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The electrical resistivity, Hall coefficient, and weak-field magnetoresistance of homoge-
neous single crystals of n-type Mg26e have been measured. The samples were either Al doped
or undoped, and had exhaustion carrier concentrations from 1.3 && 10 to 8.2 && 10 ' cm 3. The
electrical resistivity and Hall coefficient were measured from 4.2 to 300 K. Impurity-band
conduction was observed at the lower temperatures. The Hall mobility from 150 to 300 K had
a T ~ temperature dependence which indicates that intravalley acoustic-mode scattering is
the dominant scattering mechanism in this temperature range. From a consideration of the
selection rules and this Hall-mobility temperature dependence, we conclude that the symmetry
of the conduction-band minima is X3 rather than X~. The weak-field magnetoresistance of
Mg2Ge, which was measured at 77.4 K and at three other stable temperatures (43.6, 194.5,
and 299.5 K), was found to be much smaller than the magnetoresistance of Ge and Mg2Sn. The
magnetoresistance coefficients b, c, and d were obtained from these measurements and found
to satisfy the symmetry relations b+c+d=0, d &0. This result confirms the theoretical pre-
diction that n-type Mg2Ge is a many-valley semiconductor with constant-energy spheroids in
the (100) directions. The anisotropy parameter K was between 1.51 and 1.78 at 77 K. In-
homogeneous samples showed anomalies in the Hall mobilities and in the magnetoresistances.

I. INTRODUCTION

Magnesium germanide is a semiconductor of the
MgsX family (where X can be Si, Ge, Sn, or Pb),
which crystallizes in the antifluorite structure.
The space group for Mg&Ge is Fm3m. A fairly
complete study of the Hall mobility of MgaGe above
77 K has been made by Redin et al. ' However, no
work has been reported on the Hall mobility of
Mg&Ge below 77 K. The first objective of this work
was to study the electrical properties of n-type
Mg&Qe from 4. 2 to 77 K.

The electronic structure of the Mg&X compounds
has been investigated theoretically by Lee, Fol-
land, Folland and Bassani, Au-Yang and Cohen, '
and Van Dyke and Herman. Three of these theo-
retical papers ' ' predict that Mg~Qe has its va-
lence-band maximum at the center of the Brillouin
zone I', with symmetry I'», and has its conduc-
tion-band minima at the points X which are in the
(100) directions. Experimentally, the piezoresis-
tance measurements on n-type MgaSi by Whitten and
Danielson, ' on n-type MgaSn by Crossman and
Danielson, and the magnetoresistance study of
MgzSn by Umeda' have shown the conduction band
of these two semiconductors to be many valleyed
with minima in the (100) directions. Magnetore-
sistance measurements of Mg&Pb by Stringer and
Higgins+ have shown that this compound also obeys
the symmetry condition for (100)-type spheroids.
Stella et ul. ' have reported the pressure coeffi-
cients of the band gaps of Mg2Si and Mg~Ge to be
nearly the same which suggests that the symmetries
of the band gaps for these two compounds may be
similar. Infrared-absorption experiments by Lott

and Lynch' indicate that the band gap of Mg~Ge is
indirect and has a valence-band maximum at I'.
However, no direct experimental work has been
reported on the orientation of the conduction-band
minima of Mg~Qe. The band calculation by Lee
suggested that the conduction-band minima of Mg&Ge

have X& symmetry, but more recent work by Au-

Yang and Cohen showed that the conduction-band
minima have Xs symmetry. Folland and Bassani
examined the selection rules of Mg~Ge and indicated
that the Hall-mobility temperature dependence near
room temperature can be used to identify this sym-
metry. The second objective of this research was
to determine the orientation of the conduction-band
minima of Mg~Qe experimentally by the measure-
ment of magnetoresistance, and to determine the
symmetry of the conduction-band minima from the
Hall-mobility dependence near room temperature.

II. SAMPI.E PREPARATION

Single crystals of MgzQe were prepared by a
modified Bridgman method in which the molten
compound with a temperature gradient of 25 Kjcm
was cooled through the freezing point (1388 K).
Single crystals 2 cm in diameter and 6 cm long
were frequently obtained.

In order to produce a pure compound semicon-
ductor it is desirable to have pure constituents.
High-purity germanium was available from com-
mercial sources, but commercially available mag-
nesium was rather impure. The stated purity of
Dow Chemical Co. magnesium was 99. 95/~. It was
therefore necessary to develop a method for purifi-
cation of the magnesium. The method developed
by Grotzky and Sidles" was found to be successful.
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The magnesium was placed in a vacuum furnace
and purified by sublimation at a pressure of 10
Torr. The starting magnesium had a resistivity
ratio p3QQ K/p4 a „of200-400; the purified material
had a resistivity ratio of about 2000. Mass-spec-
trographic analysis at the Ames Laboratory showed
a substantial reduction in the total amount of im-
purities.

Instead of the more conventional [110]oriented
crystal" in order to obtain all three magnetoresis-
tance coefficients b, c, and d from a single sam-
ple, we used the orientation shown in Fig. 1. The
current I is along the direction [112]which lies in
the cleavage plane. The direction of the magnetic
field is allowed to vary in the (110) plane which
contains the directions [111]and [112]. It is easy
to prepare such samples with accurate orientations,
since MgaGe single crystals cleave along the (111)
plane very easily. The resistivity and Hall coeffi-
cient were also measured as functions of tempera-
ture for the same sample.

Samples were roughly oriented from observation
of the (111)cleavage planes, and accurately ori-
ented within 2' of the required orientation by x-ray
diffraction. The oriented samples were cut from
the ingot by a wire saw, lapped by hand, and
cleaned by an air abrasive. Dimensions of the
samples were 1.4x1.4x12 mm. Samples exposed
to air for 24 h showed little deterioration. In the
presence of water vapor Mg&oe will deteriorate,
probably forming GeH4 and MgO. The samples
were tested for electrical homogeneity by moving
resistivity probes along the sample first at room
temperature and then at liquid-nitrogen tempera-
ture. Both homogeneous and inhomogeneous sam-
ples were used in this experiment in order to iden-
tify spurious effects.

H

FIG. 1. Crystal orientation for obtaining all three
magnetoresistance coefficients from a single sample of
Mg&Ge. The current I is in the (H2] direction and the
magnetic field H is allowed to vary in the (110) plane.

III. EXPERIMENTAL METHOD

A description of the apparatus used for this ex-
periment has been given by Lee. Briefly, all re-
sistivities and Hall coefficients were measured us-
ing a Rubicon potentiometer with a Keithley 148
nanovoltmeter as a null detector. A Keithley 640
vibrating -capacitor electrometer was required
when the resistance of the sample was very high.
For magnetoresistance measurements a highly
stable constant current of 1-30 mA was obtained
from a constant current supply designed by Kroe-
ger and Rhinehart" at the Ames Laboratory. The
change in voltage due to the magnetic field was
read within 50 nV from a Rubicon model 2772 po-
tentiometer. The magnetoresistance data were
measured at 15' intervals from 0 to 180'. Four
readings were taken at each angle corresponding
to both directions of the magnetic field and of the
current. Spurious voltages, such as those arising
from Hall and thermal effects were thereby mini-
mized.

IV, ELECTRICAL RESISTIVITY

The resistivities vs reciprocal temperature of
seven n-type MgaGe samples from 4. 2 to $00 K
are shown in Fig. 2. Only sample 2 shows intrin-
sic behavior within our temperature range. The
intrinsic line for sample 2 agreed well with the ex-
tension of the intrinsic line obtained by Redin et
al. '

A. Intermediate-Concentration Region

The temperature dependence of the resistivity po
for samples 1-5 may be represented by the sum
of three exponentials as suggested by Fritzsche":

-~t/ar g -e /ar ~ -aa/ar

where &„&z, and &3 represent activation energies.
The quantity qt is the activation energy for exciting
an electron into the conduction band and &3 is the
activation energy for impurity conduction. In the
theoretical model impurity conduction occurs by
electrons hopping from occupied to unoccupied
donor states with the aid of phonons. '+ The
quantity &a is the activation energy for thermal ex-
citation of electrons from the donor ground state
to an impurity band formed by the interaction of
ionized donors. ' The resulting && and E3 values
of these five samples are shown in Table I. The
temperature region represented by ea for these
samples does not have a distinct linear range as
reported by Fritzsche' for germanium. Rather
this region is characterized by a gradual change
in slope between the temperature regions repre-
sented by e &

and &,.
In order to compare the thermal ionization en-

ergy ED with the experimental & & values, we as-
sume a hydrogenic nature for the donor impurities
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and estimate the thermal ioeizatien energy from
the expression E~(ev) = (13.6/eo) (m"/mo), where

~ is the fre4. -electren mass. According to Mc-
%illiams and Lynch, the static 4ielectric con-

FIG. 2. Temperature dependence of the resistivity ef
Mg2Ge from 4.2 to 300 K. The intrinsic line was obtaieed
from Redin et al. The xesistivities of samples 1-5 can
be described by Eq,. (1). The resistivities of the heavily
doped samples 6 and 7 are almost independent of tempera-
ture below 30 K as expected for a degenerate electxon gas.

stant && of Mg&Si is 20, and we assume the static
dielectric constant of Mg&Ge is also about 20. The
electron effective mass m* of Mg&Ge according to
Hedin et al. was estimated to be about 0. 18mo.
These two values give E~ = 6. 12' 10 3 eV which is
only half the value & &= 1.28' 10 eV of sample 2.

Lee obtained theoretical electron effective
masses of m*, = 0. 63mo and m*, = 0. 25mo. If we as-
sume m* is approximately the geometric mean
mass, obtained from the expression m*
= (mf m,* )'~~, then m* =0. 34mo. This m* value
gives E~= 1. 16' 10 eV which is in good agreement
with the experimental e& value of sample 2. %'e

believe, therefore, that the mean effective mass
for the electrons in MgGe is closer to 0. 34mo cal-
culated by Lees than to 0. 18mo estimated by Redin
et ul. '

The decrease in q& for samples 3-5 when corn-
pared to sample 2, is due to the increased broad-
ening of the impurity band. ' The value of && for
sample 1 is seven times greater than the estimated
value of E~. Therefore, this deep-. lying donor lev-
el can not be understood on the basis of the simple
hydrogen model. This large value of && was also
obtained for two additional samples. Its nature is
unknown.

B. High-Concentxation Region

The almost-temperature-independent resistivi-
ties of sample 6 and V below 30 K is characteristic
of a degenerate electron gas. The transition to
metallic conduction has been predicted by Mott
and Twose to occur when the ratio of the mean
interdonor distance r, to the effective Bohr radius

~ is about 3, that is,

r,/a, = 3.
Here r, = (3/4'~)'~~, where ND is the donor con-
centration; and ao= qo(mo/m*)a„, where aa (0. 53
A) is the Bohr radius of a hydrogen atom.

Table I shows the mean interdonor distance r,
for each sample. If we take Lee's mean effective

TABLE I. Values of activation energies e~ and e3, exhaustion Hall coefficient (Rz)~, exhaustion carrier concentration
Qp the estimated number of donors Ng), the mean interdonor distance r, the ratio of r, to the effective Bohr radius ap,
and the mobility ratio 6 for seven g-type Mg26e samples.

1
2
3

5
6
7

None
None
None
Al (82)
Al (82)
Al (152)
Al (154)

73.1
12.8
7.33
7.23
4.70

a
a

~Metallic conduction.

Doping
agent

Sample (at. ppxn) (10 3 eV) (10-' eV)

3.43
2.87
8.06
2.21
l.32

a
a

—+e)~
00 cme/C)

9.30
520
46. 5
14.8
6.27
l.35
0.76

p=N& -N
(10"cm-')

6.71
0.12
l.34
4.22
9.96

46. 2
82.1

Ng)
1016

8.41
1.42
6.29
5.67

&9.96
&46.2
&82.1

142
256
156
162

&134
&80.2
&66~ 2

r, /ap
(a0=31.2 A)

4.55
8.21
5.00
5.19

&4.29
& 2.57
& 2.12

6= p, /pq

7.7x 108
1.5x103

40
39
17
3.3
2. 9
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nce of the Hall coefficientPIG. 3. Temperature dependence o
0 g2f M Ge from 4.2 to 300 K The intrinsic line was ob-

al. The Hall coefficients of samplestained from Redin et al. e
ri -band1-5 all ave consh spicuous maxima due to impurx - an
'l do edThe Hall coefficients of the heavi y pconduction. a

t m raturesamples 6 an are6 d 7 re almost independent of empe
and suggest overlapping of the conduction band and im-
purity band»

mass m*=0. 34mo and &0=20, we obtain an effective
Bohr radius ~== 31 2 A. Equation (2) is then satis-
fied for the highly doped samples 6 and 7 only.
This resu is con 'lt ' onsistent with the flat resistivity
curves of samples 6 and 7 shown in Fig.

U. HALL COEFFICIENT

h Hall coefficients RH vs reciproc pi rocal tempera-
ture are shown in Fig. 3 for samples — ins 1-7 in the
temperature range 4. 2-300 K. coHall coefficients
were measured nearly down to 4. 2 K for samples
4-V. However, the Hall voltage was difficult to
measure below or10 K for samples 2 and 3 and below

tact noise and2V K for sample 1 because of contact noise an
small Hall signals. The Hall coefficient in the in-

with the intrinsictrinsic range of sample 2 agrees wi
b Redin et a/. ' The Hall coefficients of all
les remained negative throug ou e-samp e

r im urities intern erature range indicating donor imp
the extrinsic range, and electron mo i 'e ex r' n mobilities great-

th hole mobilities in the. intrinsic range.
was indepen en o md t f agnetic field strength at lea
up to e.8 kOe. The formula R„=—1 ND -N& e was

ncentrationused to o in ebtain the exhaustion carrier concen r
=NB -N shown in Table I. For simp ici y we~-ND- & s o

UI. HALL MOBILITY

The Hall mobilities p, H =Rs/po fo pfor samples 1-7
are shown as functions of temperature in Fig. 4.

es 5 and 7, which have the highest impurity
en

' ' ' hich are nearlytent have electron mobibbes w
'

0 K. Such behav-temperature independent below 4
ior is characteris ic o

' t' f a degenerate electron gas.
mobilities of theAt temperatures below 10 K the mobilities of e

uch reaterelectrons for samples 6 and V are muc g
tha f r the other samples. Simi'milar crossing ofn o

ay Conwell 2Vthe mo ii cub'1'. ay rves has been reported by C
28on Ge and on GaP by Casey et al.

At very low temperatures, s psam les 1-5 have
withelectron mobilities which decrease sharp y

in to the onset of im-decreasing temperature owing o e on
uri.~ -band conduction. The expression for mo-puri - an

bility in the two-band model, ac '
gcordin to Khosla, ~

is

p,„=(p.,/b) (n, b'+ n, )/(n, b + n, ) .

and the mobility is the mobility
of electrons in the conduction band. n, «n, ,
p,„=p, , and the mo i i isb 1' is the mobility of electrons
in the impuri an .'~y b d For the intermediate case
Kh la considers a large num er of charge car-
riers to be in the impurity band, but a suubstantial
fraction to be s i int'll ' the conduction band. In this
case n, g & n, & n, The mobility is then

(5)g„= p, ,b(n, /n, ) .

(5) the rapid decrease (greater thanFrom Eq, e r
low 40 sam-7 ~

) of the mobility of sample I below
3 below 30 K, and samples 2, 4, anand 5 belowpie e ow

d' decrease of20 K is attributed to the corresponding ec

(4)

neglect the ac or —,pth f t r -'w and assume the Hall mobxbty
d drift mobility to be equal.
The Hall-coefficient curves in F'g.

ima. Hung and Gbess-1-7 all have conspicuous maxima. g
an and Conwell' interpreted the Hall coeffi-

diate or hight f a sample with an interme
concentra ion ot n of donor impurities in term
two-band mo e-d 1—a conduction band and an impu-

d. We have used this two-band mo e ority ban . e
The carri-analyze the Hall data for samples 1-V. T

er concentration an mt' d mobility are represented by
the conduction band and by n, an p, , inn, and p,, in ec

ratioi~~ band. Introducing the mobility rthe impuri an .
and assuming this ratio is tempera5= p~ p] an a era

indepen en, ond t C well ' gives an expression
andterms of e ex auf th haustion Hall coefficient (R„)„„an

the maximum Hall coefficient (Rs) ~
(R„)„g(R„)„=4b/(b+ I)'.

The values of (R ) may be obtained from Fig. 3
and the values o H,»

' Thef (R ) are given in Table I. The

g values calculated from Eq. 3 for samples
are also shown in Table I.
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FIG. 4. Temperature dependence of the Hall mobility
of Mg2Ge from 4. 2 to 300 K. Sample 2 showed marked in-
homogeneity in resistivity at 77 K, the other samples
were quite homogeneous. For the homogeneous samples
the Hall mobility from 150 to 300 K had aT tempera-
ture dependence, which indicates that intravalley acoustic-
mode scattering is dominant in this temperature range
and that the symmetry of the conduction-band minima is
X3 rather than X&.

Some information regarding band structure and.

intervalley scattering can be deduced from the de-
pendence of the Hall mobility on temperature (Fig.
4). From 150 to 300 K the Hall mobilities show
very nearly a 7.' 3~3 dependence upon temperature
for all homogeneous samples (that is, all samples
except sample 2). In this temperature range
acoustic-mode scattering is therefore dominant.
Intervalley scattering is not important, since such
scattering would, according to Harrison, produce
a stronger temperature dependence. Folland and
Bassani have, from an examination of the selec-
tion rules, shown that small intervalley scattering
(relative to intravalley scattering) would be ex-
pected in Mg~X compounds near room temperature
if the conduction band minima have X3 rather
than X& symmetry. The band calculation of Mg&Ge

the ratio n,/n, in each sample. For samples 4 and
5 below "/ K, the mobilities tend to saturate. Below
this temperature the majority of the electrons are
in the impurity band and p, „approaches the con-
stant p. , values.

A. Acoustic-Mode Scattering

by Au-Yang and Cohen' shows the conduction band
minima to have X3 symmetry which is consistent
with our observation of small intervalley scatter-
ing.

Bardeen and Shockley ' have given a formula for
the mobility limited by acoustic-mode scattering.
%hen modified for a many-valley semiconductor,
the result is

(sv)'~' e@'dy' m~-'+ 2m*-'
(yT)&13 (E )~ ( e sm) &&3

In this equation, d is the density of the material and

V, is the longitudinal sound velocity. For MgzGe,
d is 3. 10 g/cm~ and V, is 6. 2 x 105 cm/sec accord-
ing to Chung et al. ~~ Our Hall mobility data at 300
K and Lee's effective masses give a deformation
potential for the conduction band of IE&l = 18. '7

+0. S eV. The deformation potential for the band

gap E& may be estimated fairly well from the ex-
pression E,= —B(BE/8P)r, where B is the bulk
modulus and (8E/&P)r is the pressure derivative of
the band gap at constant temperature. For a cubic
crystal" B= 3(cn+ 2cqq), and the elastic constants
measured by Chung et al. ~~ give B= 5. 46x 10 dyn/
cma Aval. ue of 1(SE/SP)r I & 5x 10 " eV cm'/dyn
has been reported for Mg&Ge by Stella et al. "from
the shift of the optical-absorption edge with pres-
sure. The maximum value of E& is thus estimated
to be 0. 2V eV. Since I E& I

=
I E&, I

—
I E&„I if E& and

E&„have the same sign, and experimentally we
find that I E&, I is much greater than I E& I the de-
formation potentials for the valence band E&„and
the conduction band E&, must have the same sign
and nearly the same magnitude.

B. Ionized-Impurity Scattering

As shown in Table I, samples 1-3 are undoped
samples. Their impurity carrier concentration
may arise from small variations in stoichiometry
of Mg&Ge, but direct determination of such small
changes in stoichiometry appears to be impossible.
Even for the Al-doped samples it is not possible to
determine ND directly from the atomic percent of
aluminum which was added since there is a zone-
refining effect during crystal growth which carries
a substantial amount of the aluminum impurities to
the top of the ingot. An attempt to determine the
aluminum concentration with a mass spectrometer
was not very successful. Interference from MgH
and the high background level due to Mg were com-
plicating factors. For the nondegenerate samples
1-4 we can estimate the donor and acceptor con-
centrations N~ and N„ from the mobility curves
(Figs. 4 and 5) between 50 and 80 K.

The maxima of the Hall mobilities of samples 3
and 4 were assumed to be limited by combinations
of acoustic-mode scattering and ionized-impurity
scattering. According to the Brooks-Herring the-
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100 K. The expression obtained by Erginsoy for
the mobility due to neutral-impurity scattering is

n-TYPE Mg2 gg=e m"/205 eoNg, (9)

0
10

O

~X

l-
5

lO
O
X

SAMPLE 2
o EXPERIMENTAL

0

where m¹=(mf mf )'~ is a mean effective mass.
A composite result of mobility due to acoustic-
mode, ionized-, and neutral-impurity scatterings,
obtained from the expression

-1»1 -1 -1
WA1N= PW + Pr + War ~ (10)

was used to fit the mobility curve of sample 1 near
the maximum (60 K). Using Lee's effective mass-
es and Eqs. (7), (9), and (10), we obtained Nl,
=8.4~ 10 cm and N„=1.7&&10 cm . In spite
of its very high resistivity and Hall coefficient be-
low 100 K, sample 1 does not have an exceptionally
high electron mobility owing to scattering of the
electrons by neutral impurities.

0
IO I I I I

20 50 50 IOO

TEMPERATURE {K)

I I

200 300

FIG. 5. Anomalous temperature dependence of the Hall
mobility of sample 2, vrhich vras found to be homogeneous
in resistivity at 300 K but inhomogeneous at 77 K. For
temperatures greater than 300 K the mobility is limited
only by acoustic-mode scattering. For temperatures less
than 200 K the mobility is limited by a combination of
acoustic-mode scattering and space-charge scattering.
The anomalous hump in the mobility curve be@veen 200
and 300 K occurs in the transition region.

-1 -1 -1
P~g. = Px + 4r (6)

was used to fit the maxima of the Hall mobilities.
Using Lee's effective masses' and Eqs. (7) and (6),
we determined ND and N& for samples 3 and 4.
Values for N~ are given in Table I, and N„ is the
difference between ND and np. The donor and ac-
ceptor concentrations are comparable in magnitude.

C. Neutral-Impurity Scattering

From Table I, we see that sample 1 has an ion-
ization energy &1 which is more than six times the
ionization energy of any other sample. From Fig.
3, we observe that the number of charge carriers
n in sample 1 is small below 100 K and the number
of neutral-impurity centers N~ = (ND —N„) nis-
large. Neutral-impurity scattering will therefore
be important in sample 1 at temperatures below

ory the mobility due to ionized-impurity scattering
is

2' '(yZ')'1~/0' f 6ypg¹ (yZ')~go
~I SlR 8 ¹1/8( 2N )

lnI( sgm

(~)
where n =n+[1 —(n+N„)/N~](n+N„). The expres-
sion

D. Space4 harge Scattering

Since space-charge scattering owing to local in-
homogeneities can greatly affect the mobility, 39 the
homogeneity of each sample must be taken into con-
sideration when we analyze the Hall-mobility data.
Among these seven samples, only sample 2 showed
marked inhomogeneity at 7'7 K. The other samples
were quite homogeneous, since the resistivities
showed less than 10% variation along the length of
each sample when measured either at 300 or at
77 K.

Sample 2 showed abnormal behavior in that it had a
hump between 200 and 300 Kin its mobility curve (see
Figs. 4 and 6). A test of the homogeneity of sam-
ple 2 was revealing. Although its resistivity varied
less than 30/q along the sample at 300 K, its resis-
tivity changed as much as an order of magnitude
along the sample at 77 K. As suggested by Weis-
berg the Hall mobility in semiconductors can be
greatly reduced by inhomogeneous impurity distri-
butions, owing to the formation of large space-
charge regions surrounding the local inhomogenei-
ties. For the mobility limited by space-charge
scattering he gives the equation

=A (n/nsoo) (Boo T) '~

where nspp ls the carrier concentration at 300 K,
and n is the carrier concentration at the tempera-
ture T. The constant A must be determined ex-
perimentally for each particular position of the
probes.

The mobility curve of sample 2 can be explained
in the following way. For temperatures higher
than 300 K the mobility is mainly limited by acous-
tic-mode scattering. For temperatures below 200
K the inhomogeneity of the impurity distribution
produces space-charge scattering which must be
added to the acoustic-mode scattering. For A
= 626 cm~/V sec, the mobility p, ~ obtained from
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Eq. (11) for sample 2 is shown in Fig. 5. The com-
bined contribution from acoustic-mode scattering
and space-charge scattering, which is

-1 -I -1
PAs= PA+ Ps (12)

gives a good fit to the experimental mobility data
from 200 down to 70 K as shown in Fig. 5. The
anomalous hump in the mobility curve between 200
and 300 K occurs in the transition region. We see
that space-charge scattering is very important be-
low 200 K, but not important above 300 K.

In Fig. 5, a composite mobility due to acoustic-
mode scattering, space-charge scattering, and
ionized-impurity scattering was used to fit the mo-
bility maximum of sample 2 from the expression

-1 -1
PAsr= W~+ Pr ~ (13)

From Eqs. (13) and (7), and Lee's effective mas-
ses, we found the donor concentration ND in sam-
ple 2 to be 1.4~10' cm '. Of all our samples,
sample 2 had the lowest donor concentration.

VII. MAGNETORESISTANCE

A. Theoretical Considerations

For the past two decades the weak-field mag-
netoresistance of semiconductors has been studied
extensively both experimentally and theoretically.
For a cubic crystal in a weak magnetic field, Pear-
son and Suhl4s have shown that the resistivity in-
crement b,p = p(H) —p(0) due to the presence of a
magnetic field 8 is given by the equation

&p c(I ~ H) d(I &H &+Is Ha+ Is H3)
Qz 12+3 Iz+Q

p„H«10 , (14)

where the constants b, c, and d are the magneto-
resistance coefficients, po is the zero-field resis-
tivity, I is the current, and the subscripts 1, 2, 3
represent the three axes of the crystal. The Hall
mobility ps is measured in cm /V sec, and the
magnetic field II is measured in Oe. Equation
(14) applies only to crystals having point group
symmetry mSm, 432, or 43m. (MgaGe belongs
to the point group mSm. ) If the direction cosines
of I and H referred to the crystal axes are i, j, k
and l, m, n then Eq. (14) becomes4s

&p/psH = b+c(il+jm+kn) +d(i l +j m +b n ).
(i5)

For the special sample orientation shown in Fig.
1, the current vector I is along the direction [112],
and the angle 8 specifies the direction of H relative
to [112]. The direction cosines can then be speci-
fied as —I/u 6, —I/v6, 2/&6for I and (Wsin8
—cos8)/&6, (Wsin8-cos8)/W6, (&2sin8+2cos8)/
v 6 for H. Equation (15) then becomes

6p/poH = I'g (12b + 6c + 5d) + Ig (6c + d) cos28

~, = ~', ~(e) and 7, = ~', ~(e) . (i7)

The relaxation-time anisotropy If,—= ~,/~, = ~,/~, ,
which takes into account the possibility of anisotro-
py scattering, is then independent of energy. The
anisotropy parameter K, which can be represented
by the ratio of the mass anisotropy to the relaxa-
tion-time anisotropy,

Z -=Sr„/SC, = (m+/m+)/(v', /~', ), (16)

is also independent of energy. Under these as-
sumptions the coefficients b, c, and d for a cubic
semiconductor, having (100)-type spheroids, are
shown in Table IL " Here (~") represents the Max-
wellian average for the nth power of the relaxation
time 7'(&) = p, &~, where p, is a constant and p is de-
termined by the scattering mechanism. 4 The
comprehensive review by Beer4 gives the specific
relationship of the coefficients b, c, and d to the
symmetry of the constant-energy spheroids in the
Brillouin zone:

spherical symmetry: b+ c = 0, d=o

(100)-type spheroids: b+ c+ d = 0, d & 0

TABLE II. Magnetoresistance coefficients in terms of
the Hall mobility, anisotropy parameter, and relaxation
time for (100)-type constant-energy spheroids (Ref. 10).

Magnetoresistance
coefficients

Q+c+d

For (100)-type spheroids

() ('& (ar &)K' & &)
+)( 4)4 Zg+2)'

(r) (r') 3(2K+1)
&e & (~2)2 g +2)2

(~) (~') (2IC+1) R-1)'
I"H (~2)2 ~g + 2)2

+ (d/Sv 2 ) sin28 . (16)

Equation (16) allows all three magnetoresistance
coefficients b, c, and d to be obtained from the
measurement of ap/psH as a function of the
angle 8.

In the many-valley model of a semiconductor, b,
c, and d depend on the Hall mobility g„, the an-
isotropy parameter K, and the relaxation time 7.
All of these quantities depend upon the scattering
mechanism. As suggested by Herring and Vogt,
who take into account anisotropy in the scattering
process, the main effects of scattering on the dis-
tribution function over each spheroidal constant-
energy surface can be described by two relaxation
times, one transverse 7,(q) and one longitudinal

v, (c) to the axis of revolution of the spheroid. To
simplify the analysis we assume the relaxation
times have the same dependence on energy
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( 111)-type spheroids: b+ c = 0, d & 0

(110)-type spheroids: b+c —d=0, d&0 . (19)

Therefore, a determination of the coefficients b, c,
and d allows us to obtain the orientation of the con-
stant-energy spheroids in a many-valley semicon-
ductor.

Dimensionless Seitz coefficients have been sug-
gested by Allgaier in order to simplify the com-
parison of results when one uses different samples,
different temperatures or different semiconduc-
tors. Table II shows that the square of the mo-
bility p,„is a common factor of the magnetoresis-
tance coefficients b, c, and d. We can, therefore,
write Eq. (15) in the form

np/po I ~ a I aa a a a a

(p.„a/c)'a = b + c (i I +jm + kn) + d (i I +j rn + 0 n ),
(20)

where C = 10 cm Oe/V sec and b, c, and d' are
now the dimensionless Seitz coefficients.

In compound semiconductors, it is highly de-
sirable to use a single sample to obtain all three
coefficients b, c, and d. Otherwise slight varia-
tions in stoichiometry and nonuniform distributions
of impurities, which occur from one sample to
another, will produce different values of p, H and
make the interpretation of the data difficult. Also,
magnetoresistance measurements are very sensi-
tive to inhomogeneities as pointed out by Herring4'
and by Bate et a/. ' For these reasons, we have
used just one sample at each impurity concentra-
tion to determine the coefficients b, c, and d; and
we have carefully checked the homogeneity of all
samples not only at 300 but also at 77 K.

B. Results and Analysis

The magnetic fieM dependence up to 8 kOe of
both the longitudinal (I ll H) and transverse (I J. H)
magnetoresistance n p/pa was determined for all
seven samples at 77. 4 K. Sample 4 was also mea-
sured at 43. 6 K. As shown in Fig. 6, both the
longitudinal and transverse effects for each sam-
ple show the normal Ha dependence as expected
in weak magnetic fields (p, „H«10a). A much
higher magnetic field strength would be required
to violate the weak-field inequality, since the max-
imum value of p,„for our samples is only 2. 5&& 10
cm /V sec.

The quantity np/paH' was measured as a func-
tion of the angle 8 for seven homogeneous n-type
MgaGe samples at 77. 4 K. The data are shown in
Figs. 7 and 8. Since the typical value of the mag-
netoresistance r P/Pa is about 10 a for our samPles,
and the zero-field resistivity pa is very sensitive
to variations in temperature, it was important to
keep the sample temperature stable. Therefore,
the magnetoresistance effect was measured at sev-
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eral stable temperatures by using suitable refrig-
erants. Liquid nitrogen was excellent for one such
temperature. Liquid helium was not satisfactory
because of impurity-band conduction at this tem-
perature. Besides liquid-nitrogen temperature and
room temperature, a stable temperature at 194.5

K was provided by dry ice in acetone, and a fairly
stable temperature at 43. 6 K by pumping on liquid
nitrogen. For sample 4 we measured &p/paH vs
8 at these four stable temperatures. The results
are shown in Fig. 8.

From the angular dependence of b,p/paH shown
in Figs. 7 and 8, the magnetoresistance coefficients
b, c, and d for each sample were determined. A

computer was used to minimize the rms deviation
from Eq. (16). Values for b, c, and d are shown in
Table III.

The coefficients b, c, and d satisfy the symmetry
condition b+c+xd=0, d&0 with x=1. As shown-
in Table IG, the value of x varied from 0. 900 to .

1.09. In all samples, therefore, x was within 10%%uc

of the theoretical value x= 1. The condition for

FIG. 6. Longitudinal and transverse magnetoresistance
np/pa of seven samples of MgaGe, which show the normal
H xnagnetic field dependence for H up to 8 koe. The sym-
bol L represents longitudinal (I II H) and the symbol T
represents transverse (I l 8) magnetoresistance.
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FIG. 7. Magnetoresistance effect in Mg2Ge showing the
angular dependence of Ap/poH at 77 K. For each sample
hp/poH is described by Eq. (16), and a set of magnetore-
sistance coefficients b, c, and d can be obtained from
each curve. Since b+c+d=o and d&0 we conclude that
n-type Mg2Ge is a many-valley semiconductor with con-
stant-energy spheroids in the (100) directions.

~\

cu

a,
Q

C()

N
~~ C4

QI M

0
~Pi
N

S
8

0

0
I0

CO

I

9t OCO0 CO W CD 00 CO 0
~ ~ ~ ~ ~ ~ ~ ~ ~0 00 & CO & CO C M CO

I I I I I

00 00 CD Qo t M M CO
~ O ~ ~ ~ ~ ~ ~ ~0000040&t &CA

00
I I I I I

0 t & CO
~ ~ ~ ~ ~ O ~ ~ ~

CO & & Qorg W Cbt W W W CO

00 O CO
00 00 0 lO W W W 00 Cb lQ
Cb O Cb Q O 0 Q Cb 0 0

~ ~ ~ ~ ~ ~ ~ ~ ~ ~

O O + R O O

(100) type spheroids is well satisfied for all sam-
ples at 77. 4 K and for sample 4 also at 43.6, 194.5,
and 299. 5 K. This result confirms the theoretical
predictions of Lee, Folland and Bassani, ' and Au-

Yang and Cohen' that the conduction-band minima
of Mg&oe consists of a set of constant-energy
spheroids along the (100) directions in the Brillouin
zone.

For (100)-type spheroids we can obtain the an-
isotropy parameter K from Table II by eliminating
the factor (~) (~')/( ')T:

2(K —1) /(K + K+ 1) = (b+ c —d)/(b+ ps) . (21)

From Eq. (21), and the values of b, c, d, and ps
in Table III, we determined K. The values for our
seven samples are given in Table III.

For each value of K the scattering factor (r)(~ )/
(v. ) (see Table II) was computed from the values
of p, ~ and b, p. ~ and c, and 1[L~ and d listed in Table
III. These three values for each scattering factor
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FIG. 8. Magnetoresistance effect in Mg2Ge showing the
angular dependence of ~/poH for sample 4 at four stable
temperatures. The symmetry condition for (100 )-type
spheroids is satisfied at all four temperatures. The
values of the anisotropy parameter K were found to de-
crease from 2.13 at 299.5 K to 1.65 at 43.6 K.

were always within 3/e of the average value which
is given in the last column of Table III.

The scattering factor is always greater than one
as required by the Schwartz inequality (v) (w )/
(T ) & 1. Our experimental values, which vary
from 1.05 to 1.26, have very reasonable magni-
tudes. The theoretical values are 1.27 for acous-
tic-mode scattering, 1.00 for neutral-impurity
scattering, and 1.58 for ionized-impurity scatter-
ing.

In solving for K= K„/K, we assumed the constant
energy surfaces were prolate (K& 1) rather than
oblate (K& 1), since the theoretical value for K„
from Table I of Lee is 2. 52 and the value of K,
according to Fig. 12 of Herring is probably not
far from one when intravalley acoustic-mode scat-
tering is dominant. At VV K the values of K for our
samples ranged from 1. 51 to 1.78. The K values
for Mg&Ge are smaller than the K values for some
other semiconductors such as n-type Ge (K = 8 at
7V K) reported by i,aff and Fan, n-type Si (K=4. 6
at 68 K) measured by Pearson and Herring, "n-
type Si (K= 5. 2 at 80 K) measured by Broudy and
Venables, ee and n-type MgeSn (K= 2. 8-3. 53 at V7 K)
determined by Umeda.

At V7 K the value of Op/peH in MgeGe is quite
small for a semiconductor. It is about the same
order of magnitude as that observed for indium
oxide by Weiher and Dick. It is about one order
of magnitude smaller than b p/peH' observed by
Umeda' in Mg&Sn, and about two orders of magni-
tude smaller than ~p/peH observed in Ge by Pear-
son and Suhl. The small magnetoresistance ef-
fect in MgeGe is the result of small Hall mobility

In fact, if we look at the dimensionless Seitz
coefficients, related to (ap/p, )/( p, „H/C)'by Eq.
(20), we see values which are comparable to those
of other semiconductors such as PbTe (Allgaier )
or SrTiO, (Frederikse et al. ). Also these coeffi-
cients b, c, and d (as shown in Table III) are not
very different for different samples or different
temperatures. This uniformity suggests that our
data are consistent and reliable.

The anisotropy parameter K for sample 4 was
obtained at four temperatures 299. 5, 194. 5, V7. 4,
and 43. 6 K. The results are shown in Table III.
The value of K= K+K, decreased from 2. 13 at 300
K to 1.65 at 43. 6 K. This decrease is to be ex-
pected, as emphasized by Laff and Fan, since
scattering by ionized impurities becomes more im-
portant at lower temperatures. Mg&Ge does not
have a small direct energy gap" and thus the
shape of the spheroids can not be very sensitive to
temperature. Hence K should be nearly constant.
The decrease in K, therefore, means an increase
in K,. If we assume K, at 300 K to be approxi-
mately one, since intravalley acoustic-mode scat-
tering is dominant at this temperature, then K, at
43. 6 K is 1.29. Also K at 300 K would be about
2. 1 which is not greatly different from the theo-
retical estimate of 2. 5 by Lee. Our value is cer-
tainly a rough estimate and Lee's value depends
upon his effective masses which are uncertain be-
cause the symmetry of the conduction-band minima
is X„as predicted by Au-Yang and Cohen and
concluded from our Hall-mobility temperature de-
pendence, rather than X& as calculated by Lee.

Figure 9 shows hp/peHe vs 6 at 77 K for three
inhomogeneous n-type MgeGe samples. Our resis-
tivity tests for these samples at 77 K revealed
variations in resistivities greater than a factor of
2 along each sample. b p/peH at VV K for these
samples is about an order of magnitude higher than
for our homogeneous samples. This result is not
too surprising, since an anomalously high magneto-
resistance effect for inhomogeneous samples of
InSb has been observed by Bate et al. The Hall
mobility at VV K for these inhomogeneous samples
2, 9, and 10 is 8. 6x10~, 2. 2x10', and 2. 5&103
cm /V sec, respectively. Despite the large dif-
ferences in Hall mobility of these samples the mag-
netoresistances are practically the same. Also,
b,p/peH is insensitive to the angle 8, in sharp con-
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FIG. 9. Magnetoresistance effect of Mg2Ge showing
the angular dependence of hp/p002 at 77 K for three in-
homogeneous samples. Values of ~/pDH2 are about an
order of magnitude higher than the values forhomogeneous
samples shown in Fig. 7. bp/p/ was insensitive to the
angle 8 between I and H in sharp contrast to the effects
observed with homogeneous samples (Figs. 7 and 8).

Weak-field magnetoresistance measurements
have been made on homogeneous single crystals of
n-type Mg&Ge. Our results confirm the theoretical
prediction that n-type Mg&Ge is a many-valley
semiconductor with constant-energy spheroids in

trast to the results for our homogeneous samples
shown in Figs. 7 and 8, where the values of np/poH
are quite sensitive to the angle 0 and to the Hall
mobility pH. These facts imply that Eq. (16) can
not be applied to these inhomogeneous samples.
Inhomogeneous samples give anomalous magneto-
resistance effects and should not be used to deter-
mine the electronic structure of a semiconductor.

VIII. CONCLUSiONS

the (100) directions. The Hall mobility of our
samples from 150 to 300 K had a T I temperature
dependence, which indicates that intravalley acous-
tic-mode scattering is the dominant scattering
mechanism in this temperature range and that the
symmetry of the conduction-band minima is X3
rather than X&.

The anisotropy parameter %=K„/K, was found to
be about 2. 1 at 300 K. If we assume the relaxation
time anisotropy K, to be approximately one at 300
K, since intravalley acoustic mode scattering is
dominant at this temperature, the effective mass
ratio K will also be about 2. 1. This K value is
not greatly different from the theoretical estimate
of 2. 5.

We have carefully checked the homogeneity of
each sample at 300 and 77 K. Inhomogeneous sam-
ples showed anomalies in the Hall mobility temper-
ature dependence, and also showed higher magneto-
resistance. Values of np/poH2 were insensitive to
the Hall mobility and to the angle between I and H

in sharp contrast to the effects observed with
homogeneous samples.

It would be desirable to make piezoresistance
measurements on Mg&Ge. A combination of such
measurements with our values of the anisotropy
parameter could yield the deformation potential

The piezoresistance effect will probably be
smaller for Mg~Ge than for Mg&Sn due to the small-
er K value for Mg2Ge. It might also be desirable
to study the magnetoresistance and piezoresistance
of p-type MgzGe since little experimental data are
available on the electronic structure of p-type ma-
terial.
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Optical and Electrical Properties of C11Sn04: A Defect Semiconductor
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Cd2Sn04 has been found to be an n-type defect semiconductor in which oxygen vacancies pro-
vide the donor states. Crystalline powders and amorphous films with a wide range of conduc-
tivities have been prepared. Large Burstein shifts have been observed in the visible reflection
and transmission spectra. Analysis of electrical and optical data on thin amorphous films of
Cd2Sn04 leads to a calculated optical band gap of 2. 06 eV, a charge-carrier mobility of 10-20
cm /V sec, and an effective mass 0. 04 of the free-electron mass. The conductivity of amor-
phous films can be made as great as 1.33 x 103 ~ ' cm ~, retaining high visible transmittance.

I. INTRODUCTION

Cd2SnO4 was first prepared by Smith, ' who re-
ported it to be bright yellow with an orthorhombic
crystal structure. Others '3 have repeated the
preparation, and improved x-ray powder-diffrac-
tion data have been published. However, some
unusual optical and electrical properties of Cd~SnO4
have not been reported by the previous investiga-

tore. The present author has found that Cd, Sn04
is an n-type defect semiconductor in which oxygen
vacancies are believed to provide the donor states.
The oxygen-vacancy concentration can be varied
over a wide range, resulting in a correspondingly
wide range of conductivities. A large Burstein
shift' has also been observed in the optical spectra,
which indicates a low free-carrier effective mass.

Since large single crystals of Cd&Sn04 were not


