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Observation of Doppler-shifted cyclotron resonance in LaSb
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Cyclotron resonancéCR) measurements on a single crystal of LaSh have been performed at temperatures
between 1.6 and 40 K in the frequency range from 50 to 190 GHz. In addition to “normal” CR, we have
observed two anomalous absorption lines that show nonlinear behavior on the frequency-field diagram. The
nonlinear behavior is explained by the Doppler-shifted cyclotron resonance coupled with a magnetoplasma
wave (Alfven wave propagating in the quite high-quality single crystal of LaSb.
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LaSh is a simple semimetal with an NaCl-type crystalwhere w. is the cyclotron frequencye the charge of the
structure and is considered to be a typical reference contarrier, B the magnetic field, anth.g* the cyclotron effec-
pound for CeSb, which shows anomalous physical propertieve mass. In addition to these lines, we have also observed
such as dense Kondo behavior and complicated magnetignomalous” cyclotron resonances lines that show nonlinear
states:? Many detailed experimental and theoretical studieshehavior with respect to magnetic field in the higher-field
on LaSb have been performed as well as on CeSb in order {@gion. The anomalous behavior can be explained by
understand the origin of the anomalous physical properties aboppler-shifted cyclotron resonand®SCR with Alfven
CeSb3~®In particular, determination of the Fermi surfaces of waves in the semimetal LaSb. The purpose of this paper is to
LaSh and CeSb have been done in detail by de Haas-vastesent the detailed results of DSCR in LaSb first observed
Alphen (dHvA) effect measurements, and the topology of thein rare-earth compounds. Detailed results of the “normal”
Fermi surface of CeSb has been understood by consideringr have been reported in Ref. 19.
the p-f mixing effect on the basis of the Fermi surface of  The single crystal was cut into small plates with a size of
Lasb!/™ 1x1x0.2 mn? along the(001) cleavage plane. Cyclotron

Measurements of quantum oscillations such as dHVA angesonance measurements for the single crystal have been per-
Shubnikov—de Haas effects have proven to be powerfulormed using a vector network analyzéAB Millimeter
methods for investigating Fermi surfaces of metals. On the&company, Limited in the frequency region from 50 to 190
other hand, although cyclotron resonati€®) is considered GHz in magnetic fields up to 14 T using a superconducting
to be the best way to determine cyclotron effective mass of éagnet at the High Field Laboratory for Superconducting
substance and is supposed to give us other information aboMaterials, Institute for Materials Research, Tohoku Univer-
the carriers at the Fermi surfate,!” there have been only a sity. To observe the resonance lines clearly, sensitivity of the
few reports on rare-earth or uranium compounds due to thehicrowave system has to be high and for this purpose, cy-
difficulty of conducting CR experiments in comparison with jindrical cavities were used. We made the cavity using cop-
dHVA effect experiments. per in such a way that the resonant frequencies fqy; T&d

In a previous pape} we reported the results of CR mea- TE,,, modes are 58 and 72 GHz, respectively. In the cavity,
surements on LaSh, but it was not satisfactory because thfie sample was placed at the position where the rf electric
observed absorption was one broad line and the thregeld of the microwave is maximum for the FE or TEy;,
branched(e, B, and y branche of the Fermi surface were mode. The applied magnetic fieRiwas perpendicular to the
not discriminated. In order to obtain more precise and derf electric fields of the TE modes. In this work, we performed
tailed information on this material, we synthesized high-CR measurements using other TE or TM modes at the same
quality single crystals of LaSb. The typical residual resistiv-sample position, because the sample experiences the compo-
ity po and residual resistivity ratio of the crystals ar€®.13  nents of the rf electric fields and the signal can be detected.
w€)cm and~490, respectively, which showed that the crys-  Figure 1 shows the cavity transmissions for various fre-
tals were about 10-times higher in quality than crystals prequencies at 1.6 K in magnetic fiel@&parallel to the[001]
viously used. direction. Here, theB direction is perpendicular to the

Using these single crystals, we successfully observed thgample surface, which is not the Azbel-Kaner configuration.
CR absorption lines discriminating the 8, andy branches  The transmissions decrease with increasing magnetic field,
in the lower-field region. These lines show a linear r9|ati0r]\Nhich seems to be due to increase of the transversal magne-
between frequency and magnetic field according to the usuadresistance. The inset of Fig. 1 shows the spectra at the

resonance condition low-field region. In Fig. 1 and its inset, we can see four
absorption lines at each frequency, and these absorption lines
eB are labeled as A-D, respectively.
we= = ) Figure 2 shows the frequency-field diagram for the
Mcr BI[001] direction. The resonance points A and B are on the
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B (T) In general, the microwave is very rapidly attenuated due

to the skin effect as it penetrates into the metals or semimet-
als. In these cases, only a few carriers in the skin depth
directly couple with the microwave, resulting in the normal

ER. Most of the carriers are inside the skin depth, and they
cannot couple with the microwave on the surface of the ma-

straight lines satisfying Eqil). From the temperature and terial. It is known, however, that the electromagnetic wave of

angular dependence the absorption lines A and B are identi® frequencyw<w. can propagate inside the bulk of the

fied as the cyclotron resonance of the carriers indtend y meFaI or sgmimetal as a ma.gn_etoplasm.a V\ﬁ‘ve in high mag-
branches, respectivel). The determinedn.* are 0.20n, netic field if thg sample quality is very h_|gzﬂ*. For_a com-

and 045,; for the & and y branches res?;ectively on the pensated semimetal such as LaSb, this wave is called the
other Han((j) the resonance frequenciés of C and D. show noé\_lfven wave. I_n this case, there is a_possibility that the car-
linear behavior with respect to the magnetic field. In addi—“erl‘:'] g?;:%li vé/:tirr:wgnrglcz:%vxg?;i)ﬁvﬁnvcﬂif:?\etrtg:jki.rection is
tion, their resonance fields are fairly high. That is, if these C EXP ' .
and D resonances are assumed to be CR lines, the effectif.’grpend'CUIar to both the sample surface and_ the_ rf electric
masses are estimated to be ovemiy 0 of which values are l€ld, the Alfven wave propagates along tBedirection (z

much larger than the expected masses in L%SBhen it is direction. A carrier that has a velocity component along

impossible to explain such features by the normal CR rela’ghez direction couples with the rf field of the Alfven wave

tion. However, in increasing the temperature, the absorptioHVr';h tt:: f?:ppleirfhgtri;i frgqgenn%igfzo’f Vgﬁ:ﬁf?ﬁﬂd ka e
lines C and D are simultaneously undetectable with the guency wave nu wave,

and B lines as shown in Fig. 3. This fact indicates that the espectively. In this case, DSCR occurs when the cyclotron

and D lines are originated from the cyclotron motion of the requencyw, cqmudes W'th“’—.kvz‘ .
carriers as are the A and B lines. The dispersion relation of isotropic Alfven waves under

the conditionsw, 1 andw<<w, is given by

FIG. 1. Cavity transmissions for various frequencies at 1.6 K in
magnetic fields parallel to th®01] direction. The inset shows the
spectra at the low-field region. The arrows indicate the resonanc
features.
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FIG. 2. Frequency-field diagram of LaSb at 1.6 K ®i{001]. ~ Here, we adopt the condition.=w+kv,. The other con-
The dotted lines are calculated from E8) and correspond to the dition, w.=w—kv,, means that the resonance field shifts to
edges of they and ¢, branches, respectively. the lower-field side and the Alvfen wave with this frequency
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cannot propagate because the conditio® w. is not satis-  (=2.0x 10%9), ng (=0.5% 10?9, and n, (=1.5% 10%8
fied. Consequently no resonance absorption is observed ﬁ4—3) are taken from Ref. 22 and the effective-mass param-
this frequency. _ _ _ _etersm, (=0.20, m, (=0.17), andm,, (=0.45m,) are de-
The relation of Eq(2) is the isotropic case. But the Fermi duced from the CR measurement in Ref. 19. Unfortunately
surface of LaSb is anisotropic and consists of three branchqﬁ is not determined experimentally, so we use '
1 ’ 1

a, B, and y. So we have to determink in Eq. (2) more : ) B .
carefully according to the empirical data of this crystal. The_2‘6m°’ assuming that the mass ratiq/m, (=0.079 is

« branch is the electron Fermi surface with an ellipsoidal©dua! to ”})at of the band calculatiom(=0.13 andymm,
shape at th& point. Theg branch is the hole Fermi surface, = 0-47o).” Since the Fermi velocities,. at the edges also
almost spherical and centered at fheoint. They branch is  have not been reported (=0.46x 10° for the «; branch
also the hole surface at tepoint and is slightly elongated and 0.6<10° m/s for the y branch are roughly estimated
along the(100) direction>® For simplification, we assume from the results of the dHvA measurements using the rela-
the y branch to be a sphere. Then the dispersion relation dion ve=7fike/m*.°

the Alfven waves in LaSb is written as In this work, the edges of thé and«, branches have not
been observed. The carriers in a branch have various velocity
, kl(2B)n,m+(13hn,m+ngmg+n,m,] , X ,  components along thB direction in the range of-ve=<uv,
k®= B2 w =gz@ <vg and damp the Alfven waves in the regian—kvg

(4) <w.<w+kvg. Therefore, the edge that shifts to the highest
field would be observed most clearly and the rest of the
carriers in this branch prevent DSCR of the other branches.
P i In the case of LaSbh, according to our estimation the reso-
gitudinal masses of the branch; andmy, andm, are the nance field of theq; branch is largest and the resonance

eDﬁSeégV;en;zafegemgg aaggtgc?ergn;:s;'alr e?sergg\ilrﬁly' dLl {ioelds of theB and«, branches are smaller than those of the
' y y and ¢ branches at a fixed frequency. Therefore, the edge

the carriers around the edge of the Fermi surface in which’ .
. . ; ; of the ;; branch can be observed most clearly, and it would
the carrier has the maximum Fermi velocity along tBe

direction®>2! LaSb has four edges of the Fermi surface forgfa:;ﬂrei difficult to observe the edges of teand a,

the[001] direction, that is, the edges of tigebranch, they ' h f h |

branch, and the two types of thebranch ¢, : the longitu- In summary, we ave per ormed the cyclotron resonance

dinal axis of the spheroid is parallel to the01] direction; measurements on a single crystal of LaSbh at temperatures
. the axis is perpendicular to tH®01] direction Thé between 1.6 and 40 K in the frequency range from 50 to 190

ggﬁed lines in FIiD FZ) are calculated from EG) usiﬁ the GHz. In addition to “normal” CR, we have observed two

parameters obtai%éd experimentally for the edgesgofythe anomalous absorption lines that show nonlinear behavior on

and a, branches, respectively. The agreement between thge frequency-field diagram. The nonlinear behavior is ex-

wheren,, ng, andn,, are the densities of the carriers in the
a, B, andy branchesm; andm, are the transverse and lon-

lained by Doppler-shifted cyclotron resonance with Alfven
aves.

experimental data of C and D and the calculated lines i
reasonably good. Therefore, we conclude that the C and
lines are due to DSCR of the carriers at the edges ofythe ~ One of the authors, M. Yoshida, would like to thank the
and ¢, branches, respectively. Here, the carrier densitigs JSPS Research Fellowships for Young Scientists.
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