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De Haas-van Alphen study of the spin splitting of the Fermi surface in TbSb
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We have investigated the Fermi surfa€S) and magnetic properties of rare-earth monopnictide TbhSb by
means of de Haas—van AlphédHvA) and high-field magnetization measurements, respectively. The clear
dHVA oscillation and spin splitting of the FS were observed. The present result indicates that the determined
FS is quite similar to that of LaSh, i.e., TbhSb is expected to be a well localiZeelettron system. By
analyzing the spin splitting of the FS, the exchange interaction between conduction electrons and lo€alized 4
ones was estimated quantitatively. It was found that these evaluated values were similar in magnitude to other
important ones such as crystalline electric-field effect and exchange and quadrupolar interactions iamong 4
electrons in ThSb. This experimental fact ensures that their interactions are comparable to one another, leading
to the fact that the physical properties are sensitive to external variables such as magnetic field in this system.
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[. INTRODUCTION ordering, which involves the so called “singlet-ground-state
problem.” TbSb shows antiferromagneti@&F) ordering of
In rare-earth compounds, it had long been recognized thdype Il (MnO typg with the (111) easy axis atTy
interesting phenomena such as the Kondo effect, magneti¢ 14.2 K8 The ordered magnetic moment is estimated to be
ordering, heavy fermion system, valence fluctuation systen-2ug- This value is almost same as the value gfz9%x-
and so on, are ascribed to strength of the interplay betweepected from thegd of Th*°. Furthermore, the structural
conduction bands andf4ocalized electrond? Thus, inves- Phase transition from cubic to trigonal occurs aj
tigating accurately the Fermi surfad€S) and magnetic —14.2 K, implying that the orbital angular momentum
properties gives us a valuable clue to clarify the enigma irftrongly _couples with the spins through the spin-orbit
rare-earth compounds. However, high-quality single crystal€0Upling. This fact suggests that a quadrupolar moment also
line samples are required to investigate the Fermi surfacdl@ys an important role in addition to a magnetic moment in
The difficulty to grow high-quality samples had long pre- this system. Actually, we pointed out the importance of the
vented the progress of investigation of rare-earth comduadrupolar moment and the mediated interactions in a sepa-

pounds. Rare-earth monopnictides with general fornR¥g rate papef. _ _
(R rare Here, we review the electric structure of rare-earth

i 0-12 . ;
earth; X,,, pnictogen had this serious problem because ofmonopmct.ldeé. Most of them are semimetallic com-
the high melting point and high vapor pressure. Howeverpounds with an .ext_remely low carrier concentration. T_he
Suzukiet al. succeeded in growing them and they came intoba”d calculation indicates that the bottom of the conduction
the limelight agairt. In fact, new phenomena and discoveriesPand, originated mainly by & (R), is at eachX point,
have been reported in rare-earth monopnictides with high-  «p0——s—r""F——r———1+——1+

—
quality single crystals since then. TbSb is one of the com- [ st
pounds in which much remains to be investigated. The fun- r T=42K ——<110>
damental properties were actually reported, and théegel 5T Tbsb ]

scheme under the cubic crystalline electric fi€REF) was <100~

established well by means of the magnetic susceptibility,3 ol
specific  heat, and inelastic neutron scattering& | H//<111>
measurements.® However, no study of the Fermi surface = i
property has been reported so far. The success in growing 4r
high-quality single crystals enables us to observe the de i
Haas—van alphefdHvA) signals and to explore the Fermi
surface property in this study. According to the previous re- bt .
ports, the ground state of Th ions with the spin-orbit split I Magnetic field (T)

=6 splits(i?tofl (singleb,(gz (singled, I'5 (doubley, I', o(‘). b b b
(triplet), I't™ (triplet), andI't™ (triplet) with I'; (singled as .

the groun(?l staté.®The inte?esting feature of this material is Magnetic field (T)

that the nonmagnetit’; (singley ground state of Th ion is FIG. 1. Magnetization curves of ThSb fei//(100), (110, and
realized separated by a small energy gap from the first ex-111). Inset shows the differential magnetizatiatM/dH for
cited statd’, (triplet). This gives rise to an induced-moment H//{111).

dM/dH (arb.)
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) ) . . FIG. 3. The field dependence of the corresponding FFT spec-
slightly overlapping with the top of the valence band origi- 4y,m for H//(100) below H,,.

nated mainly bynp (X,), wheren denotes an integéf.The

FS of reference material LaSb has been investigated deeply | this paper, we will report the FS’s and magnetic prop-
and intensively so far. The FS of LaSb consists of twofoldgrties of ThSb by means of the dHVA and high-field magne-
ellipsoidal electron FS'se at the X points and twofold tization measurements, respectively. We will demonstrate
spherical hole FS'$ and twofold octahedral hole FS$8at  ¢lear dHVA signals and spin splitting of FS in ThSb, and also
thel" point. Here every twofold FS is degenerate for up andgive quantitative discussion of the exchange energy between

down spins. In a ferromagnetic metal the spin-up and spinocalized 4 electrons and conduction ones. The preliminary
down FS’s are separated in energy by the exchange splittingport has been published in Ref. 14.

between localized # electrons and conduction onEsThis
indicates that the spin splitting of FS can be observed in high
magnetic field where all magnetic spins are aligned by ap-
plied magnetic fields. By analyzing the spin splitting of FS  The single crystalline TbSb sample was prepared by
and induced magnetization, we can estimate the interactioBridgeman method in a closed tungsten crucible. The Mag-
energy of the exchange if spin splitting FS can be observedetization (M) measurements were performed with a stan-
in the field induced ferromagnetic phase, as will be describedard pick-up coil system up to 30 T by using the pulsed
in detail later. The dHVA effect is a powerful tool to study the magnetic field. The samples were shaped into thin plates to
conduction electrons. It provides a very useful and importanavoid the eddy current effect due to the pulsed magnetic
piece of information to understand the FS property. On thdield. The detailed magnetization in low fields was measured
other hand, the magnetization measurement provides infoby a commercial superconducting quantum interference de-
mation about the magnetic property, mainly originated fromvice magnetometefCryomagnetics The dHvVA measure-
4f-electron state of Th ions. The purpose of this study is tanents were performed by a standard field modulation tech-
investigate the interplay between localizefl dectrons and nique using a®*He cryostat at temperatures down to 0.5 K
conduction ones based on the results of both the measurand a superconducting magnet in fields up to 8 T and a
ments. As mentioned above, the interplay plays a crucial roléybrid magnet in fields up to 23 T at High Field Laboratory
in this system. However, it is difficult and exceptional to for Superconducting Materials, Institute for Materials Re-
obtain a clear spin splitting and its quantitative analysis acsearch, Tohoku University.

curately because both the high-quality single crystals and

experimental conditions, i.e., at low temperatures and in high IIl. EXPERIMENTAL RESULTS

magnetic fields, are inevitably essential. Furthermore, the

shape of the magnetization curve is important as well to ob- Figure 1 shows the magnetization cuMeH of ThSb for
serve the spin splitting as mentioned in the main text. H//{100), (110), and(111) at 4.2 K. The low-field region

Il. EXPERIMENT
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FIG. 5. The FFT spectrum for the obtained dHVA oscillations in

below 4 T,M-H curve shows a small magnetic anisotropy. Athe AF phase.

sharp one-step metamagnetic transition is found béelgw
for H//{100), (110. This result is in good agreement with
the previous resuft16 We determined all observed branches as indicated by greek
The sharp three-step metamagnetic transition fotabels in Fig. 4, referring to the well-established FS of LaSb;
H//{111) at 8, 9, 10 T is also reported here. It is noted thattwofold ellipsoidal electron FS's at the X point and two-
only a one-step transition was observed in the previousold spherical hole FS'®8 and twofold octahedral hole FS'’s
measurement*® The inset of Fig. 1 shows the differential y at theI' point®**?1t is noted that a distinct spin splitting
magnetizatiordM/dH for H//{111). A three-step transition of FS was observed i, y branches. Figure 5 shows the
for H//(111) is recognized distinctly. All metamagnetic FFT spectrum for the obtained dHvA oscillations in the AF
transitions are accompanied by a slight hysteresis indicatinghase. Here the FFT procedure has been performed in the
the first-order nature. In the low-field region, a slight convexfield range from 2 T to 7 T. Figure 6 shows the field depen-
M-H curvature is observed, whereas in the high-field regiordence of the FFT spectrum along 0 axis at 1.5 K. It
a slight concave one is observed for three principal axes. This noted that a distinct spin splitting of FS was observed also
magnetization is almost saturated in high magnetic fields oin 8 branch, especially in the fields above the metamagnetic
30 T with a value of 9.@g/Th. This value is very close to transition. The width of spin-splitting observed inand 8
the Tb"3 free-ion one, i.e.gJ=9.0ug/Tb. The observed branches increases with increasing the field. The cyclotron
anisotropy of magnetization in high magnetic fields is inmassm} of each branch along th€1l00) axis was deter-
order of M1V > M(01D > \M(O0D reflecting the ground-state mined by using the conventional method, i.e., by fitting the
split by CEF effect, that is]’; —I", states as already pointed observed temperature dependence of the amplitude to the
out by Cooperet al® Lifshitz-Kosevich formuld’ The determined results are
Figure 2 shows the typical dHVA oscillations of TbhSb summarized in Table |. The masses in the range from
measured at 0.6 K for the field alond00), (101), and  0.180m, to 0.365n, are almost same as those of La$b?18
(111). The beats are observed in the dHvA oscillations,There is no remarkable mass enhancement in any of the ob-
which comes from spin-splitting of the FS. Figure 3 showstained FS’s in TbSb. Figure 7 shows the field dependence of
the field dependence of the corresponding fast Fourier transhe dHVA frequencyF of @ and 8 branches along th€L00)
form (FFT) spectrum forH//{001) belowH,,. The angular axis at 1.5 K. It is noted that a distinct spin-splitting of FS
dependence of the extremal cross-section areas of the Rfas observed also im branch, especially in the fields above
Aqxt in the AF phase is shown in Fig. 4. Here we use the unithe metamagnetic transition. The mean of the spir-tgnd
of (2m/a)? for the areaA,,;. Most of the obtained dHvA spin-down one exhibits a pronounced field dependence, indi-
branches are similar to those of the reference material LaSlsated by dotted lines in Fig. 7. Furthermore, the behaviors
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trum for H//{100) acrossH,.
external magnetic fields in TbSb. By utilizing thif 4evel
Change across the metamagnetic transition. We will diSCUS§Cheme some important physica| parameters such as Tb-Th
this below. effective exchange interaction and quadrupolar interactions
were estimated. These values will be discussed in detail later.
IV. DISCUSSIONS Next we will discuss briefly thé1-H curves of TbSb. The
high-field M-H curve, especially foH//(111) exhibits the

A inning we would like to di the magneti . g
S a beg g we would like to discuss the magne Cunexpected three-step metamagnetic transition. We would

property, especially CEF effect in TbSb. Thef-kvel
scheme of TB' split by CEF effect in ToSb was proposed

by previous reports such as the magnetic susceptibility, spe- ——

cific heat, inelastic neutron scattering, and ultrasonic mea- r3 (113 K)
surements as shown in Fig38>8t is noted that an energy — )

splitting A between the ground-stalg singlet and’, triplet FS (106 K)

is rather small compared to other singlet-ground-state com-
pounds such as PrSb, 73'Kand TmSb, 25 K9 It indicates
that the excited state can mix into the ground state easily by

TA_BLE I. The effective mass of each branch along principal — 1"2 (67 K)
axes in TbSb.
Effective mass ifny)
Branch 10 11 11 —

ay 0.224 0.243 0.295
ay 0.213 0.247 ———————
B1 0.207 0.180 0.202 Iy (14 K)
B —— I} (0K
Y1 0.317 0.393
Vo 0.257 0.365 FIG. 8. The 4-level scheme model of P5 in TbSb deduced

from the previous reportéRefs. 3-3.
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TABLE Il. The estimated exchange interaction betwednefectrons and conduction electrons in TbSh,
combined with that in TmSh, Pr. The magnetic, quadrupolar interactions and CEF splitting between the
ground state and first excited state are also listed.

lgr (MeV)  Ip¢ (meV)  Jy(meV)  Jp (meV)  grs (MK)  grs (MK) A (K)

ThSh 34 10 2 922 32 307 140
TmSb 5% 84° 25
Pr 95 95°

8Reference 8.
bReferences 3-6.
‘Reference 25.
dReference 20.
®Reference 23.

like to put special emphasis on this observation. The magne- A|:z||:up(|-|) —Fgown(H)|
tization value reaches 4u3/Th at the first transition field, .
then 5.Qug/Thb at the second one and @@/ Th at the third __9- 1 Me.
one, forH//(111), e.g., easy axis at 4.2 K. At the first tran- gug Mg
sition field the magnetization value is precisely 1/2 of the
saturation valueNl,), probably indicating that HoP-type in-
termediate ferrimagnetic spin structure is realized in mag- ke
netic fields. The ratio of the magnetic moment parallel and F= 2—Aext
perpendicular to thé111) axis is 1:1?* This intermediate me
ferromagnetic phase is expected to appear when the quadrwas usedm, denotes the bare cyclotron mass. The induced
polar interactions are dominant in the system as seen in Hothange of a dHVA frequency is thus proportional to the prod-
and DySB"“* because the direction of the magnetic mo-yct of the cyclotron mass ratiar(t/my), the effective ex-
ments is restricted by the orbital state of rare-earth ions. Fothange interaction |,,, and the magnetization
the more detailed discussions and possible magnetic strugm —gM/gBB). As one can see, if a magnetization curve
ture in magnetic field, refer to our separate pdper. exhibits the almost linear dependence with respect to the
Next we will discuss the FS property of TbSb. The ob-external field, neither the spin splitting nor field dependence
tained angular dependence of the dHVA frequencies indicatesf FS are not observed. Based on the above discussion by
that the topology of FS is almost same as that of LaSb'syyylff et al,>® we can estimate the exchange interaction en-
compared to LaSb except for the spin splitting of FS'sxin  ergy | .. For the simplicity, the same cyclotron effective
and 8 branches™***®This fact reveals that thef4electrons  mass for different spin states is assumed here. The obtained
of Th are well localized in ThSb. Im and 8 branches, a values are summarized in Table Il, combined with those of
clear spin splitting of FS's was observed in the field depenthe other compound TmSb and®£°Thel,, determined by
dence of the dHVA frequencies. The spin splitting of thesey pranch involves onsitd-f exchange interactions, whereas
branches is ascribed to the exchange interaction between 4nat of the branch involves the intersite-f exchange in-
electrons of Th and conduction elec'trons. The ethan_ge €Reractions. Since a clear spin splitting of the FSyitbranch
ergy may be expressed by the Heisenberg Hamiltonian agas not observed abowéy,, Ec for v branch was not esti-
follows:= mated in the present study. The other important physical val-
ues in ThSb are also summarized in Table Il, determined by
other groups and our preceding reptt:81922-24t should
_ be noted that they are similar in magnitude to one another. In
Hex=—(g= 1)l esz: a(R)-J(R), @ other words, several competing interactions and physical val-
ues in energy are present at low temperatures in this system.
This potentially leads to the situation that external variables
whereo(R) is the itinerant spin density & andJ(R) is the  such as pressure and magnetic field can cause a wide variety
angular momentum of thef4electrons aR. g is Lande’sg  of physical phenomena. In fact, it seems that the observed
factor. The central parametég, is an effective exchange three-step metamagnetic transition in the presést curve
integral (interaction between the conductiors(p, d) elec- for H/(111) reflects the complicated spin structure induced
trons and the # electrons. In the induced ferromagnetic by magnetic fields.
state, the energy of Bloch electrons with spins antiparallel to Finally, we will comment on the field dependence of ob-
the localized spin magnetization is raised by the moleculatained dHVA frequency. Unfortunately the dHVA effect does
field. The calculation for the perturbation of a cross-sectionahot provide us the true frequen€&y(B) in a magnetic system
area of FS A,y caused by the exchange splitting yields thewith a strongly field dependent Fermi surface. The obtained
following formula: momentary frequencyF,, corresponds to the quantity

oM
Ieerxt M_EB ’ (2)

where the Onsager relation

©)
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(H/B)?(dB/dH)[F(B)—BJF/9B].2%2” We are not con- tide TbSh. We observed the clear dHVA oscillation and
cerned here with the field dependence of dHVA Frequéncy determined the topology of the FS. The shape of FS is
However, it is apparent that the mean of the up-dpiand  quite similar to that of LaSb, indicating that TbSb is a well-
down-spin one is changed largely across the metamagnetiocalized 4-electron system. The cyclotron mass is in
transition point. At present it is difficult to conclude the ori- the range from 0.18@, to 0.363n,, which is almost
gin. We suggest it to be ascribed to a change of the spigame as that of LaSh. That is to say, no mass enhancement
structure across the transition, i.e., a change of the magnetisccurs. We estimated the exchange energy between the
Brillouin zone from the following two reasons. localized 4 electrons and conduction ones from the
(1) The magnetization almost saturates above the metashserved spin spliting of FS's in TbSb. This value is
magnetic transition. comparable to the other important values such as magnetic

(2) TbSb can be classified into the well-localized gychange interaction, quadrupolar one, and the first excited
4f-electron system above the metamagnetic transition. energy of CEF. The close degrees of them in energy

This picture of field dependence of dHVA frequency is .o congidered to cause fascinating and exotic physical

H 28-30 H
seenin Ndig rep_orted by Umeharat aI.. The .det.e”“" phenomena in rare-earth monopnictides in external physical
nation of the spin structure of ThSh in magnetic field andvariables

determination of the topology of FS abow&, provide us
valuable and important information to clarify a change of FS

across theH .
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