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An experimental study is presented of the metal-insulator transition
induced by strong magnetic fields at low temperatures in Ge
degenerately doped with Sb donors to concentrations Np up to twice the
transition n. in zero field. For unstressed samples with both the
magnetic fiefd and the electronic transport along <100> directions,
the longitudinal and transverse resistivity increase strongly, by
several orders of magnitude, above a characteristic field H. ~ 5 Tesla
for Np ~ 2n. at temperatures T < 1 K. Below this fieldlﬁye
conductivity changes slowly with temperature as AG e T1/2, whereas
above H. the conductivity is thermally activated. The measured Hall
coefficient changes relatively little through the transition, so that
the apparent mobility is thermally activated in strong fields, while
the apparant carrier concentration remains finite. By measuring the
magnetoresistance at low temperatures (T ~ 30 mK to 0.5 K) and
extrapolating to T = 0, we find that the functional dependence of the
magnetoresistance with field near the transition is consistent with an
exponent of one. These results agree with recent theory including
both disordered Coulomb interactions and localization, which predicts
that the transition in strong magnetic fields has the characteristics
of localization.

1. INTRODUCTION

Strong magnetic fields are useful probes of localization and
interaction effects in degenerately-doped semiconductors [1,2].
Magnetic freezeout, which has been studied for many years [3,4],
occurs in non-degenerate semiconductors when compression of the
electronic wavefunctions of isolated impurity atoms by the magnetic
field increases the electronic binding energy and thereby decreases
the thermally excited carrier concentration. Degenerately-doped
semiconductors can be driven insulating by strong magnetic fields, but
the nature of the transition in this case is more complex.
Electron-impurity and electron-electron Coulomb interactions, and
localization are all potentially important. Recent theory for
metal-insulator transitions [5-7] includes both disordered Coulomb
interactions and localization. For the case of a metal-insulator
transition in strong magnetic fields CASTELLANI et. al [7) predict'
that the type of transition will be localization in which the
quasiparticle diffusion constant, rather than density of states, goes
to zero. This is in contrast both to magnetic freezeout, and to the
metal-insulator transition in low magnetic fields, which has been
experimentally studied in Si [8] and Ge [9,10). Possible collective
electronic states including charge- and spin-density waves, and Wigner
crystallization, have been theoretically predicted to occur [11-13] in
strong magnetic fields when the impurity potential is weak.



Experimentally this is seldom the case, - and, and the interpretation of
experiments [14-16) in Hg,_,Cd,Te and InSb remains controversial.

In this paper we present an experimental study of the magnetic-
field-induced metal-insulator transition in degenerately-doped n-type
Ge. The data show a transition at low temperatures T < 1 K and strong
magnetic fields H ~ 5 Tesla, for which the magnetoresistance increases
by as much as a factor ~ 5000, while the Hall coefficient increases by
only a factor ~ 2. The variation of the extrapolated zero temperature
conductivity with field H is consistent with an exponent of one. Thus
the transition in strong fields is of the localization type as
predicted by recent theory [5-7) including both Coulomb interactions
and localization and not magnetic freezeout or a collective
phenomenon. A preliminary account of some of these results has
appeared elsewhere [17]. Experimental work along these lines in Si
(18) was done at fields below the metal-insulator transition.

2. Ge SAMPLES AND APPARATUS

The material used for this study is uncompensated Czochralski-grown Ge
degenerately-doped with Sb. Inhomogeniety of the impurity
concentration can be a severe problem in heavily-doped crystals, both
as slow variations in Np across the crystal, and as narrow, planar
impurity striations which form perpendicular to the growth direction,
<100> for our crystals. We screened crystals for striations 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 as described
below, and the sample was driven through the metal-insulator trasition
at low temperatures T < 1 K by a magnetic field H oriented
perpendicular to the square face. The isotropy of the dopant
concentration was tested by comparing two sets of four-terminal
resistance measurements with the leads rotated by 90°, which should b
identical for this experimental geometry by crystal symmetry. For the
two crystals discussed below, the anisotropy due to striations was
typically ~10% in H at the transition, and the difference in
magnetoresistance at fields twice the transition was typically ~20%.
This method is very sensitive and easily detects striations not found
by other techniques, such as spreading resistance measurements.

The two samples discussed below, 4H596 and EP2, were cut from two
different Ge crystals. The donor concentrations determined by room
temperaturelgesisgivity measuremeni§ [195 on each sample were
Np = 1.9x10 cm™ > and Np = 2.7x10 cm™° respectively; these values
were checked by room temperature Hall measurements. Both samples were
cut with all faces perpendicular to <100> crystal axes, lapped, and
etched in 3:1 HNO3 to HF to remove saw damage. Electrical contacts
were made using Sn solder, either nominally pure, or doped with Sb;
typical measured contact resistances were ~ 2-4 Q at low
temperatures. Sample 4HR96 was prepared in a Hall bar geometry with
dimensions 10x1.7x0.3 mm”, two current contacts across opposite
1.7x0.3 mm* ends, and three voltage contacts arranged along the sides
for virtual-contact Hall measurements, as well as four terminal
resistance measurements. Sample EP2 was made in a van der Pagw
geometry with outer dimensions 10x10x0.7 mm=. Care was exercised to

mount the samples stress-free.

Low temperatufe electrical measurements were made both in a He

dilution refrigerator at Harvard to temperatures T =~ 30 mK and fields -
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H ~ 7 Tesla, and in a pumped “He cryostat at the National Magnet
Laboratory at M.I.T. to T ~ 0.5 K and H ~ 20 Tesla. Transverse and
longitudinal magnetoresistance measurements were made with the field
H oriented along a <100> axis by rotating the sample through 90°.
Because the magnetoresistace signal can be as much as a factor ~104
larger than the Hall signal, low-noise Hall measurements posed special
difficulties. These were minimized by using a 5-contact Hall bar
geometry with a virtual Hall contact [20] to null out unwanted
magnetoresistance pickup, and by subtracting two data sets taken with
the magnetic field reversed. Conventional low-noise a.c. lockin
amplifier detection was used for all electrical measurements, which
were recorded on a microcomputer for analysis, and care was exercised
to avoid heating and remain in the linear portion of the
current-voltage characteristics.

3. EXPERIMENTAL RESULTS

3.1 Magnetoresistance

Figure 1 shows semilogarithmic plots of the transverse and
longitudinal magnetoresistance p,, and p,, vs. field H for sample
4H596 at various temperatures between 30 mK and 400 mK. As shown,
both p,, and p,, exhibit a strong increase in resistivity at low
temperatures and high fields, by as much as a factor = 5000 at 30 mK
and 7 Tesla. Comparison of py, and Pzz in Fig. 1 shows that this
resistivity increase is nearly isotropic. Furthermore, the raw data
show evidence for a metal-insulator transition: at low fields

H < 4 Tesla the magnetoresistance shows only a weak temperature
dependence, whereas at high fields H > 4 Tesla this temperature
dependence becomes activated. The transition sharpens somewhat at
lower temperatures, but thermal rounding remains significant at the
lowest temperature measured. The magnetoresistance of sample EP2 with

higher donor concentration shows features very similar to Fig. 1, but
shifted to higher fields by a factor = 1.4, as discussed below.
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Fig. 1 - Transverse and longitudinal magnetoresistance Py, and p,, for
sample 4H596 at temperatures indicated



3.2 Hall Effect

Figure 2 shows a linear plot of the Hall coefficient Ry measured for
sample 4H596 over the same range of temperatures and fields as for
Fig. 1. The data is normalized to the Hall coefficient at zero field
and T = 0.3 K as indicated, so that a constant apparent carrier
concentration would correspond to a horizontal straight line in

Fig. 2. The surprising feature of these data is that the Hall
coefficient shows little evidence of the transition in Fig. 1: while
the transverse magnetoresistance increases by a factor = 5000 at 30 mK
and 7 Tesla, the Hall coefficient increases by only a factor = 2.5.
Furthermore, the Hall coefficient is essentially temperature-
independent, both at low and high fields. As noted above, small Hall
voltages are difficult to measure accurately in the presence of a
large magnetoresistance signal, and the small field dependence shown
in Fig. 2 may be caused in part by systematic errors, despite the
precautions taken. The important result is that the Hall coefficient
changes very little compared with the magneto- resistance as the field
is swept through the transition. Hall data from sample EP2 show a
similar lack of field and temperature dependence on both sides of the
metal-insulator transition.
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Fig. 2 - Hall coefficient Ry normalized to the value at H = 0 and
T = 0.3 K for sample 4H596 at the temperatures indicated

The conclusion we draw from this data, is that the metal-insulator
transition occurs as a reduction of the apparent carrier mobility,
rather than the apparent carrier concentration, as for localization,
and is thus different from magnetic freezeout and from the
metal-insulator transition in low fields [(8-10]). This type of
transition is predicted in strong magnetic fields by the theory of
CASTELLANI et. al. [7] which includes both disordered Coulomb
interactions and localization. At finite temperatures, the high field
regime above the transition represented in Fig. 1 would correspond to
hopping conduction for localization. Thus it is somewhat surprising
that the Hall coefficient in Fig. 2 remains unchanged at fields well
above the transition, because for hopping conduction in the low
temperature limit, the Hall coefficient must approach zero [1,2].
However, our data is not in this limit, and theory for the
transitional case is less clear. Qualitatively similar Hall data have
been found for the two-dimensional electron gas in Si MOSFET's [21].



3. - the T o

An important characteristic of the magnetic-field-induced
metal-insulator transition is the exponent { describing the variation
of the conductivity with magnetic field near the transition on the
metallic side:

G (H - HgS (1)

The value of this exponent can help to distinguish different physical
mechanisms which could be responsible for the transition. Recent

theory [5-7) predicts { = 1 for the transition in strong magnetic
fields.

Because the amount of thermal rounding in our magnetoresistance
data is significant even at 30 mK, we extrapolated the transverse
conductivity to zero temperature in order to make a comparison with
theory. Figure 3 shows a series of curves which illustrate the
technique. Here the transverse conductivity Oy, computed from
magnetoresistance data for sample 4H5§7 and normalized to the value at
H=0and T = 0.4 K, is plotted vs. T 2 on the metallic side of the
transition for various magnetic fields. This temperature dependence
is experimentally found at zero field in degenerately-doped Ge [22],
and is characteristic of corrections to the conductivity of three-
dimensional samples from Coulomb interactions and from certain cases
of weak localization; as shown in Fig. 3 it fits the variation of O,
with T quite well. Least squares fits to the data for each magnetic
field, shown as the straight lines in Fig. 3, were used to find the
zero-temperature intercepts.
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Figure 4 shows a linear plot of the extrapolated zero temperaturge
transverse conductivity Oy, (shown as the square points) for sample
4H596 vs. field H, together with plots of the finite temperature
conductivity (shown as curves) computed from magnetoresistance and
Hall data at the temperatures indicated; the conductivity curves are
all normalized to the value at H = 0 and T = 0.4 K as indicated. As
shown in Fig. 4 the rounding of the transition is considerapl¥ reduced
for the extrapolated data, and the zero-temperagure conductivity
approaches the transition in an approximately linear manner. Thus
this data is consistent with the exponent { = 1 predicted by recent



theory [5-7] which includes both disordered Coulomb interactions and
localization. Earlier experiments for degenerately-doped Si [18] in
high magnetic fields were not able to drive the samples through the
metal-insulator transition, and thus their estimate of the exponent is
much more indirect. The critical field H, = 3.8 Tesla for Ge sample
4H596 can be deduced from the extrapolated zero-temperature data of
Fig. 4 by assuming a linear field dependence for the conductivity.
Similar extrapolated data were obtained from sample EP2 with higher
donor concentration, except that the critical field obtained by this
procedure is larger by a factor = 1.4, as qualitatively expected for
heavier doping.
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Fig. 4 - Linear plots of the extrapolated zero-temperature
conductivity Oy, (squares) and finite temperature data (curves) vs.
magnetic field H for sample 4H596 at the temperatures indicated.

A number of cautionary remarks regarding exponents are in order.
The critical region very near the transition, where scaling theory is
strictly valid, is obscured by small variations in the impurity
concentration in material such as ours, which is doped by conventional
methods. The small rounding evident in the extrapolated data in
Fig. 4 is comparable to the variation in transition field obtained in
our isotropy tests described in Section 2. Away from the transition
where the data is most reliable, the functional variation of
conductivity with field predicted by theory is only approximately
correct. These problems are of course more severe in cases other than
ours where the transition is not observed, and extrapolations from low
fields are used to deduce the exponent.

4. CONCLUSIONS

A magnetic-field-driven metal-insulator transition is observed in
degenerately doped Ge:Sb at low temperatures T < 1 K. The Hall
coefficient remains relatively unchanged while the transverse and
longitudinal magnetoresistance increase by as much as a factor = 5000,
and the extrapolated zero temperature transverse magnetoconductivity
varies approximately linearly with field H near the transition on the
metallic side. These data support the recent theory of CASTELLANI et.
al. [7] which includes both disordered Coulomb iptgrac;ions and
localization and predicts that the type of transition 1n strong
magnetic fields is localization. Our results differ qgualitatively



from magnetic freezeout, which is driven by a reduction in the
apparent carrier concentration, and from the metal-insulator
transition in low magnetic fields in Ge [10].

5. ACKNOWLEDGEMENTS

We thank B.I. Halperin, P.A. Lee, A.B. Fowler, and P. Stiles for
helpful comments. Part of this work was performed at the Francis
Bitter National Magnet Laboratory, supported by the National Science
Foundation at M.I.T. This work was supported by the National Science
Foundation under grants DMR85-08733 and DMR-86-14003.

REFERENCES

l. B.I. Shklovskii and A.L. Efros: i i

Semiconductors, (Springer-Verlag, Berlin, 1984)
2. N.F. Mott and E.A. Davis:

Electronic Properties in

Non-Crystalline Materials, 2nd ed., (Oxford University Press,
Oxford, 1979)

3. Y. Yafet, R.W. Keyes and E.N. Adams: J. Phys. Chem. Solids. 1,
137 (1956)

4. R.W. Keyes and R. J. Sladek: J. Phys. Chem. Solids. 1, 143
(1956)

5. A.M. Finkelstein: Sov. Phys. JETP, 57, 97 (1983)

6. C. Castellani, C. DiCastro, P.A. Lee, and M. Ma: Phys. Rev.
B30, 527 (1984)

7. C. Castellani, G. Kotliar and P.A. Lee, preprint

8. Reviewed in G.A. Thomas: Phil. Mag. B52, 479 (1985)

9. G.A. Thomas, Y. Ootuka, S. Katsumoto, S. Kobayashi, and W.
Sasaki: Phys. Rev. B25, 4288 (1982)

10. S.B. Field and T.F. Rosenbaum: Phys. Rev. Lett. 55, 522 (1985)

11. V. Celli and N.D. Mermin: Phys. Rev. 140, 839 (1965)

12. H. Fukuyama: Solid State Commun. 26, 783 (1978)

13. Z. Tesanovic and B.I. Halperin, preprint

14. G. Nimtz, B. Schlict, E. Tyssen, R. Dornhaus, and L. D. Hass:
Solid State Commun. 32, 669 (1979)

15. T.F. Rosenbaum, S.B. Field, D.A. Nelson and P.B. Littlewood:
Phys. Rev. Lett. 54, 241 (1985)

16. M. Shayegan, V. J. Goldman, H. D. Drew, D. A. Nelson and P. M.
Tedrow: Phys. Rev. B32, 6952 (1986)

17. G.A. Thomas, M.J. Burns, P. Hopkins and R. M. Westervelt: Phil.
Mag., in press

18. W.N. Shaferman, T.G. Castner, J.S. Brooks, K.P. Martin and M.J.
Naughton: Phys. Rev. Lett. 56, 980 (1986)

19. S.M. Sze and J.C. Irvin: Solid State Electron. 11, 599 (1968)

20. H. Fritzche: In Methods of Experimental Physics, Vol. 6B: Solid
State Physics, K. Lark-Horovitz and V.A. Johnson, eds.

. (Academic Press, New York 1959), ch. 8

21. T. Ando, A.B. Fowler, and F. Stern: Rev. Mod. Phys. 54, 437 N
(1982) '

22. G.A. Thomas, A. Kawabata, Y. Ootuka, S. Katsumoto,
S. Kobayashi, and W. Sasaki: Phys. Rev. B26, 2113 (1982)



