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The recent theory of Ferreira da Silva et al for the specific heat of doped semiconductors,
described by the Hubbard model with a random-transfer integral, has been studied in the pres-
ence of a magnetic field and impurity correlations, incorporated through a hard-core pair-
correlation function. The low-temperature specific heat and the zero-temperature susceptibility
of uncompensated phosphorus-doped silicon have been calculated as a function of the impurity
concentration. It is found that both electron and impurity correlations enhance the susceptibility
and quench the specific heat. The behavior of the relative change in the specific heat due to the
magnetic field agrees qualitatively with the low-temperature experimental results.

It is well established that in the metal-nonmetal
transition of doped semiconductors, both the electron
correlations and the disorder play an essential role.!
However, the degree of their interplay depends on
the impurity concentration. For example, at very low
concentrations in which impurities are isolated from
each other, and at high concentrations in which all
states are extended and the system behaves as a met-
al, electron correlations dominate over disorder.? At
intermediate concentrations where the density of
states at the Fermi level is finite but the system is
nonmetallic because of the localization of the single-
particle states, both the electron correlations and the
disorder are equally important.>* Theoretical treat-
ments which take into account both the electron
correlations and the disorder on an equal footing are
based on the Mott-Hubbard model."> The recent
theory of Ferreira da Silva et al.? for the specific heat,
based on this model with a completely random distri-
bution of impurities, agrees well with experiments at
intermediate concentrations. In this paper we extend
their study in the presence of a magnetic field and
calculate the specific heat as well as the susceptibility
of uncompensated phosphorus-doped silicon (Si:P),
taking into account the impurity correlations neglect-
ed by them.

In the presence of a magnetic field H, the Hubbard
Hamiltonian with random transfer integral can be
written as’
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All the symbols in Eq. (1) are the same as that of

Ferreira da Silva e al.> For the Hamiltonian (1), the

configurationally averaged single-particle Green’s

functions take the form
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where {(w) is given by the self-consistent equation
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and wT=w—(U/2)(1 £1), Nis the impurity con-
centration, and the Fourier transform V (k) is
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Here V(R) = V(R;;) = V; and g(R), the impurity
pair-correlation function, takes into account the effect
of the impurity correlations.® For a completely ran-
dom distribution of the impurities, considered by
Ferreira da Silva et al.,’ g(R) =1. In our calculation
we assume that the hard-core impurity pair correla-
tion g(R), is such that g(R) =1 for R > R, and
zero for R < Ry, where Ry is the hard-core radius.

The specific heat and the susceptibility can be ex-
pressed in terms of the density of states?
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which, from Eq. (2), can be rewritten as
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where Do(w) is the noninteraction electron density of
states
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is proportional to the magnetic moment per impurity,
and n*=7 3 ng, n"=1—7 3 n, The number of
electron per impurity with spin o, n, appearing in

the expressions for m and n¥ can be obtained from
the relation®’

n°=LN ‘I:Z[D:(w) +D; ()] f(w)dw , ()
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where f(w) is the Fermi distribution function. On
substituting Eq. (9) in Eq. (8) and then using Eq. (6)
for DX (w), we get
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which, on expanding as a function of the magnetic
field H, gives the susceptibility
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where the prime in Dy(w”) denotes the first derivation.
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The specific heat is obtained from the configura-
tionally averaged energy'>
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where
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By expanding the energy (12) in power of tempera-
ture T, we get the low-temperature specific heat as

C,=—x=vT, (14)
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er denotes the Fermi energy and the coefficient m; comes from the low-temperature expansion of m as
m=m(T=0)+mT? (16)
with
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FIG. 1. Electronic specific-heat coefficient y for Si:P as a
function of the impurity concentration N for various values olLau

of electron correlation parameter U and hard-core radius
Ry=2. Curve 7 (Ref. 10) is the HCEG calculation. The
solid circles with error bars are the experimental data mea-
sured by Sasaki and co-workers (Ref. 8). N, indicates the
impurity critical concentrations.

N (cm>)

FIG. 2. Same as Fig. 1 for v as a function of N for vari-
ous values of R and with a U =0.625.
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FIG. 3. Spin susceptibility X of Si:P as function of the im-
purity concentration N for various values of Uwith Ry=2.
Curve 7 (Ref. 11) and the open circles with error bars (Ref.
12) are the results from the HCEG model. The solid circles
are the experimental data (Ref. 9) extrapolated to 7=0 K.
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FIG. 4. Same as Fig. 3 for X as a function of N for vari-
ous values of Ry with U =0.625.
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FIG. 5. Relative change in the specific heat of Si:P due to
magnetic field for concentrations of 1.7 x 1018 and 4.5 x 1018
cm™3. Solid circles are the experimental points of Kobayashi
etal (Ref. 13) at T=1.6 K.

We have calculated the zero-temperature suscepti-
bility from Eq. (11) and vy from Eq. (15) together
with Egs. (16) and (17) in the absence of magnetic
fields (H =0) as a function of the impurity concen-
tration for various values of the electron correlation
parameters U and the hard-core radius R,. Figures 1
and 2 for the specific heat of Si:P show that both
electron and impurity correlations have a tendency to
reduce the specific heat for a given concentration.
On the other hand, the susceptibility shown in Figs. 3
and 4 is enhanced by both of these correlations.
Also, we should note that as the impurity concentra-
tion increases, the tendency of reduction in the
specific heat increases while the tendency of enhance-
ment of the susceptibility decreases. For the sake of
comparison, we have also shown the experimental
points®? and the theoretical results of highly correlat-
ed electron gas (HCEG) model.!®12 In Fig. 5, the
relative changes in the specific heat due to magnetic
field have been shown. Our calculations are in quali-
tative agreement with the low-temperature experi-
mental results of Kobayashi et al.!?



26 BRIEF REPORTS 1041

IN. F. Mott, Metal-Insulator Transitions (Taylor and Francis,
London, 1974); in Metal-Nonmetal Transitions in Disordered
Systems, edited by L. R. Friedmann and D. P. Tunstall
(SUSSP publications, Edinburgh, 1978).

2J. R. Marko, J. P. Harrison, and J. D. Quirt, Phys. Rev. B
10, 2448 (1974).

3A. Ferreira da Silva, R. Kishore, and I. C. da Cunha Lima,
Phys. Rev. B 23, 4035 (1981).

4H. Kamimura, in Metal-Nonmetal Transitions in Disordered
Systems, edited by L. R. Friedmann and D. P. Tunstall
(SUSSP publications, Edinburgh, 1978).

5J. Hubbard, Proc. R. Soc. London Ser. A 281, 401 (1964).

6K. A. Chao and A. Ferreira da Silva, Phys. Rev. B 19, 4125
(1979).

7D. N. Zubarev, Usp. Fiz. Nauk 71, 71 (1960) [Sov. Phys.
Usp. 3, 320 (1960)].

8W. Sasaki, in Proceedings of the International Conference on
Impurity Bands in Semiconductors, Wirzburg, 1979, edited
by G. Landwehr and M. von Ortemberg (DASW,
Wiirzburg, 1979), p. 264; (private communication); N.
Kobayashi, S. Ikehata, S. Kobayashi, and W. Sasaki, Solid
State Commun. 24, 67 (1977).

9J. D. Quirt and J. R. Marko, Phys. Rev. Lett. 26, 318
(1971); Phys. Rev. B 15, 1716 (1972); 7, 3842 (1973).

10K .-F. Berggren, Phys. Rev. B 17, 2631 (1978).

1B, E. Sernelius and K.-F. Berggren, Philos. Mag. B 43, 115
(1981).

12w, F. Brinkamn and T. M. Rice, Phys. Rev. B 2, 4302
(1970); K.-F. Berggren, Philos. Mag. 30, 1 (1974).

I3N. Kobayashi, S. Ikehata, S. Kobayashi, and W. Sasaki,
Solid State Commun. 32, 1147 (1979).



