AD 741740

PHYSECAL REVIEW B

VOLUNME 5,

NUMBER 6 15 MARCH 1972

Weak-Field Magnetoresistance and the Valence-Band Structure of SnTel

R. S. Allgaier and Bland Housion v
Naval Oydnance Labovatoyy, Silvey Spring, Mavryland 20910
(Received 9 September 1971

wenk-T1eld magnetoresistance meiasu rements on p=type Sn'f'e exhibit a peeullur symmetry
whlch {8 temperature and carrler-coneentration dependent.
seplbed which ean account for these results and reconcile them with several other kinds of !.
The t"erm! surfiace consists of four prolate (111)

experimental measurements on Snie,

valleys with three {100 )-oriented knobs protruding from ench end of cach valiey.

posed model 18 also used to bring out some previously unreported similarities between the

band structires of the Phy_ Sn/Te and Bi;_ 5Sh, systems, and to examine the broader question
osistance behavior and band-structure char- Q

~f the connection between weuk-f1eld magnetor
acteristics.

1. INTRODUCTION

Somg time ago, we found that the weak-fieid
magnetoresistance in p-type SnTe exhibits a pecu-
liar symmetry which, moreover, i5 w wuong func-
tion of both carrier density and temperature. 12
The main purpose of this paper is to describe a
conceptuaily simple model which can account for
this unusual behavior in a straightforward way. €

Section 1I is concerned with experimental details,
and Sec. III presents and discusses the magneto-
resistance (MR) measurements, Because of their
unusuai nature, the question of the reliabiiity of
the data is examined in some detail. The apparently
contradictory nature of the weak-field MR and
strong-field data is next considered, and two ear-
iier attempts to expiain the weak-field MR are
briefly reexamined.

A new modei is then proposed, and its relevance
to the weak-field MR data, as well as to the elastic
constants and the riastoresistance of SnTe, is ex-
amined. Some observations about the qualitative
behavlor of the thermoeiectric power, flall coel-
ficient, and Hall mobility are also included. The
final section of the discussion conslders some of
the unifying features of the band structures of the
Pb,_ Sn,Te and Bl Sh, systems.

The column-V semimetals (As, Sb. Bl) and the
IV-VI semiconducting compounds (IvV = Ge, Sn, or
Pb; VI=8, Se, or Te) form a ciose-knit family of
m..terials with a number of simllar phyalral and
electronic propertles, These similaritivs are
discussed In . rany of the paper? jrom three con-
ferences which dealt with the materials. *~*

Both PbTe and SnTe crystallize in the NaCl struc-
ture, and form single-phasc alloys at ail compost-
tions. Excess Pb and Te make PbTe # and p type,
respectively, bat in the case of nTe, the solidus
field lies entirely on the Te-rich wide of stodchiom-
etry. Many dilferent properiles of the tao com-
pounds harc been studied cxtensively. Here we

A tFermi-surface model is de-
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wiit oniy mention four relevant types of measure-
ments —eiectricai, gaivanomagnetlc, thermoeiec-
tric transport, and optical—on’=* PbTe and
SnTe. 1, 2, 13, 25, 32=57

Information has been derived [rom these mea-
surements concerning the temperature, carrier-
concentration, and directionai dependences of tiie
effective masses in the conduction and vaience
bands of the two materials. This in turn has ied
to the deveiopment of abasic band-structure model
with some distinctive features which, In general,
are in agreement with a series of theoretical cal-
calations, =™

Almost all of the experimental and theoretical
studies on PbTe and SnTe just c.ted suggest that
the eiectronlc propertles of the two compounds
are quaiitativeiy the same in the followlng respects:

{i) The maln conduction- and valence-band edges
occur at or near the centers of the hexagonal faces
{the I points) of the fcc Brillouin zore. In the case
of PbTe, this location was orlginally sugpested ty
weak-fleld NiR measurements, 1%

(i1} The constant-epcriry sur{iaces near the maln
valence-band maxima have a highly proiate -
oriented form., The most direct evidence for this
comes {roni the Shubnikov=de 1laas and de Haasn-~
van Alphen measuremcents, BRI NN

(it A signiflcantiy nonpatabollc energy -mo-
nentum relationship occurs over most, 11 not all,
of the carrier densities thus far studied {the range
is, roughly, 10''=10 em™

fIe' A set of subaidiary maxima in the calence
hand also plays an important rols in the conduction
process in petype samples. These maxima mer
protably lie along the 110) ases fthe & aves’ of the
Rrillowin sone, rvaghly haliway telecen the rome
conter smi sone boundaries.  Hencelorth, the cva-
duclion-Pand minima will be idewtified 3 CRig
and the rasin and subaidisey snsaima of e salewie
tand as VIV/ ) and ¥BC | tesypeetively
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5 WEAK-FIELD MAGNETORESISTANCE AND THE. ..

lary maxima as a “second valence band,”” but the
band calculations have made it quite clear that both
sete of maxima belong to the same valence band.
The iplportance of this distinction wlll become
evident later.

(v) In p-type samples above about 150 K, sig-
nlficant numbers of holes begin to be thermally
gencrated in the valence-band region near VB(Z),
Thls was origlnally inferred from the temperature
dependence of the Hall coefficlent'2:1%® 3nd from
the energy dependence of the optical absorption, '¢
At lower temperatures, holes appear near VB(X)
only when the total density of positive carrlers ex-
ceeds 1-2X10°%° cm-®, This was deduced from
the observation of kinks in the high-temperature-
low-temperature Hall-coefficlent ratlo and in the
thermoelectrlc power as functions of carrler den-
Slty.27.28.!3—58.38.40.41

Many of the same types of measurements cited
above for PbTe and SnTe have also been carried
out on the alioy system Pb,_ Sn, Te,®'®=8 gone
of the alloy data, as well as certain resu'ts on
SnTe, %4455 o4 Dimmock, Melngailis, and
Strauss to conclude, despite the simllarities eny-
merated above, that there is an important difference
between PbTe and SnTe, ™

This difference is illustrated in Fig. 1, which
sketches the relative energies of the CB(L), VB(L),
and VB(Z) extrema as functions of T {temperature)
and v (composition, In Pb,_, Sn, Te). The composi -
tlon dependence enters via an adjustable {cwnperature
scale. The figure shows that in PhTe the direct
energy gap E, between CB(L) and VB(L) decreases
as T decreases or as SnTe is added o PbTe. Over
a range of intermediate values of v, the two levels
which determine E, cross and interchange their
roles at some 7 between 0 and 300 K. ™ For SnTe,
the temperature coefficient of E, I8 negative, op-
pslte to that in PuTe, Lut simllar to that found §n
moat semiconductors,
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On the basis of Fig, 1, it might scem reasonable
to expect that baslc properties of the Pb,_, Sn, Te
system which depend strongly on the magnitude of
E, wouid exhibit a symmetrical behavior on opposite
sides of the band-crossover point, but with a re-
versed temperature dependence, This anticipation,
in general, is nof borne vut by the expcrimental
data. The electric-susceptibility effective mass in
p-type SnTe, for example, increases with increas-
ing T at all carrier densities studied (3.6 X101 < p <
1.2x10*" ¢cm™®).*" In other words, its behavior ro-
sembles that found in PbTe where the positive mays-
temperature coefficient has been expiained in terms
of the positive dE,/dT found in that compound,!*:17:19

Another surprising result is the temperature de-
pendence of the carrier mobllity, It is essentiaiiy
identical between 4. 2 and 300 K in PbTe and SnTe
samples with positive carrier densities of about
1x10* em, '* Furthermore, analyses which fitted
a “two-valence-band” model to transport data on
p-type SnTe as a function of temperature evidently
found it necessary to assunie a PbTe-iike variation
of the energy difference £, (see Fig. 1) between
the VB(L) and VB(Z) maxima, 25-40+46.47

An explanation for these seentingly inconsistent
results was proposed by the first author and by
Burke and Riedl who used it to account for the un-
usual temperature-dependent shape of the opticai-
absorption edge in SnTe. *® The explanation points
out that the CB(L) and VB(L) energy leveis shown
in Fig. 1 refer only to one point in the Briliouin
zone, [tis also necessary to examine the tempera-
ture depeudences of states in tile conducilon and va-
lence bands from the rolime of the zone within
which carriers contribute to the property being
anaiy zed,

This more complicated situation uiy be visual-
ized an follows: As the teniperature of a suitabiy
chosen My, , Sn, Te alloy drops beiow the point at
which the CB(L) and VB(L.) extrema cross, a grow-
Ing volume may be defined, inside of whici the
direct gap between the two bands has begun to in-
creaxe with decreasing 7. But outside of this
vojume, the gap is still decreasing with decreasing
T, in PbTe-like fashlon, Carriers from the latter
regton are evidently the dominant influence on the
experimetal results cited for Petype SnTe,

In view of the alewe remarks, it might weil be
anticipated that the form of the Fermi surfaces in
the 1, , S, Te system wdli evolve in a rather com-
plicated fashion a8 « changes from 0to §. In fact,
a murnber of the meavurements of ronductivity,

Hall cowfticient, amd theemeelecteie praer do sy -
et Bt something 0wt of the ordtnary ix taking
place as » fcaction of 3, ToTGoLe

Unsdartumsirly, the Scadwilkon =de Haax and doe
Hans=vim Adphwn elfecte arv e astlive (o the kind

8 ¥otmi-swttove distnrtson propeedd In Sec, (1D,
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Some compllcatlons have been observed In these
effects in the alloys'?'®® (but not always*') and In
SnTe, **'%> but they have been tentatlvely ascribed

to growth strlatlons and to a low-temperature phase
change, respectlvely.

It now seemis clear that the flrst strong experl-
mental evldence that hlghly dlstorted Ferm! surfaces
appear in the Pb;_ Sn, Te system was the weak-fleld
MR data in p-type SnTe. It is the goal of thls paper
to demonstrate that the nature of those distortlons
can be inferred from the weak-field results.

On the theoretical side, some of the more recent
SnTe band calculations® =8 "2=™ 4155 sugpest that
distorted Fermi surfaces should appear near the
L points.

1. EXPERIMENTAL DETALLS

All measurements were carried out on oriented
bulk samples of SnTe cut from large single crystals
grown by the Czochralski method.®® The nominal
carrier density p* of the as-grown crystals was
about 8 X10* cm®. Nominal carrier density is
defined by the relation

p*=1/Ry| e|) em3, (1)

where R, is the weak-field Hall coefficlent in cm®/C
[measured in the low-temperature range (77 K or
lower) where 1t does not vary with temperature]

and ¢ is the electronic charge in C,

Carrier densities higher or lower than the as-
grown value were obtained using Brebrick’s tech-
nlque,® i.e., by annealing the samples at various
temperatures in the presence of ingots containing
large excesses of Te or Sn, respectively, In this
way, the composition limits of stability at the par-
ticular annealing temperature can be reached after
a sufficient time interval. In some cases, carrier
densities on the boundaries of the solidus field and
within it were obtained by vacuum-annealing sam-
ples which had been coated with relatively small
amounts of Sn, ¥

The sample din:ensions were approximately
3x1 45 mm, Rhodium plates under spring pressure
formed the current contacts, and rhodium spring
wlres wlth sharpened tips were used for the resis-
tivity and Hall probes. Conventional dc measure-
ments were made with a Rubicon microvolt poten-
tiometer ard a Guideline galvanometer. At a ezin-
ple current of 400 mA and a maguetic field intensity
of 10 kOe, the Hall and MR signals were in the
10°%- and 107-V ranges, respectively, and, as
expected 1n weak magnetic fields, were proportional
to the first and second powers of the field.

The MR at 295 and 77 K was measured with the
sample directly Immersed in water and in liquid
nitrogen. Under these conditions, the Peltier
heating and coollng at the sample ends produced a
thermoelectric voltage across the reslstivity probes

S. ALLGAIER AND B,
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(2]

which was less than 1'G of the total signal,

L RESULTS AND DISCUSSION
A Summary of Magneloreslstance Dala

The most extenslve MR measurements were ob-
talned on [110]-orlented crystals with p®=9 410"
and 1.5 ~10%" cm=*, The Hall mobllitles and three
different MR coefflctents at 205 and 77 K for these
samples are summarlzed In Table 1.  Included for
comparlson are the same quantlties published ear-
ller on PbTe at p*=3 <10 ca*, "

The MR data shown In the table are the dimen-
slonless coefflclents MJ2S deflned by

Ap/py= Mo Guy /O, (2

where Ap/p, Is the fractlona! change ln the zero-
field reslstlvity, apy and deg iacrtify the sample-
current and magnetlc fleld dlrectlon: with respect
to the cubic axes of the crystal, u, (= R/p,) s the
Hall mobility, !/ is the magnetlc fleld Intensity,
and C is the “compatlblllty factor™ which equals
10° (no dimenslons) when u, Is In cm®/V sec and
H 1s in Qe,

Following these data In Table I are the dimenston-
less Seitz coefficlents b, ¢, and . They are deter-
mined from the experimental ,11?,;5 values by using
the relaticaship

Mf’,;ﬁ:ln (‘(Z,Lm,)z+d(zltinf , (3)

where ¢; and 7, are the directlon coslnes of the
sample-current and magnetlc fleld directions rela-
tive to the cubic axes of the erystal.

The final line of Table I presents values of the
MR symmetry parameter z, deflued as

z2==(b+c)/d, 4,

and determined from the experlmental data. It is
the behavior of this symmetry parameter which
leads us to describe the SnTe wealk-fleld MR data
as “peculiar,”

Some incomplete sets of MR measurements (i.e.,
insufficient to determine b, ¢, and «) were obtained
at lower and higher carrier denslties. For reasons
to be discussed in Sec. III B, we regard them as
less reliable than those presented in Table I,

However, one of these incomplete measurements
will be mentioned because it seems qulte relevant
to the model whlch will be proposed In Sec. NI D,
Room-temperature MR data on a [110]-oriented as-
grown crystal (p*~8 x10?° cm™?) led to the result
M= aif8=2,3. According to Eq. (3), this equal-
ity requires that 4= 0.

B. Reliability of Data

Because the MR data are so peculiar, It Is es-
sential to examine carefully the questlon of their
reliabflity,
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“1he experimental unceriainties ate discuasel tn

First of all, it is kno:n that MR measurements
have often been plagund with difficulties caused by
the presence of Impuritles in the bulk, by comtami-
nated sumple surfaces, and by sample-end and p robe
effects. But here, as in the case of PhTe, the com-
bination of high carricr density and high conductiy ity
should make these problems unimportant, The high
extrinsic positive carrier density, due to the Te
excess, swamps out any effects from hard-to-re-
move Impuritles and surface contamination and the
high conductivity minimizes current-distorting of-
fects at the sampie ends and at the points where
the metallic probes contacl the sample,

I* is possibie that the nonstoichiometry which
produces the extrinsic carriers Is not constant
over the volume of a sample. The singie crystals
used for the MR measurements were selected from
a large number of samples, Hail coefficient and
Hall mohility dala on these samples, which ac-
cumulaled over a period of scveral years, but
which were never published, arc shown in Figs, 2
and 3. The resuits are smooth functions of p*®, cx-
copl at pe 2 2.5210* em™?, where a sharp kink in
the Hali ratio Ry /R, appears and a siight droop in
the py data at 77 K may be detected. R s generaily
agreed that £ 18 the nominal carrier density above
which the fow-temperature Fermi fevel drops beiow
the suhsidlary-valence-hand maxima Vi3(Y), so that
holes appear in this region of the zane without the
need for thermai excitation, ¥

The data presented in Figs, 2 and 3 include all
of the measurements made, not just those from
fsejected crvstals, The lack of scatter in the data

*See Fq. 10,

suggests that the sampies were ol uniform and
reasonably high quality. However, It must be
noted that this evidence is not as conclusive as it
might be for crystals with more conventional char-
acteristics, As Flg, 3 shows, the mobllity is ap-
proximately proportional to : /p® at 205 and 77 K,
s0 that the conductivity o is anly a weak function of
p*. This suggests that a nonuniform carrier den-
sity would not causc distorted current {low lines,
In the usual case, current distortion would lead to
an abnormally low o,

On the other hand, current distortions should
appear in a magnetic fleld, since the mobility and
hence the Hall angle will be position dependent tn
an inkomogencous sample. Unfortunately, any
change in R, real or spurious, produces a self-
compensating effect on py; Lc., the data polnt is
moved along the true curve of iy, vs p°, However,
the MR data ought to he sensitive to mobility in-
homogencities, producing a spurlovs ceffcet which
is proportional to the square of the mohility varia-
tion in the sample. Such an cffect, if present, is
evidently no! very large in the SnTe MR data,

Furthermore, the Shubnikov=de Haas effect has
been ohseived in many of the sampies on which the
measurenients-in Figs, 2 and 3 were made, Includ-
Ing those vsed for the weak-ficld Mt studies, V¢
As many as 89 osciliations were observed, Implying
that the carrier denslity over most of the valunie
of the sample I8 constant to within I': or so,

We feel that tie p® range from which the Sn'Te MR
measurementy: in Tahle | were obtalned produced
the highest possibie ¢~ta quallty, At jower p°,
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very long anneal thmes (several 1nonths) were
required to reach the composition limlt of stability
of the solldus fleld; inevitably, this raises some
doubt that the limit was actually attained in the
sample interlor. On the cther hand, since *he
weak-field MR varies as p and p, < 1/p*, the MR
slgnals at higher p*® become much smaller and hence
less accurate,

Partial sets of MR data taken on additional SnTe
samples at or near the p* values given in Tabie I,
together with the limitations of the measuring ap-
paratus, sugpgest that the SnTe MR coefficients
are accurate to within +0.03, If we assume that
this accuracy 1s the variance in the errors of the
MR coefficients and that these errors are normally
distributed, the variances of the errors in b, ¢, and
« can be calculated. These variances are listed in
Table 1. An estimation of the aceuracy of the MR
symmetry parameter z presents a special problem
in the case of SnTe because of the possibility of «
being zero (see Sec. 1IIA). In Table I we have
listed the most probable values of z along with the
l2rgest changres in z which result from using all
possible combinations of b, ¢, and d within limits
set by their varlances. This analysis assumes that
systematic errors are negligible. The justification
for this assvmption ls the close fit of the corre-
sponding PbTe data'! (obtained under the same ex-
perimental conditions) to a model which has been
verified by a number of independent experiments.
The accuracy of the SnTe MR data is not as high as
that obtained in the PbTe samples, but we ascribe
most of this difference to the smailer size of the
MR signals generated in SnTe,

C. Interprelive Problem

The behavior of weak-field MR has been useful
in determining the orientation of the constant-energy
surfaces in a number of multivalley semiconduc-
tors, ¥

ALLGAIER AND B,
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The simiplest ellipsoid-of- revolution (EOR)
multlvaliey models with over-all cubic symmetry
predict the sigus for b+ ¢ and o and the specific
values for the symmetry parameter z which are
sunmmarized n Table 11,* It should be noted that
the mapnitudes of b, ¢, and f are functions of the
specifie shape of the EOR, its orlentation, the
energy dependence of the scattering time, and the
depree of degeneration of the statistics, while z
depends only on the valley orientation, The coef-
ficient «/ 1s a measure of the anlsotropy of the con-
stant-enerpy surfaces In the valleys, It reduces
to zero for ali of the models In Table II when the
EOR becomes spherical, and its magnitude grows
larger as they become more highly oblate or pro-
late,

The conditions under which the EOR results
shown in Table II are valid will be discussed {ater
in this section. Assuming for the moment that they
are valld, a comparison with the experimental
SnTe data In Table I sugpests that the valleys are
only slightly anisotropic, and that their orientations
(if they are EOR) are not any of the three given in
Table II, But these conclusions conflict with the
evidence from the strong-fieid Shubnikov-de Haas
and de Haas—-van Alphen data which, as noted in
Sec, I, suggest highly prolate (111)-oriented val-
leys. 39,43,54

An obvious generalization of these simple models
is a comblnation of two sets of EOR. The main
set would be (111) oriented and centered on the
VB(L) maxima (as required by the known p:roperties
of the band structure of PbTc and SnTe listed in
Sec. 1). A second set of (110) or (100) EOR would
he placed at appropriate points in the zone, at a
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TABLE II. Magnetoresistance behavior in simple
ellipsoid-of-revolution muitivalley models.

Valley Sign of Sign
orientation b+e _ofd 2
(111) 0 + 0
(100) + = +1
(110) + + -1

stightly lower energy (l.e., of the order of kT
lower). Then raising T would excite carriers from
the first to the second set and cause z to deviate
from zero. In this case, it does not matter whether
the two sets of valleys betong to the same band or
not.

This type of modetl is not suitable because the
eneryy difference between the VB(L) and VB(Z)
maxima In SnTe Is approximately 0.3 ey, ‘0iie=8
Thus at the carrier densities in Table I, some
devlation from z =0 might occur at room tempera-
ture but it would become negligibte at 77 K. In
contrast to this, Table I shows In fact that much
larger devlations occur at the lower T.

We are forced then to return to a model which
consists of a single set of valleys. Another simple
way to expialn symmetry values other than 0 and
+1 is to consider ellipsolds of general shape, l.e.,
elllpsoids which are not surfaces of revolution, *°
An earlier attempt to explain the SnTe MR data used
this approach.z The valley at each L potat of the
Brillouin zone was replaced by a cluster of ellip-
soldal valleys on thiie hexagonal zone face on which
the L point lles. The clusters were arranged so that
the model retained over-all cubic symmetry. Two
of the three principal axes of each valley were placed
on the zone face, the third perpendicular to it.

This model was considered hecause it resembles
the valence-band structure of Sh,”! the element
which is Isoelectronic to SnTe (see Sec. WF fora
further discussion of the relevance of the Sb band
structure). Fitting this model to the $nTe data at
both carrier densities and temperatures, however,
always led to ellipsolds which are very elongated
in the plane of the zone face, L.e., perpendicalar
to the {\11) directions. Since there are no other
data to support such a model, and since it later
came into direct conflict with the high-fteld data
on SnTe, the model was not considered further,

Another attempt to account (or the SnTe MR be-
havior'l*® used a prolate (111 -oriented aurfaces
of-revolution version of the mac?l developed by
Morrell Cohen for B1.*” The Cohen surface i #on
eliipsoidal and nomprirabolic. and iin share (= 2
strong function of ~uergy. The model dora assvme
isotroplc acattezing; bul one of the present authore
hag pointed out the equivalence of shajw evolulion
and scattering anisotropy.* Hence the raslel is
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quite a blt more general than the EOR or general
ellipsoidal types, and would seem to be capable
of reproducing the behavior of the MR symmetry
parameter z, It is also a reasonabie model, be-
cause of the Bi-SnTe famillal connection.

The results of this calcuiatlon were surprising:
It was found that z is restricted to the narrow
interval between 0 and - 0.3, for wide ranges of
the model parameters, inctuding those which gen-
erate a highly distorted dumbbeli-shaped Fermi
surface. The only exception occurs when b, c,
and o are all small. But this corresponds to a
nearly spherical surface which is clearly not ap-
propriate for SnTe. Thls unexpected result sug-
gests that an explanation for the experimental data
will require a medel in whlch rotational invariance
of the carrier properties about te (111) axes is
not present,

Section UID wiil consider the particular form
that such a model might take. BDut first, we want
to consider briefly a different approach to the prob-
lem of understanding the pecuttar MR symmetry.
Instead of makling the Ferml-surface shape non-
simpte, we might generallze the nature of the car-
rler- scattering time on the surface, ol even go so0
far as to say that 1t cannot be defined. The values
2=0and 1 given for the EOR models in Tahle 1l
were obtained by making the standard assumptions
that a scattering parameter may be substituted for
the collision-integral part of the Boltzmann equa-
tion, and that the scattering time Is isotropic or
expressible as a diagonal tensor in the prineipal-
axis coordinate system of each valiey.

But this approach must be viewed in the light of
the MR data for PhTe which are also summarized
in Tahle 1. In that case, the symmetry condition
is precisely obeyed at two ditferent temperat 'res,
even though the scattering is not isotropic and cven
though the existence of a scattering time may hw
questioned. The first part of the above statement
follows because the prass anisotrogy fa about 12 In
p-type PhTe, ' *** while the weobilily anisotiopm
lios between 4 and 5,"' " The second part follews
{rom the known tmportance of optical scattering, ™
for whice a scattering time cannol always be detined,

The result 2= 0 for PhTe thus tmplies that the
scattering time does extat and has the rimple form
which leads to that value, N ssems uhfeasonabie
to make radically diffcrent arsumglions ahowd seal
tering tn the cloxely selated mateetsl SaTe

lience we return to the conclunton et om bath
the highe and lox-fteld DL data o o T, that Vor
Fermi suffacen assaciated with B VR(T) st
ate highly prot te asd 7111) ariested, b prv ol
sutfaces of revoletion shont Bese asse
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information became avallabie which suggested the
next step. The theory was Cohen and Tsang’s de-
talled calcuiation of the constant-encrgy surfaces
in the VB(L) region of SnTe,’® They found that the
cross sections perpendicular to tire (111) symmetry
axi of each valley change from ¢ trcular to a dis-
tor ad form with threefold rotational symmetry, as
the plane of the cross sectlon nioves from the zone
face into the interior of the zone. Ultimately,
three knobs appear to be developing at each end

of each valley.

On the experlmental side, de Haas-van Alphen
measurenients on SnTe samples with p*=6 and
8 <10% cmi? (x hich are greater thau p}) detected
a new Fermi-surface c¢ross section which is prolate
and (100} oriented, ** These pockets were discovered
earller, but their shape and orientation were not
investigated. ¥ Their (100) orlentation, at first,
seenmied surprising, since the band-structure cal-
culutions suggested that the subsidiary-valence-
band maxima were located along the (110 axes.

These results led us io develop the model shown
in Fig. 4. It is presented in « stylized form which
emphasizes the features needed to explain the weak-
field MR data. It consists of a set of four highly
distorted valleys centered on the VB(L) maxima
and a second set of 12 prolate-eilipsoldal surfaces
enclosing the subsidlary VB(X) maxima,

It 1s important to point out that Flyr. 4, as drawn,
Implles that p*> p? since the subsidiary pockets
are shown occupied. The following esplanation for
the weak-field MR data (obtalned at p®- p) Is based
on the nature of the main VB(L) pockets alone, The
subsldiary pockets were included In Fig, 4 in order
to make it clear how (100)-oriented eilipsolds can
appear along the (110! anes of the Brillouin zone
In addition, their presence focunes atlention on the
casential role played by the subsidiary VB(L) max-
tma: They are renponaible for the arauitive manaer

Som
[}
1
] L]
Vo o -
. [
- »
L ]
-
» a1
Yon
I, Wy sppeomen? § 4y pralenn nall S g “
™ 35 b Rirwr B0 owng )9 ok iy el nE Naiing sul e

e S stiaale

ALLGAIER AND B.

HOUSTON 5

In which the shape of the main VB(L) pockets de-
pends on p* and T,

The arguments to support the appearance of the
particular form of the distorted main VB(L) pockets
shown in Fig., 4 are as follows: The inner ends of
the eight half-ellipsoids of the (111)-EOR multi-
valley model form the eorners of a cube with edges
which are parallel to the {100} directions of the
Brillouin zone. These edges link each vaijley to its
three nearest neighbors. The midpoints of the
cube edges intersect the (110) axes of the zone near
the VB(Z) maxlma, Because of thcse bridges of
relatively high energy in the valence band, the
maln {111)-oriented valleys very rapidly deform
as they increase in size, “reaching out”in the (100)
directions towards thelr three nearest neighbors.

How will b, ¢, d, and z behave in such a model?
One way to attempt to answer this question is by
replacing each distorted Fermisurface In Fig, 4
by a combination of separate (111)- and {100)-ori-
ented EOR of appropriate sizes. In a weak mag-
netic fleld, this will be a reasonable approximatioi
to the true surface so long as the area in which the
two models differ from each other constltutes only
a small fraction of the total Fermi-surface area,

According to Table 11, b+ ¢=0and d>0 for a
{111)-EOR model, while b+ >0, <0 for the (100)-
EOR case. The Initial effect of introduclng a small
fraction of {100 character into the purely (111)
model will surely be to make #+ ¢ >0, so that 2
will change from 0 to a negative value [see Eq.

(4)]. As the {16 character wcreases in impor-
tance,  must decrease and ultimately change sign.
As this is happening, 2 =~ « and junps to « =, A
still stronger (100" character would causc 2 to ap-
proach « |,

in terma of this almple approximation to the true
Fermi surface, the negatlee values of ¢ found ex-
perimentally correspond to a combination of {111
and (100 aymmetries, with the (11D character
doninant, Thua the sanl/ positive  docs nat cor-
resjund (o nearly spherical valleys but rather to
the compenaaling rffect of 1wo types of sy mmelry
which, separately, sould preduce large o ralnes
of opyemite nigna

Stace the (109 liagern will surely become mare
it tant as the carvier densily groms, = 2 should
i geaee with torpeasisg 0%, The dependence v T
It tres cettain, becawae thw relative molion of (he
VRi) »d VRED mavims m SnTe has oot been
defivilels detromived, Mot 0 srens mmie lioh
St £, o3t devvo vee wilbh devgeasing T, ae Vig, |
eugreete, This shmld couse e caltivrs to shift
fromm S chrtoils of VT ) tovaid the VAT ) teglon,
Swir ¥ MM e P Tende wIE derrrasing [
Wkt porwlliv tiaste 3w §n poood s wilh Uer Lrvnds B
B ; esdima canmeisd ipvd bo Todde |
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tioned in Sec. HI A, may or may not be very ac-
curate. M it is, however, it need no longer be re-
garded as a strange anomaly, but simply as the
next event In the evolution of the distorted Fermi
surface In Fig, 4, viz,, the point at which the ef-
fects of the (100) and (111) anisotropies compietely
cancei,

The weak-field MR behavior for a combination
(111)- and (100-EQR multivaliey model has already
been calcuiated by Giicksman and appiied to Ge-St
alioys.® For the present purposes, we examined
the characteristics of the simpiest possibie version
of such & modei, namely one in which the two types
of valieys have the same shape and the carrlers in
them have the samie mobiiity. Then only one new
variabie is introduced, f (= p,49/pp;). the ratio of
carrier density in one {100) to that in one {111)
vaiiey, We found that

z==f/G- /). (5)

This result shows that reiatively smaii knobs can
have a major effect on the value of 2, the obvious
example being that :~— o as f~-4. In part, this is
simpiy a consequence of the fact that there are six
(100) knobs for each {111} vaiiey,

It shouid be noted that a threefoid distortion of a
clrcuiar cross section is difficuit to detect with
high-field effects which measure Fermt-surface
cross sections, because minimum and maximum
radii occur opposite each other, Thus the anguiar
variatlon in the diameler of the cross section is
greatly diminished.

We have described the subsidiary VB(X) pockets
as prolate eliipsoids mereiy because that is the
simplest form consisient with the scanty experi-
mentai information about them. % It should be men-
tioned in passing that the appearance of the sub-
sidlary pocket~ 1mpiles that the VB(X) points are
relative maxima in the vaience band. This is not
a completely settled matter; they couid be saddle
points, In that case, no subsidiary pockets would
appear at any p* Instead, the kinks In the Hali
coefficient and mobiiity data (Figs. 2 and 3) at p}
would oceur when the (100) knobs of the maln vai-
leys first toueh eaeh other on the {110} axes of the
zone, This aiternative would ait iead to the ap-
pearance of a new cross seetlon in the Shubnikov-
de Haae or de Raas-van Alphen data. The troubie
wilh this interpretation is that the carrler densities
needed to bring the knobs together wouid seem to
be mueh Jarger than the observed vaiue of /1,

E. Other Propertics

Other puzziing results for SnTe which may now be
understeod in terms of the model in Fig. 4 are the
elastic “constants™ and the elastoresistanee.

The elastic-stiffcess-tensor eomponents ,, and
€1y = €43, which correspond to two types of pure
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ghear, were both found to depend strongiy on p*

in the range (1, 2=20) ~10?® cr™,*"** The mag-
nitudes of the curresponding elastoresistanee tensor
components m, and 3 (my, = niy,) also turned out to
be large for p* between 1,8 and 19,6 ~10™ cm™, **

A general expianation for such characteristics
was based on intervaliey carrier transfer which
occurs when the strain shifts the energy of some
of the vaileys relatlve to that of the remalning
ones,® But oniy dcy,/dp* and g, are predicted
to be large in a (111)-EOR niodel, and oniy  (ry,
= ¢yp) /dp* and 30y, = miy,) In the (100) modei, be-
cause in each case the ether type of shear does
not break the vailey degeneracy.

The fact that the niodei proposed In this paper
is a combination of {111) and {100) synimetries
suggests how both types of shear can produce
farze effects In SnTe,

There have been a number of puzzling features
of the behavlior of the thermoeiectric power, Hall
coefflcient, and Hall mobtllity in SnTe whieh have
not been satisfactoriiy expialned. We do not want
to examine these features In detall in this paper,
but we wili point out in a general way how two char-
acteristics of the modei in Fig, 4 can be used to
explain the experimentai data.

The first characteristic is its very strong non-
paraboiiclty. The Cohen and Dimmock modeis
underestimate the nonparabollcity at higher carrier
densities, because they do not take into account the
important effects of the VB(X) maxima on the en-
ergy-momentum reiatlonship as one moves away
from the immediate viclnity of the VB(L) maxima.
The second is the fact that the pockets which ap-
pear new ¢ VB(Z) at p*>p} do not constitute a second
band. Therefore the properties of the carriers in
the main and subsidlary pockets wiil become less
and iess different as the total carrier density in-
creases and the two types of pockets approach each
other,

The first feature makes it easier to understand
how so many carriers are able to fit into what most
anaijyses suggest is the rather smaii energy separa-
tion of the VB(L) and VB(X) maxima (but, as noted
eariier, large compared to ¥T), It aiso makes the
very smail values of thermoelectric power observed
for p*< pt, seem more reasonabie. These vaiues
are depressed by the abnormaiiy slow increase of
o with p*.

Both features of the modei help to expiain the un-
usuaiiy rapid drop in p, with increasing p*, the
surprisingiy smali number of carriers in the sub-
sidlary pockets for p*>p ¥, % and the smaii per-
turbation of the mobiiity curve as p* passes through
Py The high effective-mass and iow mobiiity val-
ues ascribed to the “second valence band" In some
of the earlier analyses of SnTe transport data might
just as weli be associated with the high-p* extrap-
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olattons of he nonparabolic nature of the carrlers
in the main pockets.

Finaily. there is the question of the liall factor
r, deflned by the relalion

Ro= r/pe, (6)

where p is the true carrier density, Consequentiy,
using Eq. (1), p=rp®. The kink in the ifati-ratio
behavior shown in Fig. 2 suggests that a modest
increase in » occurs for p*>pt. This is in accord
with the two general properties of the proposeG
model cited above, (lowever, the Hall data in
Fig. 2 are not consistent with the resuits of direct
measurements of » which Indicate that »=0.0 1 100
for p* between 8.5 210 aud 2~10* em 2. ¥

Tsu, Howard, and Esaki have argued that the
two results can be reconciled, -aking .nto account
the experimental uncertainties.***" They calculated
» using the Dimmock-Wright k- model.*' As p°
increases, r decreases steadily for pt<ps, but this
is counterbalanced by contributions from carriers
in the subsidiary pockets when p®>pl,

Measurements of » at more closely spaced values
of p* are needed. The behavior of r vs p* can have
a crucial effect on the calculation of other properties
such as the susceptibility effective mass in
Pb,_Sn Te, 5"

F. Comparisons with Band Steuctures of Hi. Sb, and Their
Alloys

In this final discugaion section, some similarities
in the basic features of the band structures of the
two alloy systems Pb,_, Sn, Te and Bi, . Sb, will be
identified.

Firat, we mention an eariler observation con-
cerning (he case x=0, i,e., PbTe and Bi. A very
striking and direct connection between the band
structures of these two materials was pointed out
by Hall and Koenig.”® The analogy they drew makes
the now-accepted version of the band structure of
Bi (about which so much controversy had swirled
for many years) seem simplie and obvious.

As noted in Sec. 1, PbTe is a multivalley seml-
conductor with a direct gap at the four L points of
the zone. If an extensive uniaxial stress is applied
along one of the (111) directions, the {attice and
the corresponding Brillouln zone acquire the trigonal
symmetry found in DL, The center of the hexagonal
zone face normal to the stress axis is then calied
T, rather than L, as shown in Fig. 5.

Hall and Koenlg noted that the experimentally
determined piezoresistance coefficient for sucha
stress has opposite signs for extrinsic n- and p-
type samples of PbTe, Those signs, plus the pro-
late nature of the energy surfaces near the conduc-
tion- and valence-band edges, estabiish that the
energy at T rises refative to that at the three I
points, in both bands.
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The stress, f it could be made large enough,
would uitimately raise the valence-band energy
at T above the conduction-band energy at the L
points, In this simpie direct way, the semimetai-
1te BBt band structure—the three Shoenberg-tiited
electron * sllipsolds” at the L noints, plus the sin-
gle hole EOR at T—is generated,

Here, we want to examine the case v= 1, L.e,,
SnTe and Sh. In Sec. IIIC above, the calculation
using the zone-face cluster model was described
as an unsuccessful attempt to explaln the EnTe MR
data {n terms of a Sb-iike valence-band structure.
It turne out after all that there are a number ot
strong links between the band structures of the two
materiais,

Alter years of confusion, it Is now generally ac-
cepted that the Fermi surfaces in the conduclion
hand of Sb (and As 2!sa) are qualitatively the same
as those in Bi—three elongated surfaces at the L
points, slightly tilted out of the plane which Is per-
pendicular to the trigonal axis, '”

The shape of the constant-energy surfaces near
the conduction-band minima is restricted by two
symmetry operations at I, the vertical mirror
plane I'TL and the horizontal twofold rotation axls
WLW which are identified in Fig, 5. Part () of
this figure contains a sketch of the intersection of
one of these Sb conduction-band vaileys with the
mirror piane through Z. :t has an S shape, ot
curving away from the normal to the hexagonai-
zone face at L, toward the T polnt on the adjacent
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hexagonal face.

The first analogy to be noted for the case =1
18 that the corresponding mirror-plane cross sec-
tlon through an L polnt of the proposed $nTe model
of Flg. 4 has the same kind of S-shaped cross sec-
tlon, due to the presence of the knobs, Presumably
tire distortlon 1s present for the same reason in
both SuTe and Sb—the surface Is “reaching out”
toward a neighboring reglon of the zone which lies
In the same cnergy range,

There 1s a difference between the two cases: In
Sb, there 18 only one mirror plane through a given
L. polnt, while In SnTe there are three (and three
S-shaped cross sectlons), because in ihe latter
case L 1s an axis of threefeld rotational sym-
metry. Despite this difference, however, there
may well be two uddittonal knobs near eaci end of
tiie Sb conductlon-band surface. lying on opposite
sides of tive mirror ptane, We would not be sur-
prised to learn that the corresponding bulges are
also presant in both the conduction- and valence-
band surfaces of Bi, (As noted ubove, these distor-
tions may be difficult to detect using the high-field
technlques. )

One speclfic reason for giving up the origlnal at-
tempt to link the band structures of Sbh and SnTe was
that It became evident that the energy surfaces near
the top of the valence band in SnTe enclose the L
polnts (at least at the carrler densities studied)
whereas the valence-band mavima in Sh have moved
away from L (or T as it ts called there) to a set of
nearby points lavbelled #,°'

One of the H polnts and the Fermi surface sur-
rounding It are shown In Fig. 5. It lies on the
reflection plane near the I'Z lines which in the
cubic zone would be the (110" axes (F'/[=0.52 T'Z;
the angte between them is 11 ), Furthermore, the
3bh vaience-band surfaces at I/ are elongated and
point towards T i.e., they are approximately
parallet to the I'X directions which in the cubic
case become the (100} axes,

Thus we find a second analogy at v=1: In loca-
tion, shape, and orientation, the Fermi surfaces
near the main maxima of the Sb valence band cor-
respond very closeiy to the pockets associated with
the subsldiary VB(Z) maxima in the SnTe valence
band. And these subsidiary maxima do have an
lmportant effect on the shape of the distorted con-
stant-energy surfaces near the main VB(L) maxima
of the SnTe valence band, In this sense then, the
valence-band structures of SnTe and Sb are closely
related.

In Bi,_, Sh, alioys, Lerner, Cuff, and Williams'%
and Golin'® suggested that the levels which form
the direct gap at the L polnts comes together and
cross as Sb is added to Bi, This of course is di-
rectly analogous to the band-crossing model pro-
posed by Dimmock, Melngalils, and Strauss for
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the Pb,_,Sn, Te alloys. ™

At tiie same tlime, however, the addition of Sb to
Bi causes the valence-band energy maximum at T
to decrease so rapidly that when v=0,07x0,01, It
drops beiow the conduction-band minimum at L,
and Bi,_, Sb, becomes a semiconductor.

It scems likely that the addition of Sb to BI t4-
creases the direct gap at T, It Is therefore tempt-
ing to conclude that in Bi the conductiori- and va-
tence-band tevels at 7 are the same as those at the
L points, but in reversed order, i.e., they are
already SnTe-tike, The band-structure calculations
do not bear this out, But since the tevels involved
are so ctose to each other and are so sensitive to
detaiis of the band calculation, this speculation
should not be ruled out just yet.

1V. CONCLUSIONS

For a long thne we had been puzzled by the pe-
culiar behavlor of the weak-field magnetoresistance
in p-type SnTe, a behavior in very sharp contrast
to that found in p-type PbTe. The acquisition of
high-field Shubnikov—-de Haas and de Haas-van
Alphen data on SnTe did not improve the situation;
in fact, it appeared that the low- and high-field data
were not consistent.

In this paper we have described a Fermi-surface
model which can resolve the apparent contradiction,
Tite model was not specified analyticatly, but it
was easy to describe in terms of its essential fea-
tures, prolate {111) valleys to which are attached
(100)-oriented knobs. We have tried to make the
model more plausible by relating it to some gen-
eral features of the band structures of the IV-Vi
compound semiconductors and the cofumn-V semi-
metals,

We also examined in some detail a number of
alternative approaches which could not account
for the data. In so doing, we hope to have demon-
strated the paramount importance of the symmetry
axes of a multivalley modet to the behavior of the
weak-field magnetoresistance: Rotational invar-
jance of carrier properties about specified axes
tends to produce a characteristic weak-field sym-
metry, regardless of the detailed nature of the
rotationat invariance. But even modest deviations
from that invariance can have a major effect on
the weak-field MR symmetry.

We also noted that the kinds of distorted mode:
discussed in this paper may be difficult to detect
using the high-field oscillatory measurements,
Cross sections of a Ferml surface perpendlcular
to its axis of threefold rotational symmetry nay
have a decidedly noncircular form, but the angular
variation in the area of the set of cross sections
in pianes which include the symmetry axis are
Ilkely to be relatlvely smatl. We hope therefore
to have shown that weak-field MR measurements
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can somethnes be useful In the analysis of etec-
tronic properties outside of the band-edge reglon
where they are normaliy used. Perlaps it can be
worthwhlle, under the appropriate ¢ircumstances,
to attempt to interpret such data in an “internredi-
ate” carrier denslty range extending from, Ray,
10" to 10?' cm?,
ACKNOWLEDGMENTS

At long last, we would Hke to gratefully acknowi-
edge the assistance of F, F, Beil, t, F, Bis,
J. R, Burke, R, R. Clough, C, C, Evans, E. Gub-
ner, M. K. Norr, P. O, Schele, and D. J, Treacy
In preparing the crystals and carrying out the
transport measurements,

It Is impractical to {Ist alt of those to whom we

ALLGAIER AND DB,

NOUSTON 5

are Indehted far valuable discussionsa of the haml
structures of the IV-VI semicomluctors and related
materiats, and the aunalysis of transport data, 1hut
the names that spring to inhixl Innmediately inclute
1L, J. Atbany, A, A, Awdreev, A, C. UBeer, I, F,
Rrebrick, ), R, Burke, A, J. Crocker, M, L.
Cohen, K, F, Cuff, J, R, Dixon, L. M. Fallcov,
R. F, Greene, |, F, Golf, W, K, lNloward, V. I,
Kaldanov, G, W, Pratt, S, ltabil, Yu. I, Ravich,
R, Jtiedt, 1. M, Rogers, A, Sagar, U, T.
Savage, F. Stern, P, .1, Stlles, A, 1. Strauss,

K. D. Tovstyuk, 1. M, Taidil'kevskii, . Tsu,
and J, Zewmel, And (inally we want to thank 8.
Dolan and G. Perkinson for their expert help In
prepartug the manuscript and figures

Trhis work was supported by the Naval Owndnance
Laboratory Independent Research I'und, by the OfTice of
Naval Rescuarch (under Contract No. 1’O=9-016:1), and
by the Advanced Research Projects Agency (under orler
No. 1573).

R. s. Allgaler and B, B. louston, Bull. Am, Phys,
Soc. 7, 331 (1962).

!, 8. Allgaler, C. C. Evuns, and B, I3, Ilouston,
Bull, Am. Phys. Soc. 9, 616 (196-1),

A prelimlnary report was presented carlier R, 8.
Allgaler, Bull. Am. Phys. Soc, 15, 304 (1970)f. It was
also descrlbed In a discusslon scctlon on . 317 of Ref.
G, but with an crror: **(111)-directed knobs” should
have been (100 )~dIrected knobg, "

IBM J. Res. Develop, 8. 215298 (146.1).

J. Phys, (Paris) 29, C1-1-178 (1968),

The Physics of Sewinmctals and Narvow-Gap Sewi-
conduclors, cdited by 1. L. Carter and R. 'T. Bate
(Pergamon, Oxford, 1971).

K. Shogenjl and S. Uchlyama, 1. Phys. Soc. Jlapan
12, 1164 (1957),

'R. 8. Allguicr, Phys. Rev. 112, 828 (1958).

‘W, W. Scanlon, Solid State Phys. 9, 83 (1959),

K. Shogenjl, J. Phys. Soc. dapan 14, 1360 (1959).

"R, 8. Allgaier, Phys. Rev. 119, 551 (1960).

"R. 8. Allgaler, J. Appl. Phys. 42, 2185 (1961),

Br o, Allgaier and B, B, llouston, In Procecdings of
Intc rmational Confevence on the Physics of Semibconduc~
fors, edlted by A, C. Stickland (The Instltute of Physlcs
and the Physleal Society, London, 1962), p, 172,

!4, R. Dixon and H. R. Rledl, in Ref. 13, p. 179,

BK. K. Cuff, M, R. Ellett, and C, D, Kuglin, In Ref,
13, p. 316,

"H. R. Rledl, Phys. Rev. 127, 162 (1962).

""J. R. Dixon wnd If, R. Rledl, Phys. Lotters 12, 164
(1964).

"J. R. Dixon and II. R. Rledl, Phys. Iev. 138, AS73
(1965).

By, s, Allgaler and B, B. llouston, J. Appl. Phys,
37, 302 (1966),

PR, N, Tauber, A. A. Machonls, and 1. B3, Cadoff,
Jo Appl. Phys. 37, 4855 (1966).

A, A. Androev and V. N. Radlanov, Flz. Tekhn.
Poluprov. 1, 183 (1967) [Sov. Phys. Semlcond, 1, 145
(1967)).

ZA. J. Crocker and 1. M. Rogers, DBril. J. Appl.
Phys. 18, 563 (1967).

L R Kolomoats, M, N, Vinogradova, and t.. M.
sysoevi, Fle. Tekhn, Poloprov. 1, 1222 (1967) |Sov,
I'hy's, Semlcond. 1, to2a (196s)),

T M. Mogers, Il L, Appl. Phys, 15, 1227 (1967),

. A, Amlreev, In Itef, 5, p, Cl=5n,

“Yu. L Havich, B, A. Eftmova, and 1. A, Smirnov,
Seniconducting Lead Chaleogentdes "Plemam, New York,
1970),

A, AL Andreev, M. N, Vinogradova, B, A, Eftmova,
V. L Raldanov, N. V, Kolomodts, E. Ya. Lev, L.V,
Prokof'eva, I M. Ik, 1 A, Smirnov, 1. M,
Svsoeva, and T, A, Chernlk, In Procecdings of the Ninth
Intcrnational Confevence on the Physies of Semifcondue -
lors, Moscow, 1968, odlted by 8, M, Ryvkin and Yu, V',
Shmavtsev (Nanka, Lenlngrad, a6s), p. 1233,

“I, A. Chernlk, V. 1. Kaldanov, M. N. \'Inog radova,
amnd N, v, Kolomoets, Flz. ‘Fekhn, Poluprov. 2, 7
(1968) [Sov. Phys. Semlcond. 2, 645 (1968)),

W, schllz, J. Phys, Chem, Sollds d0, 897 (1969).

B0, 8. Gryaznov and Yu. 1, Ravich, Flz, T'ekhn,
Poluprov, 3, 1310 (1969) )Sov, Phys. Semlcond. 3,
1092 (1970)).

R, Burke, B. B. louston, and II. T, Savage,
Phys. Rev. B 2, 1977 (1970),

R, s, Allgaler and . O, Schele, Bull, Am. I’hy 5.
Soc. 6, 116 (1961).

AL Sagar and R C, Miller, In Ref. 13, p. 653,

HR, o, Brebrick, d. Phys, Chem. Sollds 20, 27
(1963),

¥R, F. Brebrick and A. J, Strauss, Phys. Rev, 131,
104 (1963).

%5, A. Kafalas, R, I, Brebrick, and A, 0, Stimss,
Appl. Phys, Letters 4, 93 (196.1).

B. B. llouston, R. S. Allgaler, J. Bablskin, and
P, G, Slebenminn, Bull. Am. Phys. Soc, 9, 60 (19644).

"B, B. Honston and R. 8. Allgaler, Bull, Am. Phys.
Soc. 9, 293 (1961),

“J. R. Burke, R. 8. Allgaicr, B. B. llouston, J.
Bablskin, and I, G, Siebenmann, Phys. Rev. Letlers
14, 360 (1963).

"B, A. Eflmova, V. L. Kaidanov, B. Yu. Moizhes,
and I. A. Chernlk, Flz, Tverd, Tela 7, 2521 (1965
[Sov. Phys. Solld Stute 7, 2032 (1966)).

R, 8. Allgaler, Phys. Rev. 152, 808 (1966),

1., Esakl and I J, Stlles, Phys. Rev. Letters 16,
1108 (1966).

%), R, Burke, B. B. Houston, M. T. Savage, J.



3 WEAK-FIELD MAGNETORESISTANCE AND THE, .. 2107

Hablakin, and 1%, G, Shhenmann, 10 Mhyaros af Sencge
conductors (Ihysical Soclaty of Jagan, Tokya, 19669,
It :l'.“.

M, Emiek), In dlel, 13, g0, Ses,

Vi g, Stilen, Lo Enakl, and W, K, loward, In M9ae
covitings of the Tenth Intermatlonal Comferines an L
Tewmperntnre Physfes, wllied by M. 1%, Malkow, M, Ya,
Nebel', ant V', S, Vehnan (VINIT, Misnctem, 1350,
\ul 3, e 257,

v N Andreey, 'z, ‘Ivenl. Teli Y, DA 907
[Sene, Phys, Solvd State 9, 1292 11965 )l

V1 Kaldanoy, 1, A, Cherndk, and 16 A, Ellmova,
Fle. Tekinn, Toluprov, |, 869 (1967) [Sov, 1hys,
Semleond, ), 723 (1967)).

“N. KChler, 2, Argew. Mhys, 21, 230 (1967),

‘l.. M. Megers, J. 1hys. ), 815 (lsw.

ke Tan, W, K, Howaril, and L. Esuke, Phys. Rev,
132, 779 L1968,

P K. Dowand, 1, Tsn, P, 0, Scles, and 1. Esakl,
In Rtef, =5, o 03,

1.4, Sules, In ef. 3, p, C1-103,

o 1 Burke and 10, 1, Wiedt, Phys, Hev, 181, S
(1969), .

LT, Sovige and 18, 1, Houston, Bull, Am. hys,
Sovs 13, 11 119700,

Ao Sugar, . Appl. Phys, 41, 811 (1970),

CCL G Bvans, To AL Regleln, nnd R, 5, Allgaler,
I'hys. |m 12, Y80 (1970),

Re Folisand 1. It Dixon, Phys, Rev. 1502, 1004
ll970).

1. Klelnmian and 1, 1, Lin, In Physlque des Semd-
comductenrs, edited by M, Hulln (unod, Pagis, 196D,
p. 63,

W (.. W, Peatt and L. G, Ferrelea, In Ref, 55, p, 64,

3. 0. Dimmock and G. It. Welght, In Ref, 58, p. 77.

‘L1, 0. Pimmock and G, 1. Wright, Phys. Rev. 1115,
AS21 (1961),

21, 18, Conklin, 1. E. Johnson, and G. W, Pratt,
Ihys, 1y, 1H7, A1282 (1965),

9P, 3. Linand 1., Klelnman, Phys. Rev. 142, 47%
(1966).,

Mp, 1. Lin, W, Saslov, and M. L. Cohen, Solld
Stute Commun, 5, 893 (1967),

M, 1., Cohen, Y. Tung, and PP, B, Allen, In Ref, R,
p. C4-163,

", tMlerman, R. L. Kortum, 1. I8, Ortenburger, and
J. P, van Dyke, In Refl, 5, p. C1-62,

IS, Rabll, Phys. Itev, 182, 821 (196Y),

Y, W. Tung and M. L. Cohen, Phys. Letters 294,
236 (1969),

"V, W. Tung and M. L. Cohen, Phys. Rev. 180,
823 (1969).

1. Overhof and U, Réssler, Phys. Status Solldl 37,
691 (1970),

"R, L. Bernick and L. Klelnman, Solid State Commun.
8, 569 (1970),

. !T A
D LG
N A
AN W ’

] '
s I

Lo T
O wousas 1as

LAV l.. Cohan and Yo W, Twang, In Bef, 6, g0, a0,
LAR o Divvoek, I Bel, 6, p, 20,
'y, \\-. T wned Mo 1, Cohen, Phws, Rev, W,
250 QY71
Vo Hrest aethor 14 ity oF havimg fastered the nne
af this Iwvorrect diseeiption,  See Hels, 12 and 22,

I AL Ellmava, TS, Stwitakoyn, L S, SO0 bans,
and Lo M, Sesoevi, 12, Tverd, Pela 1, 1325 Wy
(Sews Phys, Solld Stde |, 1217 (1960)),

AL Emeva amd L. AL Relomods, Pz, Iy L,
'l'vl;l Ty 120 DO63) 180w, Phys, Selld State T T, Y 0965,

Lo O 1mmeck, 1 Sedngallls, and A, D, SUprnias,
I'h\n. IRev, Letters 16, 1193 (19466,

PHe I Disanand R E, DLy, Phys, Rev, 1586, 942
(1969),

SN b Steauss, Teans, AME 212, 450 s,

U W Wagner and 11, K. Willndson, Tyans. AIME
:.in‘. 161 (1969,

L. Bueke, 1. D, densa, and B F. Geeene, ),
.\m. Phys, Soc, 16, 193 0971),

YGaston Dioane, oh, D, thesls jnly ersity of Ditaw g,
1971 tunpublished,

S Metngaills, T Co Haeman, $. G, Maveoldes,
and Ao O Dimmock, Phys, Rev, 18 €, 070 (971,

.I. Wo Wigner, A G, Thompson, and R K, Wilagd-
scm, Ao Appl. Ih\q, 42, 2005 4971,

W R Burke, 4o D, densen, and I8, Nownston, In Ref,
6, |). 49,

e Melngallls, 0, N, Kalalas, and T, ¢, ILivman, In
Ref, 6, p. 107,

it B Houston, Ro P BEs, and . Gubner, Ball,
:\m. I'th. Sov. 6, 136 (1961),

FA < Beer, Gatvanomagnetic Effects in Semicon-
llllllnl\ l\t.ulwm('. New York, 1963), Chap. 3.

RS Allgater, Phys, Rtev, 115, 1185 (1959),

M Mo Fallcov and Pk Ling Phys. Rev. 11, 562
(19()())

“\I. . Cohen, Phys, Rev, 121, 437 (1961,

R h. AMlgaler, Phys, Rev, 132 2, 369 (1970); sec
also R, S, Allgaier, Phys. Rev, 165, 775 (1963).

"R NI L Phys. Soc. Japan 19, 58 (1961).

L Numata and Y. Uemura, 1. Phys. Soc, Japan
19 2140 (1961),

NI Glleksman, Phys, Rev, 102 102, 1496 (1956),

"”M. B, Ttouston and R, E. Strakna, Bull, Am. Phys,
hOt. 9, 646 (1961),

MR, W. Keyes, Solld state Phys, 20, 37 (1967).

1.3, Hadl and 8. 11, Koenlg, null, Am. Phys. Soc.
8, 51 (1963), ;

MG, A saunders, In kel 5, p. C1=3.

1941, B. Ketterson and L, R, Windmlller, Phys, Rev.
B 1, 463 (1970).

L. 8. Lerner, K. ¥, Cuff, and 1. R. Willlams,
Rev. Mod, Phys. 40, 770 (1968),
1935, Golin, Phys. Rev. 176, 830 (1968).

1



