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PROGRESS REPORT

The focus of our research continues to be the transport behavior of doped

semiconductors on both sides of the metal-insulator transition, and the

approach to the transition from both the insulating and the metallic side.

The Metall_c Phase:

From measurements of the resistivity of a series of just-metallic

uncompensated p-type Si:B samples with dopant concentrations near the critical

concentration for the metal-lnsulator transition, we have determined the

critical exponent which characterizes the approach of the conductivity to the

insulating phase. Our results, obtained mostly between 1.3 and 4.2K, indicate

a critical exponent 'Jr 5i:B of 0.94_+0.12. This result should be contrasted

with n-type St:P and Si:As, where the exponent is close to I/2. The different

exponent in Si:B may be associated with the presence of strong spin-orbit

scattering in SI:B and, as suggested by recent theoretical work of Castellani,

Kotliar and Lee based on Fermi liquid theory, may indicate that the metal-

insulator transitic , in this material is driven by electron-electron

interactions rather than being a true localization transition where the

diffusion constant goes to zero and the density of states at the Fermi level

remains finite. The above result was obtained from extrapolations of the

conductivity to zero from fairly high temperature. A more precise

determination of the exponent will be made with the aid of measurements at

much lower temperatures. The measurements at very low temperatures were

delayed by unexpected problems which arose in connection with making good

contacts to our samples. These contact problems have now been resolved, as

discussed below, and we plan to extend our studies to lower temperature in the

dilution refrigerator within the next month.

DISTRIBUTION OF THIS DOCUMENT fS UNLI



We have a/so measured the magnetoresistance of a series of metallic Si:B

samples between 1.3 and J4.2K in magnetic fields to 4T. The magnetoresistance

is always positive and quadratic with field at low fields with deviations to a

weaker field dependence at higher fields, as expected. Localization theory was

applied to the low field data (where the magnetoresistance is quadratic in

field) to deduce a phase-breaklng time _. This works well for samples away

from the transition, and becomes progressively less valid as the transition Is

approached and electron interactions play an increasingly important role. For

samples which are not too close to the transition the phase breaking time T is

found to be proportional to the inverse of the temperature, T-_, in agreement

wlth recent theory of Belitz and Kirkpatrlck. Deviations from this are

observed as the transition is approached, where simple localization theory is

not expected to be valid, and electron-electron interactions must be taken

into account. A correct and complete analysis of the magnetoresistance data

will require inclusion of both physical processes. Also, data at lower

temperatures will be obtained.

The Insulating Phase:

We have continued our studies on CdSe, and have become particularly

interested in the behavior of insulating material, where conduction takes piace

by hopping, and in the approach to the transition from the insulating side.

Measurements down to 60mK (at zero field) in@icate that these insulating

(compensated) CdSe samples exhibit a crossover with decreasing temperature

from Mott variable r3nge hopping (exp[T0/T] I/_) to Efros-Shklovskil variable

range hopping (exp[T0'/T]*/2). The latter ts generally ascribed to the presence

of a gap in the density of states due to long range Coulomb interactions

between the electrons. The crosssover which we observe occurs at a

temperature where the hopping energy pre:Jumably becomes comparable or smaller
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than the Coulomb gap energy, and this crossover temperature is found to

decrease with increasing dopant concentration, indicating that the Coulomb gap

becomes narrower as the metal-lnsulator transition is approached_ as expected.

To our knowledge, this is the first observation in a doped semiconductor of

both types of behavior in a single sample without the application of a field

(there is one report of the observation of crossover behavior in InP by

application of a magnetic field). The observation of both Mott and Efros-

Shklovskii variable range hopping for the same samples allows a simultaneous

determination of To in the Mott range and of To' in the ES range. Using five

samples, we have established the empirical relation] To' _ To2/3. Since To-_ is

proportional to the cube of the localization length, and To'-_ is proportional

to the localization length times the dielectric constant, this experimental

result implies that these two quantities (namely, the localization length and

the dielectric constant) are proportional to each other, that they diverge the

same way as the metal-insulator is approached and thus, that their critical

exponents are equal.

We have studied the magnetore_istance AR/R between 1.67K and 6K in

magnetic fields to 4T. The magnetoresistance is negative at low fields, and as

in the case of the just-metallic Si:B samples described above, the

magnetoresistance of these insulating n-type CdSe samples is quadratic with

field in low magnetic fields, exhibiting progressively weaker dependence as the

magnetic field is increased. As have other investigators for In203 amd n-GaAs,

we ascribe the observed behavlo_' for these insulating samples to the effects

of a magnetic field on the quantum-mechanlcal interference between different

hopping paths, as discussed by Nguyen, Shklovsky and Spivak, and by Sivan,

Entin-Wohlman and Imry. According to this theoretical work, one expects the

magnetoresistance to satisfy the relation (AR/R)_T-aH 2, with a=3/4 for the case



of Mott hopping ann _=3/2 for hopping in the presence of a Coulomb gap. Our

data exhibit H2 dependence at low fields, and follow a power law with

temperature, as expected. However the exponent _ is found to be equal instead

to _--1.32_+0.04,and is approximately the same for all samples, irrespective of

whether the zero field conductivity obeys Mott or Efros-Shklovsky (Coulomb

gap) hopping. Very similar results were obtained by Mallepaard, Pepper,

Newbury and Hill in n-GaAs, where _ was found to be approximately 1.22, and

roughly the same for samples near the transition where Mott hopping was

observed, and further from the transition in the presence of a Coulomb gap.

As suggested by these authors, this implies that the relevant area over which

phase memory is maintained is not governed by the hopping length.

We have also obtained data on these n-CdSe samples in magnetic fields up

to 7T and at temperatures dow_ to 60mK in our dilution refrigerator. The data

for one sample clesest to the transition indicate that a magnetic field

effectively low_rs the _ "_over temperature, indicating that the Coulomb gap

is narrowing and that the mag -lc field is bringing the sample closer to the

M-I transition. This would imply that very near the transition, the magnetic

field has the same effect on "just-insulating" samples as it does on "just-

metallic" samples, namely, its effect is to delocallze the carriers by

dephasing the backscattering process which is responsible for the localization.

The data for the more insulating samples is more complex• The

reslstivity decreases with increasing magnetic field up to fields of 3 or 4T,

above which a positive contribution to the magnetoresistance becomes the

dominant term. We have attempted a separation of the magnetoresistance into

two terms: a positive contribution of the form _exp[K(T)H 2] associated with

modifications of the wavefunctlons in a magnetic field, a_ -_uggested by Efros

and Shklovsky, and a negative term which is found to saturate at fields above
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approximately 2 or 3T. The latter is generally consistent in size and form

with t_e magnetoresistance predicted by Nguyen et al. and Sivan et al. arising

from quantum mechanical interference effects in the insulating phase. We are

gathering more data and studying this interesting term in detail. The

temperature and field dependence of the positive term is consistent with

theoretical expectations, except at very low temperatures, where it

unexpectedly becomes independent of temperature. We are currently in the

process of repeating these measurements using a different experimental

configuration in order to ascertain whether these results are indeed correct,

or whether they are dl3e to experimental artifacts such as inadequate thermal

contact.

We have also taken measurements of the Hall coefficient down to mK

temperatures. In earlier experiments we established that the Hall coefficient

is finite and measurable in the temperature range 1.3-4.2K, and that it follows

an exponentially activated form exp(T0/T)n of the variable range hopping type.

lt was not possible for us to determine, however, whether n_I/4 or n=I/2 in

the narrow range of temperature available to us then. We have recently

extended our measurements into the mK range. Data for the Hall coefficient

are generally noisy and difficult, and require great care and lots of signal

averaging. Further, the large fields necessary for adequate signals make it

difficult to obtain reliable zero-fleld extrapolations. The data we have

obtained to date in the dilution refrigerator indicate that the Hall

coefficient has a temperature dependence which is quite similar to that of the

resistivity of these samples in the same temperature range, namely,

ln(RH)_T -I/2. This is a very interesting result, if correct° We are taking

more data in an attempt to nail this down.
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PROPOSED WORK

The Metallic Phase:

As detailed above, we have measured the resistivity and the

magnetoresistance of Si:B down to 1.3K, and plan to extend these measurements

into the mK range of temperature. We had encountered problems making

sufficiently good (low resistance) contacts to the Si:B samples to enable us to

obtain reliable results at very low temperatures. Various techniques were

attempted which proved inadequate. We have recently entered a collaboration

with Alice White at AT&T Bell, who has agreed to help us make contact to the

Si:B samples by ion implantation. This has recently been completed, and we

expect to extend our measurements downward in temperature in the very near

future.

We also plan to investigate the Hall coefficient. Since the Hall

coefficient involves the carrier density (and not the mobility) its behavior as

the transition is approached will be quite different depending on whether it is

a localization transition or one driven mainly by electron-electrion

interactions. These measurements should determine whether the Hall

coefficient of SI:B exhibits critical behavior (electron-electron interactions),

as observed by Field and Rosenbaum in Ge:Sh, or whether it remains finite

(localization transition) as claimed for Si:As by Koon and Castner. If our

Interpretaion of recent zero-fleld resistivity results is correct, we should

presumably find critical behavior.

The Insulating Phase:

We plan to measure the transport properties of SI:B with boron

concentrations on the insulating side of the transition. In particular, we

will measure the zero-field resistivity to ascertain what form of hopping

takes place (in al! likelihood lt is Mott variable range hopping). We will
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measure the magnetoresistance, and we will measure the Hall coefficient. The

purpose is to study the effect of a magnetic field in the hopping regime, and

to attempt to measure a finite Hall coefficient on insulating samples close to

the transition using as small a magnetic field as is feasible.

We will continue our studies of Indium-doped n-CdSe. As mentioned above,

we plan to repeat our measurements and take more data on the

magnetoresistance at very low temperature. We are redesigning the experiment

to allow us to piace the samples directly in the mixing chamber' in order to .

insure adequate thermal contact.

As discussed above, we also intend to continue our measurents of the Hall

coefficient of n-CdSe at low temperatures. Our data so far points to a

temperature dependence In(RH=T -*/2. We need more and better data to confirm

this interesting result.

Analysis of the temperature dependence of the zero-field resistivity data

for n-CdSe yielded values for e_ which were unexpectedly high. (Here E is the

dielectric constant and 5 is the localization length.) In order to gain more

information on this matter, we plan to initiate measurements of the dielectric

susceptibility _.
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This report was prepared as an account of work sponsored by an agency of the Unit,.xt States
Government. Neither the United States Government nor any agency thereof, nor any of their
employees, makes any warranty, express or implied, or assumes any legal liability or responsi-
bility for the accuracy, completeness, or usefulness of any information, apparatus, product, or
process disclosed, or represents that its use would not infringe privately owned rights. Refer-
ence herein to any specific commercial product, process, or service by trade name, trademark,
manufacturer, or otherwise dots not necessarily constitute or imply its endorsement, recom-
mendation, or favoring by 'he United States Government or any agency thereof. The views
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United States Governm, nt or any agency there.of.
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"Observation of a Crossover from Mott to Efros-Shklovsky Variable Range

He[_ping in n-CdSe", Youzhu Zhang, Peihua Pal, Miguel Levy and M.P. Sarachlk, in

Hopping and Related Phenomena, cd. by H. Fritzsche and M. Pollak (World

Scientific Publishing Co., 1990), p.85.

"Probing the Coulomb Gap in n-type CdSe," Youzhu Zhang, Pelhua Dal, Miguel
Levy and M. P. Sarachik, Phys. Rev. Lett. 64, 2687 (1990).

"The Critical Conductivity Exponent for SI:B," Pelhua Dal, Youzhou Zhang and
M. P. Sarachlk, submitted to Solid State Commun.

"Probing the Coulomb Gap in Insulating n-Type CdSe," Youzhu Zhang, Peihua

Dai and M. P. Sarachik, submitted to MoO. Phys. Lett B.

" Youzhou Zhang Peihua"The Hall Coefficient in n-CdSe in the Hopping Regime,

Dai and M. P. Sarachik, in preparation.

"The Resistivity of n-type CdSe," Youzhu Zhang and M. P. Sarachik, in

preparation.

"Magnetoresistance of Si:B near the Metal-lnsulator Transition," Peihua Dai

and M. P. Sarachik, in preparation.

"Magnetoresistance of Insulating n-CdSe at Millikelvln Temperatures,"

Youzhou Zhang, Peihua Dai and M.P. Sarachik, in preparation.

PRESENTATIONS at the March 1990 meeting:

"Experimental Studies of the Coulomb Gap," Myriam P. Sarachik, Bull. Am.

Phys. Soc. 35, 599 (1990) (Invited).

"Low Temperature Conductivity of p-type Si:B," Peihua Dai, Youzhou Zhang ana
M. P. Sarachik, Bull. Am. Phys. Soc. 35, 600 (1990).

"Low Temperature Magnetoresistance of Insulating n-Type CdSe," Youzhou

Zhang, Peihua Dai and M. P. Sarachik, Bull. Am. Phys. Soc. 35, 706 (1990).
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Peihua Dal, the student working on thls project has passed hls "area"

examination, is making very good progress, and should be finished with the

researc_l for hls Ph.D degree by next summer. The post doctoral research

associate, Youzhou Zhang, has be_n doing excellent work. He doe_. ilot yet have

plans t_ move on.

There has been no change in federal support during the past year.
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