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conductivity model which predicts that the ac con-
ductivity increases with the minority impurity con-
centration. It has been suggestede that interstitial
migration at 1.6 K might best be understood by an

athermal migration process; a model for such a,

process has been proposed. The present extension
of the migration temperature to 0. 5 K adds further

'

support to these suggestions.

*Work supported by Army Research Office, - Durham,
N. C.

H. E. McKeighen and J. S. Koehler, Phys. Hev. B 4,
462 (1971).

2M. Pollack and T. H. Geballe, Phys. Hev. 122, 1742

(1961).
3J. S. Koehler and R. E. McKeighen, Bull. Am. Phys.

Soc. 16, 396 (1971).
G. D. Watkins, H. P. Messmer, C. Weigel, D. Peak,

and J. W. Corbett, Phys. Rev. Letters 27, 1573 (1971).

PHVSICWL REVIEW B VOLUME 6, NUMBER 12 15 DE CE MBER 1972

Magnetic Susceptibility of Amorphous Semiconductors
F. J. Di Salvo, A. Menth, and J. V. %'aszczak

Bell I-aboxatoxies, ~m"way Hill, Meso Jersey 07974

and

J. Tauc
division of Engineering, &roun University, Providence, Rhode Island 02912

and Bell I aboxatoxies, Moray Hill, New Jersey 07974
(Received 2 June 1972; revised manuscript received 2 August 1972)

Previously observed paramagnetic contributions to the magnetic susceptibility of As2SB and

As28e3 glasses are shown to be due to iron impurities. The density of singly occupied local-
ized states is below 3x10 per cm3 in ultrapure glasses. Careful measurements of the dia-
magnetic susceptibility of both the glassy and crystalline phases of several glass-forming
semiconductors indicate that the difference in diamagnetism of the phases is small.

I. INTRODUCTION

The magnetic susceptibility (y) of solids depends
in general in a complicated way on the electronic
structure, and the comparison of experimental re-
sults with theory is usually not straightforward.
Nevertheless, studies of magnetic susceptibilities
may provide a possible test on the correctness of
some models of electronic structures. It is there-
fore of interest to investigate the magnetic suscep-
tibility of amorphous semiconductors with the aim
of obtaining some additional experimental informa-
tion on a still unresolved problem of the electronic
states in amorphous semiconductors. Busch and
Vogt' observed a difference between the magnetic
susceptibilities of amorphous and crystalline Se.
At the melting point, X of the crystall. ine form
changed discontinuously in contrast to that of the
amorphous form. Cervinka, eg al. ~ and Matyfs3
found that y of Cdoe„AS~ and related glasses can
be separated into a temperature-independent dia-
magnetic term g and a Curie term X~, which has
been ascribed to unsatisfied Ge bonds. The para-
magnetic contribution may under favorable condi-
tions be observable also in electron spin resonance

,
(ESB), and indeed, Brodsky and Title observed
ESH in nonannealed amorphous Ge, Se, and SiC

films. The signal corresponded to spin concentra-
tions of the order 1020 cm-3. These free spins
were associated with the dangling bonds at the inner
surfaces of voids, and this assignment was later
justified by some more observations.

Amorphous materials in which a paramagnetic
term was observed are rather poor glass formers
and must be produced by a fast quenching of the
melt or by vapor deposition. Such materials are
likely to contain a large concentration of unsatis-
fied bonds, and defects of this kind produce para-
magnetic contributions to the susceptibility even
in crystalline solids. Our aim was to study ma-
terials as close as possible to "ideal glasses, "
that is, glasses in which all chemical bonds are
satisfied. We had therefore to choose good glass
formers such as As3S, and AszSes, which can be
produced in the amorphous forms even with rela-
tively slow cooling rates.

The question which we asked was whether there
are singly occupied states in the gap of an ideal
glass, in other words, whether the mere loss of
the long-range order produces singly occupied
states in the gap. Inthe original Mott-CFO (Cohen,
Fritzsche, and Ovshinsky) theory'8 of the states in
the gap, the question of whether the states are
doubly or singly occupied is not discussed. States
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in the gap are localized over increasingly smaller
volumes the deeper in the gap they are. " The
C oulombic interaction may considerably increase
the energy of the second electron in a localized
state, and displace its energy level above the Fermi
level. Recently, these qualitative ideas were the-
oretically discussed by Pollak' and Kaplan et al. '
On the basis of these considerations, one expects
that a part of the states in the gap should be singly
occupied, and should therefore contribute a para-
magnetic term to the magnetic susceptibility, which
w ould be observable at low te mper atur es .

We have not found, as described in detail below,
any evidence of such singly occupied states in pure
As&S3 and As~Se3. The sensitivity of these experi-
ments is about 3 x 10" cm-'. Bagley eg al.
found similar results in amorphous S and 8e .

During our studies, we originally observed' "
a low-temperature paramagnetic contribution that
roughly obeyed the Curie law. We found, however,
that these "tails" were due to extremely small con-

centrationsns

of iron in our samples. Also, our
measurements' on crystalline AszS3, which was
melted and quenched in situ in a sealed quartz con-
tainer, showing a large increase of the Curie term
in the vitreous material, can be explained, as
shown below, by the presence of Fe. The total
amount of Fe atoms is, of course, the same in the
crystalline and amorphous forms, but the Fe ions
are in different states in the two forms.

Finally, our measurements of the temperature-
independent diamagnetic part show that the glass is
usually more diamagnetic than the corresponding
crystalline state . The accuracy of our measure-
ments of both crystals and randomly oriented
polycrystall. ine samples has been improved, and
we find that the difference between the crystalline
and glass susceptibilities is smaller than reported
previously. "

II. MATERIALS PREPARATION

The samples were prepared from the appropriate
elements (S, Se, or As}, all of 99.9999% purity.
No transition el.ements were observable by spectro-
graphic analysis in the starting materials, the
1-ppm total impurity level being due to halogens,
other chalcogenides, and antimony. The elements
were weighed to the correct stoichiometry and
sealed in I8-mm-o. d. quartz tubes under a vacuum
of less than 10 Torr; typical samples weighed be-
tween 20 and 30 g. The material was reacted by
heating to 700 'C in approximately 1 h, and the
furnace rocked about the horizontal so that the
melt would be thoroughly mixed. The melting
points of the starting materials and end products
are S, 119 'C; Se, 217 'C; As, 613 'C; As,S3,
315 'C; AsaSe3, 368 'C. The boiling point of
AsaS3 is 708 'C, and thus to avoid exp]osion of

the samples, higher temperatures were not used.
Rocking at 700 'C was continued for an interval
as short as 1 h or as long as three days, but it
was determined that the product was not improved
in any way by the longer rocking. After rocking,
the furnace was turned to a vertical position so
that the melt would be confined to one end of the-
cylindrical quartz tube. The furnace was then
cooled to approximately 450 C for —,

' h, so that
bubble formation in the melt was avoided. Rapid
que nching of the melts into air or water usually
produced samples with a large number of cracks
and slower cooling rates still produced glassy
products but without cracks. Cooling rates be-
tween 2'C/min and 20 C/min were used; the
higher rates were obtained by shutting the furnace
off and blowing cool air thr ough the furnace center.
Some of the samples were checked by x-ray pow-
der diff ractograms and by differential thermal
analysis and all were shown to be glassy with no
polycrystall inc phases present. The optical quali-
ty of the AszS~ glasses produced is quite good, the
material being transparent in the red even for the
largest sample lengths produced (approximately
6 cm). As~Ses is not transparent in the visible,
but the samples looked quite homogeneous in an
inf rar ed microscope.

III. MAGNETIC MEASUREMENTS

The magnetic susceptibility is measured with
an electronic Faraday balance, with samples
weighing between 0. 2 and 1.0 g. Only recently,
however, shaped magnetic pole pieces were added
so that the product of magnetic field times the
field gradient, was approximately constant over a
large volume (to 1% over 2&& 0. 4~ 0. 4 cm) (see
Ref. 1V for a discussion of the technique. ) With
this change both the precision and absolute ac-
curacy of our measurements improved consider-
ably, and led to a reevaluation of our initial in-
terpre tat ion of the results previously reported.

Small amounts of ferromagnetic contamination
can cause large deviations of the measured sus-
ceptibility from the true value. This contamina-
tion is easily detected, however, since the mea-
sured susceptibility is linearly dependent upon the
inverse of the applied magnetic field (H). We
use only data from those samples shown to have
field-independent susceptibilities over the range
1.5-13 kG.

The ab solute accuracy of the system was checked
with a number of "standards. " In cases where the
susceptibility is known with high accuracy, we ob-
tained values within + '% of those published. ~8

For example, we obtained for 99.9999% pure
single-crystal Ge, g = —0. 106&& 10 6 emu/g; and
for 99.9999/0 single-crystal Pb, y., = —0. 113
'10 6 emu/g (both at room temperature). The
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temperature dependence of the susceptibility of
the paramagnetic salt chrome alum [CrK(SO4)s
~ 12HaO] was also measured between 10 and 225 'K.
The temperature-dependent part fits an inverse-
temperature (1/T) law with a coefficient of 3.68
x 10 s emu 'K/g, as compared to the value calcu-
lated from ESR measurements of 3.71&&10 emu
'K/g. t Although the absolute accuracy of the
susceptibility measurements is expected to be
about 2%, the precision with which charges in the
susceptibility vs temperature could be observed
for a given samPle is on the order of 0. 5%.
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FIG. 1. Magnetic susceptibility X~ of a nominally pure
As283 glass vs temperature.

In a previous paper, we showed that the mag-
netic susceptibility (Xr, in units of emu/g) of
amorphous AsaS3 and AsaSes consisted of two parts,
a temperature-independent diamagnetic term and
a temperature-dependent Curie-like term. Re-
sults from a typical sample are shown in Fig. 1.

With the increased precision our system now

affords, we are able to subtract very accurately
the diamagnetic part of the susceptibility ()t~). In
Fig. 2 the Curie part (go) vs 1/T is shown for
a sample of amorphous As&83 in a field of 12. 8 kG.
yo does not follow a 1/T relation to the lowest
temperature of measurement (l. 5 'K), but shows
a clear deviation at about 6 K. As a measure
of this deviation, the value of g~ extrapolated
from high temperatures (& 6' K) to 1.5 'K divided
by the measured value of yo a.t 1.5 'K, Xc (extrap
l. 5 'K)/g c (meas 1. 5 'K), is 2. 20+ 0.2.

There are several mechanisms that could ex-
plain this departure of )to from a 1/T dependence.
These include paramagnetic saturation, antifer-
romagnetic interactions between the paramagnetic
moments, and crystal field splitting of the para-
magnetic states. Paramagnetic saturation can be

FIG. 2. Temperature-dependent part X~ of the suscep-
tibility for a nomially pure As2SB glass vs inverse tempera-
ture, showing a large deviation at low temperatures from
a 1/T law.

ruled out as the major cause, since saturation
becomes significant only when H/T = 104 G/'K, 'a

and saturation does not cause such a sharp break
in gc vs 1/T. Exchange interactions cannot be so
easily ruled out, even though the density of the
postulated singly occupied states would be quite
low (n-107 to 10ts/cm ), because the states may
be large enough in size (diam & 1000 A) to allow
significant spatial overlap. We shall later elimi-
nate this possibility, however, by showing that the
third mechanism is the cause of the deviation.

Crystal field splitting only occurs for paramag-
netic centers with a spin greater than —,', since
spin-s states (Kramers doublets) are not split by
a crystal field. Since it is expected that the
spin of singly occupied localized states would be
—,', the existence of this mechanism would imply
that the moments are due to impurities, most
likely transition metals.

Spectroscopic semiquantitative analysis of 20
different samples of AsaS„(2. 8& x& 30) and AsaSea
glasses showed that the only transition-metal im-
purity present was Fe. Sixteen of these samples
showed iron in the 1-10ppm range and four showed
no iron. We believe that the results of three of
these four can be understood as explained in the
remaining text and the last is probably not a cor-
rect analysis. For most of the samples measured,
iron impurities at about 3 ppm (assuming Fe ' and
S= —'„g= 2) would easily explain the Curie tail.
It is possible, however, that the iron could be in
a nonmagnetic state (say, Fe ', S = 0) as in a num-
ber of chalcogenide compounds (for example, FeSs).
In order to distinguish between the two possibili-
ties (exchange interactions or Fe impurities), we
undertook several experiments.
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FIG. 3. Xc vs inverse temperature for As263 doped
with 120 ppm by weight Fe.

First, we prepared amorphous As2S, doped in-
tentionally with small amounts of Fe (26 and 120
ppm by weight Fe). The susceptibility again
showed a diamagnetic part and a much larger Cu-
rie part. Figure 3 shows yo vs I/T for a sample
containing 120 ppm Fe. Again it is apparent that
a deviation in Xo occurs near 6'K and g o (extrap
1.5'K)/Xo(meas l. 5'K) = 2. 12 +0.03. These re
suits are the same as those obtained for the nom-
inally undoped AssSs (see Fig. 2). Similar results
were obtained for materials doped with 26-ppm
Fe. These data made it appear very likely that
Fe impurities were causing the Curie tail.

Second, we felt that an explanation of the results
of a previously reported experiment was needed
to prove conclusively that only impurities were
causing the tail. This experiment consisted of
first measuring the susceptibility of crystalline
AssS3. . (Polycrystalline AssS3 is very difficult to
prepare in the laboratory, but is available as a
natural crystal, orpiment. ) The crystal was then
melted in situ to form the glass and remeasured.
The results showed that the crystalline material
had a slightly temperature-dependent susceptibility
up to room temperature but only a small I/T-like
upturn at low temperatures. The susceptibility of
the glass, however, consisted of the usual tem-
perature-independent part and a Curie part that
was considerably larger than that observed in the
crystal. Although the source of the temperature
dependent background observed in the crystalline
material was not understood, some diamagnetic
materials are known to show temperature-depen-
dent susceptibilities that are not connected with
impurities and, in fact, remain partly unexplained
(Ge, In, s' and others). It was thought, however,
that since the low-temperature tail in the glass
was considerably larger than that in the crystal,

the excess Curie susceptibility in the glass must
come from singly occupied localized states.

Since AszS3 cannot be crystallized in the labora-
tory, we decided to do the same type of experi-
ment with intentionally Fe-doped As, Se„which can
be prepared in both the polycrystalline and amor-
phous states. The results for As2Se, + 50-ppm
Fe are shown in Fig. 4. In the polycrystalline
state, the susceptibility shows complex tempera-
ture dependence with a small 1/T part at low
temperature. The amorphous phase shows a much
larger Curie part on top of a temperature-inde-
pendent diamagnetic background. It appears that,
in the polycrystalline material, the Fe separates
out of the bulk of the material to form an iron-
rich phase, probably at crystalline boundaries.
This iron-rich (containing a large mole % Fe)
phase is antiferromagnetic with a Noel tempera-
ture near 20'K. A small fraction of the 50-ppm
Fe remains solvent in the bulk As2Se, crystallites
producing the small tail at low temperatures.
When the glass is formed, the Fe remains com-
pletely solvent in the bulk as isolated paramagnetic
impurities. Iron apparently has a much higher
solubility in AssSe, glass than in the polycrystal-
line material. This experiment appears to explain
both the odd temperature dependence of the sus-
ceptibility of orpiment and the increased tail in
the AsaS, glass as entirely due to imPuxities.

This segregation of impurities to crystalline
defects or boundaries probably explains the spec-
troscopic analysis obtained for natural orpiment
crystal. Orpiment was one of the four samples
which showed no iron. Only a few milligrams of
material is used in the analysis, and it is possible
that a portion was used that included no large de-
fects. The susceptibility results of the glass pro-
duced from the natural crystal show that the total
average iron impurity in the crystals is about
5-10 ppm.

Since the glasses were prepared from 99.9999%
pure As, S, or Se, the iron impurities must have
been included during preparation. This may have
come from dust in the air or have been leached
out of the quartz containers in which the glasses
were prepared (nominal Fe impurity in "ordinary"
quartz tubing is 1—2 ppm).

We attempted to prepare AsaS3 of very high
purity by working under relatively clean conditions,
using ultrapure quartz containers (Fey 0. 2 ppm),
and heating to 700 'C for only 1 h. As can be seen
in Fig. 5, the Curie part of the susceptibility was
considerably reduced. Also shown in Fig. 5 is the
susceptibility of a similarly prepared high-purity
As~Se3 sample.

It cannot be determined whether this small tail
in the ultrapure As2S3 is still due to iron impuri-
ties at approximately a 0. 3-ppm level, since the
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FIG. 4. Susceptibility of As&Se3 amorphous and poly-
crystalline doped with 50-ppm Fe vs temperature.

signal is so small, or to singly occupied localized
states. It does allow us, however, to place an

upper limit on the density of sirgly occupied local-
ized states of 3x10" cm .

The effects of doping As~S3 glasses with noble
metals are not fully understood at present but
appear also to be related to sample-preparation
techniques. We have reported that doping these
glasses with small amounts of Cu, Ag, or Au

(0. 1-1.0 at. %%uc )caused a largereductionof the
Curie tail. Since it would appear that these do-
pants must affect the magnetic moment on the Fe
impurities, we prepared several samples of

As2S3 with both Fe and Cu. Even when there was
approximately 100 times as much Cu as Fe, we
observed no reduction in the iron moment. The
Cu does not appreciably affect the contribution
of Fe to the Curie tail.

Although we believe that the results obtained
with the Fe-doped As~S3 samples and the produc-
tion of As2S3 with virtually no Curie tail proves
that Fe impurities cause the tail, we feel that a
plausible explanation of the previous results~' of
doping with noble metals should be advanced.

These noble-metal results can be explained if
several assumptions about the source of the Fe
impurities are accepted. These assumptions are
supported by a number of circumstantial facts.
First we assume that the Fe impurities are leached
out of the quartz containers by the molten As2S3
at VOO'C or perhaps diffuse through the quartz
from the stainless-steel container that surrounds
the sample tube. (This container was used to con-
fine the sample in case of explosion or tube break-
age. ) This assumption is supported by the two
following observations. The ultrapure As2S3, show-
ing virtually no Curie tail, was prepared in very
high purity quartz tubing, sealed inside a second
quartz tube, and held at 700 C for only 1 h. Also,
two of the four samples which showed no iron im-
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FIG. 5. Magnetic susceptibility of the purest As2S and

As2Se3 glasses that we have produced.

purities by spectroscopic analysis were very sul-
fur rich, corresponding to AszS&z 3 and AszS&6 5.
Since these samples contained such an excess of
sulfur, they could only be heated to approximately
500 'C to avoid explosions from the sulfur vapor
pressure. At 500 'C one would expect that the dif-
fusion rate of Fe through quartz is considerably
reduced from that at VOO C, and much less Fe
would be expected to contaminate the sample.
Secondly, we must assume that the noble metals
in the melt of As~S3 at VOO C impede the transfer
of iron from the quartz to the melt. This would be
necessary since the noble metals do not reduce the
magnetic moment of the Fe and thus must reduce
the initial contamination. This assumption is sup-
ported by the fact that As~S3 wets so well to quartz
that upon cooling and contraction of the melt the
quartz tubing is broken by "implosion. " When

preparing the ultrapure samples, a second quartz
tube is sealed around the first tube in order to
prevent sample contamination when the first tube
shatters on cooling. However, when the Cu is added
to the melt, the wetting decreases and the quartz
tubes do not break upon cooling of the melt. This
reduced wetting may provide a surface barrier to
diffusion of iron from the quartz to the melt.

8. Diamagnetic Shifts

Another problem of current interest is the
change in diamagnetism observed in materials
when they transform between the crystalline and
amorphous phase. There are a number of difficul-
ties associated with these measurements, and it
is not certain when reading through the literature
that all of these have been considered.

First, although the Faraday and Couy methods
are capable of high precision, the absolute ac-
curacy of such data appears to be quite poor in
many cases. Contamination by ferromagnetic
impurities is quite common but can be easily de-



MAGNETIC SUSCEPTIBILITY OFAMORPHOUS SEMICONDUCTORS 4579

tec ted by a dependence of the measured su scepti-
bility upon the magnetic field. However, some
authors fail to make or report such measurements .
Cal ibr ation of the susceptibility vs well -charac-
ter ized high -purity standards is not usual ly re-
ported, so that estimates of the absolute error in
the susceptibility cannot be made. To show that
this problem is not insignificant, w e qu ote some
reported sus ceptibili ties of As ~S3 glass:
= —0. 285 && 10 ~ emu/g, 22 —0. 336 && 10 ~ emu/g,
—0. 355&& 10 6 emu/g a 2%%uo (this work).

A second problem involves the structure of the
crystalline phase . None are cubic and consequent-
ly s ing 1e crystals have two or three princ ipal mag-
netic susceptibilities . Measurements are usually
made of the average susceptibility, where the
sample is powdered or poly crystal line, but it is
necessary to assure random orientation of the
cry s tallites. Randomness is diff icult, if not im-
possible, to achieve for some of these materials,
especially when powdered, since the habit of the

cry s tall ites is distinctly tw o dimensional, as in
the case of orpiment. Thus randomness should be
assured in a separate w ay, e. g. , by x rays, or
each of the principal susceptibilities measured.
Also, a number of glass systems, usual ly the
ternary and quaternary systems, phase separate
when crystallized. It is not clear in these sys-
tems whether to ascribe di am agneti c shifts to the
amorphous to the crystalline (a -c) transition, to
the phase separation, or in fact to some combina-
tion of both.

Some glass formers are polymorphic in the
crystalline phase, and the susceptibility of each
pol ymorph may be different from the other phas es.
It is apparent, then, that the p oly morph mus t be
clearly identified if detailed comparisons are to
be made. Sulfur and selenium are examples of
glass formers that show this polymorphism.
Finally, the crystalline phase of some glass form-

erss

shows a marked and complex temperature
dependence that cannot be ascribed to impurities .
An example of such a material is CdAs zGe . In
these cases it is not clear how to subtract out the
temperature dependence to obtain an intrinsic
change due to the a -c transition, or if indeed this
separation is possible.

If w e avoid glass formers that phase separate
upon crystallization and those that show tempera-
tur e dependent crystalline susceptibility, only a
relatively few semiconducting glass for me rs re-
main to be s tudied. The results for five different
materials are shown in Table I. Those for S, Se,
and CdAs 2 are published in other work, but the
absolute accuracy of the CdAs ~ results is not
known. The results for As~S3 and As2Se3 are dis-
cussed in more detail below .

As previously noted, As &S3 is difficult to crys-

TABLE I. Magnetic susceptibility of five d iffe rent
materials in the polycrystal line and amorphous phases in
units of 10 6 emu/g.

Material
Magnetic susceptibility

Polycrystal line Glassy Ref.

S
Se
Cd As
A 82 63

As Ses

—0. 485
—0. 272
—0.258
—0. 345
—0. 287

—0.485
—0.291
—0. 269
—0 ~ 355
—0 ~ 292

ll, 12
1] 12

3
This wo rk
This work

tal 1iz e in the laboratory; consequently, we used
the natural crystals, orpiment, for our measure
ments . Since we could not prepare powde rs that
would be randomly oriented in our quar tz mea-
sur ing tubes, we attempted to measure the p rinci-
pal susceptibilities of the crystal .

As2S, crys tal liz es in the monoc 1inic system with
a = 11.46 A, 5 = 9. 57 A, c = 4. 22 A, and P = 90 '30'.
Since P is very close to 90', the system is only
very slightly distorted from orthorhombic . The
atoms are arranged in a distinctly layered struc-
tur e, and indeed cleavage parallel to the layers
(perpendicular to the 5 axis) is as easy as in mica
or graphite. The layers are quite separated from
each other and are held together by van der Waals
forces . One of the principal magnetic axe s is
parallel to b and the other two are in the plane of
the layer and practically coincident with a and b,
since the system is almost orthorhombic .

Our Faraday balance was modified so that s ing 1e
crystals could be held without being able to rotate.
Then by orienting the crystal so that the magnetic
field is parallel to one of the principal axe s, that
par tie ular p rincip al sus cep tib ility is measured.
This method gives accurate results only if the
ratio of the different principal susceptibilities is
not too large . For our apparatus, aniso tropics
in the susceptibility as large as a factor of 5 have
been accurately measured.

We measured the principal susceptibility pe r-
p endicul ar to the 1ayers, ~, y, and the approximate
average of the susceptibility parallel to the layers,
—,'(y. , + pc). The sample was made from several
"slabs" of As2S3 cut from the same crystal. Each
piece was rotated a different amount about the b

axis, and then all of them were glued together
with their b axe s parallel . The weight of the glue
was less than —,

'
'%%uo of that of the sample, but its

susceptibility is known and was subtracted from
the total . The measurements were made with the
magnetic field parallel (to obtain y„) and perpen-
dicular (g~) to the layers and the average crys-
talline susceptibility given in Table I is ~(y,
+ 2 y„). y, and X„differed from each other by
only 3% and thus the anisotropy ratio is not large
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and the result is expected to be accurate. Al-
though measurements of the principal susceptibil-
ities of monoclinic crystals by means of torque
or oscillation methods are rather difficult (but
quite accurate), it would be worth undertaking
these measurements as a check on our own. This
is especially true since the crystalline and amor-
phous phase susceptibilities appear to differ by
only a small amount.

As~Se, was prepared in polycrystalline ingots
by cooling the melt to 280'C and holding for 24 h,
before the final cool to room temperature. The
product contained small crystallites of dimensions
approximately 0. 1 mm on an edge, and that ap-
peared randomly oriented when viewed in a micro-
scope. As a further check on the randomness of
the crystallite orientation, several bars were cut
from the ingot in different orientations, and X»

at room temperature for each was found to be the
same (actual scatter 1%) at —0. 287&&10 ' emu/g.
The measured X, for the glassy As2Se, was found
to be —0. 292&10~ emu/g.

Since the above-measured values for the crys-
talline and glassy As2Se~ differ by 1.V%%uo, which is
less than the maximum absolute error on the
difference of 4%, a method with smaller absolute
error for differences in susceptibility was then
used. The method consists of sealing the poly-
crystalline material in a quartz tube, measuring,
making the glass in situ, then remeasuring. Since
the container and sample remain the same (except
for the physical state of the sample), relative
shifts on the order of 1% are observable. The
shift observed was 1.(Pp, showing that the differ-
ence, if any, in susceptibilities is quite small.

V. CONCLUSIONS

When glasses are prepared in such a way as to
avoid contamination with iron impurities, we have
shown that the density of intrinsic singly occupied
localized states is below 3&&10' per cm . The low-
temperature paramagnetic susceptibility of our
previously prepared, nominally undoped glasses
was shown to be identical in character to that of
samples intentionally doped with iron at the 100-
ppm level. Iron was also shown to segregate to
an iron-rich antiferromagnetic phase in crystalline
As~Se3 even when the doping level was as low as
50 ppm. This segregation apparently explains
the previously reported result that the low-tem-
perature paramagnetic susceptibility observed in
AszSS increases upon melting the natural crystals

(orpiment) to form a glass. It is suggested that
the iron diffuses out of or through the quartz con-
tainers in which the As~S, is prepared.

We find that the increase in diamagnetic sus-
ceptibility observed in the amorphous form over
the crystalline form is less than 1/o for AszSes,
and (3+ 2/0) for AszS, . This corresponds to other
reported values of 7%%uo for Se, O%%uo for S, and 5/o

for CdAs~. These shifts are smaller than those
we discussed in a preliminary paper; however, the
accuracy of our measurements has since been im-
proved considerably. The shifts are also much
smaller than those reported for other amorphous
materials that are difficult to prepare in the
"glassy" state, such as 300/o for Ge. ~'

VI. COMMENTS

Apparently the mere loss of long-range order,
without breaking atomic bonds, does not produce
a large number of singly occupied states. It has
been shown that, in poor-glass-forming systems,
free spins arise from broken bonds but the density
of such states is markedly dependent upon the ther-
mal history of the sample.

These experiments do not measure the total
density of localized states, since they may be
doubly occupied and thus have zero magnetic mo-
ment. One may only speculate that the concentra-
tion of singly occupied states should be a reason-
able fraction of all the states in the gap because
of electron-electron repulsion effects. Our re-
sults would then indicate that the total concentra-
tion of states in the gap in pure ideal glasses is
small, in agreement with the large optical trans-
parency of pure glasses below the absorption edge.
Recently, it has been suggested that electron-
phonon interactions in glass systems may produce
atomic displacements that subsequently greatly
reduce the density of localized states that might

be expected on a Mott-CFO model. It also has
been pointed out that little, if any, evidence for an
observable density of disorder-induced localized
states exists in ideal glasses, this work being
no exception.
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A theoretical calculation of the metal-oxide-semiconductor (MOS) surface mobility at room
temperature is presented. It is found that the three-dimensional degenerate-electron-gas
model, with specular surface scattering in the MOS inversion layer, fits the experimental
data for channel mobility of a typical MOS transistor at high surface electric fields quite well.
Calculations based on diffuse surface scattering are also presented and compared to experi-
mental data for the specially treated MOS transistor of Fang and Triebwasser. It is again
found that the theory agrees with the data for this transistor. The three-dimensional elec-
tron-gas model is justified by means of a calculation of the average thickness of the inversion
layer. The theoretical calculations show that the channel mobility should be proportional to
E» ' T ~, where E» is the surface electric field and T the temperature, assuming the mean
free path to be constant (i. e. , lattice scattering).

I. INTRODUCTION

The metal-oxide-semiconductor (MOS) surface
mobility has been extensively studied, both ex-
perimentally and theoretically. ' However,
the theoretical investigations based either on the
three-dimensional electron model' ' or a two-di-
mensional quantum-mechanical models ' have not

given good agreement with experimental data. The
first paper on the MOS surface mobility was that
of Schrieffer, ' who followed similar calculations
by Fuchs ' and Sondheimer in the calculation of
the size effect on the conductivity of thin metallic
films. Schrieffer showed the surface mobility of
the MOS inversion layer to be inversely propor-

tional to the surface field when he assumed a con-
stant relaxation time and surface field, completely
diffuse surface scattering, and a simple energy
surface. Several other later papers gave more or
less similar results. ' ' However, recent ex-
perimental results show that the mobility of the
surface layer decreases more slowly than these
results predict. ' 4 At low temperatures Fowler,
Fang, Howard, and Stiles' have performed ex-
periments in which they are able to observe
Shubnikov-de Haas oscillations in the electron gas
at the inverted surface of a p-type silicon MOS.
The experiment indicates that the motion of the
carriers is quantized in the direction perpendicular
to the surface. This phenomenon can occur only


