
PHYSICAL REVIEW B VOLUME 28, NUMBER 6 15 SEPTEMBER 1983

Hall-coefficient factor and inverse valence-band parameters of holes in natural diamond
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In strict analogy with the case of silicon, the Hall-coefficient factor of holes in natural di-

amond is found to be systematically less than unity in the range of temperature
100~ T & 1000 K investigated here. A microscopic interpretation is shown to provide infor-
mation on the reliability of a different set of inverse valence-band parameters which can be

found currently in the literature. Agreement between theory and experiment confirms the
values (A

~

=3.61, ~8
~

=0.18, and
~

C
~

=3.76 deduced from pseudopotential band-

structure calculations.

I. INTRODUCTION

This paper reports on the dependence upon tem-
perature of the Hall-coefficient factor r,
phenomenologically defined as the ratio of the Hall
and drift mobilities, i.e., r =lsHlpd, for the ease of
holes in natural diamond. The main objective of the
paper is to obtain, from analysis of experimental
data, information on the values of the inverse
valence-band parameters for this material. At
present, a number of different results for these pa-
rameters can be found in the literature. Our results
render support to one of these sets.

Table I presents a summary of existing sets of
band parameters in ehronologieal order. For com-
pleteness, we also present the values of the density-
of-states effective mass from (Ref. 1) and of the an-
isotropy factors, deflned as the ratio between the
heavy-hole wave vectors along given symmetry
directions at the same energy under high-energy
asymptotic conditions elk »1. Subscripts h, l, and
so refer to heavy, light, and split-off band, respec-
tively, e is the hole energy and b, =0.006 eV is the
spin-orbit energy.

Band parameters I were obtained in pioneer
band-structure calculations performed with the
equivalent orbital method. Set II was obtained
from cyclotron resonance experiments. Set III was
obtained from a five-level k.p analysis. Sets IV, V,
and VI are similar and were obtained from pseudo-
potential band-structure calculations. In addi-
tion, the set V was shown to provide a satisfactory

interpretation of drift velocity experiments at high
electric fields.

In the high-energy range, i.e., for e »5, the shape
of equienergetic surface for sets IV, V, and VI
displays a more pronounced anisotropic character
(warped shape) than sets I, II, and III, as evidenced

by the corresponding larger value of the anisotropy
factor (see Table I). Since such an anisotropy of the
hole equienergetic surfaces is known to strongly in-

fluence the Hall scattering factor by depressing its
value with respect to an equivalent isotropic case, '
the success of a band model in computing the Hall-
coefficient factor is taken as indicative of its reliabil-
1tg.

Section II presents the theoretical model. Section
III reports the available data for the Hall-coefficient
factor and discusses the theoretical model.

II. THEORY

The Hall-coefficient factor is calculated following
the results of Ref. 9, thus, in what follows, only a
brief description of the main features of the theory
will be given.

As a starting point, we shall take the usual defini-
tion of the Hall-coefficient factor r for a single band
appropriate to a cubic crystal:

r=n iq / (trii)'

where n is the carrier concentration,
~ q ~

the abso-
lute value of the electron charge 1.6&&10 ' C, and
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TABLE I. Inverse valence-band parameters and related quantities in diamond. A, 8, and C
are given in units of R /2m, and the effective masses in terms of the free-electron mass,

' 1/2
k»0 2(1 b—)
k)00 2+b —3[(e /3)+b ] ~

1 —b

1 —[(c /3)+b']'

II
Ref.3

Band parameters
III IV

Ref. 4 Ref. 5 Ref. 6
VI

Ref. 7

Ply

Ptl I
a

77k S0

k»o~k &oo'

k»~ ~k&oo'

1.61
0.11
0.78
0.89
0.70
0.44
1.25
1.14

0.94
0.44
0.40
2.30
2.08
0.53
1.10
1.06

4.62
0.84
3.14
0.40
0.28
0.13
1.86
1.20

3.63
0.44
3.80
1.02
0.38
0.15
2.60
1.52

3.61
0.18
3.67
1.08
0.36
0.15
2.60
1.52

3.72
0.42
3.88
0.92
0.36
0.14
2.40
1.49

'Values are calculated under the asymptotic condition e/5 &&1.

afo ae
ae

'
ak,

Be a Be

ak, ak,
"

ak,
e~~d k,

where e is the carrier energy, k the carrier wave vec-
tor, r the momentum relaxation time, fo the
Maxwell-Boltzmann equilibrium distribution func-
tion, and e the antisymmetric permutation tensor
of Levi-civita.

Generalization of r in Eq. (1) to the multiband
system of the valence band leads to9

2
~)~)

(4)
gn;p, ~;

''
d pd, ; g/(;

~ q ~

)= "——'/( f ~ q ~
)

are the concentration, the Hall-coefficient factor,

trit and oi23 are elements of the second rank con-
ductivity tensor and of the third rank Hall-effect
tensor, respectively. The coordinate axes are taken
parallel to the crystal axes. In the relaxation-time
approach)

q' Bfo ae ae
Be Bk Bk

and the drift mobility of the individual valence
bands, heavy, light, and split off, respectively.

The band model used accounts for heavy and
light holes with the energy wave-vector dispersion
relation obtained from the cubic equation reported
in Kane's k p calculations. ' The split-off band is
ignored, by analogy with the case of Si,"'~ in which
it was found to be completely insignificant.

In the evaluation of the relaxation-time scattering
by acoustic phonons, nonpolar optical phonons and
ionized impurity scattering in the Brooks-Herring
approach are considered. The analytical expression
of the scattering rates is the same as in Ref. 15
where to simplify dealing with these scattering pro-
cesses the following approximations were made.

For acoustic phonons, elastic scattering was as-
sumed and the energy-equipartition approximation
was used. In the range of temperatures here con-
sidered (T & 100 K) both assumptions are well justi-
fied. Furthermore, a single coupling constant has
been used rather than the original three
deformation-potential parameters' ' and the effect
of the overlap factor has been averaged and account-
ed for by the factor —,. ' In practice this approach,
which is equivalent to neglecting effects associated
with the anisotropy of the scattering, seems to be
reasonable in view of the generally good results
which have been obtained for the semiconductors Si
and Ge.

For ionized impurity scattering, interband scatter-
ing is rather small since the scattering probability
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TABLE II. Constants of diamond, for references see Ref. 19.

Lattice constant
Crystal density
Longitudinal sound velocity
Transverse sound velocity
Optical-phonon equivalent temperature
Static dielectric constant
Energy gap
Spin-orbit energy
Acoustic deformation potential
Optical deformation potential'

ao ——3.57& 10 cm
p=3.51 gcm
s, =18.21@10' cm sec
s, =12.30X10 cm sec
8,p

——1938 K
co=5 7

eg ——5.49 eV
6=0.006 eV
Ei 8.4 (p——resent work)

(D,K),~=3.4X10' eVcm ' (present work)

do ——99.1 eV

'The two formalisms are related by (D,K),~=( z
)' do/ao.

decreases rapidly when the momentum change be-
comes larger, and therefore it has been neglected.
Finally, in the evaluation of the scattering rate, the
effect of warping has been averaged by integrating
the k dependence over the constant-energy surfaces.

Theoretical calculations of the Hall-coefficient
factor have been performed by using the constants
reported in Table II. Results obtained using the dif-
ferent sets of the valence-band parameters in Table I
are reported as a function of temperature in Fig. 1

for the case when only lattice scattering is con-
sidered. It is worth noting that, within a few per-
cent, these results have been found to be nearly in-

dependent of the values of the coupling constants; in

any case, by scaling appropriately the deformation-
potential parameters, different sets can be used to
reproduce, within a comparable degree of accuracy,
the temperature dependence of the drift mobility.

From Fig. 1 it is seen that the results can be gath-
ered into two groups. This has been emphasized by
the shaded regions in the figure. Accordingly, one
group (i.e., sets I, II, and III) exhibits r values sys-
tematically greater than unity, while the second
group (i.e., sets IV, V, and VI) exhibits values sys-

tematically lower than unity and very close to each
other, so as to be not distinguishable in practice. In
the same figure the experimental point at 300 K,
which is taken as representative of data reported,
strongly supports the validity of the latter group.
When the value of m~ associated with each set of
the latter group (see Table I) is considered, the better
agreement with the value mi, ——1.1 deduced from the
saturation value of the high-field drift velocity'
leads to set V being preferred over sets IV and VI.
For this reason, in the discussion that follows only
the calculations performed with set V will be report-
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FIG. I. Hall-coefficient factor as a function of tem-

perature for the case of lattice scattering only. Different
curves refer to calculations performed with different sets
of inverse valence-band parameters as given in Table I.
Solid point refers to experimental value. Shaded region
evidences analogies of behavior of two groups of sets (see
text).

Figures 2 and 3 enable us to analyze the Hall-
coefficient factor, calculated with the set V, in terms
of the different scattering contributions. From Fig.
2 it is seen that above about 500 K optical-phonon
scattering tends to increase the value of r from its
value associated with acoustic-phonon scattering.
This result is similar to that obtained for the case of
Ge 20

In Fig. 3 the effect of ionized impurity scattering
upon the Hall-coefficient factor is analyzed by in-

creasing impurity concentration up to Nz 10's-—
cm . The effect becomes important below about
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FIG. 2. Theoretical calculations of the Hall-coefficient
factor performed with set V and no ionized impurity
scattering. Dashed curve refers to the case when only
acoustic scattering is considered.

300 K and, in general, the value of r is found to be
lower when impurity scattering is considered than
for the pure lattice case. In particular, owing to the
difference in the response of drift and Hall mobili-

ties to changes in impurity concentration, at the
lowest temperatures r is found to have a minimum

for Nr-10' cm; furthermore, far values af Nl
between about 10' and 10' cm calculations lead
us to expect an approximately constant region of r
below about 300 K.

The experimental Hall-coefficient factor r has
been calculated from the ratio between Hall and
drift mobility data. Drift mobility in the range of
temperatures 100& T g 1000 K has been extrapolat-
ed from results obtained with the time-of-flight
technique' on high-purity diamond sam~le (accep-
tor impurity concentration Nz =10' —10' cm ).

Hall inobility as function of temperature has been

taken from measurements of the Hall effect under-

taken during photoexcitation on samples with anala-

gous high-purity characteristics ' and from standard
Hall measurements on samples with donor concen-
tration ND ——5.6X10' cm ' and Nz ——3.2X10'
Qm 3 22

In the common range of temperature different
Hall-coefficient data have been found to be in agree-
ment within experimental uncertainty, which is es-

timated to be +15%, thus supporting the reliability
of the values of r reported here (see Fig. 4}.

A full comparison between theory and experiment
is given in Fig. 4. Below about 300 K the agreement
is within the experimental uncertainty. Above 300
K the theoretical curve lays systematically below the
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FIG. 3. Theoretical calculations of the Hall-coefficient
factor (right scale) performed with set V for the given im-

purity concentrations (values on the left give the impurity
concentration of the associated curve).
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FIG. 4. Comparison between theoretical and experi-
mental Hall-coefficient factor. Theory uses set V and in-
cludes ionized impurity scattering with concentration
NI 10'3 cm '. 0 an——d 6 refer to data obtained from
Hall-mobility measurements of Refs. 21 and 22, respec-
tively (see text).

experimental points. The main reason for this
high-temperature discrepancy is the neglect of the
split-off band. The warping of the split-off band is
similar to that of the light-hole band. Therefore, the
Hall-coefficient factors for the two bands should be
similar. As a result including the split-off band in
the calculations should increase the value of the
Hall-coefficient factor by 10—15% in the range
above room temperature. Thus even considering
that the theoretical treatment of impurity scattering
is still a debated problem, the reasonable agree-
ment found above 300 K, where impurity scattering
is negligible, further supports present findings.

In summary, owing to the lack of any adjustable
parameters between theory and experiment, the
overall agreement shauld be considered satisfactory
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iO4-

I I I I I I Hall mobility as a function of temperature obtained
as best fit of experiments with set V. It is worth
noting that from present calculations the values of
acoustic and optical deformation-potential parame-
ters are found to be slightly higher (about 35%) than
the values of Ref. 8.

IV. CONCLUSIONS
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This paper reports an analysis of the Hall-
coefficient factor r for holes in natural diamond. In
strict analogy with the similar case of Si, experi-
ments give evidence for values of r less than unity in
the whole temperature range here investigated
100 & T & 1000 K. A microscopic interpretation
correlates this result with the warped and nonpara-
bolic features of the valence band. Fit between
theory and experiment is shown to be a selective test
for the different sets of the inverse valence-band
parameters available from literature. Results prove
that the sets IV, V, and VI (see Table I), which lead
to a more pronounced anisotropic character of the
band, are the most reliable; in addition, when high-
field drift velocity modeling is taken as a further
test, set V (i.e., IA I

=3.61, IB I
=0.18, and

I
C

~

=3.67) emerges as the preferred one.

FIG. 5. Mobility as a function of temperature. Solid
and dashed curves refer to drift and Hall mobility calcu-
lated as in Fig. 4. 0 refers to drift-mobility data of Ref.
19; 0 and 8, refer to Hall-mobility data of Refs. 21 and

22, respectively.

and taken as a valuable test to prove the better relia-
bility of the valence-band parameters of sets IV, V,
and VI as compared to sets I, II, and III. For com-
pleteness, Fig. 5 reports the results of the drift and
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