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Cyclotron resonance in rare-earth monopnictides
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Recently, we have developed equipment which can be used for both cyclotron res@@Bhead electron
spin resonancéESR measurements for studyingelectron systems. Using this equipment and preparing
high-quality single crystals with a residual resistivity ratio of about 500, we have successfully observed CR
signals in rare-earth monopnictidBX (R=La, Ce, Pr,GdX=Sh, Bi). The purpose of this paper is to describe
the development of our measurement system in detail and to reexamine our recent results of CR measurements
on the single crystals @@ X And then, we discuss the origin of mass enhancement in this system by comparing
the case of a strongly correlatdeblectron system CeSb with the case of a nonmagnetic simple semimetal
LaSb. The CR measurements have been performed in the temperature range from 1.4 K to 40 K and in the
frequency range from 50 to 190 GHz. We have observed CR signals in LaSb, LaBi, CeSb, PrSbh, and GdSb.
The cyclotron effective masses. determined by the CR measurements are compared with the ma*éées
estimated by measurements of quantum oscillations and the nmagseteduced from band structure calcu-
lations. The determinedh.y of LaSh, LaBi, and GdSb is in the range @.17—0.65m,. These values are
reasonably consistent with the valuesngf, andmg.. This fact shows that botmc, andmg mainly depend
on the band structure if the interaction between conduction electronseladtrons is negligible. On the other
hand, in the case of a strongly correlafeelectron system CeShy.g is in the range 0f0.26—1.5m,. These
values are much larger than those rof. This finding shows thamcg, as well asmg, is considerably
enhanced in CeSb. Our results indicate that the interband interaction is important for the mass enhancement of

Meg in CeSb.
DOI: 10.1103/PhysRevB.71.075102 PACS nunt®er71.18+y, 71.27+a, 76.40+b
[. INTRODUCTION cause CR measurements of metallic compounds are difficult

and sometimes very complicated. In this work, therefore, we

Measurements of quantum oscillatio@@0) such as the have systematically studied the CR of rare-earth monopnic-
de Haas-van AlpheHvA) and Shubnikov—de HadSdH)  tides to obtain information on the Fermi surface, effective
effects are powerful methods to investigate the Fermi surfacass, electron-electron interaction, and so on.
of metals. These experiments can determine the extremal Rare-earth monopnictidé®X (R=rare earthX=N, P, As,
cross-sectional area, the cyclotron effective mass, the meapP. and Bj with NaCl-type crystal structure are typical sys-
free path, and so on. On the other hand, cyclotron resonand@mS With low carrier density. Several compoundsFoX
(CR) is considered to be the best method to determine th€hoWw unusual physical properties such as dense Kondo be-
cyclotron effective mass of substances. In addition, CR medl@Vior, heavy fermion state, complicated magnetic states,

4-17 i -
surements are supposed to give us other information abo@{'d SO ort*™7 As is well known, the effect of electron
the carriers at the Fermi surfa@3 In particular, the effec- electron interactions plays an important role in the systems.

tive mass(ng) determined by CR measurements is Consid_There are a number of reports of dHVA or SdH effect mea-

q be diff ¢ h P ) qf surements folRX, and band structure calculations for them
ered to be different from the massyo) estimated from a6 4150 been performd®®* These experimental and the-

dHvA or SdH effect measurements. According to the Kohn'Spretical studies show tha&X compounds have very simple
theorem? for electron motion in a Galilean-invariant elec- Fermi surfaces. Except for Ce and Yb monopnictides, the
tron gasmqg is*independent of the electron-electron interac-Fermi surface topology is same as that of a nonmagnetic
tion, whereasmy, is additionally influenced by the interac- reference compound LaSb, which is studied by the dHVA
tion. In this casemcy is supposed to be smaller tham,,. ~ measurements and the band structure calculation in
Theref*ore, it is important to investigate not onfy,, but details!®2° The Fermi surface of LaSb consists of three
also mqg in strongly correlated electron systems. Recentlybranchesa, B, and y. The a branch is the electron Fermi
some research groups have performed CR measurementssorface with an ellipsoidal shape at thgpoint. Thes branch
or*ganic conductors and HuO,, and comparem*CR with is the hole Fermi surface which is almost spherical and cen-

Moo~ "9°®However, there have been only a few reports oftered at thd” point. They branch is also the hole surface at
CR experiments for rare-earth or uranium compounds, betheI' point and slightly elongated along tk&00) direction.
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TABLE |. The effective massemQO determined by the dHVA TABLE II. Summary of the effective masses for LaShep,
effect measurements for CeSb taken from Refs. 36 and 26 and tmaQO, andmg are the masses determined by the present CR mea-
massesng. calculated for CeSiRef. 29. m, is the free electron  surements, the masses determined by the dHVA effect measure-

mass. ments taken from Ref. 19, and the masses calculated for (R&fb
20), respectively. Thexen:DO values in parentheses are determined by
CeSb m:;)o(mo) Mgc(Mo) our dHVA effect measurementsy, is the free electron mass.
Branch BII[001] BII[001] N N N
LaSb McR(Mo) Moo(Mp) Mgc(mp)
AFF2 phase Branch BI{100 BI{100) BI(100
0.2 -
0.3 i o, 0.20 0.14 (0.15 0.1?
03 i o - - 0.47
B 0.17 0.13(0.18 0.17
AFF1 phase y 0.45 0.4 (0.50 0.50°
a' 012 0.0
, 8From Ref. 19.
Yiow i ) bFrom Ref. 20.
Yhigh 0.6 0.4%
g 0.71(high)® 0.29 type with the magnetic moment lying in th&11} plane38-40
0.65low)P 0.27F PrSb is also a compensated semimetal. Ttadectrons in
" =
8, 1P 052 Pr** have a nonmagnetic singlet ground state at onv tempera-
3 N . ture due to the octahedral crystal electric fi#idwith in-
Ba 14 0.51 creasing magnetic field, the magnetic moment is induced due

6 1P 0.2# to the hybridization between the ground state and excited
states. Therefore, it is of interest to obtain information on the

F phase Fermi surface or the effective mass modified by a magnetic
a 0.23+0.02 0.1# field. Some research groups measured dHVA or SdH effects
y(high) 0.8+0.P 0.4F on PrSb for studying the Fermi surface and estimated the
y(low) 0.940.P 0.46 effective mass so faf:33 CeSb is one of the interesting
B 0.5+0.0% 0.1 strongly correlated-electron systems and has been studied
B 09+0 P 0.2 intensively. This compound shows unusual physical proper-
2 BN ' ties such as the dense Kondo behavior and complicated mag-
Bs 1.2+0.2 0.48 netic stated®174243At low temperature, the spin arrange-
Ba 1.9+0.1% 0.48 ments are described by the stacking of ferromagn@id)
aFrom Ref. 36. p!anes with magnetic moments, (p or_down (1), perpen-
bFrom Ref. 26. dicular to the planes, and the magnetic phase diagram con-
°From Ref. 29. sists of the four phases AF|[|), AFF2(11T[[11]),

AFF1(17]), and K1).*® The magnetic moment is 2.4Q per
The topology of CeSb can be understood by considering th€e atom, similar to the saturated moment for {ded,)
p-f mixing effect on the basis of the Fermi surface of=|5/2,5/2 state. The direction of the magnetic moment is
LaSh?72835The CR experiments oRX are interesting due  strongly pinned along one of tH&00) directions close to the
to the following point. Several compounds RK have large  applied field direction.
mass enhancement, although the Fermi surfaces are very In order to study CR in strongly correlatefd electron

simple. For example, in CeSb, which is one of the interestingystems, we have constructed equipment which can be used
strongly correlated-electron systems, the effective masses

are about 2 or 3 times larger than the maséra&) TABLE lll. Summary of the effective masses for LaBicg,
mQO inQO andmg are the masses determined by the present CR mea-
estimated by band structure calculations as shown in Table
If the enhancement is owing to the eIectron electron mteracsurements the masses determined by the dHvA effect measure-
i ted 1o b | | ther th ments taken from Ref. 21, and the masses calculated for (Rd&i
lon, mCR are expected to be nearly equa mﬂC rather than 20), respectively. ThernQO values in parentheses are determined by

o as mentioned above. The effective masmgg andmgc

our dHVA effect measurementsy, is the free electron mass.
of LaSh, LaBi, PrSb, and GdSb reported so far are listed in

Tables 1I-V, respectively. i * * *
The properties for eadRX compound in this report are as Bl_r:ﬁcl:h gﬁ?(lgg gﬁ?igg gﬁ?igg;

follows. LaSh and LaBi are typical reference compounds for

RX They are simple semimetals and have no magnetic mo- o, 0.33 0.4(0.29 0.2%

ment. GdSb is also a very simple system becaust Giih a _ B 0.69°

S=7/2 has noo_rbital angular momentum. GdSb igYan anti- B 0.20 0.18 (0.18 019

ferromagnet with a Néel temperatuiig, of 23.4 K2’ The ) 0.65 0.63 (0.63 0.6

magnetic structure of Glhas been investigated by neutron
diffraction and electron spin resonan@SR experiments, 3rom Ref. 21.
and the results suggest that the structure is an “easy-plan&from Ref. 20.
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TABLE IV. Summary of the effective masses for Pr&h&R and B E ¢
mgo are the masses determined by the present CR measurements <—>  surface
and the masses determined by the dHVA effect measurements taken SENNNNNANNANA

electron mass.

from Ref. 30, respectively. ThElrfCR values in parentheses denote
that the branches are not determined experimentalyis the free kl lv
Z

PrSh m*CR(mo) y olMo) ’ o(Mo) Alfven wave electron
Branch B[(100 B[[(100 B[[(110
FIG. 1. Schematic picture of an electron motion and Alfvén
a, (0.25 0.19 - wave propagation.
Q| - - -
B 0.3 - 0.22 II. CR AND DSCR RESONANCE CONDITIONS
¥ (0.53 0.4¢ - IN SEMIMETALS
3 rom Ref. 30. In this section, we summarize the resonance conditions of

o i CR and DSCR in semimetals, which is necessary to analyze
for both ESR and CR in high frequencies up to 190 GHz anch,y CR and DSCR data. In general, cyclotron resonance oc-

high magnetic fields up to 15 T. This equipment consists of & ,rs when the microwave frequenay coincides with the
vector network analyzer and a resonant cavity, which e”abl‘éyclotron frequencyw, given by
C

us to clearly detect the signals even for relatively high con-
ductive compounds. In addition, we prepared high-quality eB
single crystals of LaSb, LaBi, CeSb, and GdSb. A high- We = e’ 1)
quality single crystal of PrSb was also prepared by Canfield CR
and Cunningham at Ames Laboratory, lowa State Universitywhere e and B are the charge of the carrier and magnetic
The typical residual resistivitp, and residual resistivity ra-  field, respectively. We can determing. using this relation.
tio (RRR) of the crystals are-0.1 u€) cm and~500, respec-  However, in metals or semimetals, the microwave is very
tively, which showed that the crystals were several timesapidly attenuated due to the skin effect when it penetrates
higher in quality than crystals in previous reports. into the bulk crystal. In these cases, the CR spectrum de-
Using these single crystals, we successfully observed CBangs on the relation between the magnetic field direction
absorption lines*~** These lines show the linear relation ang the sample surface. When the magnetic field is parallel
between frequency and magnetic field. In addition to themyq the sample surface, the Azbel-Kaner type cyclotron reso-
we have also observed “anomalous” cyclotron resonances$ance is observed ai= nw., wheren is an integef! On the
lines that show nonlinear behavior with respect to magnetigiper hand, when the magnetic field is perpendicular to the
field in the_ higher-field region. T_he anomalous behavior Casample surface, only carriers within the skin depth couple
be explained k,’y Doppler-shifted cyclotron resonancey;ith the microwave at the condition=w.. Most of carriers
(DSCR with Alfvén waves in the semimetaRX®° The pur-  are helow the skin depth, and they cannot couple with the
pose of this paper is to reexamine our recent results of CRyicrowave, penetrating only near the surface of the material.
and DSCR first obser_ved iRX and to comparencg Wlth_ . It is known, however, that the electromagnetic wave of
My andmgc systematically. And then, we discuss the origin the frequency satisfying < w, can propagate inside the bulk
of mass enhancement in this system. In this paper, we alsgf metal or semimetal in a high magnetic field if the sample
describe the experimental details such as the sample PrepPgaality is very high such as a magnetoplasma waJeor a
ration and characterization and the development of measurgpmpensated semimetal suchR, this wave is called an
ment system. Alfvén wave. In this case, there is a possibility that the car-

TABLE V. Summary of the effective masses for GdSfzand €S couple with a microwave even in a bulk. In tBedi-
Moo are the masses determined by the present CR measuremef&Ction perpendicular to both the sample surface and the rf
and the masses determined by the dHVA effect measurerfefis.  €lectric fieldE, as shown in Fig. 1, the Alfvén wave propa-
30 and 34, respectively. Then., values in parentheses denote that gates along the direction & (z direction. A carrier that has
the branches are not determined experimetatlyis the free elec- & velocity component, along thez direction couples with

tron mass. the rf field of the Alfvén wave with the Doppler-shifted fre-
guencywz*kv,, wherek is the wave number of the Alfvén
GdSb MeR(Mo) o0(Mo) Moo(Mo) wave. In this case, DSCR occurs when the cyclotron fre-
Branch B|[(100 B|[(100 B|[(111) guencyw, coincides withw+kv,. The dispersion relation of
isotropic Alfvén waves under the conditiong7>1 and w
a; - 0.1# 0.24 <w, is given by
o - 0.52 0.24
B (0.26 0.23 0.19 2= B2 5 N o P
y (0.50 - 0.38 B? B>
8 rom Ref. 30. where 7 is the relaxation time of the carrieg, the magnetic
bFrom Ref. 34. susceptibility,n; the density of thejth carrier, andm its
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TABLE VI. pg and RRR of the most high-quality single crystal 2
for each compounds. Al ¢ @, branch
. O pbranch
pol(2 2 cm) RRR gl " vbranch
= s
LaSF) 0.13 490 & ol - .
LaBi - - \..\
CeSb ~0.3 ~500 T @ .
Prsb - 514 3 : : : —
Gdsb ~0.1 ~500 2
3k
~ 4
mass>2°3 Substituting Eq(2) into the resonance condition, &
we obtain the magnetic field dependence of the resonance %'5 A
frequencyw’ for DSCR: -} :
o= 3 o =
1 +(v,VN/B) A 2 s 4 s 6
T ®)

Here, we adopt the condition @f.=w+kv,. The other con-

dition w.=w—kv, means that the resonance field shifts to the g5 2 Temperature dependence of dHVA amplitudes for LaSbh
lower-field side and the Alvfén wave with this frequency i, magnetic fieldsS parallel to the(100) direction. The fast Fourier
cannot propagate because the conditiof w; is not satis-  transform(FFT) analysis has been performed in the magnetic field
fied. range from 6 to 9 T for@) and in the magnetic field range from

In DSCR measurements, a detected anomaly is mainlg to 3 T for(b). The solid line, the dotted line, and the dashed line
due to the carriers around the edge of the Fermi surface iare the calculated temperature dependence of dHvVA amplitudes,
which the carrier has the maximum Fermi velocity along thewhich correspond tom*Qo of 0.15m; 0.18m; and 0.50n,
B direction>?3 Therefore,mc, related to DSCR measure- respectively.
ments is generally different from that of CR measurements.
However, if the Fermi surface is a sphere or ellipsoid, all : . .
cyclotron orbits at a fixed direction have the samig,value.  Sured dHVvA effects by a standard field modulation technique
In this paper, we approximate the 3, andy branches oRX I order to compare 'the results of our high-quality single
to be spheres or ellipsoids for simplification and we use th&"YStals with the previous reports. Figure 2 shows the tem-

* : ; T dependence of the dHvVA amplitudador LaSb in
Meg values determined by CR measurements for analysis diSraturer dep piItUcy
DCRSR signals. In this approximation, the calculatiomab magnetic fieldsB parallel to the(lOO) dlrect!on_. The FFT
also very simplified. analysis has been performed in the magnetic field range from

It is noted that the resonance condition of DSCR depend 09 _T forl(a) gnd from 2 t0 3 T for(b), rgspectively. _The
both on the effective mass and on the Fermi velocity ines in  this f|gur_e are ca}IcuIated using - a relatl_on of
which means that we can estimate from DSCR measure- In(A/T)=In[const/sink14.69n,,T/B)]. In the higher-field

ments directly if the effective mass parameters are com!€9ion(@), thea , B, andy branches are clearly observed in
pletely determined. a wide temperature range, and g values are estimated

to be 0.2n, for the o, and B branches and to be 0.59 for

Ill. EXPERIMENTAL DETAILS the y branch. However, in this region, it is difficult to deter-
mine the small effective masses for the and 8 branches
precisely, because the decrease of the amplithds very

The high-quality single crystals of LaSh, LaBi, CeSb, andweak in the higher-field region, so that we estimate the ef-
GdSb were synthesized in tungsten crucibles by the Bridgfective masses for the, and B branches at the lower-field
man method. Rare-earth metals of 99.99% purity and pnicregion(b)_ As seen in Fig. @), the reduction of the ampli-
togen metals of 99.9999% purity were used. The PrSb singlgyde A for the 8 branch is larger than that for the, branch
crystal was prepared by Canfield and Cunningham at Ameg increasing temperature. Then it is obvious tigg, for the
Laboratory, lowa State Universif§. The electric resistivity B branch is larger than that for the, branch. The *O
was measured for characterizatig. and the RRR of the ygaJues are estimated to be about OrgEnd 0.18n, for the
most high-quality single crystal are listed in Table VI for 4 and g branches, respectively.
each compound. By using the free electron model with typi-  Figure 3 shows the temperature dependence of the dHVA
cal values of the resistivityy (0.1 .0 cm), the effective  amplitudesA for LaBi in magnetic fieldsB parallel to the
massm (~0.5mp), and the density of carriers (~4 (100 direction. The FFT analysis has been performed in the
X 1075 m™3) for RX, the relaxation timer is estimated to be magnetic field range from 6 to 9 T féa) and from 3 to 4 T
4x 10 sec. Considering the typical frequency of our sys-for (b), respectively. Themgo values for LaBi are estimated
tem (~72 GH2, the CR conditionwr (~20)>1 is suffi- to be 0.281, 0.18n, and 0.68y for the a,, B, and y
ciently satisfied. branches, respectively, in the same way as for LaSb.

Using these LaSb and LaBi single crystals, we also mea-

A. Sample preparation and characterization
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FIG. 3. Temperature dependence of dHvVA amplitudes for LaBi
in magnetic fieldSB parallel to the(100) direction. The FFT analy-
sis has been performed in the magnetic field range from 6 t0 9 T
for (a) and in the magnetic field range from 2 to 3 T fdm. The
solid line, the dotted line, and the dashed line are the calculatec
temperature dependence of dHvVA amplitudes, which correspond tc

ngo of 0.28m,, 0.18m,, and 0.68n, respectively. L IR X/
: « . . M N15T SM
The obtainedngg are listed in Tables Il and IlI, and these

values are quite consistent with those in the previous reports. FIG. 4. The schematic picture of the CR measurement
This result shows that the Fermi surface topology emg,  system.
have no sample dependence.

up to 14 T using a superconducting mag&¥) at the High
Field Laboratory for Superconducting Materials, Institute for
Materials Research, Tohoku University. In the cavity, the
sample was placed at the top of the pillar, where the rf elec-
Figure 4 shows the schematic drawing of the CR meatric field of the microwave is nearly maximum for the FE
surement system. This equipment consists of a vector netr TEy;, mode. We avoided the position where the rf electric
work analyzerfAB Millimetre, Co. and Ltd) and a resonant field of the microwave is maximum, because @e&alue was
cavity. The vector network analyzer acts a tunable source andrgely reduced. Typica@ values of the empty and loaded
detector of the millimeter-wave radiation. Because the frecavities were about 20 000 and 10 000 at 4.2 K for thg;TE
quency can be changed continuously, it is easy to tune thenode, respectively. The applied magnetic fi@dvas per-
frequency to the resonance frequency of the cavity. In addipendicular to the rf electric fields of the TE modes. The
tion, the vector network analyzer can detect the amplitudengular dependence was measured by changing the angle of
and phase shift of the microwave simultaneously. Thereforethe pillar. In this work, we performed CR measurements us-
the vector network analyzer is very useful for ESR and CRing other TE or TM modes at the same sample position,
measurements, and several other groups have developbdcause the sample experiences the components of the rf
unique techniques using the vector network analyZer*+>>  electric fields and the signal can be detected.
We made the cavity using oxygen-free copper in such a way Figure 5 shows the cavity transmission amplitude and
that the resonant frequencies forgfEand Tk, are 58 and phase shift for LaSb at 72.7 GHz and 1.6 K in magnetic
72 GHz, respectively. We refer the reader to a series of exfields parallel to th¢001] direction. We can see four absorp-
cellent articles on the cavity perturbation techni§@e®By  tion lines labeled a&\—D, while the transmission amplitude
using a variable temperature insé€Tl) and temperature decreases with increasing the magnetic field. This decrease
controller, high-temperature stability is realized. Temperatureseems to be due to the increase of the transversal magnetore-
stability is important, because the cavity is very sensitive to aistance. It is very complicated to calculate the entire shape
change of temperature. of the spectrum, because the system is in the anomalous skin
The single crystal was cut into small plates with a size ofeffect regime. In this study, however, we focus only on the
1X1x0.2 mn? along the(001) plane. Cyclotron resonance resonance field, which is concerned with the effective mass.
measurements for the single crystal have been performed im Fig. 5, the vertical dashed lines indicate the determined
the frequency region from 50 to 190 GHz in magnetic fieldsresonance fields. Here, we can determine the resonance fields

B. Cyclotron resonance measurements
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FIG. 5. Cavity transmission amplitude and phase shift for LaSbh
at 72.7 GHz and 1.6 K in magnetic fields parallel to {081] di-
rection. The thick and thin lines show the amplitude and phase shift,

. FIG. 7. Cavity transmissions for LaSh for various frequencies at
respectively.

1.6 K in magnetic fields parallel to tH®01] direction. The inset

. . . shows the spectra at the lower-field region. The arrows indicate the
more precisely by analyzing both the amplitude and phasg.qnance features.

shift. In this study, we also confirmed that the spectrum is

independent of the sample dimension by using several _ . .
samples cut into various sizes. sufficient for CR measurements. Although a very broad CR

Figure 6 shows the cavity transmissions for three typicafF!9nal is observed at about 0.8 T, the broad line should con-
single crystals of LaSb at 1.6 K and about 72 GHE,,, S'St. of thg two(o_r thr_ee) C?R signals and it is difficult to
mode in magnetic fieldsB parallel to the[001] direction. estlmatgnCR precisely in th.IS spectra.' One could separate the
The three crystals are labeled as 3N, 4N#1, and 4N#2, rd2road line into the CR signals, using a much higher fre-
spectively. The 99.9% pure crystal was synthesized from L uency. I-!QV\_/ev_er, such_a_ high-frequency measurement with
metal of 99.9% purity and Sb metal of 99.9999% purity. igh sensitivity is very difficult. In the folloyvlng section, we
Both the 4N#1 and 4N#2 crystals were synthesized from LN deal with the results of the best quality samples.
metal of 99.99% purity and Sb metal of 99.9999%, and the
RRR’s for 4N#1 and 4N#2 are 100 and 490, respectively. In
Fig. 6, we can see the importance of the sample quality for
CR measurements. For the spectrum of the 99.9% pure A. Cyclotron resonance in a simple semimetal LaSh

sample, one small absorption line can be seen at about 2.5 T, Figyre 7 shows the cavity transmissions for LaSb for vari-
which corresponds tog=2." This absorption line is consid- oys frequencies at 1.6 K in magnetic fieBgarallel to the
ered to be a magnetic resonance due to magnetic impuritiggo1] direction. Here, thd direction is perpendicular to the
such as G¥#. There is no signal in the lower-field region; sample surface, which is not the Azbel-Kaner configuration.
that is, no CR signal is observed in the 99.9% pure samplerpe inset of Fig. 7 shows the spectra at the lower-field re-
On the other hand, in the high-quality 4N#2 sample, twogion, |n Fig. 7 and the inset, we can see four absorption lines
clear absorption lines are observed. These absorption ling§ each frequency, and these absorption lines are labeled as
are the cyclotron resonances of carriers in LaSb as discussgg_D, respectively. Figure 8 shows the cavity transmission
in Sec. IV. These resonance fields are 0.53 and 1.2 T, and Wayplitude and the phase shift for LaSb at around the absorp-
can estimatencg to be 0.20n, and 0.3n, respectively. The  jon Jine A at 187.8 GHz. In this figure, we can see a small
resonance fields can be determined more precisely by usingefy at the lower-field side of the absorption lideThe dip is

higher frequency, because it gives a better CR conditioRonsidered to be another absorption line, because the phase
o7t>1. The 4N#1 is also a high-quality single crystal of

which the RRR is about 100. However, this quality is not

IV. RESULTS AND DISCUSSION

i s
h—1
5 414
i l ) 443
EF N 2 Ja2 3
S f=71.6GHz 3 B
g 43 ) 441 g
gt ANF1RRR~100) & 0 %
4 f=127GHz § 895
g 8 1333
g | ANIRRR~490 a 1,..~
= 2(RRR~490) RZ] 37
LaSb f="726GHz . ) g s
0.0 0.5 1.0 1.5 2.0 25 3.0 E 0.0 0.5 1.0 15 20 25
B() & B(T)

FIG. 6. Cavity transmissions for three typical single crystals FIG. 8. Cavity transmission amplitude and phase shift for LaSb
(3N, 4N#1, and 4N#Rof LaSb at 1.6 K and about 72 GHz in at 187.8 GHz and 1.6 K in magnetic fields parallel to fl0@1]
magnetic fieldsB parallel to the[001] direction. The resonance direction. The thick and thin lines show the amplitude and phase
features are indicated by the arrows. shift, respectively.
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200
180F

LaSb
10

12

FIG. 9. Frequency-field diagram of LaSbh at 1.6 K ®f{001].
The solid lines correspond to the CR liner relations with e,
values of 0.2fhy and 0.4%5n,, respectively. The dotted lines are
calculated from Eq(3) and correspond to the edges of theranch
and g; branch, respectively.

shift also changes at the dip. The dip is labeledEas

Figure 9 shows the frequency-field diagram of LaSb fo
the[001] direction. From the liner relation of Eql), m’kCR is
determined to be 0.2, and 0.4%n,, respectively. The reso-
nance point ofE corresponds to 0.1, although the fre-
quency dependence cannot be obtained. On the other ha
the resonance frequencies@fndD show nonlinear behav-
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15

45
[101]
Angle(deg.)

[001]

FIG. 11. Angular dependence of.y for LaSb estimated from
the CR experimentssolid circles. The solid lines and the dotted
line indicate the calculated angular dependencm*@@ for the a
branch andB branch, respectively.

nd, . .
estimated to be Or, and 0.5n,, respectively. These values

r

ior with respect to the magnetic field. This anomalous behav&'€ consistent with the result &t=0°, whereB is perpen-

ior of the C andD lines is explained by DSCR as discusse
later.

Figure 10 shows the cavity transmissions for LaSh fo
various magnetic field directions at about 70 GHZE,,
mode. Here,0 is the angle in degrees between the magneti
field and theg/001] direction in the(010) plane. Two or three
absorption lines are observed at e&hin Fig. 10, we can
also see Azbel-Kaner cyclotron resonan@&KCR) at ©
=90° below 2 T. Here, the field was parallel to tf@01)
plane—that is, parallel to the sample surface. In the Azbe
Kaner configuration, the resonance occurs wheanw,
wheren is an integeP! From the AKCR spectrummg, is

}?7?3%%1: LaSb

—~ 6=60deg

2 ! f=71.0GHz

g N

o l

g1l

AN

R 6=45deg

4 ! £=1706GHz

g 6=130deg

é l 6= 15 deg /=704 GHz

= f=716GHZ

0 1 2 3 4 5

B(T)

gdicular to the sample surface. Figure 11 shows the angular

dependence ofn’(;R from the [001] direction to the[100]
(direction. Here, we djscuss the branchesfoB, andE. As
seen in Fig. 11, then value of A, which is 0.20n, at ©
&0°, increases with increasin@ from 0° to 45°. In the
Fermi surface of LaSh, only the cyclotron effective mass of
the « branch of which longitudinal axis is parallel to the
[001] direction is expected to increase with increasifig
from the[001] direction to thg 101] direction. Therefore, the
|absorption lineA is considered to be the branch. Using an
ellipsoidal Fermi surface model, the angular dependence of
Meg iS given by

1 :co§0+sin20
(me? ;

m

(4)

wherem, andm, are the cyclotron mass for the plane per-
pendicular to the longitudinal axis of the spheroid and for a
plane including the axis, respectively, afits the angle from
the axis. The solid lines in Fig. 11 correspond to the three
equivalent ellipsoids of the branch and are calculated using
parameteran, =0.20mn, and m;=0.72n,. Here, we assume
that mass ration, /m, is equal to that of the band structure
calculation(m, =0.13my and m;=0.47m).?° As seen in Fig.
11, the agreement between the experimenig of A and
the calculated one is fairly good from th@01] direction to
the [101] direction. Therefore, the resonanéeoriginates
from the cyclotron motion of the carriers in thebranch. On
the other hand, the resonarBseems to originate from thge
branch for the following reasonsi.g, for B is very close to

FIG. 10. Cavity transmissions for LaSb for various magneticMoo for the y branch. In addition, the angular dependence is

field directions at about 70 GHz and at 1.6 ®.is the angle in
degrees between the magnetic field and [®@l] direction in the
(010 plane. The arrows indicate the resonance features.

similar to that of the extremal cross-sectional area of the
branch®® The resonanc& seems to be th@ branch, which
shows no angular dependence. In Fig. 11, the dotted line is
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an expected angular dependencem*gg for the 8 branch. In  have not been reported; (=0.46x 10° for the ; branch and
Table Il, the obtaineain*CR are summarized. 0.6x 1P m/s for they branch are roughly estimated from
the results of the dHVA measurements using the relatjon
=fike /" 1930
B. Doppler-shifted cyclotorn resonance In this work, the DSCR signals of th@ and«, branches
As seen in Fig. 9 the resonance frequencie€afnd D have not been observed. Since Alfvén waves are more
show nonlinear behavior with respect to the magnetic fieldstrongly attenuated in the lower-field region, the DSCR sig-
In addition, their resonance fields are fairly high. That is, ifnal that shifts to the highest field would be observed most
theseC and D resonances are assumed to be CR lines, thelearly. In the case of LaSb, according to our estimation the
effective masses are estimated to be ovemy,.@vhich are  resonance field of they branch is largest and the resonance
much larger than the expected masses in LaSb. Then it f€lds of thep anda, branches are smaller than those of the
impossible to explain such features by the normal CR relay ande; branches at a fixed frequency. Therefore, the DCSR
tion. The single crystal of LaSb used in the present measuréignal of theq; branch can be observed most clearly. In
ments is quite high quality, so that there is a possibility thatcontrast, it may be more difficult to observe the DSCR sig-
the Alfvén wave propagates inside the crystal and DSCR caRals of theg anda, branches.
be observed. The resonance condition of &).means that The transmission of magnetoplasma waves requires a
the DSCR resonance field should be higher than the “norduite high-quality sample, so that there is no report of DSCR
mal” CR resonance field and the resonance frequency dixcept for pure metals or semimetals such as Cu, Na, and Bi,
DSCR should be nonlinear with respectBoexcept for the —as far as we know. In this study, we prepared the quite high-
region B>v,\. That is, the qualitative features of the quality single crystals, and then we observed DSCR includ-
DSCR resonance condition are consistent with thos€ of ing the nonlinear behavior on the frequency-field diagram.
and D. In Order to investigate thé: and D |ines quantita_ There is a pOSS|b|I|ty that the nonlinear behavior is due to the
tively, we have to determina in Eq. (3) more carefully —Nhonparabolic band effect. In the case of LaSb, however, the
according to the empirical data of this crystal. The Fermiindividual resonance positions correspond (b—3my,
surface of LaSh consists of the three brancheg, andy.  Which is much larger than the masses expected from the band
For simplification, we assume thg branch to be a sphere. Structure calculation and the dHVA effect measurements. Al-

Then the dispersion relation of the Alfvén waves in LaSb isthough we have also performed dHVA effect measurements

written as for our crystals as described in Sec. Il, we could not find
other branches with large effective masses. And our dHVA
2= pL(213)n,my + (1/3n,my + ngmg+nym,, W2 o measurements are quite consistent with the previous reports.
B? B2’ Therefore, we believe that the resonances are DSCR.

©)

wheren,, ng, andn,, are the densities of the carriers in the
B, andy branchesm, andm, are the transverse and longitu-  In this study, we have also observed CR and DSCR in
dinal masses of the branch;m; and m, are the effective LaBi, PrSb, and GdS#:48495"These compounds have the
mass of thed and y branches, respectively. In DSCR mea- same Fermi surface topology as LaSb. In particular, LaBi is
surements, a detected anomaly is mainly due to the carrieegso a simple semimetal as well as is LaSh. Tigg, values
around the edge of the Fermi surface in which the carrier haor LaBi are estimated to be 0.2, 0.33n,, and 0.68n,, for

the maximum Fermi velocity along ttidirection. LaSb has the B, «,, and y branches, respectively>” and they are
four edges of the Fermi surface for tf@01] direction—that  reasonably consistent Wimngo andmg as shown in Table

is, the edges of thg branch, they branch, and the two types |II. The effective masses of LaBi are somewhat larger than
of the a branch(« , the longitudinal axis of the spheroid is those of LaSh. This difference is considered to be due to the
parallel to thg001] direction; ¢, the axis is perpendicular to difference in the curvature of the band which arises from
the[001] direction. The dotted lines in Fig. 9 are calculated changing Sb into Bi. These results show that the effective
from Eq. (3) using the parameters obtained experimentallymasses of both LaSb and LaBi are dominated by the band
for the edges of they and ¢ branches, respectively. The structure.

agreement between the experimental dat@ ahdD and the For PrSh,m.y are determined to be 0.8f, 0.3n,, and
calculated lines is reasonably good. Therefore, we concludg.53n,, respectively’® On the other hand, the cyclotron ef-
that theC andD lines are due to DSCR of the carriers at the fective massem*Qo estimated from the acoustic dHVA mea-
edges of they andq branches, respectively. Here, the carriersyrements by Setfiare reported with the values of 0rhg
densities n, (=2.0X 10%), ng (=0.5X10%), and n, (=1.5  0.22m,, and 0.4@n, for the «,, B, and y branches, respec-

X 107° m™3) are taken from Ref. 30 and the effective-masstively, as shown in Table IV. Heran,, for the o, and y
parametersmy (=0.20mg), mg (=0.17ng), andm,, (=0.45my)  branches were estimated in the magnetic fields parallel to the
are deduced from the CR measurement. Unfortunatgljs (100 direction. Althoughm,, for the B branch was esti-
not determined experimentally, so that we usg=2.6m, mated in the magnetic fields parallel to tteLQ) direction,
assuming that the mass ratig/m(=0.077 is equal to that the 8 branch is expected to have no angular dependence. In
of the band structure calculatiom=0.13n, and ymm  our CR measurements the obtaimagk are about 30% larger
=0.47my).?° Since the Fermi velocities at the edges also than mgo, on the assumption thafh., with the values of

C. Cyclotron resonance in LaBi, PrSb, and GdSb
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FIG. 12. Cavity transmissions for CeSb at various temperatures FIG- 13. Cavity transmissions for CeSb at various frequencies at
at 72.5 GHz in magnetic fields parallel to tf@01] direction. The 1.6 K in magnetic fields parallel to t{@01] direction. The arrows
vertical dotted lines indicate the magnetic transition fields at 1.6 kindicate the resonance features.

The arrows indicate the resonance features. . . . . .
In Fig. 12, the large absorption line at 6.8 T is considered

to be DSCR and the other absorption lines are considered to
0'25“?1’ 0.3m,, anq O.IS:Bbhcorre;pong to thT.’L’ '8'. and;; be CR. This distinction between CR and DSCR is derived
R;anc es, respectively. The estimatag; are listed in Table 4, the frequency dependence of the resonance field. Figure
' ) . . 13 shows the cavity transmissions for CeSb for various fre-
In GdSb, the antiferromagnetic resonarié&MR) is ob- uencies at 1.6 K in magnetic fields parallel to the[001]

served at low temperatures. The magnetic resonance signg{Saction. We can see two large absorption lines which are

" . :
of Gd®* are very strong due to its large magnetic moment, Sq,pelaq ag andG, respectively. The absorption lirfé cor-

that the signals are detected whenever the sample expeflsghonds to the large absorption line at 6.8 T in Fig. 12.

ences the components of the rf magnetic fields. In addition tqege 1 fines shift to the higher-field side with increasing
AFM.R' we have observed two CR SIgﬂ?JS a;ngR are de- frequency. Figure 14 shows the frequency-field diagram for
termined to be 0.28, and 0.5, respectively® These val- 16 ahsorption line§ and G for CeSb in magnetic fields

ues are reasonably consistent with thg, values of GASb  harq)ie| 1o the[001] direction. The resonance points are not
and the \{alues of the nonmagnetic reference compound LaSRyicated by any straight lines crossing the origin, but are
as seen in Tables Il and V. indicated by the dotted lines in Fig. 14. These lines are cal-
culated by the DSCR resonance condition, E). There-
fore, the absorption line§ and G are considered to be
DSCR of the carriers in CeSb.

Figure 15 shows the cavity transmissions for CeSb for

Figure 12 shows the cavity transmissions for CeSb avarious frequencies at 1.6 K at the lower-field region. The
various temperatures from 1.6 Kto 10 K at 72.5 GHz inabsorption lines shift with changing the frequency. Figure 16
magnetic fieldsB parallel to the{001] direction. Here, thé8  shows the cavity transmission amplitude and phase shift for
direction is perpendicular to the sample surface. The verticateSh at 188.0 GHz at 1.6 K in magnetic fields parallel to the
dotted lines in this figure indicate the magnetic phase transi001] direction. In addition to the DSCR sign&l four ab-
tion fields at 1.6 K. At these fields, we observe small anoma-

D. Cyclotron resonance in a strongly correlatedf-electron
system CeSh

lies that are due to the changes of the magnetic permeability 200F esp >
or the electric resistivity with the transitions. As shown in o ’
Fig. 12, five absorption lines are observed at 1.6 K, and their _ 140}

characteristic features are that they become broader with in- £ 120 . .
creasing temperature from 1.6 K and undetectable above < sof J.,-" ..-"G
10 K, independent of the magnetic phase diagtamhese 60f R o
findings indicate that the observed absorption lines do not ;8: ‘;j: et

originate from antiferromagnetic resonances of the magnetic h 2 VI ST Ty,

moment due to #electrons in CeSbh. On the other hand, CR
absorption lines in a metal or semimetal rapidly vanish with
increasing temperature. Therefore, we believe that the ob- FIG. 14. Frequency-field diagram of the resonarfeesd G for
served absorption lines are the cyclotron resonances of theesb at 1.6 K foB||[001]. The dotted lines are the DSCR relations
carriers in CeSbh. calculated from Eq(3).

B
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with mg, of 0.2mg and 0.3n, for the [001] direction. The
FIG. 15. Cavity transmissions for CeSb for various frequenciesm::R values of 0.2finy and 0.26n, in our measurements are
at 1.6 K at the lower-field region. The vertical dotted lines indicateconsistent with the values m’éo_ On the other hancm*cR of
the magnetic transition fields at 1.6 K. The arrows indicate the resog 54m, and 0.9n, are much larger tham*Qo and this result is
nance features. inconsistent with the Kohn's theorem. There should be some
other branches, but they have not yet been observed by
sorption lines are observed. From these spectra, thgHvA measurements. Itis necessary to investigate this phase
frequency-field diagram of CR for CeSb is obtained as Fighy dHvA measurements using a high-quality single crystal.
17 for the[001] direction at 1.6 K. The CR data in Fig. 17 In the AFF1 phase, three branches are observedrapdire
are on the straight lines crossing the origin. The vertical dotdetermined to be 0.78&, 0.931,, and 1.3n,, respectively. In
ted lines indicate the magnetic phase transition fields athe F phasem*CR are determined to be In§ and 1.5n,.
1.6 K, and the four magnetic phases are labeled as AF, AFF2, |n the AFF1 and F phases, the Fermi surfaces have been
AFF1, and F, respectively. Here, some absorption lines thahvestigated by the dHvA measurements and the band struc-
observed in a certain phase cannot be observed in oth@lire calculation completely and all branches probably have
phases, because the Fermi surface of CeSb changes at ea@len reported in these phases. Therefore, a branch observed
transition fields. Thereforen.; should be estimated in each in our CR measurements of these phases should correspond
phase independently. N to the appropriate branch reported in the dHvA measure-
In the AF phase, there is only one branch ang; is  ments and the band structure calculation. In our CR measure-
determined to be 0.3,. However, we cannot compane:g ments,mgg of 1.3 and 1.%n, are the largest masses in the
with myq, in this phase, because dHvVA measurements havgFF1 and F phases, respectively. Therefore, it is a reason-
not been reported yet in this phase. In the AFF2 phase, wgble assumption thats of 1.3y and 1.%n, correspond to
have observed four branches amgd are determined to be the g and 8, branches, respectively. On this assumption,
0.21my, 0.26m,, 0.547y, and 0.9ny, respectively. As shown mc, are smaller thamg,, and this results does not conflict
in Table I, the dHvA measurements in this phase are reportegith the Kohn's theorem. Howevem of 1.3, and 1.5n,
are quite larger thamg and the values ofin. are close to
those ofmg, rather thanmg. This fact shows thaingg, as

-130

g 1| well as m*QO, are considerably enhanced.

3 v -135 -

E g E. Mass enhancement

'g. 140 ; '

gl g If the electron-electron and electron-phonon interactions
£ /,w 145 are negligible mcg should be equal tong, and the masses

g depend only on the band structure. If there is disagreement
© 150 betweenm., and m:?o, the discrepancy should arise from

many-body effects due to the electron-electron and/or
electron-phonon interactions. As shown in Tables Il and lll,

FIG. 16. Cavity transmission amplitude and phase shift forin the cases of LaSb and LaBi are reasonably consistent
CeSb at 188.0 GHz at 1.6 K in magnetic fields parallel to[o@g] ~ With My andmge. This fact shows that boting and mgq
direction. The thick and thin lines show the amplitude and phasénainly depend on the band structure if there are heléc-
shift, respectively. The vertical dotted lines indicate the magnetidrons. That is, the effects of both the electron-electron and
transition fields at 1.6 K. The arrows indicate the resonanceelectron-phonon interactions on the effective mass are small
features. in these compounds.

B(T)
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However, in the case of a strongly correlatedlectron V. SUMMARY

system CeShyig as well asmy, is considerably enhanced. We have presented detailed CR and DSCR measurements

This enhancement should be due to the electron-electron ir?- ;
. . or RX The measurements have been performed in the tem-
teraction, because there is no reason that the electron-phongn

) . . erature range from 1.4 Kto 40 K and in the frequency
interaction strongly affects the effective mass of CeSb a$ nge from 50 to 190 GHz. We have observed CR signals in

compared with the mass of LaSb. It is expected that the Mass sL | 4Bi CeSb. PrSb. and GdSb. In this study. we have
enhancement due to the electron-electron interaction is Iargce ’ ! ’ ' ) %

for the p bands which have the largeelectron component onfirmed that the observed signals are CR, with sufficient
due to thep-f mixing. However, according to the Kohn theo- evidence. The signals show the expected temperature, fre-

rem, Mgy is not affected by the intraband electron-electron A" "> andb?ngular.depenQeDce fodr CR. Thg ehstlmzalg-ged
interaction. This interaction conserves the whole kinetic mo2'¢ f€asonably CO”S'S‘er.“ Willlyo andMmgc, an the values
mentum of the electrons in a band, and the conservation O§)t/)stemaé|cally change th)th cr?_a?]gllﬁgandxf_We have als<|)
the whole momentum is gssential for the theorem. Thereforeo, §I'ehri\éesuAcggsEfSInoLbasir\,/zx;r? 0? fhoecgg'rsr?sngfgqfsig ts.
our CR results, in whichmcg is also largely enhanced, indi- owing to the two experimental improvementz' namely, the
cate that the whole momentum of the electrons in a branch i . ) ’ D!
evelopment of the high-frequency and high-sensitivity CR

not conserved. The interband electron-electron interactiomeasurin svstem with the vector network analvzer and the
and umklapp processes can break the conservation and it is g sy Y

possible that these interactions aﬁmféR_ In the case oRX, remarkable improvement of the sample quality. In particular,

however, the pockets of the Fermi surface of theands are the typical re§|dual resistivity qf our sample§ was _about
; 0.1 uQ) cm while the typical carrier concentration RX is
very small and are located at tHé point. Therefore, the

effect of the umkla rocesses is considered to be Vertwo orders of magni}ude smaller than those in normal metals.
bbb Y The determinedn., of LaSb, LaBi, and GdSb are in the

small. On the other hand, the effect of the interband interacf nge of(0.17—0.65m,. These values are reasonably consis-
tion is expected to be large, because the several pockets gihge one. 0. 1 vaid ) y !
the p bands are located at tHeé point close to each other. tent Wlth the V*alues_oanO and Mgc. This fact shows that
Therefore, our results indicate that the interband interactim.t?Oth Mer andmg, mainly depe_nd on the band structure 'f. the
is important for the mass enhancementnu*gR in CeSb. It mteraqtlon between conductlor_l electrons dnelectrons is

: rr_1egl|g|ble. On the other hand, in t*he case of a strongly cor-
face of LaSb are also located at thepoint close to each related f-electron system CeShnicg is in the range of
other. However, the mass enhancement is negligible in LaSlSQ‘ZG_l_'E’mO' These value*s are much Ia[ger. than t.hose of
This fact shows that the-f mixing effect is primarily im- Mec: This fact shows thatcg, as well asmy, is consider-
portant for the mass enhancement in CeSb. ably enhanced in CeSh. Our results indicate that the inter-

In the above discussion, we stressed the importance of ﬂ%’i\nd interaction is important for the mass enhancement of

interband interaction omgg in CeSh. However, the inter- Mcr IN CESD.
band interaction also could affect,, The dHVA effect

measurements of CeSb under pressure show that the pressure
dependence oﬁgo is difficult to explain in a straightforward

manner by thep-f mixing model?® That is, the result of the We are very much indebted to Professor P. C. Canfield,
pressure dependencertufgO could not be explained by con- Dr. C. Cunningham, Dr. M. Shirakawa, Professor H. Aoki,
sidering the change of thieelectron content under the pres- Dr. T. Sakon, Professor H. Nojiri, and Professor K. Watanabe
sure. In this case, the interband interaction might play aror valuable experimental support and discussion. This mea-
important role in the mass enhancememméjo. However, surement was carried out at High Field Laboratory for Su-
there has been no theory to quantitatively explain the enperconducting Materials, Institute for Materials Research,
hancement ofn and mgo in real systems yet. Tohoku University.
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