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Abstract

The resistivity of the anisotropic semiconductor p-CdSb is investigated in a
wide temperature range of 7 = 1.9-300 K in pulsed magnetic fields up to
B = 25 T. Two not intentionally doped single-crystalline samples oriented
along the crystallographic axes [100] (no. 1) and [010] (no. 2) are used for
measurements of the resistivity, p, in transversal magnetic field configuration.
Below T ~ 8 K the resistivity follows the laws In p ~ CB? for B < B, and
Inp ~ S B2 for B > B., where the coefficients C and S do not depend on
T, and B, ~ 5-7.5 T. These are characteristics of nearest-neighbour hopping
conductivity. The coefficients C and S depend on the direction of B, and their
ratios agree completely with the values calculated with the components of the
hole effective mass. The acceptor concentrations, Ny ~ 4.3 x 10' cm 3 and
N> ~ 7.6 x 10'® cm™3 forno. 1 and no. 2, respectively, are relatively close to
the critical value of the metal—insulator transition (MIT), N, &~ 1.2x 107 cm 3.
This leads to enhancement of the mean localization radii, a} ~ 78 A inno. 1
and aj ~ 126 A in no. 2, with respect to the value of a; ~ 50 A far from the
MIT determined by an asymptote of the wavefunction at a large distance from
the impurity centre.

(Some figures in this article are in colour only in the electronic version)

1. Introduction

Cadmium antimonide (CdSb) is a II-V group semiconductor with orthorhombic crystal
structure and an energy gap of ~0.56 eV at 0 K [1, 2]. Interest in this compound is connected
to its strongly anisotropic transport properties [1-4], making designing of devices such as
anisotropic thermoelectric sensors possible [5].
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Not intentionally doped (in short, undoped) CdSb is a p-type semiconductor with non-
degenerate charge carriers and activated conductivity [1, 2]. Its transport properties in weak
magnetic fields of B < 2-3 T are different along the crystallographic directions a[100], b [010]
and ¢ [001] (signed in what follows by the subscripts 1, 2 and 3, respectively) [1, 2, 6, 7]. In
undoped CdSb the resistivity, p(T), and the Hall coefficient, R(T), are determined in a wide
temperature range by the activation of holes from acceptor levels at £; = 6.1 meV and
E> = 3.2 meV to the valence band and by band-like conductivity over the shallow acceptor
states with energies around E» [8]. The nature of the acceptor centres in the undoped material
is connected with intrinsic defects, presumably Cd vacancies [1, 2]. Somewhat smaller values
of E; ~ 2.8-4.5 meV and E, ~ 1.8-2.2 meV are found in CdSb lightly doped with Sm and
Eu [9]. The shallow acceptor levels with the energies between ~1 and 5 meV are obtained in
CdSb doped with the elements of the I (Cu, Li, Au), II (Zn) and IV (Sn, Ge) groups (see [1, 2]
and references therein).

Doping of CdSb with Ag induces a metal-insulator transition (MIT) removing the energy
difference between the shallow acceptor impurity states and the valence band. This leads
to the appearance of a degenerate hole gas, transforming the nature of the low-temperature
conductivity from activated to metallic [2, 10]. This allows observation of the Shubnikov—de
Haas effect in p-CdSb, yielding accurate values of the effective mass of the carriers. The
components of the effective mass of the holes, m;, demonstrate a weak dependence on the Hall
concentration, ng, due to non-parabolicity of the valence band. For the lowest concentration
of ng = 1.9 x 10'7 cm™3, the values of m; = 0.16, 0.35 and 0.14 (in units of the free electron
mass, mg) for i = 1, 2 and 3, respectively, have been reported [11] and used for explicit
numerical interpretation of the anisotropy of the negative magnetoresistance in p-CdSb on the
metallic side of the MIT [12, 13].

On the insulating side of the MIT, the hopping conductivity of p-CdSb is expected to
be anisotropic, too. However, the information about hopping charge transfer in this material
is lacking, excluding an estimate of the mean localization radius of the holes ~100-170 A
in CdSb lightly doped with rare-earth elements [9]. In this work we investigate the low-
temperature magnetoresistance and the anisotropy of the hopping conductivity in undoped
cadmium antimonide. Special emphasis is given to the magnetic field dependence of these
effects.

2. Experimental results

Undoped single crystals of CdSb were grown by the zone melting technique (for details
see [1, 2]). To increase the concentration of acceptors (Cd vacancies), a strong shift of the
conditions of crystal growth towards the non-equilibrium state was achieved by increasing
the speed of the melting zone. Generally, the initial characterization and selection of the
samples can be made with measurements of the Hall effect. However, the interpretation of the
temperature dependence of R in p-CdSb is a non-trivial problem due to the presence of different
kinds of charge carriers, namely the holes in the two acceptor bands [8] and those activated
to the various and, generally, non-equivalent extrema of the valence band [14], complicated
by the anisotropy of R [7]. Therefore, Hall measurements give only approximate information
about the acceptor concentration (cf the corresponding data in [6—8]), which was one of the
goals of the present investigations (see below).

Two samples marked below as no. 1 and no. 2 were cut from the obtained ingot, oriented
with x-ray methods, so that their short edges were parallel to the aand b directions, respectively.
The measurements of p (7') were made recording the signal from two different pairs of potential
contacts in an He exchange gas dewar, where the temperature of the sample could be varied
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Figure 1. The temperature dependence of the resistivity of p-CdSb for no. 1 (j || a) and no. 2
(j || b). Inset: plots of In(p/T) versus 1/T. The dotted lines are linear fits.

between 1.9 and 300 K to an accuracy of 0.5%. Investigations of the magnetoresistance were
made at a constant temperature between 7 = 1.9 and 300 K in pulsed magnetic fields B up
to 25 T using the transversal field configurationsof j || aand B || b; j || aand B || ¢ (no. 1)
andj || band B || a;j || band B || ¢ (no. 2). The pulse length was 8 ms, and the signal
from different pairs of the potential contacts was recorded with a step of 1 us. The error in the
magnetic field strength was not higher than 0.2%.

Asis shown in figure 1, a pronounced difference of p(T) is observed in the measurements
ofno. 1 (j || @) and no. 2 (j || b). In addition, the variation of p(T') is relatively weak between
30 and 200 K but increases strongly when T is decreased below 30 K.

The dependence of p on B is shown in figure 2 for different configurations of the
measurement. A large positive magnetoresistance (MR), increasing with the magnetic field
and decreasing with increasing 7', is observed. However, a small negative MR with the
maximum value of Ap/p ~ 1% (see the inset to figure 2) is observed below B ~ 1-1.5T,
decreasing rapidly when the temperature is increased. The negative MR effect disappears
above T =~ 3.6-4.2 K. In addition, a clear difference can be seen between the shapes of the
p(T) curves measured in no. 1 and in no. 2 (upper and lower panels of figure 2, respectively).

3. Theoretical considerations

The experimental results will be analysed using the Shklovskii and Efros theory of hopping
conductivity [15] in the case of an anisotropic wavefunction of the localized charge carriers in
p-CdSb. In the region of the nearest-neighbour hopping (NNH) conductivity the dependence
of p on T is given by the expression

p(T) = po(T) exp(e/kT), )]

where the activation energy ¢ is independent of the temperature and the prefactor po(7T) ~
T [15]. Far from the MIT the value of ¢ does not depend on B, while the dependence of pg
on B is different in the intervals of weak (B < B.) and strong (B > B.) magnetic fields. The
weak magnetic fields shrink the impurity wavefunctions in the direction perpendicular to B,
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Figure 2. The dependence of the resistivity on the magnetic field in no. 1 (upper panels) and no. 2
(lower panels). Inset: the dependence of Ap/p = [p(B)—p(0)]/p(0) on B in the low-field region.

but do not change the energy of the impurity levels, resulting in a positive MR given by the
equation

n 2B _ g2 )
00(0)
Here
C =té*a/(h*N), (3)

where a is the localization radius of the charge carriers determining the space decay of the
impurity wavefunction, N is the concentration of the impurities (acceptors in the case of p-
CdSb) involved in the hopping charge transfer, and r = 0.036 [15]. In addition to shrinking of
the wavefunctions, application of a strong magnetic field increases the energy of the impurity
level, E, which in the case of By < B < 100By obeys the law E(B) ~ bB'/3, where
By = h/(ea?) is the field at which the magnetic length becomes equal to the localization
radius, and b is a constant. The MR is given by the expression

po(B) _ [ eB }1/2
oo ! nNaB)| -

In 4)
where p| is a constant and ¢ = 0.92 [15]. In equation (3), a does not depend on B, and far
from the MIT is equal to a limiting value ¢y = h(2mE)~"/? determined by the asymptote
of the wavefunction at a large distance from the impurity centre [15] (here m is the carrier
effective mass), while in equation (4), a(B) far from the MIT is determined by the function

ap(B) = h[2mE(B)]~"/2. In the vicinity of the MIT the localization radius depends on N
according to the scaling law

a(N) =ap(1 = N/Ne)™, 5)
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where N, is the critical concentration corresponding to the MIT and v & 1 is the critical
exponent [16, 17]. The crossover of the weak and the strong fields can be estimated with the
equation

B. = hN'3/(ea), (6)
where a is the localization radius in zero field. However, it has been proposed that B ~ 4B
is a more accurate estimation of the crossover field than B, [15].

The expressions above are valid for semiconductors with isotropic impurity wavefunctions.
If a wavefunction is anisotropic, the MR can depend on the orientation of B with respect to
the crystallographic axes. This dependence stems from different values of the carrier effective
mass in the directions perpendicular to the magnetic field, leading to the different elasticity
of the wavefunction to the magnetic shrinkage. On the other hand, the right-hand sides of
equations (2) and (4) in an anisotropic semiconductor are insensitive to the direction of j with
respect to the crystallographic axes [15].

In p-CdSb the anisotropy of the MR in the magnetic field can be found in a way
almost the same as that proposed in [15] for n-Ge subjected to strong compression along
the [111] direction. By a transition of the coordinate system (x, y, z) — (x',y’, z"), where
x = (a1/a")x', y = (a/a*)y, z = (a3/a®)7, a; = W@2m;E)~%, i = 1,2,3, and
a* = (ajayaz)'? is the mean localization radius, the Hamiltonian of the carrier with an
anisotropic effective mass in the magnetic field can be reduced to a form of a carrier with
an isotropic mass m* = (mimam3)'/3. In the vicinity of the MIT, due to equation (5),
a; = api(1 — N/N.)™", where ap; = h(2m; E)~'/?,i =1,2,3, and a* = ag(1 — N/N.)™"
with af = (ao1 ap ags)'/?. If the magnetic field is directed along the jth crystallographic axis,
this transition conserves equations (2)—(4) but with the parameters B, m and ay changed to
B} = p;B, m* and a*, respectively, where the coefficients p; are given by the equations

m2 \ /6
pj=< f) , j=1,2.3; j#k#L (7

mpm;
Finally, the magnetic field dependence of the resistivity in p-CdSb can be conveniently
expressed as

po(B) 2
1n|:100(0):|[j =C;;B (8)
for B < B. and
1n|:'00(/B):| _ §,B7" )
Py dij
for B > B., where
eza(’)‘ )

Cij = Pj (10)

t

m2N;(1 = Ni/Ne)¥
and

e(1— N;/N)*1"?

In equations (8)—(11), the subscripts i = 1, 2 and j = 1, 2, 3 refer to the samples (no. 1
and no. 2) and to the direction of B (along the jth crystallographic axis), respectively. The
coefficients C;; and S;; are written considering the proximity to the MIT (otherwise, the case of
N; < N, is satisfied and the ratios N; / N; can be omitted). Equations (9) and (11) are obtained
by taking into account the straightforward magnetic field dependence of the localization radius
in a strong magnetic field (see the comments to equation (4) above), ap(B) ~ aB~1/% where
o = h(2m*b)~ /2 is an isotropic constant.
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Figure 3. Plots of In p versus B2 for no. 1 (upper panel) and no. 2 (lower panel). The lines are
linear fits to equation (8).

4. Analysis of the experimental data and discussion

As can be seen from the inset to figure 1, the dependences of In(p/T) on 1/T tend to linear
functions with lowering temperature. According to equation (1) this corresponds to a transition
to the NNH conductivity below T ~ 5 K. The slopes of the plots in the inset to figure 1 give
&~ 0.28 meV and 0.30 meV for no. 1 and no. 2, respectively. Therefore, the MR is analysed
using equations (8)—(11).

According to equations (8) and (10) the plots of In p versus B? in weak magnetic fields
should be linear functions with the slopes independent of 7. As follows from figure 3, such
behaviour is realized in no. 1 between T = 3.6 and 4.2 K below B ~ 4.5 T for B || b and
between 7 = 3.8 and 4.2 K below B =~ 7.5 T for B || ¢ (upper panels). In no. 2 it takes place
between 7 = 3.6 and 4.2 K below B ~ 5.5 T for B || a and below B ~ 54 T for B || ¢
(lower panels). The deviations in low fields are connected to the onset of the negative MR,
as mentioned in section 2. For T < 3.6-3.8 K, the plots in all panels of figure 3 can also be
fitted using linear functions, due to a possible contribution from the variable-range hopping
(VRH) conductivity having in low fields the same quadratic dependence of In p versus 72 but
with a slope increasing with lowering temperature [15]. In turn, the deviations from linearity
with increasing temperature found above 4.2 K can be interpreted by the influence of the
conductivity due to thermal activation of the holes from the shallow acceptor levels to the
valence band.

As follows from equations (9) and (11), in the limit of strong fields linear plots of In p
versus B7/1? are expected, where the slopes should be independent of 7', too. The intervals
of such behaviour can be seen in figure 4, where the completion of the weak-field behaviour
in figure 3 is marked by the vertical dotted lines, in no. 1 between 7" = 2.1 and 6.9 K above
B ~ 45T for B || b (upper panels), between T = 3.8 and 4.2 K above B ~ 5.8 T for
B || ¢, and in no. 2 between T = 7 and 8 K above B ~ 4.8 T for B || a and between 4.2
and 6.8 K above B ~ 4.9 T for B || ¢ (lower panels). Compared with the weak-field limit,
the temperature intervals of the strong-field behaviour pertinent to the NNH conductivity are
somewhat different, broadening in no. 1 (for B || b) and shifting to a higher temperature in
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Figure 4. Plots of In p versus B”/!? for no. 1 (upper panel) and no. 2 (lower panel). The lines are
linear fits of the data for j || a, B || bbetween T = 3.6 and 6.9 K, for j || a, B || ¢ between 7' = 3.8
and 4.2 K, forj || b, B || abetween T = 7 and 8§ K, and for j || b, B || ¢ between 7" = 4.2 and
6.8 K to equation (9). The lines falling outside the given temperature regions are drawn parallel
to the linear fits for comparison. The vertical dotted line marks the upper limit of the weak-field
behaviour in figure 3.

no. 2. The onset of the hopping conductivity at higher 7' in the strong magnetic field can
be explained by increase of the energy of the shallow acceptor levels (see section 3) and
damping of the contribution of the conductivity connected to the activation of the holes from
the shallow acceptor levels to the valence band. On the other hand, a clear downward deviation
from linearity (especially in no. 2) with lowering temperature in figure 4 suggests an enhanced
contribution from the VRH conductivity in strong magnetic fields having a weaker dependence
on B than the NNH conductivity [15], as will be discussed later on. Here we note that such MR
behaviour cannot be attributed to the onset of the magnetic field dependence of ¢ in equation (1),
expected in the vicinity to the MIT [15], which would lead to an upward deviation. The point
is that the impurity wavefunctions are strongly overlapping near the MIT, decreasing the value
of . A magnetic field weakens the overlapping by shrinking the wavefunctions, which can
lead to an additional increase of p(B) by increasing €.

From the linear fits of the plots in figures 3 and 4 we obtain C;, = 0.0264, C;3 = 0.0108,
Cy = 0.0111, and Co3 = 0.0103 (in T72), and S;, = 0.765, S;3 = 0.625, S»; = 0.380
and S>3 = 0.375 (in T~7/'?). For the one and the same sample (the same first subscript)
the ratios between the coefficients for different directions of the field (given by the second
subscript) can be expressed with equations (10) and (11) via the ratios of the corresponding
components of the effective mass, C;;/Cix = m;/my and S;; /Sjx = (mj/mk)7/24. ‘We obtain
the following results: Ci3/Ci2 = 0.41(0.40), Ca1/Caz = 1.08(1.14), S13/S12 = 0.82(0.77),
and 871 /523 = 1.01(1.04), where the values calculated with m, m, and m3 [11] are given in
parentheses. The experimental and the calculated ratios agree within a few per cent.

As mentioned above, C;; and S;; should not depend on the direction of j with respect
to the crystallographic axes. From equations (10) and (11), where the subscript i refers also
to the direction of j, it can be seen that for N; < N, (i = 1,2) Si3/S»3 should be equal
to (Ci3/ C»3)'/2, which is not fulfilled for our samples. Below we will show that this is
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connected not to the sensitivity of the corresponding coefficients to the direction of the current
(contradicting the theory [15]), but to a relative proximity of the acceptor system in both
samples to the MIT, where the ratios of N;/N, are not negligible and Ny # N,. In this case
S13/S823 isnotequal to (Cy3/ Ca3) 172 "and the ratios between other coefficients can be expressed
via these two with equations (10) and (11) as follows:

Cij/Crn = [8ix + (1 = 8ix)xylm;/my, (12)
and

Sij/Sin = [8ik + (1 = 8u) (x /) /21 (m j /my) /2, (13)
where

x = (8513/53)(C13/C23)'?, y = (823/813)(C13/ Ca3)' /2, (14)

and §;; is the Kronecker symbol. Using the values of C;; and S;; obtained above we can
compare the ratios of C;; / Cy, and S;; / Sk, for different samples (i # k) and different directions
of B(j # n) with those calculated using equations (12) and (13) (in parentheses): Cj2/Ca; =
2.38 (2.29), C12/Caz = 2.56 (2.62), S12/521 = 2.01 (2.09), and S12/S2; = 2.04 (2.18),
demonstrating an agreement within ~2-6%.

To evaluate the values of the acceptor concentrations and the localization radii, the absolute
values of the coefficients Cj, and Cj;, supplemented by the Mott criterion for the MIT,
Nc] /3a6‘ = B =~ 0.25[16, 17], are used in the following way. Solving equation (14), where the
coefficients Cy3, C»3, S13, and S>3 are substituted with the right-hand sides of equations (10)
and (11), we find (taking v = 1)

N1 = Ne(1 = y)/(x —y), Ny = Nex (1 —y)/(x —y). (15)

Then, substituting equations (15) and N, = 3 /(ag )3 in equation (10), we obtain the equations
fori =1,j =2andi =2, j = 1 and the respective solutions

n”x—-DA-y) Cn /4
x _ p3/4
ag=p I:_ezt 7@ BE _p% j| (16a)
and
h? xy(x — )1 —y) Cyy /4
x _ p3a| 1XYW — DU —y) Loy
as=p [ezt =) p% } . (16b)

The values of a; evaluated with equations (16a) and (16b) are found to be the same within
~1%, yielding a; = 50 A. With the Mott criterion we find N = 1.23 x 10'7 cm~3, and with
equation (15) N; = 4.31 x 10'® cm™3, N, = 7.55 x 10'® cm™3. Using equation (5) we get
the mean localization radii of the holes, af = 78 Ainno. 1 and ay =126 A in no. 2. Hence,
it can be seen that the impurity systems in both samples are sufficiently close to the MIT to
enhance the localization radii with respect to that far from the MIT, which can be calculated as
allcac = h/(2m*E)~'/? (see section 3). Using the values of m* = (mm,m3)'/*> = 0.2m and
E = E|{ = 6.1 meV for the lower acceptor° level in undoped CdSb [8], we obtain ajj|cac = 56 A,
in a reasonable agreement with aj = 50 A found in the present work.

The crossover fields evaluated with equation (6) and the relation B, ~ 4 B, (see section 3)
are B. =3.0and 2.2 T, B, = 11.9 and 8.9 T, for no. 1 and no. 2, respectively. The values of
the fields between the end of the weak-field regime and the onset of the strong-field regime
are found above between ~4.5-7.5 T and ~4.8-5.4 T for no. 1 and no. 2, respectively, lying
inside the interval of (B, B).

Finally, we discuss briefly the reason for the deviation of the plots in figure 4 from linearity
with lowering temperature for no. 2 at 7 & 2 K, where this deviation is most pronounced. If
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Figure 5. Plots of In p versus B”/!® in no. 2. The solid lines are linear fits. Inset: the dependence
of In(p/T 174y on 1/T 174 fitted with the linear function (the dotted line) below 2.5 K.

the Coulomb interaction between the carriers can be neglected, the VRH conductivity in zero
field follows the Mott law [16], p(T) = po(T) exp[(Ty/ T)'/*1 with po(T) ~ T'/*, and the
characteristic temperature is given by the expression Ty = Bu/[kg(n)a’], where g(u) is the
density of the localized states (DOS) at the Fermi level, x, and By = 21 [15]. In a strong
magnetic field, taking into account the isotropic MR evaluated in [15] and the anisotropy of
the acceptor states in CdSb, it can be shown in a way similar to that in section 3 for the NNH
conductivity, that the prefactor obeys the law In[po(B)/p}lij = xijB"/'®, where

[y =Ni/N)* 3 7/18 a7
N akTg(p)h /
and y = 2.1. As is evident from figure 5, the plots of Inp versus B”/!® are linear

above B ~ 6-8 T for both directions of B (see figure 5), yielding x»; = 0.567 T~7/18,
x23 = 0.566 T~7/18 and the ratio of x21/x23 = 1.002 deviating negligibly from the value
of x21/x23 = 1.03 evaluated with equation (17). From equations (11) and (17) we get
g() = yS;;Ni/(g* x;kT), giving close values of the DOS, 9.1 x 10" meV~" ¢cm™ and
8.5%x 10" meV-'cm > forB | aandB || b, respectively. On the other hand, the linear fit of
the plotsIn(p/ T'/%) versus T~"/*below T ~ 2.5 K (inset to figure 5) gives Ty ~ 64 K, yielding
a comparable value of g(1) ~ 19 x 10'7 meV~! cm~3. This supports the conjecture that the
downward deviation of the plots in figure 4 is caused by the transition to the VRH conductivity
with lowering temperature. However, the width of the DOS Ae ~ N,/g(n) ~ 0.1-0.2 meV
seems to be too small. The point is that the Coulomb interaction of the localized carriers
leads to the appearance of a parabolic gap around p, setting in another VRH conductivity
regime as predicted by Shklovskii and Efros [15]. The width of the gap can be estimated
with the expression A ~ e?/(k R) [15], where « is the dielectric permittivity and R is the
average distance between the charge carriers. In the vicinity of the MIT, « is scaled as
k = ko(1 — N/N.)™"[16, 17], where n & 2v. With kg = (k1k2k3)'/? ~ 25[18]and N = N>,
we obtain ¥ ~ 160, R ~ 2(4w N,)~'/? ~ 290 A, and A ~ 0.3 meV, which is comparable
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with Ae. This contradicts the supposition about non-interacting carriers in p-CdSb required
for the Mott VRH conductivity.

5. Conclusions

The magnetoresistance of p-CdSb is investigated between 7 = 1.9 and 300 K in pulsed
magnetic fields up to B = 25 T in transversal magnetic field configuration, using undoped
single crystal samples oriented along the directions [100] or [010]. A dependence of the
resistivity on the direction of the magnetic field with respect to the crystallographic axes
is observed. The anisotropy of the resistivity in weak and strong fields is determined
completely by the anisotropy of the effective mass of the holes. The nearest-neighbour hopping
conductivity regime is established below 7" ~ 8 K.

Values of the acceptor concentration are relatively close to the critical concentrations of
the metal—insulator transition. The average localization radii are enhanced with respect to that
expected far from the metal-insulator transition, and are determined by the asymptote of the
wavefunction far from the impurity centre.

Increasing deviations from the behaviour pertinent to the NNH conductivity are
observed on lowering the temperature and on increasing the magnetic field and the acceptor
concentration. Such behaviour is attributable to the onset of the VRH conductivity regime.
Additional investigations at lower temperatures are needed before a final conclusion about the
type of the VRH regime is possible.
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