies at 0 kbar and under press
respectively. The magnetic field is applied parallel to@001#. The
dotted-broken line denotes the frequency change expected from
area change in the reciprocal space.
3-6
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pressures. This behavior is also qualitatively similar to t
under uniaxial pressure in the sense that the effective m
changes rapidly at low pressures, but the direction of
change is opposite to that under uniaxial pressures.

Let us stress that the nonlinear behavior of the dHvA
sults under uniaxial and hydrostatic pressures is intrin
from the following reasons.

~1! We have studied the dHvA effect under hydrosta
and uniaxial pressures in a number of compounds10,11,21,23–27

by using almost the same experimental setting and obse
linear change of the frequency and effective masses. So
times the effect is not linear with respect to applied press
for a few dHvA frequencies, but the effect is linear for th
other frequencies in the same compound indicating that
nonlinear behavior is intrinsic.

~2! Although TN , Hn , andTQ are measured in the sam
experimental setting with the dHvA measurements, the
havior is not qualitatively the same as those found for
effective mass or the frequency.

It is not clear why the effective mass or frequency b
haves like that at present stage. In the later discussions
analyze only the behavior at low pressures assuming tha
quantities change linearly with pressure.

B. Low-field phases

Here we will discuss the low-field phases IIA and III9.
The neutron experiment with fields along other directio
indicates that the lowest-field state is a domain stat13

Therefore, it is also possible that the phases IIA and III9 in
this direction are domain states. We have performed z
field cooled and field cooled experiments in phases IIA a
IIB and found no difference in the ac susceptibility betwe
them as a function of temperature. We also performed
susceptibility measurements in phases IIA and IIB with
creasing the field from zero to across the boundary, and
with decreasing the field to zero. We repeated this proc
and found no difference in the ac susceptibility between
first and the second run. We think that the phase IIA is
likely to be a domain state but a phase. The magnetic ph
diagram~Fig. 1! and ac susceptibility as a function of fie

FIG. 14. Relative change of effective mass@m* (P)
2m* (0)#/m* (0) for thea3 oscillation as a function of hydrostati
pressure, wherem* (0) andm* (P) denote the frequencies at 0 kb
and under pressure, respectively. The magnetic field is applied
allel to @001#. The broken line is a guide to the eye.
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~Fig. 6! suggest that phases IIA and III9 are closely related
with each other. We have repeated ac susceptibility meas
ments in phases III9, III, III 8, and II by increasing, decreas
ing, and again increasing the field from zero beyond
phase boundary and found no difference between the
and the second field sweeps from zero. Therefore, phase9
is also unlikely to be a domain state.

The temperature dependence of susceptibility~Fig. 2! has
a curve form similar to that of the parallel susceptibility of a
antiferromagnet in the sense that the curve has a peak s
ture. However, the susceptibility does not decrease m
with decreasing temperature suggesting that the magn
moments are not parallel to the field direction. With applic
tion of a small uniaxial pressure, the curve form becom
similar to that of the perpendicular susceptibility of an an
ferromagnet. The magnetic moments in phase III lie in
x-y plane28 and therefore the curve form is consistent. Sin
the difference in the susceptibility between phases III a
III 9 becomes small~Fig. 7! with application of uniaxial pres-
sure, it is very likely that the phase III9 disappears with ap-
plication of a small uniaxial pressure.

Next we will argue that phase IIA is also likely to disap
pear with application of a small uniaxial pressure. The q
drupolar order in phase IIB is most likely to be theOxy type
which is consistent with the magnetic structure in phase II29

Then, since no magnetic moment is observed in phase
zero magnetic field at ambient pressure,13,28 phase IIA could
have a different quadrupolar order from that of phase I
Figures 4 and 8 show that phase IIB is not significantly
fected by the uniaxial pressure, while Fig. 2 shows that ph
IIA is significantly affected. Moreover, the susceptibilit
change between phases I and IIA becomes very small u
uniaxial pressure. If the weak remnant changes un
uniaxial pressures are due to inhomogeneous strain in
sample, the present results indicate that the susceptib
changes smoothly acrossTQ under uniaxial pressures. Thi
implies that, with application of a small uniaxial pressure t
phase IIA disappears, or that although the phase IIA ex
TQ in phase IIA becomes almost independent of magne
field strength as the Ehrenfest’s relation tells us. Since
magnetic structure of phase III9, which appears to be closel
related with the quadrupolar state in phase IIA, disappe
under uniaxial pressures, we suspect that the phase IIA
appears together with phase III9. Moreover, if we could de-
fine TN as the peak position of the susceptibility curve,
careful examination of Fig. 2 indicates thatTN at 1 kbar is
smaller than that at ambient pressure and thenTN increases
with increasing uniaxial pressure. In other words, the tran
tions under uniaxial pressures could be qualitatively differ
from that at ambient pressure, i.e., the phase IIA–phase9
transition at ambient pressure could have changed to
phase I–phase III transition under uniaxial pressures. Fur
studies are necessary to clarify the nature of states IIA
III 9, which could be closely related with the mysterio
properties of CexLa12xB6.

In the following discussions, we useTN(H) at 0.5 T as the
transition temperature from AFQ phase to AFM phase wh

ar-
3-7
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corresponds to the transition from IIB to III. In other word
we discuss the properties under the quadrupolar order ofOxy
type.

C. Implications of uniaxial and hydrostatic pressure effects

Finally, we will discuss the implications of the qualita
tively different effects between hydrostatic and uniaxial pr
sures. Before we go into the discussion, let us consider
the pressure affects the system with quadrupolar order.
assign thez direction to the@001# directions which is paralle
to the magnetic field and to the direction of uniaxial stre
Since both, the hydrostatic pressure and the uniaxial pres
along thez axis do not produceexy-type strain, it is not
necessary to take the direct coupling between the quadru
and strain into account. In fact, the transition temperat
from phase I to phase IIB does not change applicably w
uniaxial pressure. When theOxy-type quadrupolar orde
takes place with fields parallel to thez axis, the direction
along thez axis and the directions in thex-y plane are no
longer equivalent and consequently the effect of the co
pression may not be equivalent between thez and in-plane
directions. Hydrostatic pressure gives rise to compress
along z direction as well as along the in-plane direction
Therefore, it is difficult to distinguish the effects of thez and
in-plane compressions independently from hydrostatic p
sure experiment. On the other hand, the uniaxial pres
gives rises to compression alongz direction and expansion
along the in-plane directions. In the following by compari
the hydrostatic and uniaxial pressure effects, we will mak
qualitative estimate of the effects of the compressions al
the axis and in thex-y plane.

In the present experiment the effect of uniaxial press
on TQ is found to be very small. It is also shown thatTQ
increases very slightly3,5 or is constant2 with increasing hy-
drostatic pressure. If a negative hydrostatic pressure o
expansion gives an opposite effect to that of a positive
drostatic pressure or a compression, it is likely that the
fects of compressions along the axis and the expansion in
x-y plane are canceled to give a small effect onTQ .

The dHvA frequency increases with hydrostatic press
and also with uniaxial pressure. The interpretation of th
changes may not be simple. The experiment was perfor
in phase IIB under high magnetic fields and therefore thz
direction and thex, y directions are not equivalent. Cons
quently, the ellipsoidal Fermi surface at theXz point is not
equivalent to those at theXx and Xy points. The change o
Fermi surface at theXz point with pressure, particularly with
uniaxial pressure, is different from those at theXx and Xy
points. Since the number of the conduction electrons is
expected to change with pressure, the change of one F
surface affects the changes of the other Fermi surfa
Therefore, the observed change of the dHvA frequency,
the extremal cross-sectional area of the Fermi surface a
Xz point is a complicated combined effect. Moreover, whe
large change of magnetization is induced with uniaxial pr
sure, it is necessary to measure the frequency change
function of B and the observed frequency change as a fu
tion of H does not exactly correspond to the Fermi-surfa
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change. Since the magnetization change under uniaxial p
sures at high fields has not been measured, we will not
cuss the frequency change at the present stage.

In the following analysis we discuss only the changes
TN , H2, andm* .

The changing rates forTN , H2, andm* with hydrostatic
and uniaxial pressures are summarized in Table I. It is no
that the effect of uniaxial pressure is opposite to that of
drostatic pressure, i.e., the values decrease with hydros
pressure but increase with uniaxial pressure. The magnitu
of the changes ofm* and TN due to uniaxial pressure ar
comparable to or larger than those due to hydrostatic p
sure. On the other hand, the changing rate ofH2 due to the
hydrostatic pressure is larger than that due to uniaxial p
sure. Since that ofTN is comparable or smaller than that du
to uniaxial pressure, we expect that the changing rate ofH2
due to hydrostatic pressure is comparable to or smaller t
that due to uniaxial pressure.

To understand the implications of these observation
little more quantitatively, we make an analysis of the resu
making the following assumptions.

As long as the pressure or the lattice change is small:
~a! A negative pressure gives the same but reversed e

on the physical properties and electronic structure to tha
positive pressure. For example when the hydrostatic pres
Ph decreases the effective mass by an amount ofDm* , then
the negative pressure2Ph increases the effective mass b
the same amount.

~b! Compressibility is isotopic. This is not self-consiste
with the following result of very anisotropic effect of com
pression. But this assumption would be useful to reveal
anisotropic behavior.

~c! The quantity changes linearly with applied pressu
irrespective of that the pressure is positive and negative.

~d! The Poisson ratio is assumed to be 0.25.
Case 1. First we estimate the effect of the compressi

along the axis. A negative hydrostatic pressure2Ph1
ex-

pands the lattice constanta by Da. Da/a is given by
Ph1

/3K, whereK is the compressibility. A uniaxial pressur

Pu1
along thez axis expands the lattice in thex-y plane

directions byDa8 and compresses the lattice byDa9 along
the axis. Da8/a and Da9/a are given by mPu1

/@3K(1

22m)# and Pu1
/@3K(122m)#, respectively. We assum

that Da and Da8 are the same. Then, by comparing the
two states under hydrostatic and uniaxial pressures, we
estimate the effect of the compression froma1Da to a
2Da9 along thez axis at the state with lattice constanta

TABLE I. Relative changes ofTN , H2, andm* under hydro-
static and uniaxial pressures. The values are given in units
kbar21.

Hydrostatic pressure Uniaxial pressure

DTN /TN(0) 21.631022 (4 –6)31022

DH2 /H2(0) 2931022 (1.7–4.0)31022

Dm* /m* (0) 20.13 0.15

aReference 2.
3-8
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1Da. SinceDa5Da8 and 2m50.5, thenPu1
52Ph1

. That
is, the effect of the compression can be estimated from
difference of the quantities at the state with uniaxial press
Pu1

52Ph1
and that with hydrostatic pressure2Ph1

. The

lattice change by the compression is (Da1Da9)/a which is
given byPh1

(111/m)/3K.
Case 2. Next we estimate the effect of the compression

thex-y plane. A positive pressurePh2
compresses the lattic

by Da and Da/a is given byPh2
/3K. A uniaxial compres-

sion Pu2
along thez direction compresses the lattice byDa8

and Da8/a is given by Pu2
/@3K(122m)#. It expands the

lattice in the x-y plane by Da9 and Da9/a is given by
mPu2

/@3K(122m)#. We assume thatDa and Da8 are the
same. Then, by comparing the two states under hydros
and uniaxial pressures we may estimate the effect of
compression in thex-y plane froma1Da9 to a2Da at the
state with the lattice constanta2Da. SinceDa5Da8, Pu2

5(122m)Ph2
50.5Ph2

. That is, the effect of the compres

sion in thex-y plane is given by the difference of the qua
tities at the state with uniaxial pressurePu2

50.5Ph2
and that

with hydrostatic pressurePh2
. The lattice change in the plan

due to the compression is (Da1Da9)/a which is given by
Ph2

(11m)/3K.
Now, let us compare the effects of the compressions al

the z axis and in-plane directions. It would be reasonable
compare the two effects when the compression along the
and those in thex-y plane give the same volume change. T
volume changesDV/V in cases 1 and 2 are given b
Ph1

(111/m)/3K and 2Ph2
(11m)/3K, respectively. Then

from this condition the relation betweenPh1
andPh2

is cal-

culated to bePh1
52(11m)Ph2

/(111/m) or Ph1
50.5Ph2

.
That is, when we compare the two effects, we have to co
pare the change from2Ph1

to Pu1
(52Ph1

) with that from

Pu2
(50.5Ph2

5Ph1
) to Ph2

(52Ph1
).

Table II summarizes whether the quantity increases or
creases and the ratios of the changes associated with
pressions along thez axis and in thex-y plane.TN andm*

TABLE II. Estimated changes ofTN , H2, and m* when the
sample is compressed along thez axis or in thex-y plane~in-plane!.
The signs1 and2 denote that the quantity increases and decrea
with compression, respectively. In-plane/axis denotes the rela
ratio of the magnitudes in the changes due to the compression
the plane and along the axis.

DTN DH2 Dm*

In-plane 2 2 2

Axis 1 2 1

In-plane/axis 4–5 5–32 5
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increase with the compression along the axis and decr
with the compression in the plane. On the other hand,H2
decreases both with the compression along the axis an
the plane. This is a consequence from the peculiar feature
the experimental results forH2 which is different from those
of TN andm* mentioned above. This result may imply th
an interaction which competes with the antiferromagnetic
teraction is present under magnetic fields and the magni
of the interaction increases with compressions both along
z axis and in thex-y plane.

The present analysis strongly suggests that the pres
effect is very anisotropic depending on whether the comp
sion is along thez axis or in thex-y plane. Since all the
quantities are closely related with the interaction among thf
electrons of neighboring sites or the interaction between
f electron and the conduction electrons, it is very plausi
that the anisotropic effect arises from the anisotropicf elec-
tron state. The difference between thez direction and the
in-plane directions is consistent with the quadrupolar or
of Oxy type. The anisotropic pressure effect also implies t
the electronic structure itself or the interactions related w
the electronic structure are anisotropic in the ordered sat
quadrupole. However, it is difficult to understand in
straightforward manner why the effect is reversed betw
the compressions along thez axis and in thex-y plane.

V. SUMMARY AND CONCLUSION

We have investigated the magnetic phase diagram and
electronic structure of CeB6 under uniaxial pressure. Th
low-field phases IIA and III9 seem to be closely related wit
each other at ambient pressure and are very likely to dis
pear with application of a small uniaxial pressure. On t
other hand,TQ for phase IIB does not change within th
experimental error with application of uniaxial pressure up
3 kbar. TN(H) for phase III, H2, and H3 increase with
uniaxial pressure. The dHvA frequency of thea3 oscillation
increases with uniaxial pressure, although it is expected
decrease reflecting the area change in the reciprocal sp
The effective mass increases rapidly with uniaxial pressur
low pressures and stays approximately constant at high p
sures. The changes ofTN , Hn , andm* due to uniaxial pres-
sure are qualitatively opposite to those found for hydrosta
pressure. By analyzing the uniaxial and hydrostatic press
effects together, we have shown that the effects of the c
pressions along thez axis and in thex-y plane are possibly
very different in the ordered state ofOxy-type quadrupoles.
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