Co,.,Fe,Si

tion, since the increase in |AE| gives rise to the in-
crease in electrons and that in holes by equal numbers.

It seems interesting to compare the present results
on Co;.Fe,Si with our recent work on Co;,Ni,Si
(0.14=x=0) solid solutions. In the latter case, the
experimental data are qualitatively interpreted on the
assumptions that (1) the solid solutions are semi-
metallic, (2) m,, 1, and a(=%) remain unchanged with
x, and (3) one Ni atom substituting for one Co atom
produces approximately one electron. Since Ni has one
more 3d electron while Fe has one less 3d electron in

SOLID SOLUTIONS
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comparison with Co, the results on these two solid
solutions seem to be quite reasonable. Details of the
work on Co;_,Ni,Si will be published elsewhere in the
near future.
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The galvanomagnetic coefficients of n-type Ge have been calculated theoretically and compared with
previously published experimental data. Calculations have been made for material containing from 10! to
1018 impurity centers per cm?, and comparisons were made with samples having free-carrier concentrations
from 5X 10 to 2X 107 per cm3. The calculations were made primarily at 77 and 300°K, but also as functions
of temperature. A solution of the Boltzmann transport equation with a collision time which was anisotropic,
energy-dependent, and which depended on the impurity content was used. In the expressions Herring and
Vogt’s equations were used for the acoustic lattice scattering, the Brooks-Herring equation modified by
Ham’s calculation of the anisotropy was used for the ionized impurity scattering, and the Erginsoy formula
for neutral impurity scattering was used to account for the energy-independent scattering. It is shown that
even though a constant mean collision time can be used to qualitatively predict the dependence of the
coefficients on the magnetic field, the quantitative agreement with experiment is considerably improved when
a more realistic form of the collision time is used for the calculations. Scattering functions which take the
temperature dependence of the scattering and the presence of ionized impurities into account enable quantita-
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tive predictions of the behavior of the galvanomagnetic coefficients to be made quite successfully.

INTRODUCTION

LARGE amount of accurate experimental data

has been published on the galvanomagnetic
effects, the Hall effect and the magnetoresistance, for
the elemental semiconductors germanium and silicon.
Qualitatively, the theoretical calculations are in good
agreement with the experimental data as functions of
the orientation and field dependence of the effects.
However, quantitatively the dependence on tempera-
ture and impurity content of the semiconductor is not
in as good agreement as might be hoped for.}~® Pri-
marily, this is due to the difficulty of calculating the
conductivity tensor when the relaxation time equations

* Operated with support from the U. S. Air Forc
1'W. M. Bullis and W. E. Krag, Phys. Rev. 101, 580 (1956).
2W. M. Bullis, Phys. Rev. 109 292 (1958).
3W. E. Krag, Phys. Rev. 118, 435 (1960).
4 C. Goldberg, Phys. Rev. 109 331 (1958).
5 C. Goldberg and W. E. Howard Phys. Rev. 110, 1035 (1958).
6 R. A. Laff and H. Y. Fan, Phys Rev. 112, 317 (1958)
7D. Long and J. Myers, Phys Rev. 115, 1107 (1959).
8D. Long and J. Myers, Phys. Rev. 120 39 (1960).
(’H Miyazawa and H. Maeda, J. Phys Soc. Japan 15, 1924
1960

are complicated because of the presence of more than
one effective scattering mechanism. With the present
relatively easy access to large computers, this calcula-
tion problem is greatly eased. Such a calculation has
been made for the case of n-type silicon by one of the
authors® with fairly good agreement between experi-
ment and theory. Therefore, it seems appropriate to
perform these calculations for #-type germanium and
to compare the results with the extensive previously
published experimental data.

THEORY

The formal theory of conductivity was used in the
usual manner to evaluate the conductivity for a single
ellipsoidal energy surface with an anisotropic energy-
dependent relaxation time.!=3:'° For this development

10 The development for a single-energy minimum is exactly the
same as that followed in Ref. 3. It is done in considerable detail in
W. E. Krag, PhD. thesis, Massachusetts Institute of Technology,
June 1959 (unpubhshed) The procedure for combining the con-
ductivities of the several [1117] oriented ellipses is also the same
as in the above references, modified of course by the different
orientations of the ellipsoidal energy surfaces.
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it is required that the material be homogeneous and
isothermal so that the Boltzmann equations do not
have a positional dependence, the electric field be strong
enough to produce only first-order perturbations in the
electron distribution in energy and the distribution in
energy of the electrons be Maxwellian. The assumption
that the relaxation-time tensor is expressible as a tensor
diagonal in the same space coordinates as the mass
tensor is also made.

After expanding the distribution function to first
order the Boltzmann equation can be solved for the
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distribution function itself which can then be used to
solve the current density equation and hence to obtain
the conductivity tensor for a single ellipsoid. For ger-
manium, the energy surface of the conduction band is
such that there are four equivalent ellipsoids of revolu-
tion oriented with their axes along the four [1117] axes
of the cubic germanium crystal.!! When the components
of the conductivity tensor for each ellipsoid are trans-
formed into a common cubic coordinate system and
summed over all the ellipsoids, the total conductivity
tensor is

/I: :l 63/26—Slk7’d8

3\/7r(kT)5/2
where
I: %[Zat+al]+at2alBl2 %[20z+al]+dtzdtBlz
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and by permuting the subscripts 1, 2, 3 and using the
Onsager relation, o;;(B)=0;(—B), the other compo-
nents of the conductivity tensor are easily obtained. In
these expressions # is the electron concentration in each
of the ellipsoids (assumed to be the same in each
ellipsoid), £ the Boltzmann constant, 7' the absolute
temperature in °Kelvin, B; the component of the mag-
netic field along the ith cubic axis in the cubic coordinate
system and d¢(1)=6[7't(z)/ml(l)], where T = I/Vt(l) is

a;ay a; a;
1+7[z+—+2<1——> (BiByt-BoBy—

, (D

B1B3):|

the relaxation time transverse (parallel) to the major
axis of the ellipsoid. 7, and 7; are not necessarily iden-
tical either in magnitude or energy dependence. m()
is the electron mass transverse (parallel) to the major
axis of the ellipsoidal energy surface.

The galvanomagnetic coefficients are expressed in

ap ay

17, H. Crawford, Jr., H. C. Schweinler, and D. K. Stevens,
Phys. Rev. 99, 1330 (1955).
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the following manner??: the magnetoresistance is

AP‘P"‘PO_ (E-J)g

Po Po (E'J)B=o
and the Hall coefficient is
(E-JXB)
R=——., 3)
(I XB)?

Using the tensor form of Ohm’s Law E=g-J the right-
hand side of these equations can be written in terms of
the components of the resistivity tensor p;; and the direc-
tion cosines of the magnetic field. The p;; will, of course,
be functions of the magnitude and direction of the mag-
netic field.? It is difficult to obtain sufficient experi-
mental accuracy to be able to invert the measured
resistivity tensor. Usually the conductivity tensor is
calculated and inverted numerically for comparison
with the experimental data.

In the literature on the galvanomagnetic effects
several rather useful approximations to the relaxation
time have been used. The obvious approximation to
make is that of a constant mean free time. In this case
the entire expression inside the brackets in Eq. (1)
can be brought outside the integral, which then becomes
a gamma function, and the conductivity tensor can be
easily calculated. This approximation has proved to be
useful in the analysis of several types of data.?!5:
Another approximation which has been widely used is
the assumption that the relaxation time is proportional
to a simple power expression in energy.24—91L13-17 Even
when the relaxation time is expressed as a simple power
expression over one range of energy and by another
power expression over another range of energy,'s e.g.,

T1= llga, OS gS 81, (4)
T2= lng, 51S 5S 82;

the conductivity integrals can be integrated analytically
and the conductivity tensor directly evaluated. This
approximation has been useful in cases where a single
scattering mechanism is dominant.® However, when
the relaxation time is expressed in a more complex
manner the integrals must be calculated numerically,
and they are complicated enough to require the use of a
rather large computer, such as the IBM 7090 which
was used for these calculations.

12Tt will be noted that the Hall coefficient is indeterminate
when J and B are parallel. This is unfortunate but the Hall voltage
is experimentally zero for this case.

13 B. Lax, H. Zeiger, and R. Dexter, Physica 20, 818 (1954).

1 1, Gold and L. Roth, Phys. Rev. 107, 358 (1957).

16 F, Seitz, Phys. Rev. 73, 549 (1948).

16 B. Abeles and S. Meiboom, Phys. Rev. 95, 31 (1954).

17 ¥, Blatt, Solid State Physics, edited by F. Seitz and D. Turn-
bull (Academic Press Inc., New York, 1957), Vol. 4, p. 200.

18 G, B. Benedek, W. Paul, and H. Brooks, Phys. Rev. 100,
1129 (1955).

19 C, Herring, T. H. Geballe, and J. E. Kunzler, Bell System
Tech. J. 38, 657 (1959).
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In Eq. (1) the only unknowns are the concentration
n, the masses m; and m; and the relaxation times 7, and
71. w, of course, can be rather closely estimated from
the measured Hall coefficient of the sample. We have
used the cyclotron resonance values of the effective
mass for m; and m, since it has been shown that the
effective electron masses do not change appreciably
with temperature, at least up to 100°K.2 It is also
reasonable to suspect that they do not change appreci-
ably up to 300°K.25:¢ For the relaxation time equations
we have used previously published results, taking into
account three types of scattering; neutral impurity
scattering, ionized impurity scattering, and lattice scat-
tering by acoustic phonons.

Neutral impurity scattering has been shown to be
relatively temperature-independent, with a collision
frequency®

1 20«7
== ®)

)
T~ 8mim*%e?

where k=16 is the dielectric constant for Ge, N, is the
number of neutral impurities which is, unfortunately,
unknown. % is Planck’s constant, »* is the effective mass
m*= (m&m)'"* and e is the electron charge.

For ionized impurity scattering we have used the
Brooks-Herring formula,!?:2

1
vy=—=Nrmwe*(2m*)~1/2(§)-3/2%2
TI

Xl:ln(1+b)~1—_z:_-l—)], )

where
b=8rm*kT E/n'e2h?.

Ny is the number of ionized impurities and we have
taken 7n'=N;7. The term in brackets takes account of
the screening of one ionized impurity by another. Since
Eq. (6) was developed for an isotropic energy band
minimum it is necessary to modify the equation to
allow for the anisotropy of the energy minima of the
conduction band in Ge. Ham? evaluated the anisotropy
of the ionized impurity scattering and showed that for
small angle scattering 7;/7,=12 which was later shown
experimentally to be reasonably accurate.® Then
[1/712(1/710)2 8=vr=1/77, where »; is the »; of
Eq. (6), 1/711 is the collision frequency for electrons
moving along the major ellispoidal axis, and 1/7;7 is
the relaxation time for electrons moving in a direction
perpendicular to the major axis.

For acoustical lattice phonons Herring and Vogt?

2 D. M. S. Bagguley, R. A. Stradling, and J. S. S. Whiting,
Proc. Roy. Soc. (London) A262, 340 (1961).

2 C. Erginsoy, Phys. Rev. 79, 1013 (1950).

2 The formula as written in Ref. 17 is incorrect by a factor of 2
[D. M. Brown and R. Bray, Phys. Rev. 127, 1593 (1962)].

% F. S. Ham, Phys. Rev. 100, 1251 (1955).

* C. Herring and E. Vogt, Phys. Rev. 101, 944 (1956).
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Fic. 1. Calculated ratio of the zero field to the infinite field Hall
coefficient Ro/R, as a function of the ionized impurity concen-
tration. The curves are drawn for three values of the neutral im-
purity concentration, N,. (a) T=300°K, (b) T=77°K. The value
of Ro/R. for a constant mean-free time and m;/m;=20 is indicated
on the left-hand margins.

obtained the expressions

1 37CkT 8?
-—= ——'—_[El lEd2+77l IEdEu_[_g‘HEu?] )
Tl ch

1 3xCRT 82
—=———-——[€Ed2+m5d3u+§15u2] ) (7)

Tt VCz

where
(mdm ) PV

gy

and ¢; is the average elastic constant for longitudinal
acoustic waves. £, 7, and { are numerical factors which
depend on the mass anisotropy ratio, and =y and E,
are the deformation potentials due to dilation and shear
respectively. Experimental values for all of the numbers
in these equations are available. In the calculations
we used the cyclotron resonance values® for m,; and
m, and the anisotropy ratio mey/m,; or m;=0.0819m,,
mi=1.64m,, and my/m,=20. For the sound velocity we
have used McSkimin’s?® results at 300°K and extrapo-
lated his results slightly to obtain the 77°K data.
At 300°K, ¢;=1.50X10? dyn/cm? and at 77°K,
¢1=1.53X102 dyn/cm? The ratio 7;/7,= 1.22 for acous-

2 R. N. Dexter, H. J. Zeiger, and B. Lax, Phys. Rev. 104, 637
(1956).
26 . J. McSkimin, J. Appl. Phys. 24, 988 (1953).
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tic scattering was obtained from magnetoresistance
data'® using the cyclotron resonance values for #,; and
mq. Using Herring and Vogt’s** Fig. 5 the ratio E4/E,
=—0.438; 5,=—17.3 eV was obtained from piezo-
resistance data.?” There is also a contribution to the
lattice scattering from optical phonons around 300°K.
We neglected this contribution since it appeared to be
small, and because there are no available numbers for
the various constants used in the theory.?

To combine the effects of the wvarious scattering
mechanisms one sums the scattering frequencies v;=1/7;
to get a total scattering frequency »=1/r. Summing the
frequencies of the three scattering mechanisms de-
scribed above leads to equations of the following form:

ax
vl=lel/z—{—lhx_“/?[ln(l—i—ax)— ]—I—N,
14-ax
®)
vt:L2x1/2+llzx“3/2[ln(1+ax)— ]—i—N,
14+ax

where »; and v, are the collision frequencies for electrons
moving parallel and perpendicular to the major axes
of the constant energy ellipsoids respectively. Ly, Lo,
I, I, a, and N are constants which can be evaluated
from Egs. (5)—(7). x is the reduced energy &/kT.

With these expressions the value of the relaxation
time can be calculated on an absolute basis. The acoustic
scattering does not depend on the number of impurities,
at least to first order, and can be considered to be the
the same for all of the samples. The ionized impurity
scattering depends, of course, on the number of im-
purities. In the absence of any data on compensation?
we have used the Hall coefficient to get the number of
free carriers and assumed that this is equal to the
number of ionized impurities in the particular samples.

Calculating the conductivity tensor is then simply a
matter of introducing a; and a;(e:qy=e[riymeay )
and B into Eq. (1) and evaluating the integrals.

RESULTS

Figure 1 shows the ratio of the zero field to the infinite
field Hall coefficient Ro/R,, as a function of the ionized
impurity concentration for different neutral impurity
concentrations at 300 and 77°K. It should be noted
that this ratio changes rapidly with concentration at
both 300 and 77°K in the often used impurity concen-
tration range of Ny=10'/cm3? Included in the figure
is the value of Ro/R,, for the constant mean-free-time
approximation with »z;/m,=20. Throughout the calcu-
lations the amount of lattice scattering is considered to

2 F. J. Morin, T. H. Geballe, and C. Herring, Phys. Rev. 105,
525 (1957).

28 C, Herring, Bell System Tech. J. 34, 238 (1955).

2 We do not understand the sharp decrease Ro/R. at high-
impurilty concentrations at 77°K. It does however appear to
be real.
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Fic. 2. Calculated zero-field
resistivity as a function of the .
ionized impurity concentration. — (o)
The curves are drawn for three
values of the neutral impurity 6 | Y

T=2300°K

concentration N,. The avail-

able measurements of the resis-
tivities of the samples used in R
the comparisons of the data are 1o
also indicated, where the values
of N; were obtained by the
method indicated in the text.
(a)T=300°K, (b) T=77°K.

£, (ohm-cm)

be dependent on temperature only. R,, has been shown
to be independent of all the crystal parameters, such
as scattering, orientation, and temperature, and de-
pendent only on the number of free carriers.?® Ry, on the
other hand, depends on all of these factors except the
orientation of the current and magnetic field with
respect to each other and to the crystal axes.? Figure 1(a)
was used iteratively to get an accurate value of the
carrier concentration from the measured R,.

Figure 2 shows the resistivity versus carrier concen-
tration at 300 and 77°K for several values of the neutral
impurity concentration. Also shown in the figure are
the measured values of the resistivity for many of the
samples we used for comparison with theory. Numbers
were not available for the samples not included on these
figures. In general, the calculated Hall mobility when
there were no neutral impurities was higher than the
experimental Hall mobility. We therefore chose a value
of the neutral impurity concentration which was
sufficient to bring the calculated resistivity close to its
measured value at the measured carrier concentration.
This is a plausible assumption since it is well known
that there were often rather large concentrations of
neutral oxygen in grown germanium crystals.®

Figure 3 shows the field dependence of the Hall

% M. Shibuya, Phys. Rev. 95, 1385 (1954).
31 W. Kaiser, Phys. Rev. 105, 1751 (1957).

N, (m/cms)

TasLE L. Measured and calculated characteristics of samples
considered in preparing Figs. 2-5.

Resistivity at Ry at
300°K 77°K 300°K Ny Na
Sample (ohm-cm) (cm3/coul) (#/cmd)  (#/cm?)
number measured measured  calculated calculated
985 23.6 3.2 100 5.74X101 101
1184 8.89 1.2 33.4 1.69X 1014 1018
786 0.6 0.1 1.8 2.96X10t6 101
1261 0.293 0.90 5.83 X105 1016
1260 0.016 0.023 2.34X10v 1016
1262 3.2 0.5 12 4.6 X101 1016
1498 5.6 20 2.8 X104 1015

coefficient normalized to zero magnetic field for several
samples with different impurity concentrations for two
different orientations at 77 and 300°K. The concentra-
tions of impurities used for the calculations are given
in Table 1. Figure 4 does the same for the magneto-
resistance versus magnetic field data. As indicated by
the figure, the calculated variation with orientation also
agrees with experiment. The failure to saturate in the
high-field region of the magnetoresistance seen in Fig.
4(c) is probably due to sample inhomogeneities.? Several
of the low-field magnetoresistance coefficients as a func-
tion of impurity concentration are presented in Fig. 5.
As explained by Bullis? the upturn at the right of the
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F1c. 3. Calculated and experimental field dependence of the
normalized Hall coefficient Ry/Ro. The solid lines are theoretical,
the points experimental. Each theoretical line is labeled with the
same symbol with a subscript ¢ as the experimental points for the
corresponding sample. See Table I for sample information. (a)
T=300°K, JpoyBloU; (b) T=300°K, JyuogBMl; (c) T=77°K,
JuonBl; (d) T=77°K, J1og B0,

figure is due to the presence of a small number of holes
in the pure samples.

The high-field magnetoresistance limit for B and J
in certain crystallographic directions has often been
used>® to make an estimate of the mass anisotropy
factor K=m;/m,. Unfortunately it can be seen from
Fig. 4(e) that the magnetoresistance even in the high-
field limit depends on the number of impurities or
rather the amount of ionized impurity scattering as
well as the mass anisotropy. However, assuming no
gross anisotropy in the lattice scattering, very pure
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samples, and taking due precautions in the measure-
ments, in the absence of any direct information on the
mass anisotropy, such as from cyclotron resonance ex-
periments,2® the high-field magnetoresistance should
lead to a good approximation to the mass anisotropy.
Figure 6 shows a comparison of some experimental
data taken by Goldberg and Howard® with our calcu-
lations. Figure 6 is concerned with the magnetoresist-
ance symmetry relations, which they showed to hold in
their samples. Our concern here is with the changes in
the various coefficients with temperature and impurity
concentration. The notation used in Figs. 6 and 7 is

Ap |[110]
poH2I[110]  (b+c+3d)
yy=lim = )
H-0 Ap [001] b
po?1[110]
Ap |[110]
poH2I[110]  (b+3d)
plf——_-_ Hm ’ [ = ? : (10)
H-0 Ap |[001] b
poH?1[110]
Ro\? Ap |[001]
V3= <——> / lim , (11)
00 H0 021 [110]
and finally
W=2vs/ (1+v3), (12)

where 8, ¢, and d are the low-field magnetoresistance
coefficients,® a subscript indicates the current direction
and the superscript the magnetic field direction.
Figures 6 and 7 show that the low-field coefficients
are as expected from theory. Figure 7 in particular
shows experimental data of another type which is
sometimes used®® to estimate the value of the aniso-
tropy K= (mi;/ms)(r¢/71). However, when the relaxa-
tion-time equations are of the form Eq. (8) the aniso-
tropy factor 7;/7¢ changes as a function of the electron
energy depending on the impurity concentration and
temperature as well as the anisotropy of ionized im-
purities. Therefore, estimating the value of K, from
measurements of this kind on samples with mixed
scattering seems risky at best. However, if the mass
ratio is known from other measurements one can at
least learn whether 7;/7; is greater or less than one.
Laff and Fan® used measurements of the Hall mo-
bility and magnetoresistance to show that a value of
71/7:=12 was reasonable by measuring a factor

Ap |[100]

o 2I[1007]
=lim —————
H-0 Ap [[010]
[100]

pol1?
2 G. L. Pearson and H. Suhl, Phys. Rev. 83, 768 (1951).

; (13)

i
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and our calculations are shown in Fig. 7(b). At 20°K we
have calculated two points. Point A was calculated for
the data given by Laff and Fan indicating that the
electrically active impurities were 809, deionized. Point

which is identical to the factor W used by Goldberg
et al. [see Eq. (12)], versus temperature down to tem-
peratures low enough so that the ionized impurities
become neutral impurities. Their experimental results
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F16. 4. Calculated and experimental field deﬁendence of the magnetoresistance Ap/po. The solid lines are theoretical, the points ex-
perimental. Each theoretical line is labeled with the same symbol with a subscript ¢ as the experimental points for the corresponding
sample. See Table I for sample information. (a) T=300°K, J 10 B1®!; (b) T'=300°K, J o BIY; (c) T'=77°K, Juon B; (d) T'=77°K,
J[mulB[“o]; (e) T=77°K, ][mo]B[mol.
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F16. 5. Calculated and experimental values of several of the low-
field magnetoresistance coefficients as a function of the sample
resistivity. Each symbol represents a particular sample, the
columns of points labeled # represent the calculated values, the
other columns of points are experimental. In decreasing order of
the magnetoresistance coefficients the current and magnetic
directions are: (1) JyonBlo; (2) JpigBMol; (3) JpegBH;
(4) Jp1gB19; (5) Jpee B0l respectively, for both the experi-
mental and calculated curves. See Table I for the sample
information.

B was calculated considering the electrically active im-
purities to be only 209, deionized. It is to be noted that
the experimental point is between the two results.
These calculations indicate that the neutral impurity

2.8
Vi
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24 o,
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NI = X110 /cm
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t
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F16. 6. v, (see text) versus temperature for samples with various
ionized impurity concentrations. The points are the experimental
data from Goldberg and Howard (Ref. 5). The solid curves are
calculated using the values measured by Goldberg et al. for the
ionized impurity concentrations and considering N,=0. The N,
for each of the samples is indicated on the figure.
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scattering is overestimated by the Erginsoy formula
[Eq. (5)]. It is apparent that the temperature region
between 15 and 25°K would be useful for studying the
relative effectiveness of ionized and neutral impurity
scattering in Ge. This figure indicates that 7,/7,=12
for ionized impurities is a reasonable value and that
neutral impurity scattering is approximately isotropic.
Dakhovskii*®® has recently published calculations using
the experimental data of Fig. 7(b) and a theory put
forth by Samoilovich e al** for the ionized impurity
scattering. Samoilovich ef al. conclude that the scatter-
ing anisotropy 7i/7. falls off at low-electron energies.
Our calculations indicated however that this effect
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F16. 7. The ratio W (see text) versus temperature. (a) From
Goldberg and Howard (Ref. 5). The points are their experimental
values. The solid curves are calculated using their measured
values for the ionized impurity concentrations and considering
N,=0. The Ny for each of the samples is indicated in the figure.
(b) From Laff and Fan (Ref. 6). The crosses are their experi-
mental values, the circles are calculated points (see text).

occurred at such a low energy that it could be neglected.
Supporting the neglect of this effect is the fact that their
curve of W versus T did not drop anywhere near as
low as point B in this figure.

That it is difficult to estimate the anisotropy from
high-field magnetoresistance data, which is sometimes
done,? is shown again in Fig. 8. Here we have plotted
the saturation values of the longitudinal magneto-
resistance for the [1007] and [1117] directions as a func-
tion of ionized impurity concentration. Consideration

81, V. Dakhovskii, Fiz. Tverd. Tela 5, 2332 (1963) [English
Transl.: Soviet Phys.—Solid State 5, 1695 (1964) ].

# A, G. Samoilovich, I. Y. Korenblit and I. V. Dakhovskii, Dokl.
Akad. Nauk SSSR 139, 355 (1961) [English transl.: Soviet
Phys.—Dokl. 6, 606 (1962)].
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of Fig. 8 would indicate that any value of the mass
anisotropy from longitudinal magnetoresistance meas-
urements should be considered as only a rough guide,
especially when one realizes that neutral impurities
would raise and any compensation of the jonized im-
purities would lower the calculated saturation values
of the magnetoresistance shown in the figure. A different
71/7¢ for the lattice scattering would also affect the
results.

CONCLUSIONS

It is apparent that calculations using a sum of energy-
dependent anisotropic collision mechanisms can be used
to fit galvanomagnetic data in n-type germanium with
good accuracy. This is true with regard to temperature
dependences, orientation effects, magnetic field effects
and the effects of varying the impurity concentrations
in the material. Particularly, it does not yet seem
necessary to invoke such exotic effects as a failure in the
relaxation time approximation or failures of the sym-
metry conditions. Discrepancies between theory and
experiment in the most commonly used regions of
temperature, impurity concentration and field, are
more plausibly regarded as due to inexact values for the
constants which go into the calculations or nonuni-
formities in the material. It has"been pointed out that
at high magnetic fields nonuniformities in impurity
concentrations can lead to some rather strange phe-
nomena.?® In addition at high temperatures (perhaps
even at 300°K) it is well known that optical phonons
can be expected to have a significant effect on the
mobility. And at high-impurity concentrations we

3 C, Herring, J. Appl. Phys. 31, 1939 (1960).
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F1c. 8. Calculated longitudinal magnetoresistance as a function
of the ionized impurity concentration at 77°K for two directions
of the sample current.

expect that electron-electron collisions would begin to
play a significant role.

It has been suggested®® that measurements of the
galvanomagnetic phenomena under extreme conditions
such that a single type of scattering mechanism is
dominant would be useful. Calculations of the type
we have performed here are not difficult or particularly
time consuming using a computer and we believe should
be used for further comparisons of theory and ex-
periment in the classical region of galvanomagnetic
phenomena.
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