PHYSICAL REVIEW B

- VOLUME 39, NUMBER 17

15 JUNE 1989-1

Magnetic-field-induced localization in degenerately doped n-type Ge

P. F. Hopkins, M. J. Burns,* A. J. Rimberg, and R. M. Westervelt
Division of Applied Sciences and Department of Physics, Harvard University, Cambridge, Massachusetts 02138
(Received 21 November 1988; revised manuscript received 9 March 1989)

An experimental study is presented of the metal-to-insulator transition induced by moderate mag-
netic fields (to 7 T) and low temperatures {to ~ 100 mX) in uncompensated, degenerately doped n-
type Ge with Sb donors. The low-temperature (T < 1 K) transverse and longitudinal magnetoresis-
tance both increase strongly by as much as a factor of ~ 1000 above a characteristic field H,, with
the temperature and field dependence p «< exp(bH?/T*/*). The measured Hall coefficient changes by
less than a factor of ~4 over the same range of magnetic field. Thus the apparent mobility de-
creases strongly above the metal-insulator transition, while the apparent carrier concentration
changes relatively little, in contrast to magnetic freeze-out, in which the carrier concentration de-
creases. Careful checks of sample homogeneity argue against the possible influences of nonuniform

dopant concentration.

I. INTRODUCTION

- Magnetic fields can produce interesting electronic phe-
nomena in doped semiconductors.!™* The competition
between the electron—donor-ion (e-d) interactions and
electron-electron (e-¢) interactions can result in a range of
different phenomena depending on the relative strength
of these terms. When the electron-ionized-donor in-
teraction dominates, as for nondegenerately doped semi-
conductors, compression of the electronic wave functions
onto isolated impurity ions by strong magnetic fields in-
creases the donor binding energy. Consequently, the
thermally excited carrier concentration is reduced in
strong magnetic fields as the electrons become more
strongly bound onto single donor impurity ions; we refer
to this case as simple magnetic freeze-out.” The effects of
magnetic freeze-out on electronic transport are a large in-
crease in both the magnetoresistance and the Hall
coefficient Ry, corresponding to a large reduction in car-
rier concentration. In degenerately doped semiconduc-
tors, the impurity wave functions overlap and e-e interac-
tions become important. For this case it is not clear at
the outset whether e-d or e-e interactions dominate. For
sufficiently strong fields one does expect a type of magnet-
ic freeze-out in degenerately doped semiconductors,
driven by the compression of impurity wave functions,
but the physical situation for this case is more complex
than for simple freeze-out.!?

For doped semiconductors in magnetic fields weaker
than those required for magnetic freeze-out, other
disorder-induced phenomena are possible. A possible
transition in degenerately doped semiconductors is locali-
zation, where the apparent carrier concentration, mea-
sured by the Hall effect, stays relatively constant, but the
conductivity decreases strongly due to a decreasing mo-
bility. . Throughout this paper we use the term localiza-
tion in the experimental sense to refer to this type of
metal-insulator transition. Localization is also sometimes

used in the theoretical sense to refer to noninteracting
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electronic theory which predicts this type of transition.®
Note, however, that it is possible that a localization tran-
sition (in the experimental sense) may occur in theoretical
cases where electron-electron interactions are impor-
tant.”™?

Recent scaling theories,” ~° including both disordered
Coulomb interactions and single-particle “localization”
terms, address the behavior of the conductivity near the
metal-insulator transition in strong magnetic fields.
However, no corresponding theory for the Hall effect has
been presented to our knowledge. It is important to note
that the mathematical form of some Coulomb interaction
terms in these theoretical approaches is similar to single-
particle localization terms.

Finally, in the limit of no disorder, where the positive
charge is assumed to be uniformly spread out in space
and the e-e interaction dominates, collective phenomena
such as spin-density waves, charge-density waves, and
Wigner crystallization have been predicted to
occur.>*1%11 Novel transport phenomena®* can be asso-
ciated with these different electronic states. In degen-
erately doped semiconductors, with a strong impurity po-
tential, collective electronic phenomena may also occur
but any collective state present must be heavily disor- -
dered, and the theory for this case is difficult.>* Experi-
mentally, any heavily disordered collective state would be
difficult to distinguish from single-particle behavior.

In recent years, experiments have been performed to
study electronic phenomena induced by magnetic fields in
doped semiconductors. Two useful parameters which
characterize these transitions are ¥ =hw, /47wE),, the ra-
tio of the magnetic zero-point energy of a free electron
ho. /47 to the donor binding energy E,, and
§=ho_/2wEp, the ratio of the cyclotron energy hw, /27
to the Fermi energy in zero field. Values of y > 1, the
“strong” field regime, correspond to strong compression
of the donor wave functions, and favor magnetic freeze-
out.’ The condition £>1 corresponds to the quantum -
limit where all electrons are in the lowest Landau level at
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T=0 and marks the point at which the Fermi energy
starts to decrease with increasing field strength. For no
disorder, collective phenomena are predicted to occur in
the quantum limit. However, the reduction of the Fermi
energy by the magnetic field increases the influence of
disorder, favoring magnetic-field-induced localization.
Narrow-gap semiconductors are natural candidates for
such experiments, because large ratios ¥ and £ can be ob-
tained in relatively modest fields. Magnetoresistance
and Hall data have been reported for InSb,'*!?
Hg,_,Cd, Te,* '8 and InAs," all in the strong-field re-
gime. Experiments on InSb are generally considered to
be examples of magnetic freeze-out. The interpretation
of data for Hg,_,Cd,Te, however, is controversial and
has been used as evidence for both magnetic freeze-out !’
and Wigner crystallization'*!® as well as a correlated
“viscous liquid.”'® Recent experiments on InAs have
been used as evidence for a proposed “Hall-insulator”
state,'® for which the Hall effect remains metallic for

fields above the metal-insulator transition, while the mag- -

netoresistance increases strongly. Interpretations of
some of these data, however, are complicated by contro-
versy over material characteristics of the samples.”
Magnetoresistance and Hall-effect measurements in the
weak-field regime on Si:As (Ref. 21) have been made ap-
proaching, but not observing, the transition from both
the insulating and the metallic side and have been dis-
cussed in terms of variable-range hopping and magnetic
tuning of the localization exponent.

In this paper we present an experimental study of low-
temperature electronic transport in uncompensated, de-
generately doped n-type Ge:Sb in modest magnetic fields.
We find a magnetic-field-induced metal-insulator transi-
tion for ¥ <1 in which the transverse and longitudinal
magnetoresistance both increase by as much as 3 orders

of magnitude and exhibit variable-range hopping behav- ‘

jor pcexp(bH?/T'%. However, the apparent carrier
concentration from the Hall-effect measurements changes
relatively little over the same range of field, by a factor
less than ~4. Thus simple magnetic freeze-out does not
occur. This lack of change in the carrier concentration,
together with the relatively small magnetic fields needed
to induce the metal-insulator transition, are evidence for
field-induced localization, as discussed below. Prelimi-
nary accounts of this work have appeared elsewhere.?>?3
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II. EXPERIMENTAL DETAILS
Y

The material used for this study was uncompensated
Czochralski-grown Ge degenerately doped with Sb
donors, obtained from Eagle-Picher. The three samples
discussed in this paper, 1-3, were cut from two different
Ge crystals; their measured characteristics are summa-
rized in Table I. The donor concentration Nj, indicated
was determined by room-temperature resistivity measure-
ments** and checked by room-temperature Hall measure-

‘ments. For samples 1 and 3, N, is near the critical con-

centration n,~1.5X10'7 ¢m™3 for the metal-insulator
transition in zero field, while for sample 2 the donor con-
centration is a factor ~1.7 above n,. The samples were
cut with a diamond saw with all faces perpendicular to
(100) crystal axes, lapped, and etched in 3:1 (by volume)
concentrated HNO; to HF. Electrical contacts were
made using Sn solder, either nominally pure or doped
with Sb; typical measured contact resistances were 2—4 at
low temperatures. Samples 1 and 2 were prepared in a
virtual-contact Hall bar geometry?»? with dimensions
10X1.7X0.56 and 6.4X1.1X0.22 mm?, respectively,
and sample 3 was prepared in a special eight-contact van
der Pauw geometry®’ as discussed below. For samples 1
and 2 current contacts were attached along opposite 1.7-
and 1.1-mm ends, and three voltage contacts were ar-
ranged along opposite sides to permit virtual-contact
Hall measurements, as well as four-terminal resistance
measurements. Care was exercised to mount the samples
stress free.

Low-temperature electrical measurements were made
in a Oxford Instruments Model 200 dilution refrigerator
to temperatures T~ 100 mK and magnetic fields H =7 T
using conventional low-noise ac.(~25 Hz) lock-in-
amplifier techniques. The data were taken by controlling
the temperature and ramping the field H. To avoid
eddy-current heating of the sample, the ramping rates
were typically limited to dB /dt <0.07 T/min. Care was
taken to limit power dissipation in the samples to
~ 10712 t0 avoid heating and to remain in the linear por-
tion of the current-voltage characteristics. Longitudinal
(current parallel to H), and transverse magnetoresistance
measurements were made on each sample with the field
H oriented along a {100) axis by rotating the sample

‘through 90°. Because the magnetoresistance signal was

TABLE 1. Parameter chart for the three Ge:Sb samples whose data appear in this paper. The
dopant concentration Np was obtained from 7 =300 K measurements to +:10%. The low-temperature
carrier concentration n and Hall mobility 2y were found from resistance and low-field Hall measure-
ments at temperatures T =400 mK for samples 1 and 2 and T'=225 mK for sample 3 using a Hall fac-
tor of 1. The zero-temperature critical field was calculated as discussed in the text.

Dimensions Np n Ka H,
Sample (mm®) (10" cm™3) (10" ecm™3) (cm?/V's) (T
1 10X 1.7X0.56 1.6 1.3 ' 440 3.8
2 6.4X1.1X0.22 2.6 2.2 ) 620 5.2
3 (see Fig. 1) 1.6 1.1 420
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as much as a factor ~10* larger than the Hall signal,
low-noise Hall measurements posed special difficulties.
These were minimized both by using a five-contact Hall
bar geometry with a virtual Hall contact to null-out
unwanted magnetoresistance pickup, and by subtracting
two data sets with the magnetic field reversed to remove
any residual magnetoresistance signal not canceled by the
virtual-contact technique. '

Inhomogeneity of the impurity concentration can be a
serious problem in heavily doped Czochralski crystals,
both as slow variations in donor concentration Np across
the crystal, and as narrow, planar impurity striations
which form perpendicular to the growth direction, { 100)
for our crystals. Impurity striations can be difficult to
detect by conventional methods such as spreading resis-
tance measurements, because the length scales can be as
small as 1-10 um. We took two precautions to guard
against inhomogeneity in our samples, described below.

First, we screened crystals for striations and large-scale
inhomogeneities by cutting a thin, square sample with all
faces perpendicular to {100) axes, and with the known
growth direction along one side of the square. Contacts
were attached to the four corners, and the sample was
driven through the metal-insulator transition at low tem-
peratures (T <0.5 K) by a magnetic field H oriented per-
pendicular to the square face. The isotropy of the dopant

(a)

Growth
Direction
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-
(c) (d) D

B

FIG. 1. (a) Eight-contact van der Pauw sample 3 (outer di-
mensions 6.35X6.35X0.32 mm® and all faces {100}) with two
sets of four contacts, rotated 45° with respect to each other and
labeled 1 and 2, which was used for homogeneity checks. Mac-
roscopic and microscopic inhomogeneities, including impurity
striations which are indicated by dashed lines, were screened by
looking for anisotropies in the magnetoresistance measurements
with lead configurations (b) and (c). Two independent sets of
magnetoresistance and Hall measurements on contact sets 1 and
2 were used as a further homogeneity check and to test for pos-
sible current paths between Hall contacts; the Hall lead
configuration for contact set 1is shown in (d).
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concentration was tested by comparing two sets of four-
terminal magnetoresistance measurements with the leads
rotated by 90°, which should be identical by crystal sym-
metry. As seen below, the resistance of the sample in-
creases strongly above the density-dependent transition
field H,. Hence, for fields above H, for less dense parts
of the striations, but not yet above H_ for more dense
parts, the resistance perpendicular to the striations is
much larger than the parallel resistance. This method is
extremely sensitive to striations and detected those not
found with spreading resistance measurements. For the
samples discussed below, the measured anisotropy in the
transition field, AH,, was less than 3.5%, implying a
comparable limit on variation in the dopant concentra-
tion.

Highly conducting paths due to nonuniform dopant
concentration can also lead to incorrect Hall measure-
ments by effectively shorting the Hall contacts. The
second precaution we took against such preferred current
paths,?® was to make a special eight-contact sample (3) in
the van der Pauw geometry? illustrated in Fig. 1. This
sample consists of two sets of four van der Pauw con-
tacts, labeled 1 and 2 in Fig. 1, one set aligned with the
crystal growth direction and the other rotated by 45°.
Notches were cut as indicated to relieve possible
contact-related effects such as stress and current path in-
homogeneities near the contacts. The isotropy checks de-
scribed above, and van der Pauw measurements of the
transverse magnetoresistance and the Hall coefficient
were all repeated twice for this sample, using both sets of
contacts. Data from this special sample confirm those in
the Hall bar samples as discussed below in Sec. ITL

III. EXPERIMENTAL RESULTS

Logarithmic plots of the measured transverse and lon-
gitudinal magnetoresistance p,, and p,, versus magnetic
field H are shown in Figs. 2(a) and 2(b) for sample 1, and
in Figs. 3(a) and 3(b) for sample 2, at various tempera-
tures between 7'=80 and T"=450 mK. The data in Fig.
2 show clear evidence of a metal-insulator transition in
which both p,, and p,, increase above a characteristic
field H, by as much as a factor of ~2000. The magne-
toresistance changes from a weakly field- and
temperature-dependent metallic regime below H, to an
activated hopping conduction regime above H,. The
data shown in Figs. 3(a) and 3(b) for the more heavily
doped sample 2 are in qualitative agreement with Figs.
2(a) and 2(b); however, the characteristic field H, is in-
creased and the size of the resistance rise is decreased, as
expected for higher donor concentration. By extrapolat-
ing the temperature-dependent conductivity in the metal-
lic regime to T =0, we find?®® a metal-insulator transition
of the form o(H,T=0)«(H,—H)* with {=1. The
characteristic transition fields obtained®® by linearly ex-
trapolating o (H, T =0) to zero are H,=3.8 T for sample
1 and H_ ==5.2 T for sample 2, so that H, increases
roughly linearly with dopant density.

The low-field (H <2 T) magnetoresistance shows many
characteristics previously observed in either Ge:Sb (Refs.

29-31) or in Si:P.*»*? Because an analysis of our data in
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the low-field regime has been published,?® and is the sub-
ject of another paper,** we only summarize the results
here. At higher temperatures and low fields the magne-
toresistance is negative, which is characteristic of weak
localization.® As the temperature is reduced, and at
higher fields in the metallic regime, a positive magne-
toresistance with the temperature dependence Ap/p
«T'? due to disordered Coulomb interactions dom-
inates weak localization effects. At the lowest tempera-
tures, where localization effects are relatively small, the
magnetoresistance crosses over from a Ap/pocH? to a
Ap/pcH 172 dependence at a characteristic field close to
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FIG. 2. (a) Logarithm of the transverse resistivity p,, vs
magnetic field H for sample 1 at the temperatures indicated; (b)
logarithm of the longitudinal resistivity p,, vs H for the same
sample at the same temperatures.
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that calculated for disordered Coulomb interactions.?¢

The high-field (H > H,) magnetoresistance is charac-
terized by a strong increase in both p,, and p,, at low
temperatures by as much as a factor of ~2000 for sample
1 at 7=80 mK and H =7 T. Comparisons of transverse
and longitudinal magnetoresistance p,, and p,, in Figs. 1
and 2 show that this increase is nearly isotropic as ex-
pected for hopping conduction.

The temperature dependence of the resistivity of sam-
ple 1 over the range 80 mK-4.0 K is shown in Fig. 4; the
data points were obtained from Fig. 2(a) and from addi-
tional higher-temperature measurements. In Fig. 4

Sample 2

= 80 mK
C 150 mK
3 200 mK

300 mK
400 mK

Pyx (Qcm)

Ol

- (b) Sample 2 i

P, (Qcm)

H (tesla)

FIG. 3. (a) Logarithm of p,, vs H for sample 2 at the temper-
atures indicated; (b) logarithm of p,, vs H for the same sample
at the same temperatures. '
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FIG. 4. Temperature dependence of transverse resistivity for
the lower doped sample 1. Plotted is logyop,, vs T~ '/* for vari-
ous magnetic field values, demonstrating for magnetic fields
H > H, the form p«<exp(Ty/T)"/*, characteristic of variable-
range hopping. Least-squares fits to the data are shown.

log 0P, is plotted versus T ™!/ for various magnetic field
strengths. The data for T=80 mK lie below the fitted
curves suggesting some sample heating. The low-field
ddta for H <H, correspond to the metallic side of the
transition and fit Ap/p « T'/? as discussed above. Above
the critical field H,=3.8 T, the data shows activated be-
havior p=py(H)exp(Ty/ T)” * characteristic of three-
dimensional (3D) variable-range hopping conduction.’
Theories of 3D variable-range hopping incorporating
e-e Coloumb interactions predict! the dependence
p«exp(T,/T)!/? at sufficiently low temperatures. How-
ever, this temperature dependence does not fit our data as
“well as pcexp(T,/T)!/* below T =1 K as shown in Fig.
4. Least-squares fits to all the data, shown in Fig. 4,
determine the magnetic field dependence of T (H), which
is plotted in Fig. 5. As shown, T,(H) exhibits a sharp
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FIG. 5. Log-log plot of To(H) vs H data obtained from
slopes of fitted curves in Fig. 4. Above the transition field
H,~3.8T, Ty« H?, yielding the form p « exp(bH?/T'/*).
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break in slope near H,. For fields above H,, the field
dependence of T is accurately T o H 8 as shown. Thus
the temperature and magnetic field dependence of the
resistivity in the hopplng regime is of the form
pexp(bH?/T'/*) where b is a constant; this magnetlc
field dependence is characterlstlc of hopping models in
the weak-field regime.!

The normalized Hall coefficients Ry =p,, /H for sam-
ples 1 and 2, are shown in Figs. 6(a) and 6(b), respective-
ly, measured over the given temperatures and the same
range of fields as for Figs. 2 and 3. In these plots a con-
stant apparent carrier density would correspond to a hor-
izontal straight line. The striking feature of these data is
the absence of the strong metal-insulator transition found
in the magnetoresistance data, Figs..2 and 3: the Hall
coefficient for sample 1 at 7=150 mK increases only by
a factor ~4, while p,, increases by a factor ~500 in Fig.
2(a). For sample 2 at 80 mK, Ry increases by a factor
~2.5 while p,, increases by a factor ~50 in Fig. 3(a).
Furthermore, the Hail coefficient shows little tempera-
ture dependence between T ~ 100 and T'~400 mK, both
it low and high fields, as expected for the metallic re-
gime. These data imply that the apparent carrier concen-
tration changes relatively little across the metal-insulator
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FIG. 6. Measured Hall coefficient Ry =pyy /H at the temper-
atures indicated for (a) sample 1, and (b) sample 2. Here Ry is
normalized to the value at zero field and 7=400 mK. Note the
absence of signs of the metal-insulator transition piesent in the
corresponding magnetoresistance data, Figs. 2 and 3.



transition. Using the virtual contact Hall bar geometry,
the Hall voltage for sample 2 was at least ten times the
residual magnetoresistance voltage, so the systematic er-
ror due to magnetoresistance signal is small. The sys-
tematic error for sample 1 was larger,’ comparable to the
noise shown, due to the larger magnetore51stance pickup.
While the Hall bar geometry is very effective in reduc-
ing magnetoresistance pickup in the Hall signal, it is sus-
ceptible to the effects of dopant inhomogeneity. In par-

ticular, the data above could in principle be explained by '

a h1gh-donor-concentrat10n conductmg path bétween the
fixed Hall contacts, or between the current contacts. In
order to test for dopant 1nhomogene1ty, we repeated the
transverse magnetoresistance and Hall measurements at
T =225 mK on a special sample (3) cut from the same
crystal as 1, but in a van der Pauw geometry with two
pairs of four contacts rotated by 45° as described in Sec.
II and illustrated in Fig. 1. Four contacts at the corners
of a square were used to test for effects of inhomo-
geneities such as impurity striations in the magnetoresis-
tance, by rotating the current and voltage leads 90°.
However, eight contacts are necessary to test for the
effects of mhomogenelty in the Hall signal, because the
Hall resistance measured with only four contacts is in-
dependent of the choice of leads for any impurity distri-
bution by the reciprocity theorem.

The results of an isotropy check of the transverse mag-
netore31stance Pxx 8T€ shown in Figs. 7(a) and 7(b): for
Fig. 7(a) the four contacts were chosen symmetrically 45°
from the plane along which impurity striations form, as
indicated in the inset, while in Fig. 7(b), the contacts were
in the plane of striations. Two curves are shown for each
figure, which correspond to rotating the current and volt-
age leads 90°.. Both Figs. 7(a) and 7(b) show a metal-
insulator transition in agreement with the Hall bar data,
shown in Fig. 2. For the symmetric choice of contacts in
Fig. 7(a), both curves practically coincide, evidence for
the absence of large-scale inhomogeneities in this sample.
For the choice of contacts in Fig. 7(b), the magnetoresis-
tance curve with voltage contacts in the plane of the stri-
ations yields a slightly lower resistance at high fields.
This anisotropy was ‘used to estimate the magnitude of
the variation of donor concentratlon between striations as
described in Sec. II. By extrapolatmg the conductivity to
zero temperature in the metallic regime, we estimate an
anisotropy of ~3.5% in H, for this sample, from which
we infer a comparable variation in 1mpur1ty concentra-
tion w1th1n striations:

. Hall data taken for the special van der Pauw sample 3
with both contact orientations are shown in Figs. 8(a) and
8(b). ‘As shown, the normalized Hall coefficient measured
for both sets of contacts agree accurately with each other,
and with the data from the Hall bar sample 1 shown in
Fig. 6(a): all show little evidence of the metal-insulator
transition in the magnéetoresistance. The agreement of
the Hall data for both orientations Figs. 8(a) and 8(b),
and for the Hall bar sample, Fig. 6(a), provides strong
evidence against the possible influence of dopant inhomo-
geneltles on the data. The disadvantage of the van der
Pauw geometry is the large magnetoresistance p1ckup at
high fields where the magnetores1stance R, is larger
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than the Hall resistance R,, by a factor as large as ~250;
this pickup was reduced by subtracting Hall data taken
with reversed field H. The large temperature dependence
of p,, above the transition demanded careful temperature
control during the time required to reverse the magnetic

T T T I 1 1
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100; 3
s f -
o | i
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1 ’ =
] | ] | ] | =
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FIG. 7. van der Pauw transverse magnetoresistance measure-
ments for sample 3 (see Fig. 1) at =225 mK for (a) contact set
2 symmetric with respect to possible impurity striations indicat-
ed as the dashed lines, and (b) contact set 1 aligned with the stri-
ations. The current and voltage connections for each measure-
ment are indicated in the insets. In each figure, the two magne-
toresistance curves were normalized to each other at zero field
to more clearly show their anisotropy. ‘
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FIG. 8. van der Pauw measurements of the normalized Hall
coefficient Ry for sample 3 (see Fig. 1) at T=225 mK for (a)
contact set 1, and (b) contact set 2. The current and voltage
connections are indicated in the insets. The smooth curves were
obtained by subtracting reversed magnetic field sweeps using
conventional temperature control, whereas the data points with
error bars were measured using the magnetoresistance to con-
trol the sample temperature with greater accuracy between field
reversals.

1

field to allow accurate cancellation of magnetoresistance
pickup in the Hall signal. To accomplish this, the mea-
sured magnetoresistance was used as a thermometer to
control the temperature to within an error AT <0.1 mK.
Estimates of the error associated with this procedure are
shown as the error bars in the Hall coefficient Ry at high
fields in Figs. 8(a) and 8(b). At lower fields where the
magnetoresistance is smaller, Hall data were recorded
without special temperature control, and are shown as
the continuous curve. .

IV. DISCUSSION

In summary, we find a magnetic-field-induced metal-

insulator transition above which the magnetoresistance
increases strongly, with the form p«exp(bH?/T'/),
while the Hall coefficient changes relatively little. The
simple interpretation of this data for a uniform conductor
would be that the mobility decreases strongly while the
- carrier concentration remains essentially constant. These
characteristics are evidence for field-induced localization
and are in contradiction to simple magnetic freeze-out,
for which the carrier concentration decreases abruptly at
the transition. Careful homogeneity checks confirm these
results and argue against the possible influence of impuri-
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ty striations or other dopant inhomogeneities.

Magnetic-field-induced metal-insulator transitions have
been previously observed in degenerately doped semicon-
ductors other than Ge. As noted above, these metal-
insulator transitions can be characterized by two parame-
ters: ¥y=ho,/47Ep and £=ho,/2wEr. Large values of
the first parameter y favor magnetic freeze-out while
large values of the second parameter & favor field-induced
localization or collective phenomena depending on the
amount of disorder. For the cited experimental work in
narrow gap semiconductors,’>”!® the magnetic-field-
induced  metal-insulator transitions occur at magnetic
fields where both ratios are large: ¥ >1 and £>1. The
interpretation of these data can be difficult, because field-
induced localization, collective phenomena, and magnetic
freeze-out are all possible. For example, metal-insulator
transitions were reported’*!® in Hg, ,Cd,Te at mag-
netic fields corresponding to ¥ ~7-150, with £~6-10,
and interpreted alternately as evidence for collective elec-
tron motion, Wigner crystallization, and magnetic
freeze-out. In InAs a transition was observed!® for y ~3,
with £~ 1, and interpreted as evidence for a “Hall insula-
tor.” Data for InSb (Refs. 12 and 13) with ¥ ~1-30, and
£~1-5 have a consistent interpretation as magnetic
freeze-out.

In contrast to this previous work, the magnetic-field-
induced metal-insulator transition reported here for de-
generately doped Ge occurs at relatively weak fields
(y ~0.2) which are nevertheless in the quantum limit
(§~2). Thus simple magnetic freeze-out is not expected,
but field-induced localization and collective phenomena
are possible. The carrier concentration in n-type Ge is
expected to freeze out in sufficiently strong magnetic
fields; the condition y=1 for shallow donors in Ge re-
quires H ~25 T. Similar (y ~0.5 and £~1) values for
these parameters were found at the metal-insulator tran-
sition for compensated GaAs,” but the Hall effect was
not measured.

Several authors have studied a different problem: the
dependence of the Hall effect as the donor concentration
is varied about the metal-insulator transition in essential-
ly zero magnetic field. For compensated Ge:Sb in small
magnetic fields (H~0.3 T) and at low temperatures
(T ~8 mK) Field et al.® find that the conductivity and
the apparent carrier concentration decrease by compara-
ble factors ~3 below the normal metallic value near the
critical donor concentration n, in zero magnetic field,
hence the mobility changes relatively little. Similar be-
havior has also been reported®® for the metal-insulator
transition in Bi,Kr;_,. These data have been used as
evidence against localization for the metal-insulator tran-
sition with donor concentration in zero magnetic fields.
However, recent experiments in Si:As (Ref. 21) in the low
magnetic field limit do not find a divergence in the Hall
coefficient, and are in agreement with localization theory
predictions.

Both single-particle localization terms and electron-
electron interactions can be important at the metal-
insulator transition. Finkelstein’ and Castellani er al.%°
have developed scaling theories for the conductivity near
the transition which include both disordered Coulomb in-



teraction and single-particle localization terms. Howev-
er, these models do not address the behavior of the Hall
conductivity, and do not include the magnetic field from
the outset. Coulomb interaction theory™ in the limit of
zero magnetic field predicts that the Hall coefficient
diverges at the metal-insulator transition, whereas the
scaling theory of localization,® neglecting Coulomb in-
teractions and magnetic field effects, predicts that the
Hall coefficient approaches the metal-insulator transition

from the metallic side with little change. The absence of .

a divergence in the Hall coefficient, evidence for experi-
mental localization, is seen in our data above for the
magnetic-field-induced metal-insulator transition in
Ge:Sb. However, it is difficult to justify the neglect of
Coulomb interactions for our case, and a theory of the
Hall effect including both disordered Coulomb interac-
tions and single-particle localization terms is needed.

A fundamental characteristic of metal-insulator transi-
tions in disordered materials is spatial breakup of the
current path near the transition; on the insulating side of
this transition, hopping conduction is expected at finite
temperatures. For a model in which the magnetic field
converts electronic states at the Fermi level from extend-
ed to localized states, the expected behavior is variable-
range hopping.’ In the weak magnetic field regime, the
predicted magnetoresistance for this case is approxi-
mately isotropic and varies with temperature as
Pax o:exp[(To (H)/T)"*].2 Many variable-range hopping
models' predict Ty« H?® in the weak magnetic field re-
gime. The lack of anisotropy, the temperature depen-
dence, and the magnetic field dependence for variable-
range hopping are all consistent with the data shown in
Figs. 4 and 5.

The Hall resistance for variable-range hopping is
difficult to calculate, and there does not appear to be a
consensus on the result for the rapid hopping limit ap-
propriate to our experiments.**~% However, the Hall
re51st1v1ty Py in these models is much smaller than pxx,
typically® increasing with p,, as Pry o5, with b =1in
the low magnetic field limit. This dependence suggests
the form pxyocexp{b(H)[To(H)/T]““}. This tempera-
ture dependence is consistent with our Hall data reported
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above; our experimental value of b(H) for H=6 T is
b (H)=0.32 and decreases with H. For Si:As in relative-
ly weak fields, ¥ <0.1, Koon et al.?! found that b (H) de-
creased with magnetic field from the value b =0.63 ob-
tained in the limit H—0 and Np—n,. This limit agrees
with the theoretical value b =3 of Gruenewald et al®
Both the value and field dependence of b(H) from our
data for Ge are consistent with extrapolated results for Si
(Ref. 21) when plotted versus the normalized magnetic
field y, as defined above.

The anomalous behavior of the Hall coefficient report-
ed here could also be interpreted as evidence for collec-
tive phenomena. An interesting possibility is that
electron-electron interactions act to produce strongly
correlated hopping. In this picture, the interactions im-
pede localization of single electrons onto impurity sites so
that the Hall coefficient remains metallic. This is a quali-
tative feature of some phenomenological models'® 1”3 of
collective transport. However, although collective phe-
nomena are possible in principle, they are not required to
explain our experimental data.

In summary, our data for the field-induced metal-
insulator transition in n-type Ge are evidence for
magnetic-field-induced localization in which the Hall
coefficient changes relatively little, while the magne-
toresistance increases sharply. Above the transition field,
both the magnetoresistance and Hall resistance are in
agreement with the predlctlons of variable-range hopping
theory.
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