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Highly Anisotropic Pressure Dependence of the Fermi Surface of CeSb
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We report a de Haas–van Alphen effect study of CeSb under pressure in the ferromagnetic pha
The frequencies of the electron Fermi surfaces and one particular hole surface increase considera
with increasing pressure, while those of the other hole surfaces decrease slightly. On the other ha
the effective masses increase similarly for all the hole surfaces with pressure, while those of the elect
surfaces change little. The frequency changes seem to be explained qualitatively by considering
anisotropicp-f mixing model. However, it is difficult to understand the changes of the effective
masses in terms of thef content expected for thep-f mixing model. [S0031-9007(97)02710-5]

PACS numbers: 71.27.+a, 71.18.+y
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Strongly correlatedf-electron systems (SCES) hav
been studied for more than a decade because of thei
teresting physical properties. However, our understand
of their properties is far from complete. The ground sta
of U-based systems were classified by Hill according
their U-U spacing, which is known as the Hill plot [1]
A similar classification was also performed for Ce-bas
systems [2]. Although these classifications, based on
interatomic distance, may roughly explain the properties
SCES, many systems cannot be classified by these sim
schemes.

To clarify the relationship between the properties a
the interatomic distance, studies under pressure have
performed. These studies have revealed that the p
erties of SCES are very sensitive to pressure compa
to those of normal metals [3], which indicates that t
electronic structures of SCES are very sensitive to
interatomic distance. Therefore, it is expected that a
Haas–van Alphen (dHvA) effect study under pressure
very useful for revealing the nature of SCES because
dHvA effect is a powerful tool to clarify the electroni
structure of the material.

CeSb is one of the intriguing SCES which has be
studied intensively. It crystallizes in the NaCl structur
In the paramagnetic state, the temperature dependenc
the electrical resistivity clearly shows typical dense Kon
behavior [4] which has also been observed in Ce-ba
metallic systems such as CeB6 [5] or CeCu6 [6]. However,
CeSb is different from those compounds in that it is
semimetal whose carrier concentration is a few percent
Ce atom.

In the ordered states, CeSb shows a complex magn
phase diagram [7]. At low temperatures, the spin
rangements are described by the stacking of ferromagn
(001) planes with magnetic moments perpendicular to
planes. When a magnetic field of about 4 T is applied p
allel to the [001] direction, the system enters a ferroma
netic phase where all the spins are aligned parallel to
magnetic field. The magnetic moment is2.10mB, simi-
0031-9007y97y78(10)y1948(4)$10.00
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lar to the saturated moment for thejJ, JZl  j5y2, 5y2l
state. The direction of the magnetic moment is strong
pinned along one of thek100l directions close to the ap-
plied field direction.

The Fermi surface (FS) properties of CeSb have be
studied experimentally [8–10]. The topology of th
FS’s in the ferromagnetic phase can be explained
band structure calculations based on the anisotropicp-f
mixing model [11–13]. In thep-f mixing model of
CeSb the anisotropic mixing effect between the4f-G8

states and the5p-G8 bands is considered to be impor
tant. Because ofp-f mixing, the 4f states are pulled
down, and the5p bands are pushed up by the bondin
antibonding effect to gain energy. According to expe
ments and the band structure calculation, the FS’s con
of a singlefold ellipsoidal electron FS centered on theXz

point sad, twofold ellipsoidal electron FS’s which exhibit
d-f exchange splitting centered on theXx andXy points
sgd, and four singlefold closed-hole FS’s centered on t
G point (b1, b2, b3, and b4). Here the Greek letters
in parentheses denote the corresponding frequencies
served in the experiments. The electron FS’s arise mos
from the5d bands of Ce, while the hole FS’s arise most
from the 5p bands of Sb. Theb4 frequency can be ex-
plained as arising from the particular valence band whi
mixes strongly with the4f jJ, JZl  j5y2, 5y2l state and
is pushed up due top-f mixing. The other hole FS’s
are ascribed to the valence bands which have a littlep-f
mixing.

Although the topology of the FS’s observed in exper
ments can be explained theoretically, the enhancemen
the effective masssmpd has been controversial. The low
temperature electronic specific heat coefficient obtain
by specific heat measurement at zero magnetic field w
3 mJymole K2 [14], which is three times larger than the
value 1 mJymole K2 estimated with themp’s determined
by quantum oscillation experiments [10]. To understa
this point, it is necessary to clarify how thef states affect
themp’s, as well as the topology of the FS’s.
© 1997 The American Physical Society
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In this paper we report a dHvA study of the pressu
dependence of the frequencies and themp’s for all the
FS’s of CeSb in the ferromagnetic phase. From th
results the highly anisotropic change of the FS proper
has been revealed for the first time in SCES. Results
be discussed in light of thep-f mixing model.

The details of the sample preparation have been p
lished elsewhere [15]. The dHvA measurements w
performed in a top-loading dilution refrigerator. Magne
fields were applied parallel to the [001] direction of th
sample by a superconducting magnet. The maximum fi
used was 14 T. Since the dHvA oscillation is periodic
1yB rather than1yH, we have corrected the effect of th
magnetization to obtain the true dHvA frequency. He
B  H 1 4ps1 2 DdM, M is the magnetization, andD
is the effective demagnetization coefficient of the samp
The sample shape is a rectangular parallelepiped, anD
is calculated to be 0.14. Values of the dHvA frequen
thus obtained are larger than the values reported ea
by a few percent [8–10]. This correction is independ
of pressure, because the pressure dependence of bot
magnetization [16] andD is negligible.

A standard Cu-Be pressure clamp was used to ap
pressure to the sample. The maximum pressure used
6.5 kbar. We used a1:1 mixture of Daphne 7373 oi
and kerosene as the pressure transmitting medium.
pressure at low temperatures was calibrated by measu
the superconducting transition temperature of Sn [1
Deviation from hydrostatic pressure and its effect on
present measurement are estimated to be negligible
observing that the superconducting transition width of
does not change and amplitudes of the dHvA oscillatio
in CeSb do not show an appreciable decrease unde
pressure used in this study.

The dHvA oscillations were measured with a stand
field modulation technique. The modulation field w
applied from the outside of the pressure clamp. Relativ
low frequencies, between 2 and 7 Hz, were employed
reduce the amount of the Joule heating of the press
clamp due to eddy currents generated by the modula
field.

Since the pressure clamp is heated because of the m
lation field, there is a difference in temperatures betw
the thermometers and the sample in the pressure cla
Therefore, the measuredmp’s can be different from the true
ones. We will show that the true ones were determin
within the experimental error as follows: The modulati
amplitude and frequency used mostly in themp measure-
ments were 70 G and 2 Hz, respectively. This freque
and amplitude were chosen so that the heating powe
small enough, and at the same time the dHvA signal is la
enough. The temperature inside the pressure clamp
measured by a RuO2 resistance thermometer as functio
of modulation frequency, amplitude, and temperature
fore the dHvA experiments. The temperatures during
experiments were measured by RuO2, Ge, and carbon re
e
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sistance thermometers placed in the mixing chamber. T
mp measurements were performed at temperatures ab
200 mK, where the difference between the temperatu
of the thermometers and the sample is not significant w
this modulation condition. Themp’s are measured at am
bient pressure with this modulation condition in two way
i.e., by the standard setting without the pressure clamp a
with the sample inside the pressure clamp. Both valu
agree well within the experimental error.

Particular care was taken when measuring themp of
b4 because it is the largest one, and, consequently,
measurement is most affected by the temperature er
The mp was measured as a function of the heatin
power, i.e., modulation amplitudeh and/or frequency
v and was plotted against the heating powerh2v2.
Then the data were extrapolated to the zero-heat
condition. The difference between the obtained val
and the one measured using the modulation condit
mentioned above is0.1m0. Namely, they are in agreemen
with each other within the experimental error.

Figure 1 shows a recorder trace of the dHvA oscill
tions observed at 6.5 kbar. The corresponding Four
spectrum is shown in the upper panels of Fig. 2, wh
the lower panels show the spectrum at 1.5 kbar. It can
clearly seen that the frequenciesa, g, andb4 at 6.5 kbar
are considerably higher than those at 1.5 kbar. On
other hand, those ofb1, b2, andb3 at 6.5 kbar are lower
than those at 1.5 kbar, and the magnitudes of the chan
are much smaller than those ofa, g, andb4.

The Fourier peak of theg frequency splits into two or
more, depending on the pressure or the field range u
for the Fourier transform. Similar splitting phenomen
are observed at ambient pressure. Although no cl
explanation has been given for the splitting behavior
far, we think that the artifact of the Fourier analysi
combined with the field dependence of the exchan
splitting, may be responsible.

FIG. 1. Recorder trace of the dHvA oscillations in th
ferromagnetic phase observed at 6.5 kbar for the magnetic fi
parallel to the [001] direction. The temperature of the mixtu
during the measurement is 200 mK.
1949



VOLUME 78, NUMBER 10 P H Y S I C A L R E V I E W L E T T E R S 10 MARCH 1997

n
h

e

e

e

o

s

ure

ure
of
ith
bout

en-
ea-
ent

of
er-

the

w-

t
vA

ure

eld

fre-
FIG. 2. Upper panel: Fourier spectrum of the oscillatio
shown in Fig. 1. Lower panel: Fourier spectrum of t
oscillations observed at 1.5 kbar.

Figure 3 shows the fractional changes of the frequ
cies, i.e.,DFyFs0d  hFsPd 2 Fs0djyFs0d as a function
of pressure. Table I is a summary of the frequencies
ambient pressure and their pressure coefficientsd ln FydP
determined by fitting a straight line to each set of data
ln F vs P plots. Thea and g frequencies which arise
from the electron FS’s increase considerably with pr
sure. On the other hand, the pressure effect of the h
FS’s are qualitatively different among them. The fr
quency ofb4 increases at a larger rate than those ofa

and g, while those of other hole FS’s (b1, b2, andb3)
decrease and the magnitude of the rate is less than
third that ofb4.

The pressure dependence of the frequencies are q
different from those observed in the non-f reference

FIG. 3. Fractional changes of the frequenciesDFyFs0d 
hFsPd 2 Fs0djyFs0d as a function of pressure. The solid line
and a broken line are guides for the eye.
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TABLE I. Frequencies at ambient pressure and their press
coefficientd ln FydP. The pressure coefficient ofg has been
estimated by fitting a line to all the data points ofg in Fig. 3.

FsTd d ln FydP s31023 kbar21d
Electron FS’s

a 205 118
g 1330 114

Hole FS’s
b1 330 23
b2 490 24
b3 750 25
b4 1450 120

material LaSb [18] which has the same crystal struct
and whose carrier concentration is two-thirds that
CeSb [10]. In LaSb all the frequencies increase w
pressure. The pressure coefficients are between a
13 3 1023 kbar21 and 17 3 1023 kbar21, which are
much less than those ofa, g, andb4.

Table II is a summary of themp data measured both
at ambient pressure and at 6.5 kbar for all the frequ
cies. The data at ambient pressure shown here were m
sured by the standard setting, and they are in agreem
with those reported previously [8,19], except for that
b4. The mp of b4 at ambient pressure has been det
mined to bes1.9 6 0.15dm0. All the mp’s of the electron
FS’s do not change within the experimental error. On
other hand, themp’s of the hole FS’s increase similarly
with pressure. The increase for themp’s of b2 and b4-
FS’s are obvious beyond the experimental error. Ho
ever, considering the large experimental error, those ofb1

andb3-FS’s might be small [20].
It is noted that themp of b4 measured in this experimen

is about half of that measured using the acoustic dH
effect [10]. Themp with fields in the [111] direction is
also found to be small, i.e.,1.8m0, compared with that

TABLE II. Effective masses measured at ambient press
and at 6.5 kbar. For the effective mass ofg, we have deter-
mined the effective mass using the Fourier spectrum of the fi
range between 7.6 and 4.6 T, where the Fourier peak ofg splits
into about two peaks. Theg (higher) and theg (lower) refers
to the data of the higher frequency and those of the lower
quency, respectively.

mpsm0d mpsm0d
(ambient pressure) (6.5 kbar)

Electron FS’s
a 0.23 6 0.02 0.22 6 0.03

g (higher) 0.8 6 0.1 0.9 6 0.1
g (lower) 0.9 6 0.1 0.9 6 0.1
Hole FS’s

b1 0.5 6 0.05 0.6 6 0.05
b2 0.9 6 0.1 1.4 6 0.2
b3 1.2 6 0.1 1.5 6 0.2
b4 1.9 6 0.15 2.4 6 0.25
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obtained by the acoustic dHvA effect. The relatively sma
mp can be qualitatively confirmed by observing that th
amplitude of theb4 oscillation is the largest among othe
frequencies and that the signal can be observed in fie
down to 6 T and at temperatures up to 1.5 K in the [11
direction. Moreover, since themp’s, except for that of
b4, are in good agreement with those measured by t
different groups with different samples and experimen
settings [8,19], it is unlikely that the difference comes fro
sample differences or experimental mistakes.

The highly anisotropic pressure dependence of
the frequencies in this study seems to be explain
qualitatively by taking the anisotropicp-f mixing model
into account [11–13]. We discuss two effects whic
change all the FS’s almost uniformly.

(1) With increasing pressure, the volume of the reci
rocal lattice or the FS increases because the volume
the real-space lattice decreases. The pressure coeffic
d ln FydP due to this effect is given by2ky3, wherek

is the volume compressibility. We estimate the valu
of 2ky3 to be 11 3 1023 kbar21 [21], which is much
smaller than those observed in this study.

(2) Other effects which can increase the frequenc
considerably have to be considered. As the pressure
increased, the overlap of the wave functions between
p bands of Sb and thed bands of Ce increases. Therefor
the system becomes more metallic, or the valence ba
go up and the conduction bands come down with resp
to the Fermi energyEF , i.e., both the hole and electron
FS’s increase. However, this effect cannot explain t
very anisotropic change among the hole FS’s.

In order to understand the pressure dependence of
the frequencies, it is necessary to consider an anisotro
effect. According to thep-f mixing model, thep-f
mixing is strong in the particular valence band from
which b4 arises [11–13]. With increasing pressure, th
p-f mixing becomes stronger because the overlap of
wave functions between thep bands of Sb and thef
states of Ce increases. Therefore, it is expected that
particular valence band is preferentially pushed up furth
with pressure. This effect causes the volume of theb4-
FS to increase. Then, theEF increases to compensat
the numbers of holes and electrons. Consequently,
volumes of the electron FS’s increase, while the volum
of the hole FS’s, other than theb4-FS, decrease.

If we take the last effect into account, in addition to th
effects (1) and (2), the anisotropic frequency changes m
be explained. Namely, all three effects cause an incre
in the volumes of the electron FS’s and theb4 FS, while
the last effect is compensated by (1) and (2) for the oth
hole FS’s to give only small changes.

It is difficult to explain the pressure dependence
the mp’s in a straightforward manner by thep-f mixing
model. It is expected from dHvA effect studies and th
band structure calculations of many other SCES that
mass enhancement is large for the band whosef content
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is large. According to the interpretation of the press
dependence of the frequencies based on thep-f mixing
model, it may be assumed that thef content of theb4-
FS increases considerably with pressure, while those
other hole FS’s do not change very much. Therefore,
difficult to explain the result that the increase of themp for
b4-FS shows a similar trend to that of the other hole FS
The present observation might imply that thef content is
not significant for the mass enhancement in CeSb, or
band masses change to compensate the mass enhanc
due to the many-body effect. A band structure calculat
study under pressure will be helpful to clarify this point
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