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Electron-strain interaction in the singlet-ground-state compound TmSb
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We studied the electron-strain interaction for the singlet-ground-state compound TmSb using ultrasonic
measurements to observe the quantum oscillation of elastic constants. Their oscillatory intensity was highly
anisotropic depending on the applied field direction, and on the propagation and polarization direction of the
ultrasonic wave. This anisotropy has been explained by response theory based on effective-mass approxima-
tion. Our analysis provides coupling coefficients between itinerant electrons and the lattice system. From the
width of the Fermi-surface splitting, we obtained exchange interactions between localized and itinerant elec-
trons.
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[. INTRODUCTION does not require a modulation field. The absence of this
modulation field makes it easy to analyze electron-strain in-
Rare-earth monopnictides have been used as typical conteractions. The modulation field generates Joule heating at
pounds to verify physical models because they crystallizenetallic parts of the experimental equipment, which is an
simple NaCl crystal structures. These monopnictides, for exebstacle for low-temperature measurements. We previously
ample, enabled us to develop a crystalline electric-fieldeported the high anisotropic behavior of the a-dHVA oscil-
(CEP theory! This simple structure is also useful in the latory intensity in the longitudinaC;; mode in TmSH. To
experimental investigation of their physical properties be-explain the anisotropic behavior of tiy,; mode, we use the
cause this structure facilitates analysis and discussion. Rareesponse theorpased on effective-mass approximafion
earth monopnictides show dramatic behavior originating irthis paper. In the a-dHvA measurement series for other rare-
the interaction between localizédlectrons and conduction earth monopnictide%;'! the anisotropic oscillatory intensity
electrons>® The major reason for such behavior is that theirof the elastic constant was observed. An analysis by the re-
physical properties are influenced by this interaction due to aponse theory in rare-earth monopnictides LaAs, CeAs, and
low carrier concentration for semimetallic or semiconductiveCeBi (Refs. 12—14 and the metallic compound L@B1L5
characteristic&> Because of the characteristics of low car- measurements are restricted in either the longitudinal or the
rier concentration, the sample dependence becomes signifransverse mode except for rare-earth hexaboride; LdB
cant. Thus, it is indeed important for the investigation ofproceed to the next step in understanding electron-strain in-
these compounds to use high-quality single crystals. Reteractions of rare-earth monopnictides, we conducted the
cently, high-quality single crystals of rare-earth monopnic-a-dHvA measurement of the transvefsg, mode. We report
tides have been obtained by the Bridgman method using and discuss longitudinal and transverse a-dHvVA measure-
high-frequency heartf. ments. This paper is a complete study of electron-strain in-
We measured the acoustic de Haas—van AlglaetiHvA)  teractions using response theory and provides much worth-
effect, observing the quantum oscillation of ultrasonic waveshile information. We obtained the electron-strain
for TmSb in theC,; mode. We used a high-quality single interaction for up and down spins independently due to the
crystal and determined the complete structure of the Ferngpin-splitting Fermi surface in TmSb.
surface’ Investigations along different field angles indicate ~ We also review the exchange interactions betwieelec-
the structure of the Fermi surface, the cyclotron effectivetron and conduction electrons, which govern the main prop-
mass, and the Dingle temperature. Oscillatory intensity conerties of rare-earth monopnictides. We focused on TmSb and
tains information on electron-strain interaction. Analysis of PrSh. The CEF ground state of Tm and Pr ions is singlet in
results in the dHvVA measurements is rather complex becausemSb and PrSb and nonmagnetic in zero fields. Although
it involves the relationship between modulation and the apmagnetic momentum disappears in zero fields, a large mag-
plied field. The acoustic dHVA effect is obviously a more netization is induced by hybridization from the CEF excited
elegant way to investigate electron-phonon interactions thastates to the ground sta&.?*We measured the dHvA effect
the standard modulation method because the a-dHVA effean the hypothesis that the field-induced moment efec-
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trons influences conduction electrons and causes some 4x107 —
change in the Fermi surface. A detailed study of the Fermi
surface has been done up to 8 T in PPSiut no change in
the Fermi surface was observed by the applied field. We
measured the dHVA effect on the principal axis of the cubic
structure up to 25 T using a hybrid magiet® Results in-
dicate a small change in the Fermi surfat®Ve inferred that
hybridization by the applied field occurs in a lower applied
field if energy difference between the ground and the first
excited state of the CEFAE) is smaller. In a zero fieldAE

is 25 K for TmSb?>~?"but 75 K for PrSi*8=2The magnetic
momentum of TM" is estimated to be 7.5#g by the Hund
rule. This is larger than that of PrSb, which corresponds to
3.58 ug . If we assume that the influence on conduction elec-
trons by magnetization is proportional to the magnetic mo-
mentum, the factor for TmSb is doubled compared to that of
PrSh. As envisioned, we found exchange splitting of the
Fermi surface in TmSB_.Interaction coefficients between FIG. 1. Angular dependence of the FFT spectrum on TmSb in
electrons and conduction electrons have been estimatqfe c,, mode acoustic dHvA oscillation.

elsewher& and preliminary results obtained. Here, we take

into account the magnetic susceptibility in estimating the in
teractions.

We present experimental results for the a-dHVA effect fo
TmSb, emphasizing that analysis by the response theory ¢
explain anisotropic oscillatory intensity. In Sec. Il, we de-
scribe single-crystal growth and characterization of crystals
used for measurements. In Sec. lll, we review exchange in- . RESULTS
teraction and the application of response theory to experi-
mental results. We also study the intensity of the longitudinal
C,; and transvers€,, modes originating in the anisotropic Figure 1 shows the angular dependence of the fast
electron-strain interaction. In Sec. 1V, we discuss informationFourier-transformation(FFT) spectrum for the acoustic
acquired using the response theory. dHVA oscillation in theC;; mode. The relationship between
the applied field and propagation direction of the ultrasonic
wave in measurement is shown in Fig. 2. The dHVA frequen-
cies of TmSb consist of three main branches indicated,as

We grew a single crystal of TmSb that was 14 mm in8, andy, named from the reference compound LaSg®
diameter and 20 mm long by the Bridgman method in aElectrona branches, forming ellipsoids located at the three
closed tungsten crucibfeWe checked the stoichiometry of X points, are ordinarily derived from the orbit with t,,
the sample by inductively coupled plasma atomic emissiorgharacter on Tmg andy hole surfaces are located at the
spectroscopy. The deviance from the stoichiometry was estpoint of the zone center, which mainly consist of therbit
mated to be 1% at most. Samples for measuring the acoustwith theI'g character on Sh. Thg surface is almost spheri-
dHVA effect were prepared by cleaving samples along thesal but they surface is slightly elongated along the fourfold
(100 plane into 22X 4 mnt rectangles. axes. Double peaks ef and 3 in Fig. 1 show the spin split

To detect the quantum oscillation of sound velocity in aof the Fermi surface.
magnetic field, we used an ultrasonic apparatus based on
phase comparisotf. A piezoelectric transducer LiNbQ [001)/k/fu
which has high electric-mechanical coupling, was used for

both the ultrasonic generator and detector. The frequency of

sound waves was varied between 30 and 75 MHz, and the i

ultrasonic wave pulse width was fixed at about 1.0 ms. The

resolution of sound velocity i\n/n=10"7, sufficient to

detect quantum oscillation in ultrasound. The acoustic dHVA 22

effect in TmSb was measured using the transvérgeand o /R » o
: N

ACy, (erg /cm3)

0.0 0.1 0.2
dHvA frequency (108G)

into account the internal field, given b=H-+4m(1
—N)M, where N(=0.34) represents the demagnetization
r, . .

factor of the sample anMl is the total magnetic moment per
hit volume.

A. Exchange interaction

II. EXPERIMENT

longitudinal C;; modes. The sample was cooled to 0.5 K
using a circulatior’He refrigerator>3*Magnetic fields were
generated by a superconducting magnet up to 8 T. To deter-
mine the angular dependence of the dHVA frequency and
oscillation intensity, the sample orientation was adjusted by a FIG. 2. Relationship of propagation vectkrand polarization
two-circle goniomete?> We measured magnetization to take vectoru of the ultrasonic wave in th€,, measurement.

[100]
[110]
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TABLE |. Fermi energiesEr, cyclotron effective-mass ratios TABLE Il. Exchange interactionsgin eV) between localized
m*, and Dingle temperature§y for split « and 8 branches of electrons and conduction electrons along three principal axes in
TmSb. Suffixesl and h indicate the lower-frequency and higher- TmSb.
frequency branches of split branches. Effective-mass ratiosyfor
surfaces were acquired from the cyclotron motion of the shortest (100 (110 (113
orbit with ellipsoidal shapes. Fermi energies@pbranches are av-

erages forg' and g". a 5.5 10 5.3 10 5.4x10°?
B 8.4x10? 7.3x10°? 9.0x10 2
Er (K) m* (= Mess/Mo) Tp (K) y 1.4x 1072 4.6x 102
al 3.60x 10° 0.12 4.7
alh 3.27x10° 0.14 a7 The resultant exchange interaction coefficients summa-
B 5.23x10° 0.16 25 rized in Table I, were obtained only in the three principal
B" 5.23<10° 0.17 25 axes of a cubic structure. To calculate the exchange interac-

tion, we require absolute magnetization as shown in(Ey.
and measured magnetization along the three principal axes.
The dHVA frequencies remain within 010° G, esti-  The exchange interaction of the branch is larger tha
mated to be roughly ten times smaller than most metalligng 5 branches in(100), (110, and(111) (see Table .
compounds. From the cross-sectional area of the Fermi sufhe result indicates that conduction electrons, which mainly
face, the carrier number is estimatedrby 7.4% per Tmion  consist of thep orbit on Sb, interact strongly with localized
in TmSb, about quintuple compared with=1.4% per La  electrons because of the similar symmetry of the wave func-
ion in Lasp>®<° tion. For theB branch, the anisotropy for the exchange in-
In the spin split of the up and down spins of the Fermiteraction was observed, while is almost independent of
surface, the dHVA frequencies are obtained by the FFTpplied fields. The exchange interaction enhanceiLi)
analysis. The FFT analysis is usually conducted in a limitedoy the y branch is the same behavior as féranch. This
field region where oscillations are observed. In analysis, W¢ehavior is caused by the large magnetization(iri1)
assume that oscillations continue infinitely, and as a resultamong the three principal axes. In th&00) direction, the
the frequency observed by the FFT analysis corresponds {@scillatory intensity of they branch was not sufficient, so
the value extrapolated to zero magnetic fields. Fortunately, i'%plitting of the y branch was unclear.
many cases, the Zeeman split grows proportionally to the
applied field, or the split width is too small to appear in the _ )
FFT spectrum. Thus, we must observe a single frequency for B. Electron-phonon interaction
the up and down spins of the Fermi surfaces. In TmSb, how- 1. Response theory
ever, the large steep increase in field-induced magnetization ) ) ) . ) ) )
drastically changes the curvature for magnetization in the 10 €Xplain the anisotropic oscillatory intensity of elastic
field region from 5 T to 10 T. Thus, the Zeeman split devel-constants, we used response théotysound wave induces
ops nonproportionally to the applied field, and differentlattice deformation in the crystal, changing the cross-

dHVA frequencies of the up and down spins are observed j§ectional area of the Fermi surfaces, i.e., free energy. The
the FFT spectrum. oscillatory part of the elastic constant is obtained by the sec-

From the split width, we obtain exchange interaction co-ONd derivative of free energy with respect to strain compo-
efficients between conduction electrons and localizetbc-  N€Nte;; - In our experimentHs(B)/H is sufficiently large to
trons. Using a spin-split width of 2Hg in the FFT spectrum, Neglect the strain dependencefod(H, 5,0) and the second

we describe the exchange interactionJgf as follows: term containingHg(8)/H in Eq. (45 of Ref. 8. Conse-
quently, oscillatory parts of the elastic constant are

(Sr)
,U«BZAHS:WSA‘]sf{<Sf>BO_(_aB Bo]- D) Cijuirj(H,8,00=—Fs(H,8,0A;(B)Aij(B)
Bo
Hs(B)\*> [Hs(B)
Here X( a ) co H +Zn . (3
1/2
A mxmymz/mg 2 After Fourier analysis in Eq(3), the oscillatory intensity
mx,6’>2(+my,8§+mz,3§ remains as
whereB; andm; (i=X,y,z) are direction cosines and effec- |AC;j.i(H,B,0)]

tive massesS; represents the absolute spin in a unitfof

We take into account the anisotropy of effective mass repre-
sented byA, compared to previous reports! We summarize
Fermi energiesEg, cyclotron effective-mass ratiosn*
=meg¢t/Mg, and Dingle temperaturél;, in Table I. Suffixes  FactorFg(H,3,0) is eliminated by dividing the above equa-
| andh denote the lower- and higher-frequency branches. tion by Eq.(41) or Eq.(42) in Ref. 8, which corresponds to

H 2
FS(HnBvO)Aij(,B)Ai’j’(,B)< S:(B)

. 4
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the longitudinal or transverse sound wave, respectively. We 6.0 prr T T T e
extract the area coefficient;;(8) from the oscillatory inten-
sity of elastic constanC;; . 5.0
Response theory indicates that area coeffici&qn(3)
consists of deformation, rotation, and a multiband term: 4.0
A (B)=Af(B)+ Ajj(B)+ AT () 50
Deformation couplingH=g,,pe of the longitudinal C,;
mode with straire,, leads to the deformation term: 2.0
Adz(ﬂ):g_zz 2mz:8§_mxﬂ>2<_my1832/ ©6) 1.086 )
’ 6 | mgZ+myBl+mpB: = TS
) ) ) =y 0'0.|.|.|.|.I.|. slatalaig
In the transvers€,, mode with straire,,, deformation cou- — 6.0 prr T
pling H=g,,pxPyex,(VmMymy) yields the deformation term <
\/_ - 5.0
m,m, B,
AY B =Gy . (7)
mxﬂx+ myBy+ mzﬁz 4.0

Here,g;; signifies the parameter implying the interaction be-
tween the conduction electron and elastic strginthe di-
rection cosine of the applied magnetic-field direction, amd
the effective mass of the ellipsoidal Fermi surface. The trans-
verseC,, mode, which propagates along 0] axis with

the polarization vector parallel {®10], induces pure strain 1.0 - i

exy and the lattice rotation,,. This lattice rotation also y ¥ ¥ ¥
changes the cross-sectional area of the Fermi surface with a 0.0B bttt bttt bbbttt bt Lo Lo
anisotropic shape, because the applied field direction is fixec 0 50 100 150 200

by the superconducting magnet. The rotation term is calcu- [100] [101] [001] [111] [110] [001]
lated as

Field direction ( deg )

(= My my) BBy ) (8) FIG. 3. Angular variation of area coefficients for spin-sptit
mX,B)2<+ myﬁ§+ mzﬂg surfaces measured for ti@; mode. Solid lines are theoretical fits.

) ) ] (a) Lower-frequency branchegh) higher-frequency branches.
The rotation term is a pure geometric effect, free from defor-

mation coupling. Because the 'Iongitudinal mode does noﬁegligible. In this stage, however, we assufe- 1 for sim-
include lattice rotation, the rotation term is relevant only forplicity. The spin factor is detailed elsewhere.

the transverse mode. _ Analysis is restricted irg=2.00, which is the value for
Regarding the multiband effect, band energy is changegqq ons. Taking into account enhancements by the spin-
by the elastic strain of the sound wave. In a system with &t interaction or other many-body effects, we must take
multiband structure, electrons in a band are transferred Q.1 account they factor in the calculation. See Sec. IV. We
other bands under the constraint of a fixed electron numbeg, 4. cted analysis for and 8 branches because they are

This process causes the Fermi level to change, changing the;,oidal and spherical, which is fully calculated for the
cross-sectional area. Response theory considers this asg@ometric factor without any assumption.

multiband effect. The multiband termi”j‘ does not depend on
the field direction.

Here, we infer the spin reduction factor in detail. The spin i - )
factor is usually described as From FFT spectra intensities, we obtaing@,,/C,; us-

ing the absolute elastic consta@t;=1.74x 10" erg/cn?.
1 The longitudinalC,; mode related to elastic strain, detects
Rs=2 COS{ngsgﬁf(ﬂ,gij)), (9 area coefficient Ag(B) for az surfaces andAy(B)
[=A,B)] for aq(as) surfacesA z3(8) means the area co-
wheres represents the number of harmonic oscillations. Theefficient with the field parallel to the major axis of the ellip-
spin factor is multiplied by the oscillatory intensity. When soidal surface, and ,,(3) or A ;1(8) denotes the minor axis
the effective mass is small, that m* <1, the dHvA oscil-  parallel to the field.
latory amplitude is not so influenced by the spin factor. In  Figure 3 shows the angular variation of area coefficients
rare-earth monopnictides, however, the effective mass ratiobtained by theC,; mode. The quantum oscillation intensity
holds at 101-10 2. So, the spin reduction factor is not of threea branches differs significantly. Only 5 of a3 was

AL(B)=

2. C;; mode

224103-4



ELECTRON-STRAIN INTERACTION IN THE SINGLET. .. PHYSICAL REVIEW B 67, 224103 (2003

2.0-|-|-|-|-|-|-|-|' LIS L LN L BN B L B B 'I'|'I'I: [001]
TmSb 3 as
1.5 3
S 1 E % 2
3 ' A
< = [010)//u
= E [100)//k
0.5 FIG. 5. Relationship of propagation vectkrand polarization
vectoru of the ultrasonic wave in a transver€g, measurement.
0.0 bbb b L lute elastic constar€ ,,= 2.38x 10 erg/cnt is used for cal-
0 50 100 150 200 . : . L
culations. TheC,, mode propagating witfi100] direction
[100] [101] [o01] [111] [110]  [100]

with polarization[010] induces pure strair,, and lattice
Field direction ( deg ) rotation w,, . Area coefficientA 15(3) is detected for the;

surface,A ,5(B) for a1, andA3z4(B) for @,. When the mag-
FIG. 4. Angular variation in area coefficients f@ surfaces netic field is applied to thé100) plane perpendicular to the
measured for th€,; mode. Superscriptsandh represent lower-  propagation direction of th€,, mode, both the deformation

and higher-frequency branches. The solid line is a theoretical fit byerm in Eq.(7) and the rotation term in Eq8) disappear
response theory. because of direction cosigg=0. A similar disappearance is
expected in th€010 plane perpendicular to the polarization

observed to have a large intensity. Poor intensity was dedjrection of theC,, mode becausg,=0. The multiband

tected fore; anda; in the plane perpendicular to the propa- term of & Fermi surfaces, located at X point, disappears due
gation direction. Solid lines in Fig. 3 represent curves calcu-

lated by response theory, where we used a set of paramete i
011=02>= —0.36 andgzs= 7.3 for the deformation coupling osfF
and for multiband termsAT(B)=A0¥B)=0.75 and _ F oy branch Cymode 1
AZ(B)=1.9 in the high- frequencyz branch @". Inthe &  06F .
low- frequencya branch @'), g11=0,= —0.63,935=65 & - ]
and AT(B)=ATB)=0.75, and AT(B)=1.9 were ob- =< %4

oo
tained. The relatlvely large deformation coupling constant 0.26:0® Pen f'.“s"m«" ea S AR "
gs3 and multiband term\34(B) for surfaces correspond to Et * . "‘u._ P "'
the large oscillation intensity ats in the C,; mode. Calcu- Y| NI RN Wh NN R
lation based on response theory well reproduced experimen E ]
tal results except for the angular-independent par&9fin 08 a, branch E

the[001] direction. This inconsistency may be caused by the—

spin factor and may show the importance of the spin factor i ine=. 08 ]
TmSb. <«> 0.4 :_ _:

Angular variation of theg branch is shown in Fig. 4. _— E ]
Since thep hole surfaces are almost spherical, we expect o2p 2% Jo Lo L ., . .Y
isotropic angular variations of curvature fac®f=2= and T e N W STalA T 8
the effective mass. Obtained deformation-potential couplings D R L
and multiband terms arey;;(i=1,2,3)=0.67 and A[\(i E ]
=1,2,3)=0.82. In Fig. 4, we show a fitting curve f@" and 08F s branch E
B' because the difference ingy(8) for " andg' surfacesis = F ]

not significant. The fine structure in experimental results is&< : ]
not explained at this stage. Intensity on @0 plane is <Sl‘ 0.4F 3
relatively larger than that on the (D) plane, i.e., the same — b R ' ]
behaviors in thex branch. We note that the enhancement in D25 g0 6 qaetat®e/, 8 , 1 00,, a7

; . . . foa ® LFRS R Sty '."-;.;:
the (010 plane in theB surface is described by the analysis, T T TR
taking into account the spin factor. Details of analysis are 0'00 50 100 150 200 250
reported elsewhere. [001]  [101]  [100] [110] [010] [011]  [001]

3. C44 mode Field direction ( deg )

The experimental setting of ultrasound measurement is FiG. 6. Angular variation in area coefficients for low-frequency
shown in Fig. 5. Figures 6 and 7 show area coefficients ofy surfaces measured for ti, mode. Solid lines are calculated by
the transverse mode far' anda" surfaces, where the abso- response theory.
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:""""'I"""' L LA L L L B '|'I'|'|'|'|'I'|': 0.50:-|||||-|-|'|l|'|ll|l|l|'|l|l|l|l|'l|l|'|'|'|'|l|l|':
08 ' o, branch C,, mode ‘ 0'4[)?_ TmSb _
—_— [ ] E_ ..... @ B é
—_— o6k 7 _ F C,4 mode h E
= < 0.20F 3
. ] 0.10F 906082 55 9% | _
0-0_|I|I|I|I|||I|I|I||||I|I|I|I|||I|I||I|||I|I|I|I|||I|_ _-,d" . ; ',.eii
N E 3 %/ [,
[ ] poob i o oo e 8101
08F a,branch . 0 50 100 150 200 250
— [ ] [oo1] (o1 [100]  [110]  [010]  [011]  [001]
- 0.6:— E Field direction ( deg )
<5 04f 7 FIG. 8. Angular variation in area coefficients f@ surfaces
— b 2 1 measured for th€,, mode. Solid lines are calculated by response
02 PP dd o theory.
0_0:.|.|.|.|.I.|.|.|..I.|.|.|.|.I.|.|..|.I.|.|.|.|.I.|.E
i ] [100] to [010] on the(001) plane. Accordingly, the rotation
08F o4branch 3 term causes asymmetric curvature on (8@1) plane. Note
— ! ] the asymmetric intensity fot; and a, in Figs. 6 and 7 on
= 06p B the (001) planes. We detected the asymmetric oscillatory in-
e ; ] tensity of A,y of a; anda, in Figs. 6 and 7, but they were
< 0'4;' 9 ] not very clear due to the small intensity for tklg, mode.
- o el o g ] Our study is, to our knowledge, the first case to observe the
02 G0 % 9 o‘se Ny %@Qﬁo@* . : . .
Oopaq 8 % % ] contribution of the rotation term in the transvefSg, mode.
Y| ETITI ITIRTET ATV TV T IV T For a4, rotation termA’,(B3) disappears because of the te-
0 50 100 150 200 250001 tragonal symmetry of the surface, suggesting a poor inten-
[001] [101] [100]  [110] [010]  [011] [001] sity for ag; the oscillatory intensitya; was rather small
Field direction ( deg ) compared tax, anda; in Figs. 6 and 7.

Figure 8 shows the angular variationf,(3) for 8' and
FIG. 7. Angular variation in area coefficients for high-frequency 8" surfaces. The rotation term of E(B) disappears due to
« surfaces measured for tigg, mode. Solid lines are calculated by the spherical shape of the surface by direction cosing;
response theory. =0. Thus, on thg001) plane, both deformation and multi-
band terms appear in the area coefficient. On(fl@) and
to the tetragonal symmetry at the X point of the Brillouin (010 planes, only the multiband term remains. Solid lines

|20t_ne- dC_onsequentIy, Ytﬁg&gse 21?8{%) prledicts tga]E the oscire curves calculated fo8' and 8", whereg;,=g,3=0z1

ation disappears on an planes. Deforma- _ My = AT Y A My o)

tion, rotation, and multiband terms are relevant on (@) 0.36 andA 15(8) Azs([i) A3:(B)=0.07 were used for
the B' surface. For thes" surface, we obtained,=0»3

lane. As sh in Figs. 6 and 7, th illati f and
plane. As shown in Figs. 6 an e oscillationagf an — gs1=0.46 andA™Y(8) = ATy B) = AT(5)=0.07, but ex-

ap should be detectable with large intensity only on theperiments and theory do not agree satisfactorily. Disagree-

(001) plane. A rather small intensity is detectable on the - .
(100) and(010) planes, corresponding to the background sig-MeNt on the(001) plane appears to originate from the spin

nal level. Experimental results are qualitatively consistenfactor. We infer that the multiband term could be extin-
with calculation by response theory. For fitting to experimen-guished due to the high symmetry of tifesurface, which
tal results, we use deformation-potential coupling constantiies atI" point in the Brillouin zone. We thus consider that
912=0a1=0.49 for thea' branch andy;,=gs;=0.58 for the A{(B)=0.07 is not significant, and almost corresponds to
o™ branch. In general, the oscillation intensity of tha, the background level.
mode was weaker than that of tky, mode, originating in
the difference of the bulk modulus between longitudinal and
transverse modes. This indicates that off-diagokg(g) is
small, although diagonal;;(8) has large values as men-  We discuss deformation-potential coupling parameggrs
tioned in theC;; mode analysis. and their significance. The relationship between the Fermi
We observed clear evidence for the rotation term in theenergy and deformation-potential coupling is quantitatively
Ca4, mode. As mentioned above, response theory holds thafarified below. Deformation coupling;; in TmSb, where
the rotation, deformation, and multiband terms are concurthe Fermi energy Er) of @« and B surface is estimated at
rently detectable only on th@01) plane. Among the three 3Xx10* K and 5x10° K, is held in the region between 0.3
terms, the multiband term is independent of the field angleand 10. In LaAsg;; is in the region between 8 and 16, where
and the deformation term has a symmetry curvature fronthe Fermi energy is estimated to be 10° K. Absoluteg;;

IV. DISCUSSION
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correlates wittEg, i.e., deformation-potential interaction de-  In GdSb and SmSb, the anomalous field dependence of
creases with increasingg. In normal metal LaB, g;; is  oscillatory intensity was obtained in the a-dHvA
smaller than 1 for the Fermi surface Bf=1.5x 10* K.1° measuremert.The intensity of these compounds has some
These results show that deformation couplig indicates ~ nodes in theC;; mode. To explain the anomalous field de-
the sensitivity of free energy of conduction electrons to defendence, a largg factor is evolved. We consider that the
formation by sound waves near the Fermi surface. enhancement _of thgfactor is cal_Jsed by_ the _e>_<change inter-
The oscillatory intensity of the a-dHvA effect is enhancedaction. To clarify this _exchange interaction, it is necessary to
when an ultrasound wave propagates along the long axis dpeasure tng factor directly. For these rare-earth monopnic-
ellipsoidala in the C,, mode. That is, quantum oscillation is tdeS, precise measurements of giiactor have not yet been
easily detected when propagation vectoy is perpendicular Made- _ _
to the smallest cross-sectional area of the Fermi surface, |t would be interesting to comment on ;N5 _,Sb. In
since the susceptibility of free energy to modulation by theTbelfob’_ the CEF energy is adjustable by doping*b.
sound wave is enhanced by the large bulk modulus of thd PxY1-xSb is therefore, a suitable substance for the system-
longitudinal mode. The 10 times larger area coefficient in@tic study of the relationship between the CEF and spin split-
C, compared tC,, could be explained by the same mecha-ting of the Fermi surfacé? _ _
nism. Since theC;; mode induces volume straigg= &, Rem_a|n|ng problems include an inconsistency around the
+eyy+&,,, the bulk modulus is much larger than the trans-[100] direction in theC;; mode. Response theory cannot
verse mode. reproduce the flat region arouhtio0]. We consider that this
Before response theory, the a-dHvA effect was discussefliginates in the assumption &s=1. We will report more
theoretically only in metallic compound LgB by precisely and this is subject to a future study.
Takayama' in detail. In Takayama’s study, only the extreme-
cross-sectional area of the Fermi surface was treated as a
function of deformation by a sound wave. The discerning We measured the acoustic dHVA effect in the singlet-
discussion by Takayama decided the essential term, highgfound-state compound TmSb. Observed Fermi surfaces of
harmonic terms and spin factor are not directly described. ITmSb are isostructural to the reference compound LaSb.
is assumed by calculation that the Zeeman splitting is rathegpin splitting of thea and 8 surfaces in our acoustic mea-
small. For high-field results, we consider response theorgurement is consistent with previous experiments on oscilla-
reasonable for analyzing experimental results at this stagéory magnetization. Using the oscillation intensity observed
Nevertheless, we assume the spin factor to be one significap the C,; andC,, modes, we obtained angular variation in
factor in our analysis. area coefficients for the and 8 surfaces. We analyzed re-
For useful results using response theory, deformationsults in terms of the theory of the acoustic dHvVA effect, in
potential couplingy;; is proportional to the Gmeisen coef-  which deformation, rotation, and multiband terms are consid-
ficient: ered. The global features of area coefficients are well ex-
plained by theory, but fine structures remain to be clarified. A
y= E Emg,_ rigorous treatment of the spin factor may be important to the
S dsg TV’ present system. In future research, we plan to study the spin-
plitting factor.

V. SUMMARY

where S g, and y represent the cross-sectional area of the®
Fermi surface, strain and the Gwisen coefficient3 shows

the applied field. Using deformation coupling;;, we
roughly estimate the Gneisen coefficient for each Fermi We thank Dr. Hiroshi Matsui for measuring the acoustic
surface independently by response theory. This point is esdHVA effect, and Professor Osamu Sakai and Professor
sential in our study. Takashi Suzuki for their invaluable advice.
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