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Correlation effects are investigated theoretically in the strongly Anderson-localized regime in the
presence of spin-orbit (SO) interaction. Based on numerical studies on the Hubbard model vrith
disordered on-site energies, we determine the magnetic-Geld dependence of the nearest-neighbor
hopping conduction. In the absence of the SO interaction the magnetoconductance (MC) is positive
through the Zeeman effect. In the presence of the SO effect the MC can be negative in low magnetic
fields while it becomes positive in high magnetic Gelds. The multilevel Hubbard model, which has
more than one level at each site, is also examined. The calculated results are qualitatively in good
agreement with an experimental result of the nearest-neighbor hopping conduction in a Cu-particle
film. We discuss the possibility of observing the proposed MC in other systems, e.g. , an array of
quantum dots.

I. INTRODUCTION

In the strongly Anderson-localized regime, both the
interference eIIFect and the electron-electron interactions
play important roles. The interference effect on the
variable-range-hopping (VRH) conduction has been stud-
ied intensively. It has been investigated by the path inte-
gral approach, the random matrix theory, ' or other
methods. According to these theories, the hopping prob-
ability between two sites reflects the interference among
the various paths through other sites. The applied mag-
netic field weakens the interference effect and raises the
hopping probability. The positive magnetoconductance
(MC) of the VRH observed in some experiments can be
explained well by this orbital interference effect.

The effect of the electron-electron interactions is also
important in the strongly localized regime. The long-
range Coulomb interaction causes a gap of the density of
states at the Fermi level, which is called Coulomb gap.
It changes the T dependence of the VRH conduction.
While the short-range correlation affects the local prop-
erties of the impurity states of doped semiconductors
in the intermediate concentration regime. The spin-
pair approximation has been suggested for the localized
electronic structure, in which each spin of the localized
electron is paired with its strongest-coupled neighbor.
The model and extensions of it, which represent the
correlation between electrons of a pair, account for the
T dependence of the magnetic properties and the spe-
cific heat. Later the author and Kamimura investi-
gated the electronic structures from first principles in
uncompensated and compensated Si:P. ' The many-
body wave functions have been calculated, taking ac-
count of all the correlation effect by an exact diagonaliza-
tion method. It has been shown that the pair-type cor-
relation is the most important in the strongly localized
regime, and hence the spin-pair approximation is suitable
for representing the local properties in the regime.

In this paper, we investigate the correlation effect of a

short range on the nearest-neighbor hopping conduction
in a magnetic field. For this purpose, we take, as a model,
the Hubbard model with disordered on-site energies and
treat the correlation effect in a quantum mechanical way.
We have suggested that the correlation effect makes the
positive MC through the Zeeman effect in the absence of
the spin-orbit (SO) interaction in our previous paper.
The proposed mechanism is as follows: The orbitals are
more localized in the low-spin state than in the high-
spin state, reflecting the strong correlation in the for-
mer. With increasing magnetic Geld, the Zeeman effect
increases the number of the high-spin states in which
the orbitals at the Fermi level are more extended, which
causes a positive MC. The proposed MC is independent
of the direction of the magnetic Geld in contrast to the
orbital MC mentioned before, in which only the compo-
nent of H perpendicular to the orbitals is effective. In
the first part of the present paper, we give more calcu-
lated results and discuss this mechanism of the positive
MC in detail. In the second part, we extend the calcula-
tion to the case in the presence of the So interaction.
The spin flip processes are taken as random variables. '

We show that the MC can be negative in low magnetic
fields, while it becomes positive in high Gelds. Further,
we study the system which has more than one levels per
site, since the effect of the intrasite levels cannot be ne-
glected in some real systems. To this end, we examine
the multilevel Hubbard model with randomness, showing
that the intrasite-level effect weakens the magnetic-field
dependence of the hopping conduction.

A motivation of the present work is to explain the MC
in the nearest-neighbor hopping conduction, which has
been recently observed in a Cu-particle film. The film
is composed of crystalline Cu particles of about 30 A.

in diameter, separated by thin oxide layer. It has been
observed in resistive samples that the MC is negative,
exhibiting broad minimum, in low magnetic fields, while
it can change sign and become positive in high fields.
The MC is isotropic, regardless of the orientation of the
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magnetic Beld being applied parallel or perpendicular to
the film plane. The T dependence of the VRH conduction
has not been observed in the samples. We will show that
our calculated results are qualitatively in good agreement
with the experimental results.

Lately, the correlation effect has been studied inten-
sively in the electronic devices fabricated on the submi-
cron scale. Experimentally "Coulomb blockade" oscilla-
tions have been observed in systems including a quantum
dot, while the Kosterlitz- Thouless-Berezinskii phase
transition has been studied for the charge solitons in
an array of quantum dots when the long-range Coulomb
force is important. We will discuss the condition that
the suggested MC can be observed in an array of quan-
tum dots when the interaction is of short-range, due to
the screening effect. The existence of several levels in a
dot may be a problem for the observation of the MC.

The organization of this paper is as follows. The mod-
els and the calculation method are given in the next sec-
tion (Sec. II). Section III is devoted to the calculated
results: In Sec. IIIA we present the results in the ab-
sence of the SO interaction and show the positive MC
mechanism of the hopping conduction through the Zee-
man effect. In Sec. IIIB we take account of the SO
interaction in the MC. The intrasite-level efFect is con-
sidered in Sec. III C. The conclusions and discussion are
given in the last section (Sec. IV).

II. CALCULATION METHOD

A. Model

we only consider the strongly localized case in which the
localization length is typically from one to two sites. All
the calculations are done with free boundary condition.
The finite size efFect is discussed in the last section.

B. Calculation method

The method we adopt is the unrestricted Hartree-Fock
(UHF) method. It is a variational method in which the
trial function is a Slater determinant;

(4)

in the absence of the SO interaction. Here the orbitals
for up-spin electrons, (g;j, can be different from those
for down-spin electrons, (Q,'), all of which are deter-
mined self-consistently to minimize the expectation value
of the Hamiltonian. In this procedure not only the mean
Geld but also part of the correlation efFect are taken
into account. Particularly the largest correlation effect
in the strongly localized regime, which is the pair-type
correlation, ~2 ~s is effectively included (see Appendix).
Although the eigenstate of the total spin S cannot be
obtained by the method, the z component of the total
spin, S, remains a good quantum number. We calcu-
late all the states with d.ifFerent S independently and
determine the ground state by comparing their energies.

In the presence of the SO interaction, we extend the
UHF method to the spinol space. The trial function is
written as a Slater determinant, 4 =

~

.@, .
~, in which

each orbital g; includes both components of up and down
spins. Then the terms including U are treated as below:

We study the Hubbard model with disordered on-site
energies in two-dimensional square lattice. The Hamilto-
nian is

H=) [s, + (—1) p, ~H]a. a, ~

Un; tn,.
g ; U[(n; g)n; g + n; g(n, g) —(n; g) (n, ,g)

—(a,. &a; ~)a, &a, t —(a,. &a, g) a,. &a; ~

+(a;,ta', ~) (a;,&a*,~)].

+ ) (T),at a,- +U) n tnt,
(i,j))o., cr' Z

—W/2 & s, & W/2, (2)

where (i, j) denotes the nearest-neighbor sites i and j.
W«ake W, U )) ~t~ for investigating the large electronic
correlation in the strongly Anderson-localized regime. In
the absence of the SO interaction, the hopping terms are
assumed to be constant, (T;~), = t b, w. hile in its

'l

presence they are written as

(3)

where n;~ and P,~ are taken as random variables. ~ As for
the electron-electron interactions, we only take into ac-
count those of short range by the U terms in Eq. (1). We
neglect the long-range part of the Coulomb interaction.
In the presence of the magnetic Geld we only consider the
Zeeman efFect, neglecting the shrinkage of the Wannier
orbitals and the orbital MC mentioned before.

We restrict ourselves to 4 x 4 sites for eight electrons,
while we consider larger systems for two electrons. We
expect that the Gnite size effect is not serious because

In this case, S is no longer a good quantum number,
but its average is determined automatically by the self-
consistent calculation.

To estimate the degree of localization in the real space,
we calculate the participation ratio. It is deBned as

all sites

(@') = l@(r)l'dr= ). I@(')I'

all sites

8') = ). [I@t(')I'+ l&~(i)l']'

in the absence and presence of the SO interaction, re-
spectively. Here the lattice constant is taken unity. The
larger the value is, the more localized the orbital is.

C. Multilevel Hubbard model

We consider the case in which there are more levels
than one at each site in Sec. III. We perform numeri-
cal studies on the disordered Hubbard model having M
intrasite levels. The SO interaction is neglected. The
Hamiltonian is written as
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II = ) [s;p + (—1) @~II]at„a;), III. CALCULATED RESULTS

A. Absence of SO interaction

+Ui
i,A+p

+U2 [n,g tn, „g + n, ), gn;„ t],
x)A(p,

where sufFices, A, p = 1, . . . , M, indicate the intrasite lev-
els. There appear three kinds of on-site Coulomb ener-
gies; Uo for intralevel, Ui for interlevel with the difFerent
spins, and U2 for interlevel with the same spins. The en-
ergy level is taken as, s;p = s;q + (A —l)D, where the
level spacing D is Gxed, while the lowest intrasite level
s;q is randomly distributed in —W/2 ( s;q ( W/2. The
transfer integral between the nearest-neighbor sites, t, is
assumed to be independent of the intrasite levels.

In the UHF calculation, the contribution from Uo and
Ui terms is the same as before, while the U2 terms cause
a new efFect:

U2n, ;p gn;„ t ' U2[(n*~,1 ) *l,t + n*~,t(n'p, t)
—(n*~,~) (n*~,1) —(a;~,ga'~, ~)a;, ,ga'~, ~

—(;„,~ *~,~);~,ta*.,~

+(a;~,~a'. ,~) (a;„,~a*~,1)]

in which the exchange terms appear as well as the
Coulomb terms. The former terms lower the energy of
the high-spin states. In consequence, there are two com-
peting effects on the spin states: (1) A wave function
can be extended through more levels per site to lessen
the kinetic energy, by which the low-spin state is more
favorable. (2) The exchange interaction decreases the
energy of the high-spin state.

We define the participation ratio as

First of all, we present an example to indicate that
the one-electron orbitals can be changed when the spin
state is changed owing to the correlation efI'ect, in the
absence of the SO interaction. Figure 2 shows the one-
electron orbitals in a 8 x 8 square lattice with two elec-
trons. The parameters are W = 10~t~ and U = 20~t~

(t ( 0). The orbitals in the low-spin state (S, = 0) are
shown in Fig. 2(a) q and (a) 2, while those in the high-spin
state (S, = 1) are shown in (b)q and (b)2. The former
orbitals are more localized than the latter ones, although
they have almost the same shape around the localization
center. The participation ratio is larger for the spin-
antiparallel electrons [(a)q 0.200, (a)2 0.324] than for the
spin-parallel electrons [(b)q 0.176, (b)2 0.289].

The reason is as follows. The electrons with antipar-
allel spins are interacting with each other through the U
terms in the Hamiltonian (1), while the electrons hav-
ing parallel spins do not interact. Thus spin-antiparallel
electrons tend to be apart from each other, that is, the
correlation efI'ect is strong between them. As a result,
in the low-total-spin state the orbitals are more local-
ized, due to the correlation. (See Ref. 14 for the detailed
results for two-electron systems. )

When the magnetic field is applied, the electron spins
tend to be parallel to the direction of the Geld owing to
the Zeeman eKect and hence be parallel to each other.
The calculated result described above, therefore, implies
that the orbitals are more extended in the presence of the
magnetic Geld H. To investigate the H dependence of the
localization length, we study the system of eight electrons
in a 4 x 4 square lattice, without SO interaction. We
calculate the total energy including the Zeeman energy
for all the states of S = 0, 1, 2, 3, 4 and determine the
ground state as a function of H. Then we calculate the
participation ratio of the orbital at the Fermi level, E~,

for estimating how many sites a wave function is extended
over.

We only treat the case of M = 2, as schematically
shown in Fig. 1, and Uo ——Ui ——U2 = U, in the present
paper.
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FIG. 1. Schematic drawing of the multi-intrasite-level
model with randomness W and the level spacing D. Each
site has two levels. The transfer of the electrons is denoted
by broken lines with the common transfer integral t.

(b)2

FIG. 2. The one-electron orbitals for a two-electron sys-
tem of 8 x 8 sites; (a)q and (a)2 in the spin-antiparallel
state (S, = 0), while (b)r and (b)2 in the spin-parallel state
(S, = 1). W = 10~t~, U = 20~t~, and the SO interaction is
neglected. The contour lines are drawn every 0.05.



S1 CORRELATION EFFECT ON MAGNETOCONDUCTANCE IN THE. . . 13 069

(the highest occupied orbital) in the ground state.
Before discussing the H dependence of the physical

quantities, we present the relation between the partici-
pation ratio and S in Fig. 3. The participation ratio
of the orbitals at E~ is averaged over 200 samples for
each U and W (t ( 0). The quantity is plotted in such
a manner that it is reduced along the vertical axis; the
wave function is more extended when it is plotted up-
ward. The figure shows that the orbitals at E~ are more
extended in the higher-spin states. As for the TV depen-
dence, the orbitals for larger randomness R' are more
localized. When W is fixed, the relation between the
participation ratio and S seems almost independent of
U, except in the case of U = 10ltl and W = 15ltl, in
which U is smaller than TV.

The 8 dependence of the averaged S, (magnetization
per eight electrons) is shown for U/ltl = 10, 15, 20 and
W = 10ltl in Fig. 4. An ensemble average is taken over
400 samples for each parameter. The number of the high-
spin states increases with the magnetic field, reflecting
the Zeeman efFect. The high-spin states can appear more
easily when the correlation effect U is larger. This is
because the correlation effect raises the energy of the low-
spin states more, compared to the high-spin states. The
magnetization is almost H linear although it is not zero
at H =0."

In Fig. 5 we show the H dependence of the participa-
tion ratio of the orbitals at E~, which is averaged over
400 samples. With increasing magnetic field, the partic-
ipation ratio is reduced and thus the orbitals are more
extended, reflecting the increased number of the high-
spin states. The H dependence of the localization length
seems to be almost linear. When the value of U is larger,
the extension of the orbitals with H is more remarkable.

Since the orbitals around E~ mainly contribute to the
hopping conduction at low temperatures, this result in-
dicates the positive MC. The MC is due to the Zeeman

3.
W=10

2.

0. 0.02
pBH

0.04

FIG. 4. The magnetic-field (H) dependence of the aver-
aged S (magnetization per eight electrons) without SO in-
teraction. The ensemble average is taken over 400 samples
for each parameter. The unit of W, U, and @AH is ltl.

'

B. Presence of SO interaction

For spin flip processes, we take a model of Ref. 5: o.;~
and P;~ in Eq. (3) are randomly distributed under the
condition

effect, which is independent of the direction of the mag-
netic field. This is contrast to the orbital MC in which
only the component of H perpendicular to the orbitals
is efFective. Thus the two mechanisms can be distin-
guished in experiments.

Finally, we show the calculated results for the different
W (W/ltl = 5, 10, 15) when the value of U is fixed at 15ltl
in Fig. 6. As the randomness R' increases, the role of the
kinetic energy becomes more important. Accordingly,
the correlation effect relatively declines. Hence, the H
dependence of the localization length is weaker for larger

I
I

I
I

I
I

I I det(T' ) = l~' I'+ I&' I' = ltl'

0.2-

0.45

0.6-

0.8 0

U=10
U=&5
U=20 ———————

2
sz

0.5

PIC. 3. The relation between the participation ratio at
the Fermi level, (@ ), and the z component of the total spin,
S, in the absence of the SO interaction. The participation
ratio is averaged over 200 samples for each parameter. It
is plotted in such a way that it becomes smaller along the
vertical direction. The unit of W and U is ltl.

0.02
pBH

0.04

FIG. 5. The magnetic-field (H) dependence of the aver-

aged participation ratio at the Fermi level, (Q ), without SO
interaction. The ensemble average is taken over 400 samples
for each parameter. The unit of W, U, and IJsH is ltl.
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FIG. 6. The magnetic-field (H) depen-
dence of the averaged S (a), and participa-
tion ratio at the Fermi level, (v/i ) (b), in the
absence of the SO interaction. The degree of
randomness W is changed, while U is fixed
at 15ltl. The ensemble average is taken over
400 samples for each TV. The unit of TV and
@AH is ltl.

where ltl is fixed. The SO disorder is assumed to be inde-
pendent of the site disorder. We consider eight electrons
in a 4 x 4 square lattice with W = 10ltl and U = 20ltl.
The ensemble average is taken over 200 samples.

The calculated results are indicated by broken lines in
Fig. 7. The results in the absence of the SO interaction
(W = 10ltl, U = 20ltl) are shown by solid lines for com-
parison. Although the H dependence of the magnetiza-
tion is almost the same in both the cases [Fig. 7(a)], that
of the averaged participation ratio at E~ is very much
changed by the SO interaction, as seen in Fig. 7(b); (i)
its absolute value gets smaller, (ii) the II dependence
becomes weaker, and (iii) it increases first and then it
decreases as the magnetic Geld grows larger.

These properties are due to the interplay between the
SO interaction and the correlation efFect. The SO in-
teraction brings the transfer Rom spin-up states to spin-
down states, and vice versa, and in consequence, the wave
functions can be more extended to reduce the kinetic en-
ergy, compared to the SO-interaction-&ee case. Under
the magnetic Geld, there are two difFerent efFects. First,
with increasing magnetic Geld, the spin flip processes are
suppressed since the Zeeman efFect expands the separa-
tion between the levels of the up and down spin. This
gives the negative MC in low magnetic fields. Second, as
the magnetic Geld increases, the number of the high-spin
states increases in which the orbitals are more extended
due to the smaller correlation eÃect, as discussed in the
previous subsection. In high magnetic Gelds, the sec-
ond efFect becomes dominant, resulting in the positive
MC. The calculated result is in good agreement with the

experimental result of the nearest-neighbor hopping con-
duction in a Cu-particle Glm.

C. Multi-intrasite-level efFect

Now we examine the multilevel Hubbard model which
has two levels per site. The system consists of 4 x 4
sites and includes eight electrons. With W = 10ltl and
U = 20ltl (t ( 0), we change the intrasite-level spacing;
D/ltl = 5, 10, and 15. The SO interaction is neglected.
The ensemble average is taken over 400 samples for each
value of D.

In Fig. 8 and Fig. 9 we present the H dependence of
the averaged S, (magnetization) and the participation
ratio of the orbitals at E~, respectively. The results of
the single-intrasite-level systems with the same R and
U, are shown by broken lines in the figures.

Figure 8 shows that the averaged S, is reduced by
the intrasite-level eKect; it becomes smaller with the de-
crease of the level spacing D. As seen in Fig. 9, the wave
functions are more extended at H = 0 for smaller D.
This is because the wave functions can be more extended
through two levels a site to reduce the kinetic energy.
As a result, the correlation efI'ect is attenuated by the
screening and hence the low-spin states can have lower
energies. The exchange terms by which the high-spin
state is favorable do not seem important.

As regards the H dependence, Fig. 9 shows that the
participation ratio of the orbitals at E~ decreases with
increasing H though its H dependence becomes weaker
as D is reduced. This is also due to the smaller cor-

0.
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FIG. 7. The magnetic-field (H) depen-
dence of the averaged S (magnetization)
per system (a), and of the participation ra-
tio at the Fermi level, (@ ) (b), in the SO-
interacting systeins with W = 10ltl and U =
20ltl (broken lines). The ensemble average
is taken over 200 samples. The results with-
out SO interaction (W = 10ltl, U = 20ltl)
are also indicated by solid lines. The unit of
us»s ltl (ltl).
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relation effect. The positive MC can still be expected
when D = W, which is the case in a Cu-particle Glm, as
discussed later. However, the MC is difBcult to observe
when D (( R', U. This may be a serious condition for
the case of an array of quantum dots.

IV. CONCLUSIONS AND DISCUSSION

In this paper, we have studied the correlation effect
on the rnagnetoconductance (MC) in the strongly local-
ized regime. Based on the numerical studies on the Hub-
bard model with disordered. on-site energies, we have in-
vestigated the magnetic-Geld dependence of the nearest-

FIG. 8. The magnetic-field (H) dependence of the aver-
aged S (magnetization per eight electrons) in the multilevel
Hubbard model. The intrasite-level spacing D is changed
when W = 10~t~ and U = 20~t~. The ensemble average is
taken over 400 samples for each D. The unit of D and p~H
is ~t~. A broken line indicates the result of the single intrasite-
level system with the same W and U.

neighbor hopping conduction through the Zeeman efFect.
(1) In the absence of the SO interaction a new mecha-
nism of the positive MC is proposed; the Zeeman effect
increases the number of the high-spin states in which the
orbitals at E~ are more extended owing to the weaker
correlation than in the low-spin states. The MC is inde-
pendent of the direction of the magnetic Geld and hence
it is distinguishable from the orbital MC. (2) It is well
known that the SO interaction weakens the localization of
electrons in the weakly localized regime. The tendency
seems to be the same in the strongly localized regime. It
extends the wave functions and diminishes the correla-
tion effect on the MC. However, the interplay of the SO
interaction and the correlation effect makes the interest-
ing character of the hopping conduction. The MC can.
be negative in low magnetic fields, while it becomes pos-
itive in high magnetic fields. (3) The system which has
more than one level per site is also examined. Although
the intrasite-level effect weakens the H dependence, the
positive MC can be still observable when the intrasite-
level spacing D is larger than the randomness TV and the
on-site Coulomb energy U, or comparable to those.

The calculated result with the SO interaction is qual-
itatively in accordance with an experimental result of
the nearest-neighbor hopping conduction in a Cu-particle
Glm. ' In this system, the energy spacing between
one-electron levels in a particle is as large as 70 K.
The intraparticle Coulomb energy, U, is estimated to be
larger than that. Thus, we expect that our model with
W = D = 70 K represents such a system. The model
having only two intrasite levels does not seem serious for
the phenomena below a few K. Now we give a rough esti-
mation of the positive MC for the nearest-neighbor hop-
ping conduction. i4 The participation ratio is (g4) 1/l2,
where l is the localization length. Hence at W = 10~t~,
U = 20ft/,

1
0.45

0 4 W= 1 0, 0=20 b(g ) - —2 —Sl - —0.025, at paH = 0.02~t~.

0.45

0.02
pBH

0.04

FIG. 9. The magnetic-field (H) dependence of the aver-
aged participation ratio at the Fermi level, (Q ), in the multi-
level Hubbard model. The intrasite-level spacing D is changed
when W' = 10~t~ and U = 20~t~. The ensemble average is taken
over 400 samples for each D The unit of D and y. ~H is ~t~.

A broken line indicates the result of the single intrasite-level
system with the same W and U.

The resistance, R oc exp(a/l), where the hopping length
a is unity now, and thus

R(H = 0.02iti/p~) —R(0) a Sl

R(O) l

The similar calculation gives the magnetoresistance of
—0.4% for a SO-interacting case (W = 10~t~, U = 20~t~),
and —0.7% for a multi-intrasite-level case (W = 10~t~,
U = 20~t~, D = IO~t~). These values are the same in
order as the experimental resultx8, 19 though the uncer-
tainties are left in the values of U and t (t). If W is 70 K,
the above-mentioned magnetic 6eld (p~H = 0.02~t~) cor-
responds to 0.2 T. It should be noted, however, that the
energy of the low-spin state tend. s to be overestimated,
compared with that of the high-spin state in the UHF
approximation. Consequently, the value of the magnetic
Geld is underestimated, e.g. , it should. be doubled for the
two-site model (Appendix). Although we only consider
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the quarter-filled case (eight electrons per 16 sites) in the
present paper, the electron configuration can change the
MC in a quantitative way.

We should comment on the Gnite size effect here. %'e
only consider the strongly localized regime in which the
localization length is from one to two sites, so that the G-

nite size effect is not expected to be serious. For checking
it, we have performed the calculations with the periodic
boundary condition when U = 20~t~ and W = 10~t~. We
got qualitatively the same result although the value of
the MC is somewhat smaller.

Another mechanism of the positive MC, due to the
Zeeman effect was suggested by Fukuyama and Yosida
in the VRH conduction. Their theory is based on the
one-electron picture and applicable to the vicinity of the
metal-insulator transition, where E~ is close to the mo-
bility edge (intermediate concentration region). We sim-
ulate their mechanism in our model without the corre-
lation U. We Gnd out that the positive MC can occur
when the magnetic field is greater by two order than that
in Fig. 5. The MC due to the correlation, therefore, is
much larger than that of the one-particle theory in the
strongly localized regime, although the latter mechanism
becomes important in the region of small W/~t~, where
the electronic correlation is not large owing to the screen-
ing effect. In the region there can also be a negative MC
mechanism. '

Lastly, we discuss the possibility of the observation of
this mechanism in other experiments. It may be observed
in the nearest-neighbor hopping conduction among impu-
rities doped in semiconductors. To observe the mecha-
nism of the MC in an array of artiGcial quantum dots, the
following conditions should be necessary: (i) the strong
enough interaction U ( e /Capacitance); (ii) the co-
herent transfer interaction between the dots, or not too
small ~t~. (iii) In addition, the level spacing in a dot
should be small. Anyway, it is interesting to study the
proposed MC in experiments, because we can observe the
correlation effect on the localized states by that.
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APPENDIX: SPIN-PAIR MODEL
BY THE UHF APPROXIMATION

Our calculation method, the unrestricted Hartree-Fock
(UHF), is a variational method. The trial function is a
Slater determinant, Eq. (4), in the absence of the SO
interaction. Since the orbitals for up-spin electrons can
be different from those for down-spin electrons, some part
of the correlation effect can be taken into account as well
as the mean Geld part, that is, Coulomb and exchange
terms.

In the strongly Anderson-localized regime the most
important type of the correlation effect is a pair-type
correlation, ' which is included effectively by the
method. To demonstrate it, we show the result of
two-site Hubbard model without randomness nor SO
interaction. The number of electrons is assumed to be
two. The Hamiltonian is

(Al)

For the state of S, = 0, the UHF wave function can
be written as @ = ~gi t g2 $ ~, where vPi ——(xal &

+
ya& &) ~0) and g2 ——(yu& &

+ xa& &) ~0) owing to the sym-
metry.

The self-consistent solution is as follows.

(i) When U & 2 t, then x = y = 1/~2 with the total
energy, Et t ———2 t + U/2. In this case, the solution is
the same as that by the usual HF method.

(ii) When U ) 2~t~, then x, y = i []

gl —4(t/U)2] ~ with Et~t, —— 2t /U A—schema. tie
drawing for the orbitals is given in Fig. 10(b), which
shows that two electrons are localized to reduce the re-
pulsive interaction between them. The spin-pair approxi-
mation, which has been suggested by several authors, 8—11

represents this type of the correlation between two elec-
trons in a pair.

We present the total energy in Fig. 10(a) as a func-

~) 2i

0
CO

II

CQ

UJ

' (ii) -2/U

r

(i) -2+UF2 .--

(S,=1)
(b)

FIG. 10. Results of the UHF calculation
for a two-site Hubbard model without ran-
domness nor SO interaction. Two electrons
exist in it. (a) The total energy of the S = 0
state, as a function of U. The unit of the
energy is ~t~. (b) Schematic drawing of the
orbitals in the S = 0 state when U ) 2~t~.

U



51 CORREi.ATION EFFECT ON MAGNETOCONDUCTANCE IN THE. . . 13 073

tion of U/~t~. A broken line indicates the exact solution,
Et t ——2[U —i/Uz + 16tzj, of the spin-singlet state. The
state of S = 1 has the total energy, Eto& ——0, in this
approximation, which coincides with the exact solution.
Generally, the energy of the low-spin state is overesti-
mated, compared to that of the high-spin state in this
approximation.

In the presence of the magnetic field, the transition

occurs from the S = 0 state to the S = 1 state when

Hence, @~II, = t /U by the UHF method in the case of
U & 2~t~, while p~H, = 2t /U in the exact solution when
U )) ~t~. Since we are considering the case of the strong
correlation in the present paper, the magnetic Geld H is
underestimated to be half of the exact value.
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