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Uniaxial pressure effect on the magnetic phase diagram and Fermi-surface properties of CgB
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The magnetic phase diagram and the de Haas—van AlatévA) effect of CeR have been studied under
uniaxial pressures and magnetic fields applied parallf0@d]. Two phases IIA and 1IB in the antiferroqua-
drupolar(AFQ) state and three phases’|llll, and 1lI” in the antiferromagnetiCAFM) state are found. With
application of a small uniaxial pressure, the low-field phases IIA aridchhnge 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 lll, the transition field between phases Il
and III”, and the one between llland paramagnetic phases all increase with uniaxial pressure. The dHvVA
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 [t@@1] direction and in thg001) plane give very different effects,
reflecting the quadrupolar order.

DOI: 10.1103/PhysRevB.69.014423 PACS nuni®er75.30.Kz, 71.2%#a, 75.30.Mb, 71.18:y

[. INTRODUCTION uniaxial pressure is an interesting tool to study the system
with quadrupolar order. For example, the uniaxial pressure
CeB; has been most intensively studied as a typical comiowers the symmetry of the crystal and therefore affects the
pound which shows antiferroquadrupol&FQ) order. With  degenerate ground state from which the orbital degrees of
decreasing temperature it exhibits AFQ transition at 3.3 Kfreedom arise. Particularly, it can produce strain with a par-
and then antiferromagneti&FM) transition at 2.4 K. It also ticular symmetry which couples with quadrupoles of the
shows a dense Kondo behavior. These interactions compesame symmetry and therefore would affect significantly the
with each other to give rise to fascinating properties of thisquadrupolar order and the properties closely related with it.
compound. In the previous papers we have investigated such effect of
A pressure has been used as a powerful tool to change thmiaxial pressure on the magnetic phase diagram and elec-
relative strengths of the competing interactions. For exampldronic structure of the system with quadrupolar order
according to the Doniach modethe relative strength of the Ce;Pdy,Ges.”®
Ruderman-Kittel-Kasuya-Yosid@&KKY) and the Kondo ef- Another interesting effect of uniaxial pressure is to de-
fect can be tuned by pressure. It is also rather well underform the sample quite differently from the hydrostatic pres-
stood how the Kondo effect or the RKKY interaction arisessure, i.e., it compresses the sample along the axis but ex-
from the interaction between tHeelectron and the conduc- pands the sample in the perpendicular plane to the axis. In
tion electrons or how the electronic structures of the conducthe ordered state of quadrupoles the electronic structure as
tion electrons are affected by them. On the other hand, a fewvell as the physical properties must be anisotropic reflecting
experimental studies have been performed for the pressuthe order. The anisotropicelectron state due to the quadru-
effect on the quadrupolar interaction or the quadrupolar orpole order has been studied by resonant x-ray experiments.
der. Moreover, little is known about the microscopic mecha-However, it is difficult to see the anisotropy of the electronic
nism of the quadrupolar interaction or how the quadrupole ostructure of the conduction electrons and therefore few
the quadrupolar order affects the electronic structure of th@ieces of experimental evidence for such anisotropy have
conduction electron. To pursue these issues, it would be inseen reported. The anisotropy is also expected to be reflected
teresting and useful to clarify how the electronic structure asn the pressure effect. However, hydrostatic pressure com-
well as the physical properties associated with quadrupolgoresses the sample in all directions; it would be difficult to
interaction change with pressure. pick up a peculiar effect arising from the anisotropy. On the
The hydrostatic pressure effects on quadrupolar transitioother hand, by comparing the effect of uniaxial pressure with
temperature Tg) and AFM transition temperaturel() or  that of hydrostatic pressure, the difference between the ef-
on the phase diagram of CglBave been studied by various fects of compression along the axis and in the perpendicular
groups-—° The electronic structure changes with hydrostaticplane could be investigated.
pressure has been studied by using the de Haas—van Al- This paper reports the first systematic study of the
phen(dHvA) effect. On the other hand, there are few experi-uniaxial pressure effect on the phase diagram and the elec-
mental studies on the uniaxial pressure effect, although #&onic structure of CeR The dHVA effect and ac suscepti-
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with the long axis parallel t§001]. The two opposité¢001)
planes of the sample are carefully polished to be parallel to
each other and to have smooth surfaces. Uniaxial pressures
and magnetic fields were applied parallel to [p81] direc-

tion. A clamp-type cell with a spring inside is used to pro-
duce the uniaxial pressure. The pressure was applied at room
temperature and the pressures at low temperatures were
monitored by a strain gage to confirm that the pressure does
not change more than 0.05 kbar at low temperatures. The
dHVA effect was measured by using a dilution refrigerator in
magnetic fields up to 15 T. The dHVA signal was detected by
using the standard field modulation technique. The ac sus-
ceptibility measurements were performed using the same set-
ting with that for the dHvVA measurements in the dilution
refrigerator or in a®He cryostat. We have chosen appropriate
modulation field and frequency depending on the purpose of
experiment so that the heating effect of the cell does not
affect the measured quantities significarifiy’*

The phase-shift analysis was used to determine the fre-
quency change with pressure. This method is very accurate
to determine the small change of the frequency but cannot
determine whether the frequency increases or decreases.
Therefore, as a complementary method the fast Fourier trans-
form (FFT) was also used at each pressure to determine the
frequency semiquantitatively. The effective mass was deter-
mined both from the temperature dependence of the Fourier
amplitude of the signal in the field range between 14 T and
14.7 T and the peak to peak amplitude of the dHVA oscilla-

tion at around 14.6 T. In this paper we conventionally use
symbolH to denote the magnetic-flux density coming from
externally applied field. SymboB is used only when we
need to take the effect of magnetization into account.

T(K)

. . Ill. RESULTS
FIG. 1. Magnetic phase diagram of GeBt pressures 0 kbar, 1

kbar, 2 kbar, and 3 kbar. The uniaxial pressure and magnetic field
are applied parallel tf001]. The solid lines are guides to the eye.

A. Magnetic phase diagram

Figure 1 shows the magnetic phase diagram determined
By the ac susceptibility measurements under uniaxial pres-
sures of 0 kbar, 1 kbar, 2 kbar, and 3 kbar. The magnetic
phase diagram at O kbar is consistent with those reported

bility are used to investigate the Fermi-surface properties an
the magnetic phase diagram of GeBnder uniaxial pres-
sures. We have found a qualitatively very different effect of . 12 2
uniaxial pressure from that of hydrostatic pressure. Particupn?”(t)rl]JSIy by Nakar?uraert] al: anthranIdtet Zl.thW? de- h
larly, a very drastic effect of uniaxial pressure has been found©t€ th€ paramagnelic phase as phase 1, and the two phases
for the low-field phases. in t_he AFQ statg as llA and 1B, and the three phases in the
Section Il describes sample preparation and experimentﬁnt'fﬁrrom??\lnekt'c Stat? "ﬁ21|“ ”tlh a;“ﬂ I”. foII0W|dng th.g

procedures. Section Il reports the magnetic phase diagraﬁ’]O ation of Nakamurat al.” In the following we describe

and the dHvVA effect under uniaxial pressures. In Sec. IV wehnore details of the phase diagram and the related ac suscep-

compare the magnetic phase diagram and the dHVA effecﬂb':;t.y ;neasgrem%ntsth fibilit s at
under uniaxial pressures with that under hydrostatic pres- Irst we describe the ac susceplibiiity measurements at a

sures. We pay a particular attention to the low-field phases iﬁqnstant magnetic field as a function of temperature to deter-

the AFQ and AFM states whose origins have not been clariMN€ the antiferroquadrupolar transition temperatligeH)
nd the antiferromagnetic transition temperatdrg(H).

fied. Finally by analyzing the experimental results under®! 5 sh h ibil f . )
uniaxial and hydrostatic pressures, we show that the preseht9Ue 2 shows the ac susceptibility as a function of tempera-

pressure effect is consistent with the symmetry of the quature at zero magnetic field or in phases I, IIA, and"IIAt
drupolar order. ambient pressurég, is defined by the inflection point of the

curve andTy by the peak of the curve. With application of
pressure of 1 kbar, the curve form of the susceptibility quali-
tatively changes particularly belowWq. This qualitative
change is also demonstrated as a function of magnetic field
later in Fig. 7. The change at, becomes very weak, but still

Il. EXPERIMENTS

Single crystals of CeB were grown by the floating
method and cut into a rectangular shape of 2<4 mn?
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FIG. 2. ac susceptibility of Cefat uniaxial pressures 0 kbar, 1 FIG. 4. ac susceptibility of CeBat uniaxial pressures 0 kbar, 1
kbar, 2 kbar, and 3 kbar as a function of temperature under zerRpar, 2 kbar, and 3 kbar as a function of temperature under mag-
magnetic field. The uniaxial pressure is applied parallef0@l].  netic field of 3 T. The uniaxial pressure and magnetic field are
PM, AFQ, and AFM denote paramagnetic phase, antiferroquadruapplied parallel td001]. The zeros of the data points at each pres-
polar phase, and antiferromagnetic phases, respectively. The posjures are shifted to each other for clarity of presentation. The ar-
tions where the letters are placed show approximately the tempergows indicate the positions of peak from which the antiferroquadru-
ture regions of the phases. polar transition temperatures have been determined.

a very weak change can be observ,ed there. We have tempo- Figure 3 shows the ac susceptibility at 0.5 T or in phases
rarily plottgd these temperaiures Bgs under uniaxial pres- I, 1IB, and Ill. It is noted that the curve forms are qualita-
sure 'P Figs. n.b)ﬁl(d)' Hovytevefr, tthe. weal(; changetcould tively the same under ambient and uniaxial pressures. We
ansed rfmthanp'\?: orPoge_r:_ely 0 dS fain an Imay no CO_IE:?’have plotted the shoulder and the inflection point of the
sppr][ .ﬁ b ed' Q radns_| |oSn unlveé u\?\/l?r):l?j press_ure.t 'Zurve as the right- and left-hand ends of the error bar, respec-
point Will b€ CISCUSSET IN SEC. - W ecreasing tem-y; ely. Figure 4 shows the ac susceptibility as a function of
perature the susceptibility shows sharp increase at_ around 2t mperature at 3 T or in phases | and II. The curve forms are
K, all_ndt}hr?n fmarlkes ? peal; a:t% irl')ourn(:] 24 KI.',[ Vt\./'th fzrtzernearly the same for all pressures. It can be also clearly seen
appiication of pressure up to ar, no quaitative cha g(?hatTQ(H) does not change with pressure within the experi-
takes place in the behavior of the susceptibility curve. Wemental error of 10 mK

have plotted the inflection point and .the peak as the. two ends Next we describe the ac susceptibility measurements at a
of the ;—:-rror br?r for tthtunderouEL?xml pdrelsiléres..ts.lng%.thel constant temperature as a function of magnetic field. Figure
furve orrr? ?h a_r|1_ge_s etween d aran Har, ILis |_f|cu '5 shows a typical ac susceptibility curve of 0 kbar at 0.12 K
0 say w t?] N mfcreases 3r ecr_ea_seis. Owever, IT We;, phases I, III, 1l ', and Il. With increasing field the sus-
compare the curve Torms under uniaxial pressures, we ¢ ptibility is nearly constant at low fields. Then it makes a
see thatTy increases with uniaxial pressure. This point IS proad hump, a sharp peak, and a shoulder, successively

also discussed later in Sec. IV B. Hereafter, we denote the magnetic fields corresponding to the
25— T
ar,
Ikbar S e
2.0F 2kbar—=-- ar
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FIG. 3. ac susceptibility of CeBat uniaxial pressures 0 kbar, 1
kbar, 2 kbar, and 3 kbar as a function of temperature under mag- FIG. 5. ac susceptibility of CeBas a function of magnetic field
netic field of 0.5 T. The uniaxial pressure and magnetic field areat 0.12 K. The magnetic field is applied parallel[@D1]. The tri-
applied parallel t001]. PM, AFQ, and AFM denote paramagnetic angle symbols for up and down indicate that the data were taken
phase, antiferroquadrupolar phase, and antiferromagnetic phasesith increasing and decreasing fields, respectively. The vertical ar-
respectively. The positions where the letters are placed show apews show the positions from which the transition fields, H,,
proximately the temperature regions of the phases. andH; have been determined.
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FIG. 6. ac susceptibility of CeBat 0 kbar as a function of FIG. 8. ac susceptibility of CeBat uniaxial pressures 0 kbar, 1
magnetic field at temperatures 0.62 K, 2.0 K, 2.5 K, and 2.85 Kkbar, 2 kbar, and 3 kbar as a function of magnetic field at about 2.6
The magnetic field is applied parallel t601]. K.

top of the hump, the peak, and the shouldeHas H,, and fields from that of O kbar. This behavior corresponds to the

Hs, respectively. They are defined as the transition fielddehavior shown in Fig. 2. With further application of pres-
between phases lland IIl, Il and 1lI’, 1Il” and II, respec- Sure, the curve form at low fields does not change further ar_1d
tively. With decreasing field from above 2.5 T, a similar finally the peak of the hump becomes indistinguishable. This
curve is obtained with clear hysteresis fd§, H,, andH;. ~ May imply that the difference between phasesS dhd Ill -
At zero field the susceptibility jumps back to the startingPecomes smaller or nothing with application of uniaxial
value. When we increase the field again, the same curve witRressure. As long as the peak of the hump is identified, it is
the previous curve is obtained. plotted in the phase diagram in Fig. 1. As discussed later, the
Figure 6 shows some typical ac susceptibility curves as mall remnant peak could be due to a small inhomogeneity
function of magnetic field in the AFQ pha¢2.85 K and 2.5  Of strain. The peak and shouldert# andH 3 shift to higher
K) and the AFM phas€2.0 K and 0.62 K at ambient pres- fields and become broader, and then the shoulder becomes
sure. It is noted that in the both phases the susceptibility iglifficult to identify. The dotted lines foH, in Fig. 1 are
nearly constant at low fields and increases steeply approxBuides to the eye and that fét; in Fig. 1 is drawn by
mately at the same field. The peak field in the AFQ phase ig@ssuming the shoulder, if any, sits in the middle between the
defined as the transition field between phases IIA and IIBp€ak forH; and the field where the ac susceptibility becomes
The transition shows a hysteresis behavior similar to those gipproximately constant.
H;. As noted from the transition fields in the AFQ and AFM  Figure 8 shows the ac susceptibility as a function of mag-
phases of Fig. 1, phases IIA and”llseem to be closely netic field at about 2.6 K. The sharp increase of susceptibility
related with each other. at ambient pressure corresponds to the phase lIA—phase 11B
Figure 7 shows the ac susceptibility as a function of fielgtransition. It is also noted that the susceptibility increases
at pressures 0 kbar, 1 kbar, 2 kbar, and 3 kbar at about 0.13teeply at the phase boundary for all pressures, i.e., the
K or in AFM and AFQ phases. With application of 1 kbar, boundary for phase IIB is clearly observed under uniaxial

the behavior of ac susceptibility changes considerably at lopressures as well as that in the temperature sweep 4).
This observation is in contrast to the observation that the

: boundary between phases’ldnd Ill and that between phase
CeB, | and phase IIA become obscure with application of 1 kbar
10pe.== H // [001] (Figs. 2 and Y. This point will be discussed in Sec. IVB.
P//1001] The phase boundary for phase 11B does not change apprecia-
012K 7 bly at lower temperatures such as 2.6 K, but slightly in-
creases with pressure at higher temperatures as shown in
U Fig. 1.

A i To summarize the result briefly, the uniaxial pressure af-

AC % (arb.units)

) - ?Eﬁji ' fects the low-field phases IIA and Tikignificantly, but does

2F = 2kbar \ - not changeTo(H) for phase 1IB.Ty(H) for phase Ill,H5,
=+~ 3kbar Wt andH; increase with uniaxial pressure.

0 1 L L 1 —

00 05 10 15 20 25 30

H(M B. The dHVA effect

FIG. 7. ac susceptibility of Cefat uniaxial pressures 0 kbar, 1~ The dl—llx,_Azoeffect of CeB has been studied by a number
kbar, 2 kbar, and 3 kbar as a function of magnetic field at 0.12 KOf groups.” =" The Fermi surface is quite similar to that of

The uniaxial pressure and magnetic field are applied parallel td-@Bg, indicating that the electrons of CeB are well local-
[o01]. ized. There are ellipsoidal electron Fermi surfaces atdhe
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FIG. 11. Relative change of effective masgn*(P)
(b) CeBg  H//[001] —m*(0)]/m*(0) for the a3 oscillation as a function of uniaxial
02K  P//[001] = 3kbar " N .
pressure, whers* (0) andm* (P) denote the effective masses at 0
o kbar and under pressure, respectively. The uniaxial pressure and

magnetic field are applied parallel f601]. The closed and open
circles are the data obtained from the FFT analysis and the peak to
peak amplitude of the oscillation, respectively. The broken line is a
guide to the eye.

dHvA Amplitude(arb.units)

oscillations are too small to study their effective masses and

frequencies under uniaxial pressures.

0 2000 4000 6000 8000 10000 Figures 9a) and 9b) show the dHVA signal under
dHVA Frequency(T) uniaxial pressure of 3 kbar and its Fourier spectrum. Figure

10 shows the relative frequency chany&/F(0)=[F(P)

FIG. 9. (8) a3 dHVA oscillations at 3 kbar presented as a func- ~ .
tion of inverse field. The uniaxial pressure and magnetic field are F(0))/F(0) of a3 as a function of pressure. The frequency

. . i hange is determined by the phase-shift analysis of the dHVA
applied parallel t§001]. (b) Fourier spectrum of the oscillation in  © . g_ y p . Y
(‘,SPI P ¢001). (b) Fourier spectru ration | oscillation around 14.6 T. The dotted line shows the fre-

quency change expected from the change of the reciprocal

points which are connected by necks extending in(thi) ~ SPace, which corresponds to the expansion of the real-space
directions. These are the main Fermi surfaces of CeB &€&, perpendicular to the direction of the uniaxial pressure.
When a field is applied parallel to tfi601] direction, thea; ~ FOF the calculapj)n of the broken line, we have used the
oscillation arises from this Fermi surface. There are alsy@lue of 6.2<10"%/kbar(Ref. 2 for the compressibility and
lower-frequency oscillationg, y, ande. The first and the assumed the value of 0.25 for the Poisson ratio. Therefore,

latter two are attributed to small electron pockets at the necke dotted line is a semiquantitative guide for the comparison
position and to holelike orbits circulating inside the multiply With the experimental result. Although the dHvA frequency
connected Fermi surface, respectively. We have studied tHé €xPected to decrease with uniaxial pressure, the experi-

pressure effect of the, oscillation. The amplitudes of other Mental frequency increases with pressure. The magnitude of
the frequency change is also much larger than expected.

0.004 T T T . Figure 11 shows the relative change of the effective mass

0003k CeBs a-branch i as a function of pressure. Although the error for the mass
0002 H /7 1001] measurements is large, it can be seen that the effective mass
: P/71001] increases steeply at low pressures and then stays approxi-
s 200 ] mately constant at higher pressures. The initial increasing
‘E’ 0.000} ST . rate is comparable to or more than those observed in the
< o0k TeSmemeaad most pressure sensitive heavy fermion compound
P21
0002k i CeRuySi,.
-0.003 |- -
IV. DISCUSSION
-0.004 . 1 1 1
0.0 1.0 2.0 3.0 4.0

A. Comparison with hydrostatic pressure effect
Uniaxial pressure (kbar)

1. Magnetic phase diagram
FIG. 10. Relative change of frequenglf(P)—F(0)]/F(0) of )
the a5 oscillation as a function of uniaxial pressure, whéig) The hydrostatic pressure effect 8, Ty, andH,, or the
and F(P) denote the frequencies at 0 kbar and under pressurdhase diagram has been studied by various grf)‘ut’pﬁQ
respectively. The uniaxial pressure and magnetic field are applieticreases very slightly with pressu¢@.67x 10~ *K/kbar [at
parallel to[001]. The broken line denotes the frequency changel kOe forH//[110] (Ref. 5] or 9% 10 3K/kbar (Ref. 2).
expected from the change in the reciprocal space. The increase is reported to depend on magnetic field and is

014423-5



YAMAMIZU, ENDO, NAKAYAMA, KIMURA, AOKI, AND KUNII PHYSICAL REVIEW B 69, 014423 (2004

T T T T T T 0.005 T T T
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FIG. 13. Relative change of frequendy(P)—F(0)]/F(0) for
the a5 oscillation as a function of hydrostatic pressure, wHef@)
and F(P) denote the frequencies at 0 kbar and under pressure,
respectively. The magnetic field is applied parallel[@®1]. The
dotted-broken line denotes the frequency change expected from the

H,(P) / H,(0)

12F = area change in the reciprocal space.
irn 10 4 measurements. The relative change[H, (P)]/H,(0) is
= shown instead oH,, itself. The large scatter of thid, data
é.,; sk for the uniaxial pressure is mostly due to the difficulty to
T determine the peak position. On the other hatg,for hy-
. . . . . . drostatic pressure can be clearly defined and does not change
0.6 0 1 5 3 4 5 6 with hydrostatic pressure wherebls andH g decrease with

P (kbar) hydrostatic pressure. The changing ratedHgfand H; are
much smaller for uniaxial pressure than for hydrostatic pres-
FIG. 12. Transition fieldsH;, H,, andHj as a function of  sure. SinceH; for uniaxial pressure is difficult to define
pressure. The closed and open triangles denote the data points f9& described above for Fig. 7, we compare the changing rate
uniaxial and hydrostatic pressures, respectively. The data points agg H,. The decreasing rate for hydrostatic pressure
normalized with respect to the values at 0 kba(0), H,(0), and s —0.17 T/kbar or [H,(P)—H,(0)]/H,(0) is —9
H3(0). Theuniaxial pressure and magnetic field are applied parallely 10~ 2/kbar. On the other hand{, does not increase lin-

to [001]. early with uniaxial pressure and the increasing rate at low
t Pressures is between 0.032 T/kbar and 0.076 T/kbar, or

| t high tic fieldS.On the other hand, B
arger at nigner magnetic tie n tne otnher nan rand E_Hn(P)—Hn(O)]/Hn(O) is between 1.X10_2 and 4.0

et al? shows that the increasing rate does not depend appr
g PENC aPPS 1072, 1t is noted thatf H,(P)— H,(0)]/H,(0) is by one

ciably on magnetic field. It is difficult to tell whetheFq, ;
increases or decreases with uniaxial pressure from th@rder of magnitude larger thgily(P)—Tn(0)1/Tn(0) for

present experiment, but the changing rate is comparable to &ydrostatlc pressure but they are comparable for uniaxial
smaller than that with hydrostatic pressure. pressure.

Ty decreases with hydrostatic pressure and the decreasing
rate is— 0.039 K/kbar(Ref. 2 or [ Ty(P)— Tn(0)]/Tn(0) is 2. dHvA effect
—1.6x 10 %/kbar. On the other hand, the increasing rate Figure 13 shows the relative frequency change as a func-
with uniaxial pressure is between 0.05 K/kbar and 0.06ion of hydrostatic pressure determined from the phase-shift
K/kbar or[ Ty(P)—Tyn(0)]/T(0) is (4—6)x 10 ?/kbar. Itis  analysis. The dotted-broken line indicates the frequency
also noted that the changing rate B is by one order of change expected from the decrease of the volume change or
magnitude smaller than those recently reported for suclhe expansion of the reciprocal space. The frequency in-
compounds where hydrostatic pressure can difyge to  creases rapidly at lower pressures and then changes almost
zero?? although the compressibility of CgBs comparable linearly with pressure. The initial increasing rate at low pres-
to the ordinary alloys or compounds. sures is comparable to that of the heavy fermion compound

The behavior of the ac susceptibility in the AFM state is CeRySi,,?* or even larger than that, if we compare the rate
also different. Under hydrostatic pressure the curve forms ofvith that of dHVA frequency with similar size. On the other
the ac susceptibility shown in the AFM pha$ég. 2) do not  hand, the increasing rate at high pressures is comparable to
change qualitatively from that at ambient pressure and théhat of the dotted-broken line. Figure 14 shows the relative
transition fieldsH, , H,, andH; can be clearly defined under change of the effective mass as a function of hydrostatic
hydrostatic pressures. Figure 12 showslthe H,, andH;  pressure. The data were reproduced from Fig. 2 of our pre-
at low temperatures of about 100 mK as a function ofvious papet to show the relative change of the effective
uniaxial and hydrostatic pressures. The data for the hydromass. The effective mass decreases rapidly at lower pres-
static pressure are reproduced from the previousures and then becomes approximately constant at higher
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020 T T T T T T (Fig. 6) suggest that phases IIA and”llare closely related
3 CeBy . . LT
i wbranch i with each other. We have repeated ac susceptibility measure-
010 H // [001] ] ments in phases M} I, Il ', and Il by increasing, decreas-
5 ook ] ing, and again increasing the field from zero beyond the
- | ‘ ] phase boundary and found no difference between the first
E otof T i g +_ +_ - .+ J and the second field sweeps from zero. Therefore, phdse IlI
J is also unlikely to be a domain state.
020 J The temperature dependence of susceptibikig. 2) has
- a curve form similar to that of the parallel susceptibility of an
-030—L 1 L L L L L antiferromagnet in the sense that the curve has a peak struc-

0 1 2 3 4 5 6 7

) ture. However, the susceptibility does not decrease much
Hydrostatic pressure (kbar)

with decreasing temperature suggesting that the magnetic
FIG. 14. Relative change of effective masam*(P)  moments are not parallel to the field direction. With applica-
—m*(0)]/m*(0) for the a5 oscillation as a function of hydrostatic tion of a small uniaxial pressure, the curve form becomes
pressure, where* (0) andm* (P) denote the frequencies at 0 kbar similar to that of the perpendicular susceptibility of an anti-
and under pressure, respectively. The magnetic field is applied paferromagnet. The magnetic moments in phase lll lie in the
allel to[001]. The broken line is a guide to the eye. x-y plané® and therefore the curve form is consistent. Since

. L L . the difference in the susceptibility between phases Ill and
pressures. This behavior is also qualitatively similar to tha Il” becomes smallFig. 7) with application of uniaxial pres-
under uniaxial pressure in the sense that the effective mags '

i U re, it is very likely that the phaselIdi rs with ap-
changes rapidly at low pressures, but the direction of the%. € 1L1s very Tikely that the phase tisappears ap
. . o plication of a small uniaxial pressure.
change is opposite to that under uniaxial pressures. Next we will argue that phase IIA is also likely to disap-
Let us stress that the nonlinear behavior of the dHVA re- 9 P y P

sults under uniaxial and hydrostatic pressures is intrinsi®€a With application of a small uniaxial pressure. The qua-
from the following reasons. drupolar order in phase IIB is most likely to be tg, type

(1) We have studied the dHVA effect under hydrostaticWhiCh is' consistent With'the magnet'ic structure ip phas@llI.
and uniaxial pressures in a number of compodhtet23-27 Then, since no magnetic moment is observed in phase Il at
by using almost the same experimental setting and observei®ro magnetic field at ambient presstité? phase IIA could
linear change of the frequency and effective masses. Soméave a different quadrupolar order from that of phase IIB.
times the effect is not linear with respect to applied pressur&igures 4 and 8 show that phase IIB is not significantly af-
for a few dHVA frequencies, but the effect is linear for the fected by the uniaxial pressure, while Fig. 2 shows that phase
other frequencies in the same compound indicating that th8A is significantly affected. Moreover, the susceptibility
nonlinear behavior is intrinsic. change between phases | and IIA becomes very small under

(2) Although Ty, H,, andTq are measured in the same uniaxial pressure. If the weak remnant changes under
experimental setting with the dHvA measurements, the beuniaxial pressures are due to inhomogeneous strain in the
havior is not qualitatively the same as those found for thesample, the present results indicate that the susceptibility
effective mass or the frequency. changes smoothly acrodg, under uniaxial pressures. This

It is not clear why the effective mass or frequency be-implies that, with application of a small uniaxial pressure the
haves like that at prese_nt stage. In the later discqssions, Whase 1A disappears, or that although the phase IIA exists
analyze only the behavior at low pressures assuming that thpQ in phase IIA becomes almost independent of magnetic-

quantities change linearly with pressure. field strength as the Ehrenfest's relation tells us. Since the
magnetic structure of phase”lJlwhich appears to be closely

B. Low-field phases related with the quadrupolar state in phase IlIA, disappears

Here we will discuss the low-field phases IIA and”lll under uniaxial pressures, we suspect that the phase IIA dis-

The neutron experiment with fields along other directions2ppears together with phase”llIMoreover, if we could de-
indicates that the lowest-field state is a domain state. fine Ty as the peak position of the susceptibility curve, a
Therefore, it is also possible that the phases IIA antlinl  careful examination of Fig. 2 indicates thag at 1 kbar is

this direction are domain states. We have performed zercsmaller than that at ambient pressure and thgrincreases
field cooled and field cooled experiments in phases IIA andvith increasing uniaxial pressure. In other words, the transi-
IIB and found no difference in the ac susceptibility betweentions under uniaxial pressures could be qualitatively different
them as a function of temperature. We also performed afrom that at ambient pressure, i.e., the phase IIA—pha&e IlI
susceptibility measurements in phases IIA and IIB with in-transition at ambient pressure could have changed to the
creasing the field from zero to across the boundary, and thephase |-phase Il transition under uniaxial pressures. Further
with decreasing the field to zero. We repeated this processtudies are necessary to clarify the nature of states IIA and
and found no difference in the ac susceptibility between théll”, which could be closely related with the mysterious
first and the second run. We think that the phase IlIA is noproperties of Cd a; ,Bg.

likely to be a domain state but a phase. The magnetic phase In the following discussions, we ugg(H) at 0.5 T as the
diagram(Fig. 1) and ac susceptibility as a function of field transition temperature from AFQ phase to AFM phase which
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corresponds to the transition from 1IB to Ill. In other words, = TABLE I|. Relative changes ofy, H,, andm* under hydro-
we discuss the properties under the quadrupolar ordex, pf static and uniaxial pressures. The values are given in units of

type. kbar *.
Hydrostatic pressure Uniaxial pressure
C. Implications of uniaxial and hydrostatic pressure effects ) -
ATy /Tn(0) —1.6x10 (4-6)x10
Finally, we will discuss the implications of the qualita- AH,/H,(0) —9%x10°2 (1.7-4.0< 102
tively different effects between hydrostatic and uniaxial pres- m«/m* (0) ~013 0.15

sures. Before we go into the discussion, let us consider how
the pressure affects the system with quadrupolar order. WiReference 2.

assign thez direction to thg001] directions which is parallel

to the magnetic field and to the direction of uniaxial stresschange. Since the magnetization change under uniaxial pres-
Since both, the hydrostatic pressure and the uniaxial pressuggires at high fields has not been measured, we will not dis-
along thez axis do not produces,,-type strain, it is not cuss the frequency change at the present stage.

necessary to take the direct coupling between the quadrupole In the following analysis we discuss only the changes of
and strain into account. In fact, the transition temperaturd y, Hp, andm*.

from phase | to phase IIB does not change applicably with The changing rates fofy, H,, andm* with hydrostatic
uniaxial pressure. When th®,,-type quadrupolar order and uniaxial pressures are summarized in Table I. It is noted
takes place with fields parallel to theaxis, the direction that the effect of uniaxial pressure is opposite to that of hy-
along thez axis and the directions in the-y plane are no drostatic pressure, i.e., the values decrease with hydrostatic
longer equivalent and consequently the effect of the compressure but increase with uniaxial pressure. The magnitudes
pression may not be equivalent between ztend in-plane  of the changes ofm* and Ty due to uniaxial pressure are
directions. Hydrostatic pressure gives rise to compressioaomparable to or larger than those due to hydrostatic pres-
along z direction as well as along the in-plane directions.sure. On the other hand, the changing ratédgfdue to the
Therefore, it is difficult to distinguish the effects of taeand  hydrostatic pressure is larger than that due to uniaxial pres-
in-plane compressions independently from hydrostatic pressure. Since that of is comparable or smaller than that due
sure experiment. On the other hand, the uniaxial pressur® uniaxial pressure, we expect that the changing ratd of
gives rises to compression aloaglirection and expansion due to hydrostatic pressure is comparable to or smaller than
along the in-plane directions. In the following by comparingthat due to uniaxial pressure.

the hydrostatic and uniaxial pressure effects, we will make a To understand the implications of these observations a
qualitative estimate of the effects of the compressions alontjttle more quantitatively, we make an analysis of the results

the axis and in th&-y plane. making the following assumptions.
In the present experiment the effect of uniaxial pressure As long as the pressure or the lattice change is small:
on Ty is found to be very small. It is also shown thBg (a) A negative pressure gives the same but reversed effect

increases very slightl or is constarftwith increasing hy- on the physical properties and electronic structure to that of
drostatic pressure. If a negative hydrostatic pressure or gpositive pressure. For example when the hydrostatic pressure
expansion gives an opposite effect to that of a positive hyPy, decreases the effective mass by an amourtraf, then
drostatic pressure or a compression, it is likely that the efthe negative pressure Py, increases the effective mass by
fects of compressions along the axis and the expansion in tbe same amount.

x-y plane are canceled to give a small effectTa. (b) Compressibility is isotopic. This is not self-consistent
The dHVA frequency increases with hydrostatic pressurevith the following result of very anisotropic effect of com-
and also with uniaxial pressure. The interpretation of thes@ression. But this assumption would be useful to reveal the

changes may not be simple. The experiment was performeahisotropic behavior.

in phase 1IB under high magnetic fields and thereforezhe  (c) The quantity changes linearly with applied pressure,
direction and thex, y directions are not equivalent. Conse- irrespective of that the pressure is positive and negative.
quently, the ellipsoidal Fermi surface at tie point is not (d) The Poisson ratio is assumed to be 0.25.

equivalent to those at th¥, and X, points. The change of Case 1 First we estimate the effect of the compression
Fermi surface at th¥, point with pressure, particularly with along the axis. A negative hydrostatic pressur®p, ex-
uniaxial pressure, is different from those at thg and X, pands the lattice constar# by Aa. Aal/a is given by
points. Since the number of the conduction electrons is nophl/gK, whereK is the compressibility. A uniaxial pressure

expected to change with pressure, the change of one Ferrpi along thez axis expands the lattice in they plane

surface affects the changes of the other Fermi Surface%ﬂl;éctions byAa’ and compresses the lattice By along
Therefore, the observed change of the dHVA frequency, |.e.Be axis. Aa'/a and Aa’/a are given by uP, /[3K(1

the extremal cross-sectional area of the Fermi surface at th
X, point is a complicated combined effect. Moreover, when a—2#)] and P, /[3K(1-2u)], respectively. We assume
large change of magnetization is induced with uniaxial presthat Aa and Aa’ are the same. Then, by comparing these
sure, it is necessary to measure the frequency change asveo states under hydrostatic and uniaxial pressures, we may
function of B and the observed frequency change as a funcestimate the effect of the compression fran Aa to a

tion of H does not exactly correspond to the Fermi-surface-— Aa” along thez axis at the state with lattice constaat

014423-8



UNIAXIAL PRESSURE EFFECT ON THE MAGNETIC. .. PHYSICAL REVIEW B9, 014423 (2004

TABLE Il. Estimated changes ofy, H,, andm* when the increase with the compression along the axis and decrease
sample is compressed along thaxis or in thex-y plane(in-plane.  with the compression in the plane. On the other hargl,
The signst+ and— denote that the quantity increases and decreasegecreases both with the compression along the axis and in
with compression, respectively. In-plane/axis denotes the relativghe plane. This is a consequence from the peculiar features of
ratio of the magnitudes in t_he changes due to the compressions ipe experimental results fét, which is different from those
the plane and along the axis. of Ty andm* mentioned above. This result may imply that
an interaction which competes with the antiferromagnetic in-

ATy AH, Am* teraction is present under magnetic fields and the magnitude
In-plane _ _ _ of the interaction increases with compressions both along the
Axis + - + z axis and in thex-y plane.
In-plane/axis 4-5 5_32 5 The present analysis strongly suggests that the pressure

effect is very anisotropic depending on whether the compres-
sion is along thez axis or in thex-y plane. Since all the
+Aa. SinceAa=Aa’ and 24=0.5, thenP, =2P; . That quantities are closely related with the interaction amond the

is, the effect of the compression can be estimated from thglectrons of neighboring si;es or the intergqtion between_ the
difference of the quantities at the state with uniaxial pressur& lectron and the conduction electrons, it is very plausible
P, =2P, and that with hydrostatic pressureP; . The that the anlsotrop_lc effect arises from thg an!sotrdmdec—

1 ! S " oo tron state. The difference between thalirection and the
Iamce change by the compression isa(+ Aa")/a which is in-plane directions is consistent with the quadrupolar order
given by Py (1+ 1/'“)/3_K' . of O,, type. The anisotropic pressure effect also implies that

Case 2 Next we estimate the effect of the compression inthe electronic structure itself or the interactions related with
thex-y plane. A positive pressure,, compresses the lattice the electronic structure are anisotropic in the ordered sate of
by Aa andAa/a is given byPh2/3K. A uniaxial compres- quadrupole. However, it is difficult to understand in a
sionP,,. along thez direction compresses the lattice tya’  Straightforward manner why the effect is reversed between

G the compressions along tlzeaxis and in thex-y plane.

and Aa’/a is given by P, /[3K(1-2u)]. It expands the
lattice in the x-y plane by Aa” and Aa"/a is given by V. SUMMARY AND CONCLUSION
,uPuzl[3K(1—2,u)]. We assume thaha andAa’ are the _ _ . .

same. Then, by comparing the two states under hydrostatic e have investigated the magnetic phase diagram and the
and uniaxial pressures we may estimate the effect of thglectronic structure of CeBunder uniaxial pressure. The
compression in the-y plane froma+Aa” to a—Aa at the low-field phases IIA and 111 seem to be closely related with

state with the lattice constaat—Aa. SinceAa=Aa’, P, each other at ambient pressure and are very likely to disap-
2 pear with application of a small uniaxial pressure. On the

__(1__2'“)th_0'5|3'1_2' That s, the eﬁect of the compres- o hand, T, for phase IIB does not change within the

sion in thex-y plane is given by the difference of the quan- experimental error with application of uniaxial pressure up to

tities at the state with uniaxial pressupg =0.5P,_ and that 3 kpar, Ty(H) for phase Ill, H,, and H; increase with

with hydrostatic pressur@y,,. The lattice change in the plane uniaxial pressure. The dHVA frequency of thg oscillation

due to the compression i@+ Aa”)/a which is given by increases with uniaxial pressure, although it is expected to

Ph (1+ u)/3K. decrease reflecting the area change in the reciprocal space.
A Cﬁ)he effective mass increases rapidly with uniaxial pressure at

Now, let us compare the effects of the compressions alon ) .
the z axis and in-plane directions. It would be reasonable td° Pressures and stays approximately constant at high pres-

compare the two effects when the compression along the axR'"es- The changes @f,, H,, andm* due to uniaxial pres-
and those in the-y plane give the same volume change. TheSure are quahtatlvel)_/ opposite to _those found for hydrostatlc
volume changesAV/V in cases 1 and 2 are given by pressure. By analyzing the uniaxial and hydrostatic pressure

P, (1+1/w)/3K and 2P, (1+u)/3K, respectively. Then effects together, we have shown that the effects of the com-
h1 H h2 ” ' ' pressions along the axis and in thex-y plane are possibly

from this condition the relation betwed?y, andPy, is cal- ey different in the ordered state 6%,,-type quadrupoles.

culated to bePhl=2(1+ ,u)thl(1+ 1/u) or Pp,=0.5P,.
That is, when we compare the two effects, we have to com- ACKNOWLEDGMENTS

pare the change fror Ph1 to Pul (:thl) with that from We thank Professor T. Goto, Professor H. Harima, and Dr.

Py, (50.5Pp, =Py ) to P, (=2Py,). S. Nakamura for useful discussions and comments on our

Table Il summarizes whether the quantity increases or dedata. We also thank M. Suzuki and M. Kikuchi for technical
creases and the ratios of the changes associated with cosupport. This work was supported by a Grant-in-Aid for Sci-
pressions along the axis and in thex-y plane.Ty and m* entific Research from Mext Japan.

014423-9



YAMAMIZU, ENDO, NAKAYAMA, KIMURA, AOKI, AND KUNII PHYSICAL REVIEW B 69, 014423 (2004

*Electronic address: aokih@mail.clts.tohku.ac.jp 16y, Onuki, T. Komatsubara, P.H. Reinders, and M. Springford, J.

1S, Doniach, Physica B & ®1, 231 (1977. Phys. Soc. Jprb8, 3698(1989.

2N.B. Brandt, V.V. Moschalkov, S.N. Pashkevich, M.G. Whornov, ’W. Joss, J.M. van Ruitenbeek, G.W. Crabtree, J.L. Tholence,
M.V. Semennov, T.N. Kolobyanina, E.S. Konovalova, and Yu.B.  A.P.J. van Deursen, and Z. Fisk, Phys. Rev. L&8, 1609

Paderno, Solid State Commusi, 937 (1985. (1987.

’T.C. Kobayashi, K. Hashimoto, S. Eda, K. Shimizu, K. Amaya, 18N, Harrison, P. Meeson, P-A. Probst, and M. Springford, J. Phys.:
and Y. Onuki, Physica 281&282 553 (2000. Condens. Matteb, 7435(1993.

4S. Sullow, V. Trappe, A. Eichler, and K. Winzer, J. Phys.: Con-'°N. Harrison, D.W. Hall, R.G. Goodrich, J.J. Vuillemin, and Z.
dens. Mattes, 10 121(1994). Fisk, Phys. Rev. Lett81, 870(1998.

5Y. Uwatoko, K. Kosaka, M. Sera, and S. Kunii, Physica B 20R.G. Goodrich, N. Harrison, A. Teklu, D. Young, and Z. Fisk,
281&282 555 (2000. Phys. Rev. Lett82, 3669(1999.

6C.J. Haworth, H. Aoki, M. Takashita, T. Terashima, and T. Mat- 2*H. Aoki, M. Takashita, N. Kimura, T. Terashima, S. Uji, T. Mat-
sumoto, J. Magn. Magn. Matet77-181 371(1998. sumoto, and Y. Onuki, J. Phys. Soc. J@0, 774 (200J.

"T. Yamamizu, M. Nakayama, N. Kimura, T. Komatsubara, and H.22P, Coleman, C. Pepin, Qimiao Si, and R. Ramazushvii, J. Phys.:
Aoki, J. Magn. Magn. Mater226-23Q 155 (2002. Condens. Mattell3, R723(2001).

8T. Yamamizu, M. Nakayama, N. Kimura, T. Komatsubara, and H.2%H. Aoki, M. Takashita, C.J. Haworth, T. Matsumoto, T.
Aoki, Physica B226-23Q 155 (200J. Terashima, S. Uji, C. Terakura, A. Uezawa, and T. Suzuki, J.

9H. Nakao, K. Magishi, Y. Watanabe, Y. Murakami, K. Kayama, ~ Magn. Magn. Mater177-181 371(1998; 56, 937 (1985.
K. Hirota, Y. Endoh, and S. Kunii, J. Phys. Soc. J@0, 1857  2*M. Takashita, H. Aoki, C.J. Haworth, T. Matsumoto, C. Terakura,
(2002). S. Uji, T. Miura, K. Maezawa, R. Settai, and Y. Onuki, J. Magn.
10M. Takashita, H. Aoki, T. Matsumoto, C.J. Haworth, T. Magn. Mater.177-181 417 (1998.
Terashima, A. Uesawa, and T. Suzuki, Phys. Rev. [7&t1948 25\. Takashita, H. Aoki, T. Miura, C. Terakura, S. Uji, T. Matsu-
(1997. moto, K. Maezawa, R. Settai, and Y. Onuki, Physicad®-261
UM, Takashita, H. Aoki, C.J. Haworth, T. Matsumoto, T.  1093(1999.
Terashima, S. Uji, C. Terakura, T. Miura, A. Uesawa, and T.2°M. Takashita, H. Aoki, T. Terashima, C. Terakura, T. Matsumoto,

Suzuki, J. Phys. Soc. Jp67, 3859(1998. T. Nishigaki, H. Sugawara, Y. Aoki, and H. Sato, Physica B
125 Nakamura, T. Goto, and S. Kunii, J. Phys. Soc. &3dn3941 281&282 738(2000.
(1995. 27T, Terashima, T. Matsumoto, C. Terakura, S. Uji, N. Kimura, M.
13p, Burlet, J. Rossat-Mignod, J.M. Effantin, T. Kasuya, S. Kunii,  Endo, T. Komatsubara, and H. Aoki, Phys. Rev. L8T.166401
and T. Komatsubara, J. Appl. Phy&3, 2149(1982. (2002).
¥A.P.J. van Deursen, Z. Fisk, and A.R. de Vroomen, Solid State¢®J.M. Efantin, J. Rossat-Mignod, P. Burlet, H. Bartholin, S. Kunii,
Commun.44, 609 (1982. and T. Kasuya, J. Magn. Magn. Matdi7-48 145(1985.
15T, Suzuki, T. Goto, S. Sakatsume, A. Tamaki, S. Kunii, and T.?W.A.C. Erkenlens, L.P. Regnault, P. Burlet, J. Rossat-Mignod, S.
Fujiwara, Jpn. J. Appl. Phys., Part2b, 511 (1987). Kunii, and T. Kasuya, J. Magn. Magn. MatéB&64, 61 (1987.

014423-10



