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Observation of Doppler-shifted cyclotron resonance in LaSb
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Cyclotron resonance~CR! measurements on a single crystal of LaSb 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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LaSb is a simple semimetal with an NaCl-type crys
structure and is considered to be a typical reference c
pound for CeSb, which shows anomalous physical proper
such as dense Kondo behavior and complicated magn
states.1,2 Many detailed experimental and theoretical stud
on LaSb have been performed as well as on CeSb in ord
understand the origin of the anomalous physical propertie
CeSb.3–6 In particular, determination of the Fermi surfaces
LaSb and CeSb have been done in detail by de Haas–
Alphen~dHvA! effect measurements, and the topology of t
Fermi surface of CeSb has been understood by conside
the p- f mixing effect on the basis of the Fermi surface
LaSb.7–11

Measurements of quantum oscillations such as dHvA
Shubnikov–de Haas effects have proven to be powe
methods for investigating Fermi surfaces of metals. On
other hand, although cyclotron resonance~CR! is considered
to be the best way to determine cyclotron effective mass
substance and is supposed to give us other information a
the carriers at the Fermi surface,12–17 there have been only
few reports on rare-earth or uranium compounds due to
difficulty of conducting CR experiments in comparison wi
dHvA effect experiments.

In a previous paper,18 we reported the results of CR me
surements on LaSb, but it was not satisfactory because
observed absorption was one broad line and the th
branches~a, b, andg branches! of the Fermi surface were
not discriminated. In order to obtain more precise and
tailed information on this material, we synthesized hig
quality single crystals of LaSb. The typical residual resist
ity r0 and residual resistivity ratio of the crystals are;0.13
mV cm and;490, respectively, which showed that the cry
tals were about 10-times higher in quality than crystals p
viously used.

Using these single crystals, we successfully observed
CR absorption lines discriminating thea, b, andg branches
in the lower-field region. These lines show a linear relat
between frequency and magnetic field according to the u
resonance condition

vc5
eB

mCR*
, ~1!
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where vc is the cyclotron frequency,e the charge of the
carrier,B the magnetic field, andmCR* the cyclotron effec-
tive mass. In addition to these lines, we have also obser
‘‘anomalous’’ cyclotron resonances lines that show nonlin
behavior with respect to magnetic field in the higher-fie
region. The anomalous behavior can be explained
Doppler-shifted cyclotron resonance~DSCR! with Alfven
waves in the semimetal LaSb. The purpose of this paper i
present the detailed results of DSCR in LaSb first obser
in rare-earth compounds. Detailed results of the ‘‘norm
CR have been reported in Ref. 19.

The single crystal was cut into small plates with a size
13130.2 mm3 along the~001! cleavage plane. Cyclotron
resonance measurements for the single crystal have been
formed using a vector network analyzer~AB Millimeter
Company, Limited! in the frequency region from 50 to 19
GHz in magnetic fields up to 14 T using a superconduct
magnet at the High Field Laboratory for Superconduct
Materials, Institute for Materials Research, Tohoku Univ
sity. To observe the resonance lines clearly, sensitivity of
microwave system has to be high and for this purpose,
lindrical cavities were used. We made the cavity using c
per in such a way that the resonant frequencies for TE011 and
TE012 modes are 58 and 72 GHz, respectively. In the cav
the sample was placed at the position where the rf elec
field of the microwave is maximum for the TE011 or TE012
mode. The applied magnetic fieldB was perpendicular to the
rf electric fields of the TE modes. In this work, we perform
CR measurements using other TE or TM modes at the s
sample position, because the sample experiences the co
nents of the rf electric fields and the signal can be detec

Figure 1 shows the cavity transmissions for various f
quencies at 1.6 K in magnetic fieldsB parallel to the@001#
direction. Here, theB direction is perpendicular to the
sample surface, which is not the Azbel-Kaner configurati
The transmissions decrease with increasing magnetic fi
which seems to be due to increase of the transversal ma
toresistance. The inset of Fig. 1 shows the spectra at
low-field region. In Fig. 1 and its inset, we can see fo
absorption lines at each frequency, and these absorption
are labeled as A–D, respectively.

Figure 2 shows the frequency-field diagram for t
Bi@001# direction. The resonance points A and B are on
©2002 The American Physical Society07-1
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straight lines satisfying Eq.~1!. From the temperature an
angular dependence the absorption lines A and B are ide
fied as the cyclotron resonance of the carriers in thea andg
branches, respectively.19 The determinedmCR* are 0.20m0

and 0.45m0 for the a and g branches, respectively. On th
other hand, the resonance frequencies of C and D show
linear behavior with respect to the magnetic field. In ad
tion, their resonance fields are fairly high. That is, if these
and D resonances are assumed to be CR lines, the effe
masses are estimated to be over 1.0m0 , of which values are
much larger than the expected masses in LaSb.5,6 Then it is
impossible to explain such features by the normal CR re
tion. However, in increasing the temperature, the absorp
lines C and D are simultaneously undetectable with the
and B lines as shown in Fig. 3. This fact indicates that the
and D lines are originated from the cyclotron motion of t
carriers as are the A and B lines.

FIG. 1. Cavity transmissions for various frequencies at 1.6 K
magnetic fields parallel to the@001# direction. The inset shows th
spectra at the low-field region. The arrows indicate the resona
features.

FIG. 2. Frequency-field diagram of LaSb at 1.6 K forBi@001#.
The dotted lines are calculated from Eq.~3! and correspond to the
edges of theg anda i branches, respectively.
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In general, the microwave is very rapidly attenuated d
to the skin effect as it penetrates into the metals or semim
als. In these cases, only a few carriers in the skin de
directly couple with the microwave, resulting in the norm
CR. Most of the carriers are inside the skin depth, and t
cannot couple with the microwave on the surface of the m
terial. It is known, however, that the electromagnetic wave
the frequencyv!vc can propagate inside the bulk of th
metal or semimetal as a magnetoplasma wave in high m
netic field if the sample quality is very high.20,21 For a com-
pensated semimetal such as LaSb, this wave is called
Alfven wave. In this case, there is a possibility that the c
riers couple with a microwave even in the bulk.

In our experimental condition, in which theB direction is
perpendicular to both the sample surface and the rf elec
field, the Alfven wave propagates along theB direction ~z
direction!. A carrier that has a velocity componentvz along
the z direction couples with the rf field of the Alfven wav
with the Doppler-shifted frequencyv6kvz , wherev andk
are the frequency and wave number of the Alfven wa
respectively. In this case, DSCR occurs when the cyclot
frequencyvc coincides withv6kvz .

The dispersion relation of isotropic Alfven waves und
the conditionsvct@1 andv!vc is given by

k25
m( jnjmj

B2 v25
l

B2 v2, ~2!

wherem is the magnetic susceptibility,nj the density of the
j th carrier, andmj is its mass.20,21Substituting Eq.~2! in the
resonance condition, we have the magnetic-field depende
of the resonance frequencyvc8 for DSCR:

vc85
vc

11~nzAl!/B
. ~3!

Here, we adopt the conditionvc5v1kvz . The other con-
dition, vc5v2kvz , means that the resonance field shifts
the lower-field side and the Alvfen wave with this frequen

ce

FIG. 3. Cavity transmissions at various temperatures at 7
GHz in magnetic fields parallel to the@001# direction.
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cannot propagate because the conditionv!vc is not satis-
fied. Consequently no resonance absorption is observe
this frequency.

The relation of Eq.~2! is the isotropic case. But the Ferm
surface of LaSb is anisotropic and consists of three branc
a, b, and g. So we have to determinel in Eq. ~2! more
carefully according to the empirical data of this crystal. T
a branch is the electron Fermi surface with an ellipsoi
shape at theX point. Theb branch is the hole Fermi surface
almost spherical and centered at theG point. Theg branch is
also the hole surface at theG point and is slightly elongated
along the^100& direction.5,6 For simplification, we assume
the g branch to be a sphere. Then the dispersion relation
the Alfven waves in LaSb is written as

k25
m@~2/3!namt1~1/3!nam11nbmb1ngmg#

B2 v25
l

B2 v2,

~4!

wherena , nb , andng are the densities of the carriers in th
a, b, andg branches;mt andml are the transverse and lon
gitudinal masses of thea branch; andmb and mg are the
effective mass of theb and g branches, respectively. I
DSCR measurements, a detected anomaly is mainly du
the carriers around the edge of the Fermi surface in wh
the carrier has the maximum Fermi velocity along theB
direction.20,21 LaSb has four edges of the Fermi surface
the @001# direction, that is, the edges of theb branch, theg
branch, and the two types of thea branch (a' : the longitu-
dinal axis of the spheroid is parallel to the@001# direction;
a i : the axis is perpendicular to the@001# direction!. The
dotted lines in Fig. 2 are calculated from Eq.~3! using the
parameters obtained experimentally for the edges of thg
and a i branches, respectively. The agreement between
experimental data of C and D and the calculated lines
reasonably good. Therefore, we conclude that the C an
lines are due to DSCR of the carriers at the edges of thg
anda i branches, respectively. Here, the carrier densitiesna
:

-
3

h-

T

gn

gn
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(52.031026), nb (50.531026), and ng (51.531026

m23) are taken from Ref. 22 and the effective-mass para
etersmt ~50.20!, mb ~50.17!, andmg (50.45m0) are de-
duced from the CR measurement in Ref. 19. Unfortunat
m1 is not determined experimentally, so we usem1

52.6m0 , assuming that the mass ratiomt /m1 ~50.077! is
equal to that of the band calculation (mt50.13 andAmtm1

50.47m0).5 Since the Fermi velocitiesvF at the edges also
have not been reported,vF (50.463106 for the a i branch
and 0.63106 m/s for theg branch! are roughly estimated
from the results of the dHvA measurements using the re
tion nF5\kF /m* .6

In this work, the edges of theb anda' branches have no
been observed. The carriers in a branch have various velo
components along theB direction in the range of2vF<vz
<vF and damp the Alfven waves in the regionv2kvF
<vc<v1kvF . Therefore, the edge that shifts to the highe
field would be observed most clearly and the rest of
carriers in this branch prevent DSCR of the other branch
In the case of LaSb, according to our estimation the re
nance field of thea i branch is largest and the resonan
fields of theb anda' branches are smaller than those of t
g anda i branches at a fixed frequency. Therefore, the e
of the a i branch can be observed most clearly, and it wo
be more difficult to observe the edges of theb and a'

branches.
In summary, we have performed the cyclotron resona

measurements on a single crystal of LaSb at temperat
between 1.6 and 40 K in the frequency range from 50 to 1
GHz. In addition to ‘‘normal’’ CR, we have observed tw
anomalous absorption lines that show nonlinear behavio
the frequency-field diagram. The nonlinear behavior is
plained by Doppler-shifted cyclotron resonance with Alfv
waves.
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