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Shubnikov—de Haas oscillations in CoSpsingle crystals
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Shubnikov—de Haa&SdH) effect has been studied in single-crystal samples-GfoSh in pulsed magnetic
fields up to 35 T. From the temperature dependence of the amplitude of the SdH oscillations the values of
cyclotron effective mass were determined. It was found that the effective mass increases from .07
0.15m, with increasing of the hole concentration, taking part in the SdH effect, from 0.46 to 4.06
x 10" cm™3, indicating a nonparabolicity of the valence band of CpSie fundamental band parameters, the
band-edge effective massnf/m,=0.049+0.006), energy gapHy;=31*+5 meV), spin-orbit splitting 4
=0.16+0.06 eV), and the interband momentum matrix elenj@ht (2.0+2)x 10 8 eV cm] were estimated
using the three-band Kane model.

INTRODUCTION evidence of a semiconducting energy gap of any Rfhd.
The Shubnikov—de HadSdH) effect has proved to be an
CoShy has recently been identified as a strong candidatémportant tool of studying the band structure of
for advanced thermoelectric materiafé.Transport phenom- semiconductors! Recently, SdH oscillations measurements
ena measurements were carried outpeoSh single crys- on CoSh crystals were observed for the first tiftfeThe
tals, the temperature dependencies of the Hall coefficienyalues of cyclotron effective massent/my=0.07=0.01)
conductivity and Hall mobility were determinéd® Data on  andg factor (—10.1) were estimated for lightly doped Co$b
the scattering mechanisms were repoftf Band-structure  (4.6x 10" cm™3). It is also shown that in CoSltthe number
calculations from the first principles performed by Singh andof the equivalent valleys is equal to one and the Fermi sur-
Picketf indicate the proximity of the linear-dispersing region face of holes is likely to be a sphere located at the center of
to the band edge. The latter makes the skutterudite antthe Brillouin zone.
monides unique. It was also found that in Cg8lpseudogap The purpose of our work was to learn more information
forms around the Fermi level, and that a single band crossesbout the band structure of CoSly extending the investi-
the pseudogap and forms a direct 50-meV gap at'theint.  gation of the SdH effect over a larger region of hole concen-
The energy gafE, and effective massn*/mq are the tration (i.e., by going inside the bando find effective mass
main band parameters, which determine the principal propvalues of holes as a function of the hole concentration, and to
erties of any semiconducting material. However, there igdetermine the fundamental band parameters, the energy gap
little data onE4 andm*/m, and the results obtained are not E, and interband momentum matrix eleméhtThe deter-
in conformity with one another. The estimated values of themination of band parameters is more reliable when the hole
hole density of states effective mass differs by a factor &concentration in the studied samples covers a wide range.
(0.08' and 0.0% at the same hole concentration of about 6 Therefore, the results of SdH effect measurements on
X 10*%cm™3) because of the different assumption about thesamples with 0.46 to 4.0610¥cm™2 are used.
predominant scattering mechanism in C@Skhe data avail- Single crystals of CoSbwere grown from Sb-rich melts
able on the scattering mechanism are few and the resultsy the gradient freeze techniglieCo (4N) and Sb(6N)
obtained are inconsistefit*® Acoustic phonons scatteririf, ~ ampoules were prepared with a nominal composition of 93%
optical phonons scatterirfgor ionized impurities scatterifg  at. Sb. A two-zone furnace was used. The growth process
have been assumed as dominant in GoSb was carried out by lowering the temperature of the furnace.
The available values for the energy g&g are in the  Studiedp-type samples of nominally undoped CaSbystals
range of 0.05-0.7 eY50 meV3470.31 eV® 0.35 eV® 0.5  were cut from an ingot. A gradient of carrier concentration
eV and 0.6-0.7 e\(Ref. §]. The gap was estimated on the was observed along the ingot which can be attributed to the
base of the band structure calculatidnmw-3 and high-  existence of vacancies on the Co site. The concentration var-
temperature electrical resistivity measureménts? Optical  ies with the crystallization temperature. At 15—20 K, the Hall
measurements on a crystal grown by vapor phase showed moncentration ranges from 2 to6L0*cm ™2 and the mobil-
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FIG. 1. Shubnikov—de Haas oscillations of samples 710b22,
100b19, 40b17, and CSBurves 71, 10, 4, and 5, respectivelyhe B (T)
latter is taken from Ref. 12.
FIG. 2. Shubnikov—de Haas oscillations of sample 710b22 at

ity varies between 1900 and 2400 s. different temperatures.
The SdH measurements were carried out at different tem-
peratures between 1.8 to 45 K in pulsed magnetic fields up to Ap Ap; Ap,
35 T. The characteristics of the pulsed fields are detailed in %: KJF K: @
Ref. 12. The magnetoresistance was measured during the de-
crease of the field, using a four probe techniques and Lockin Ap, 5 (A2 x dmy
amplifier. —=—-—|—| ——exp—y)co§ —— —
Po v2\ m ] sinhx ho 4]’
2
RESULTS AND DISCUSSIONS @
For the samples under study the three inequaliies, ~2P2__ 37h@ X exp(—y)cos(%—”— Z) e
namely,Er>kgT, Aw>kgT, uB>1 whereEg is the Fermi Po 87 sinhx ho 2

energy,w is the cyclotron frequency, andis the mobility of  \\ir =14 68T m*/m.B 1 y=14.68T m* /m.B 1
the charge carriers which must be satisfied to observe th(%:eB/m* and 7= Ei/k,ﬂ" is the redch(Zng)Fermioener’gy
SdH effect were verified m* is the hole effective massy, is the free hole mass,

SdH oscillations at 4.2 K in the unoriented CgSlingle i ; ;
: : ) s the Dingle temperature determined from the SdH
crystals with concentration from 0.46 to 4:060'8cm 3in 25 = g P

transverse configuration are shown in Fig. 1. Oscillations
were observed up to 45 KFig. 2). All the samples studied It can be shown thét
show only one oscillation period. Splitting due to spin, which Ap; 20
was earlier reported for lightly doped samples (0.46 Ao, 37
x 108 cm )2 was not observed in samples with higher hole P2
concentration(from 1.45 to 4.0610cm %) in magnetic whereA(1/B) is the period of oscillations.
fields up to 35 T(Fig. 1). The transverse and longitudinal ~ Taking into account that in the samples studied
magnetiresistance show the same oscillation period whicfAp,/Ap,>1), the value ofTgqy) Was calculated using
lead us to conclude that the hole Fermi surface is isotrtpic. Eq. (2) from the magnetic field dependence of the oscillation
If only the first harmonics describing the oscillatory com- amplitude.Tp(sqn) are greater than the values ) de-
ponentsAp;/p, and Ap,/p, are included, the oscillation termined from the Hall mobility* To(u=hel2mkgm* u
term of the magnetoresistance may be written in the f§rm, which indicated that the nonthermal broadening of the levels

1 1/2

A(1B)B 1+ cotan

2
A(l/B)BH’ @

TABLE |. Parameters of the samples.

PsdH To(san To(w Er Ui
Sample (10*¥cem™3) m*/mq (K) (K) (meV) (at 15 K
CS% 0.46 0.07 20 1.4 33.5 25.8
710b22 1.45 0.11 19 8.2 41.9 32.3
1ob19 2.31 0.13 15 8.7 50.9 39.3
40b17 4.06 0.15 12 7.7 64.4 49.7

*Data are taken from Ref. 12.
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tors, can be used to describe the results obtained. The analy-

0.087 sis were performed on the basis of the two- and three-band
Kane model.
) o 16T The Fermi surface of holes in Co$is likely to be a
S 0.064 o 1145T sphere located at the center of the Brillouin z&f&herefore
g A 885T the concentratiorp of the holes participating in the Hall
- effect should be equal to the concentratmyy of the holes
§ 0.04 - participating in the SdH effect. The concentratiprof the
£ holes could be determined on the base of the equétion,
g
= 0.024 25\ 372
] A\A\A\\ D (ZmnkBT)3/2 1+ ? |O ( IB 5) (6)
= 223 3/2 32,0 7:.0,0),
0.00 T T M T M T M 1 T 377 h (1+ 5)
0 10 20 30 40

wherem, is the band-edge effective ma:i;g,Qv0 is the three
T (K) parameters Fermi-Dirac integrg8=kgT/Eq, d=A/E4, A
is the spin-orbit splitting value. In the strongly degenerate
FIG. 3. The temperature dependencies of the oscillation amplicase ¢=10), Ig,zyo(n,ﬁ,é) can be evaluated as arithmetic
tude of sample 710b22. expression in terms of the three variabt&4’

. . ) Equation(6) can be written as
was mainly due to the inhomogeneity of the samples rather

than to the scattering of holéFable |).

The concentratiompgyy Of the holes participating in the D |g/2 o 71.8.0)
SdH effect was evaluated using E&) (Ref. 14 from the —= (7)
periodicity of the SdH oscillations P 13007, B,9)

where p, is the hole concentration for samplen, is the
reduced Fermi level for sample

_[2e 2[A(1/B)] %2 The reduced Fermi level was calculated from E),
Psdn= T 2 ) (5)
3
whereA(1/B) is the period of the oscillations. B 1\ 7o
The values of the cyclotron effective massé&/mg were 7=|{nt5 keT ®

determined by an analysis of the temperature dependencies )

of the oscillation amplitude in the temperature range 1.8—43vheren is the Landau numbers. For samples studigd

K at fixed magnetic fieldFig. 3 and were used in the cal- —~30meV andy>10 at low temperaturesee Table |

culation of Tpsgny. The effective mass increases from The value of B=kgT/Ey was estimated using Eqs)

0.07m, to 0.15m, with increasing hole concentration taking @1d (8). It was found that at low temperaturdsg=35

part in the SdH effect, from 0.46 to 4.86.0 ¥ cm 3 (see j:2 meV if <1 or6>1 (tvyo-band Kane model approxima-

Table )), indicating a nonparabolicity of the valence band oftion) and Eg=31+5 meV if three-band Kane model is as-

CoSh which has not been established yet. sumed. The values ah,/m, estimated using Eqs6) and
Kane showed that, due to the narrow energy gap betwee_@) are equal to 0.0560.002 or 0.048-0.006, respectively

the conduction and the valence bands, the energy wavétwo- or three-band Kane model is assumed.

vector dependences in the conduction and light-hole bands TO estimate the value a and the interband momentum

differ appreciably from the simplest parabolic relatidn. Matrix elements> andE,, the data org factor, determined

Since the nonparabolic shape of the conduction band in InS8n the base of the SdH oscillations measurements on lightly

had been derived by Kane, it was recognized that the bandoPed CoSh crystals from the spin-splitting SdH pedk,

nonparabolicity must be taken into account when interpretingvere used. In the framework of a nonparabolic three band

the electron transport phenomena in narrow gap matéfials. Kane model the values @ factor, m*/mq,my;/m, and the
Singh and Pickeftpredict that in CoSpthe dispersion, interband momentum matrix elemeris and P are given

although parabolic in a very small region (10of the zong by*®

nearl” point, rapidly becomes linear in energy at small wave

vectors. However, it is not yet proved experimentally. That is g(E)=2

why the Kane model, used for other narrow gap semiconduc-

A

My
(3E+3E,+24) " ©

1——

1+
my

m* 1 [(2E+Eg)(E+Eg+A)(E+Ey+2A/3)—E(E+Eg)A/3| 19
m Ep (Eg+A)Eg(E+Ey+2A/3)2 ’
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m* Eq(Eg+A)

Mo E(Eg+2A/3) (1)
2myP?
P ﬁz (12)

The values ofA, Ej,, andP were calculated using Egs.
(9)—(12), respectively, withEq=31+5meV and mj/mq
=0.049-0.006 in accordance with our estimation
and g(E)=-10.1 for lightly doped sample p(
=4.6X10"cm 3, E=0.0335eV)*? It was found thatA
=0.16£0.06eV, P=(2.0£2)x10 %eVcm and E,
=1.1+0.2eVv?°

The obtained value ofn}/mq is lower than that earlier
reported (nf/my=0.071f and much lower than that of
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FIG. 4. (@ The dependence dfm*/my/1—(m*/my)]? upon
p?3. (b) The dependence af* /m, vs p*°.

the valence band up to hole concentration of 4.06

m*/m, indicating the strong nonparabolicity of the valence x 10"¥cm™3. The latter dependence is in agreement with the

band of CoSh
Our data onEg confirm the theoretical predictidrthat

Singh and Pickett model tdoThey predict that, in CoSp
the dispersion, although parabolic in a very small region

CoSh, is a semiconductor with a very narrow gap. The esti-(10™° of the zong near thel’ point, rapidly becomes linear

mated value ok, (31+5 meV) is lower than the theoretical
predicted valué50 me\) (Ref. 7) and also lower than recent
experimental estimates of 50 méV.The value ofP is in

for moderate levels of hole doping as low as 30*®cm ™3,
Therefore, the results obtained are in satisfactory agree-
ment with both the Kane model and the Singh and Pickett

satisfactory agreement with those reported for IlI-V andband structure calculatiodsTo established the character of

I1-VI compounds?t%?

the nonparabolicity of the valence band in Cg$Kane or

In the framework of the Kane model the effective mass isSingh and Pickett mod®l study of lightly doped crystals

expressed a&%

m* 2

m_ m 2 m 22ﬁ2 371_2 213,213
| R
m* Mo Mo mnEg

1— —
Mg

if A>E, and E—#%2k%/2mg)<Eg4+2/3A (whereE is the
energy of the holg or

.

if A>Ey andEg>E,.

The dependencidam*/my/1—(m*/m)]? upon p?® and
m*/m, vs p*? are linear, in agreement with Eqel3) and
(14), respectively(Fig. 4), and prove the nonparabolicity of

(14

3 1/2
ﬁ) (37T2)1/3p1/3

(down to 3<10*%cm3) are necessary.

SUMMARY

In summary, the results of Shubnikov—de Haas oscilla-
tions measurements on CoStrystals were used to obtain
the values of the hole effective mass and its dependence on
the hole concentration. It was found that the valence band in
CoShky is nonparabolic. The effective mass increases from
0.07my to 0.15my with increasing of hole concentration,
taking part in the Shubnikov—de Haas effect, from 0.46 to
4.06x10®cm 3. The fundamental band parameters, the
band-edge effective mass, energy gap, spin-orbit splitting,
and the interband momentum matrix element were estimated,
using the three-band Kane model.
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