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The results are presented of an experimental investigation of the transverse Zeeman eAcct (Voigt

configuration) of the excitation spectra of boron and thallium impurities in germanium. These have

been studied with the magnetic field 0 along (100), (111),or (110& usinglinearly polarized

radiation. The results are compared with the calculations of Lin-Chung and %'allis and the theory of
Bhattacharjee and Rodriguez. The g factors given by the former authors have permitted one case out

of thirty-two possibilities to be selected for 9ll& 100&. Consequently, the g factors of several of the

states of both impurities have been found; this represents the first determination of the g factors for

any of the group-III impurities in germanium. The values obtained for the principal g factors, g
and g'„„of the ground states are —1.53+0.09 and 0.03+0.04, respectively, for boron, and —1.4+0.7
and 0.23+0.04, respectively, for thallium. The values of go, and gD„, for example, the g factors of
the excited state of the D line are —6.14+0.13 and 0.07+0.03, and —5.7+0.2 and 0.06+0.23, for

boron and thallium, respectively. The diAerence in value between g 3/2 of boron and thallium is taken

to be due to the diAerence in ground-state wave functions of these two impurities, i.e., a manifestation

of the chemical shift. The excited states have essentially the same g factors as is to be expected for
eA'ective-mass-like levels. The quadratic factors have not been determined separately for each state. The

relative intensities of the D components forB ll(100) are in good agreement with theory. From the

results obtained for 5~~ (100&, it is possible to predict the linear splittings and relative intensities of
the Zeeman components for B~((111& and Bll(110}. Good agreement is found with the experimental

results for the D components under the latter orientation; the agreement is not as good for f~~(111
Some success is obtained in the interpretation of the C line for all three orientations if this is taken to

be due mainly to an excitation to the I, state of the I,+I, combination predicted by the

effective-mass theory. The behavior of the 6 line has not been well understood.

I. INTRODUCTION

The energy states of groups-III and -V impuri-
ties in germanium and silicon have been investi-
gated relatively extensively using spectroscopic
techniques. One of the objectives in this work has
been to correlate the states accessible in such ex-
periments with the predictions of effective-mass
theory. For the shallow donoxs, correspondence
has been obtained to a high degree not only in the
comparisons of binding energies of excited stated
but also in their symmetries, ' ' deformation-po-
tential constants, 3' ' and Zeeman splittings.
Some success has also been obtained for group-III
acceptors. In the case of germanium, the ob-
served spectra of all five group-III impurities
agree well among themselves and cox relate favor-
abLy with the results of effective-mass calcula-
tions. For these impurities in silicon, the four
which have been studied show some marked dif-
ferences in their spectra ' and do not vindicate
the calculations ' to the same extent as for ger-
manium.

Piezospectroscopic studies have been made
for group-III acceptors in both silicon and germa-
nium and some of the symmetries of the states and
their deformation-potential constants determined.
These latter observations, for the ground states,

are in good agreement with those calculated '
from the corresponding valence-band constants;
these calculations are based on the effective-mass
wave functions of the ground states. However, de-
formation-potential constants of the excited states
have not yet been calculated, and hence a com-
plete one-to-one comparison between the experi-
mental results and theory cannot be made using
the piezospectroscopic observations as basis.

The experimental studies made previously' '3

of the Zeeman effect of group-III impurities in
silicon and germanium were not very detailed.
More recently some longitudinal Zeeman measure-
ments have been made ' for both silicon and ger-
manium. For shallow acceptors in germanium,
the original Zeeman measurements did not em-
ploy polarized radiation, were not sufficiently de-
tailed to provide systematic data, and were not
carried out at high enough resolution for the mag-
netic fields used to resolve many of the Zeeman
components. In addition, very little theoretical
consideration had been given to the problem so
that the expeximental results were little under-
stood. However, recently Lin- Chung and%'allis
have evaluated the g factors of a number of the
states of group-III impurities in germanium. Also,
they have calculated the intensities of the Zeeman
components of a number of the excitation lines for
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a magnetic field 8 parallel to a (100) crystallo-
graphic orientation. Hence an experimental in-
vestigation of the Zeeman effect of such spectra
should afford the best opportunity for comparison
between theory and experiment not for just the
ground state but also for the excited states. In
addition, an, even more recent theoretical study
has been made by Bhattacharjee and Rodriguez
of the Zeeman splittings and relative intensities
of components not only for 8 If (100) but also for
8 ii {111)and 8 ii (110).

The present paper describes a detailed investi-
gation of the transverse Zeeman effect (Voigt

configuration} of the excitation spectra of boron
and thallium impurities in germanium. Prelimin-
ary accounts of this work have appeared else-
where. 4' These two particular group-III irn-
purities were chosen for study since one, boron,
has the smallest chemical shift of the shallow ac-
ceptors, and the other, thallium, has the largest.
Hence any effect that the chemical shift has on the
ground-state g factors and the intensities of the
Zeeman components should have the most likeli-
hood of being x'evealed from a study of these two
impurities.

II. EXPERIMENTAL APPARATUS AND PROCEDURES

The excitation spectxa of neutral group-III ac-
ceytors in germanium occur in the en.ergy range of
about 6-16 meV. The fax -infrared spectrometer
used for the observations incorpox'ated a Perkin-
Elmex model 210B' grating monochromator. The
detector was an indium-doped germanium bolom-
eter cooled by a bath of liquid helium whose tem-
pexature was held at 1.68 'K. The bolometer was
housed in a type CLF-3 metal cryostat modified
in much the same way as described by Zwerdling
et al. The characteristics of the detector were
very similar to those described in Ref. 40. The
present detector gave a signal-to-noise (S/K} ratio
of better than seven times larger than that of the
Golay detector used in one of the earlier studies
of such spectra. The source consisted of the
quartz capsule of an H-100 A4/T mercury l-amp ~

operated with dc, the infrared radiation. being
chopped at 260 Hz to give the maximum signal-to-
noise ratio. Reststrahlen plates, ground aluminum
reflectors, and transmission filters wex'e used to
eliminate undesired higher-order components from
the diffracted x adiation. The monochromator was
calibrated using the energies of the pure rotation-
al absorption lines of atmospheric water vapor.
The radiation was plane polarized by a type 186
wire-grid polarizer on a polyethylene substrate.

A 4-in.. Varian model 4004 magn. et, with its pole
pieces tapered to 1&-in. -diam faces, was used for
the i~vestigations. The magnet gap was set at
-gin. , thus allowing magnetic fields of up to-21 kG

to be obtained. The sample cryostat was sIm~Iar
in design to one discussed elsewhere, being rnodi-
fied to have a tail piece of square cross section
of &-in. side with two pairs of rectangular ports,
one above the other, which were sealed with

wedged crystalline quartz windows. The entire
cryostat could be lowered or raised to move the
sample in or out of the beam and thus permit the
transmission of the sample to be obtained.

The germanium samples were cut from single-
crystal ingots which wexe oriented eithex by
x rays or by an optical method. The magnetic
field was applied across the width of each sam-
ple and hence was transverse to the direction of
propagation, k, of the radiation. All samples
were cut such that k was parallel to a (110)direc-
tion. The samples, when ground to their required
dimensions, possessed a wedge in their thickness
along their length sufficient to suppress interfer-
ence fringes. Carborundum powders of mesh size
Nos. 600, 1200, and 3200 were successively used
to prepare the samples, followed by etching to ob-
tain "highly reflective" surfaces. The orienta-
tions of the finished samples wex'e checked by tak-
ing Laue photographs and found to be within 2' of
those desired.

After leaving the sample cryostat, the radiation
was collected by a series of "light pipes" which
directed it onto the bolometer detector. The out-
put of the detector was amplified by a phase-sensi-
tive amplifier and en.coded as a function of pho-
ton energy in IBM cards by a proceduxe described
by Chion. The computer program used to analyze
the data incorporated a smoothing procedure and
calculated the absorption. coefficient at each point
of observation.

HI. THEORY

Several calculations have been. reported on the
Zeeman effect of shallow acceptors in germanium.
Some of these have utilized either the effective-
mass wave functions or the effective-mass formal-
ism to obtain explicit values for g factors and in-
tensities of the Zeeman components. The first
such calculation is that of Bir et al. in which
the g factors of the acceptor ground state are ex-
pressed in terms of those of the free hole using
Schechter's effective-mass wave functions. Only
the linear Zeeman effect is considered, the Zee-
man Hamiltonian used being derived from sym-
metry arguments alone. The most general form
of this Hamiltonian for the present problem was
original]. y derived by 33,einer49 and included the
quadratic terms. The results of Bir et al. are
given in Table I, where the g factors have been
tabulated using two notations which are related;
this is done for convenience in the discussion
later. The second entry for Bir et al. in this
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TABLE I. Calculated g factors for the ground state of
group-III impurities in germanium. ~

Bir et al. b

Suzuki et al. ~

Lin-Chung
and %allis~

g&

5.66
5 89c

-1.44
-0.91

-1.13

—0.26
0 18c
0.56
0.56

0.63

gfl2

5.60
5.85

—1.30
—0.77

-0.97

g312

5.10
5.59

—0.19
0.35

0.29

'The g factors are given using bvo notations, those of
Refs. 28 and 29. This is done for convenience later.
The relationships betweenthese are g( =g$/2 II (gs/2 g&/2)~ g2 ~ (g /22 g&/2}'

'See Ref. 28.
Calculated from gg'= 0.86'+ 0.23g2 and g2'= -0.04'

+ 0.78g2 given in Table 4 of Ref. 28 using the values of
g~ A~~ g2 reported in Ref. 50.

See Ref. 29.
'Bee Ref. 32.

table is the values obtained by substituting the re-
sults of Hensel and Suzuki for the free-hole g
factors into the expressions of Bir et al. for g&
and gz.

The above g factors have also been calculated
by Suzuki et al. They have used an effective-
mass Zeeman Hamiltonian with effective-mass
envelope wave functions, the latter being calcu-
lated by them using the valence-band parameters
communicated by Hensel. ' These results are in-
cluded in Table I. In addition, they have recal-
culated the g factors using the same envelope func-
tions but the band parameters of Stickler et al.
in the effective-mass Zeeman Hamiltonian. These
results are also listed in Table I.

A calculation identical to that of Suzuki et al. ,
but using the Mendelson- James envelope functions,
has been made by Lin-Chung and Wallis (LCW).
However, they have extended the calculations to
give g factors for the excited acceptor states and
intensities of the Zeeman components of the various
excitation lines for B II (100). The g factors ob-
tained for the ground state by LCW are given in
Table I; those for the excited states are given in
a later table.

It is seen that the results of Suzuki et al. and
LCW are in good agreement. It is not clear why
those of Bir et al. are so different, particularly
since the results of their calculation for the de-
formation-potential constants of germanium are
almost identical to those of Suzuki et al.

In the recent study of Bhattacharjee and Rod-
riguez (BR), the exact Zeeman Hamiltonian of
Kleiner has been used to obtain expressions for
the energies of the Zeeman sublevels for B It (100),
(111), or (110), and relative intensities of the Zee-
man components of an electric-dipole transition

E„-E „=2p. p~ g)„)B, (6)

for the ground state and similarly for the excited
states. Equation (6) gives

1 pg f/2 gi+ 4g2 p

gS/2 gt+Pg2 y

(6)

which correspond to the quantities g&~z and g&&~
defined in Refs. 29 and 32.

Similar but more complicated results have been
obtained by BR for the energies of the Zeeman
sublevels with B II (ill) and B II (110). These are
not presented here but will be used later in the
interpretation of the experimental results.

In the group-theoretical treatment of BR, the
relative intensities of the Zeeman components of
a ~8- I'8 transition have been determined in terms
of the parameters u and v of Rodriguez et al. ,

'
where u and v are different for each such transi-
tion. Table 0 gives the relative intensities for
electric-dipole transitions from a ~8 ground state
with B II (100) in the Voigt configuration. In this
table, E„corresponds to the electric vector E of

for these directions of B. For either a j,"e or I'&

state the Zeeman Hamiltonian is given by

H" &= »sg«& B ~ J+q«&B (1)

where i=6 or'7 corresp'onds to I'6 or I'z, the two

j = & irreducible representations of the double point
group T~; p, ~ is the Bohr magneton. For the I'8
ground state

Bz =
&& sg& B ' S+ ps' (Bg,+ B„J„+B,J,}
+q&B +qz(5 S) +q$( B/+B„J„+B,J,), (2)

where J corresponds to an angular-momentum
state with j = &. Mentical expressions hold for I'8

excited states except that the g's and q's are dif-
ferent. These will be distinguished by a super-
script that designates the excitation line con-
necting each with the ground state; for example,
g& and g~ will represent the g factors of the I'8

final state that is believed '~' ~ to be associated
with the D line.

It is shown that with B It (100), for example,
the energies of the Zeeman sublevels of I'6 or ~&
are

E„=p, zg~&, Bp+q&&&B (2)

where p=+ &or- —,', and for the ground state,

B la & B(gl p+82p)B+ [q'l+ (qS+qs) & ]B y (4)

where p, = 2, ~, —&, or —2. Similar expressions
hold for the excited ~, states. The relationship
between the two notations used for the g factors
given in Table I is obtained by defining for the I'8

states what have been called the principal g fac-
tors, ' viz. ,
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TABLE H. Relative intensities of the Zeeman components in the Voigt configuration with B It (100) for electric-dipole
transitions. ~

Zero-field
transition

s Ie

Component
EII

Relative intensity Component

~k-+k

Relative intensity
S
s

Is Fz

I's -j's

See Ref. 32.

k- ()Le)u+ Q
($)s

$- (fat)~ -g
(~6)a

the incoming radiation parallel to B, while E~ is
for E J.B. Similar results have been obtained by
BR for Btt (ill) and Btt(110), but again, these are
more complicated, and are not presented here.

A comparison between the calculated intensities
of LCW and the relative intensities of Table II
enables values of the different I's and v's to be
estimated. ' It is found for the D and G lines that

1
Qj) f vn 6 8 NQ 9 and vn =a —,. It should be
noted that the above values for u& and v~ appear
to be consistent with the piezospectroscopic re-
sults of Ref. 26 for thallium impurity in germani-
um. A calculation of the intensities for the stress-
induced D components has been made by Dickey
and Dimmock for a uniaxial force along (100).
A comparison of their results (Table I, Ref. 2V)

and those of Rodriguez et al. (Table XV) gives
Mv= —$, which is inconsistent with symmetry.

IV. EXPERIMENTAL RESULTS

A. Zero Magnetic Field

The excitation spectrum of boron impurity in
germanium without external perturbation is shown

in Fig. 1; a sample different from that used for
the rest of the spectrum was used to obtain the G
line. A similar spectrum for thallium impurity
is given in Fig. 2. The resolution bars indicated
on these figures are the geometrical spectral slit
widths of the spectrometer. These spectra are to
be compared with the appropriate ones of Ref. 20.
The present result for boron impurity was ob-
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X
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6.0 7.4 7.8
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8.2
I

8.6 9.0 94
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9.8 IO.2

PHOTON ENERGY IN MILLIELECTRON VOLT

FIG. 1. Excitation spectrum of boron impurity in germanium. The acceptor concentration N~ of sample Ge(B) —1508
No. 1 was -2 X10 cm+ while that of Ge(B) -180A No. 5 was -8X 10 cm+. Liquid helium used as coolant.
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FIG. 2. Excitation spectrum of thallium impurity in germanium; N~ ~2 x 10 cm+. Liquid helium used as coolant.

tained with about the same resolution as that of
Fig. 1 in Ref. 20, but with a 8/N ratio that was
about twice as large. The spectrum in Fig. 2 was
taken with about the same 8/N ratio but with twice
the resolution of the results given in Ref. 20.

For the present results, the higher-energy lines
A', A", and B are not as well defined as those of
Ref. 20 even though the resolution is as good or
better. Since the cryostat used in the present case
was expected to be less effective in cooling the
sample, these differences are believed to be due
to higher sample temperatures than those achieved
previously. In Fig. 1, it is seen that the intensity
of the C line is larger than that of the D line in
contradiction to the results given in Ref. 20, Fig.
1. It is felt that the present results are more re-
liable, in view of the superior detector used. In
Fig. 2, the lines labeled C(Ga) and D(ga) are be-
lieved to be due to contamination of the thallium
ingot with gallium. In the present case, these
are stronger relative to the 0 line than in the spec-
trum of Fig. 5, Ref. 20; this appears to confirm
the assumption that these are due to gallium since
bvo different samples cut from different ingots
were used in the two instances. The origin of the
shoulder on the low-energy side of D(Ga) in Fig.
2 is unknown.

Only boron and thallium impurities have been
studied since the ground states of these correspond
to the two extremes of the chemical shift of the
group- ID impurities. Table III shows the ener-
gies of the various transitions and their energy
spacings relative to the D line. The energies
shown for the C and D lines have been obtained
by taking the means of the results of a number of
observations of these lines; the errors shown
span all values used in each case. The remaining
lines were observed only once, the errors being

The following gives a description of the results
of the transverse Zeeman effect (Voigt configura-
tion) for the above excitation spectra. For each
orientation of 8, the light propagation vector k
is along a (110) direction.

l. 8 II&10@

a. Boron impurity. The Zeeman effect of the
excitation spectrum of boron impurity in germani-
um for B il (100) is shown for several magnitudes
of applied field in Figs. 2 and 4, for E„(electric
vector of radiation, E, parallel to 8) and E,
(E &5). Two samples of different boron concen-
tration were used in obtaining these spectra. Since

TABLE ID. Energies of transitions observed for
boron and thaQium impurities in germanium. Units are
meV.

Transition

Al
A"
B
C
D

G

9.79 + 0.03
9.66 + 0.02
9.33 + 0.02

8.6S1+ O. 003'
7.936 + 0.003
7.55 + 0.03
6.21+ 0.01

Thallium

12.42+ 0. 07
12.29 + 0.03
11.93+ 0.01
11.30+ 0.01

10.552 + 0.007
9.86+ 0.04
8.91+0.03

'The errors for the C and D lines of boron impurity in
germanium span all values of a number of observations of
these lines. The errors for aQ the other lines are esU.-
mates of the experimental error.

estimates of the experimental errors. The posi-
tion of the E line of thallium may be doubtful since
it occurs at an energy close to that of the B line
of gallium which, as is seen above, is a serious
contaminant in the present sample.

8. Zeemm Effect
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n o ron impurity in germanium with
!2.0
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o Ell B

Component
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Dg
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D(
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D)
Ds

a (m,eV+G) x 102

—0.636 + 0.022
-0.475 + 0.041
+0.949+ 0.053
+1.065+ 0.035

—1.763 & 0.018
-1.628+ 0.020
-0.447 + 0.029
—0.301&0.017
+0.456 + 0.024
+0.570 + 0.036
+1.871 + 0.637
+1.849 + 0.017

b (meV/kG) x10
+5.51+ 0.14
+5.15+ 0.20
+3.78 + 0.32
+3.66+ 0.22

+1.47 + 0.11
+1.38+ 0.13
+0.46 + 0.18
+0.21+ 0.11
+ 2.13 + 0.15
+ 1.87 + 0.22
—1.96 + 0.23
-1.72+ 0.22

G -0.208 + 0.032

G
2 -0.11+0.12
3 +0.128 + 0.043
4 +0.430 + 0.021

'The coefficients a and b are defina b are defined by c(8)=&(0)+aB

The errors indicated
l'

are the most
linear least-squares fits (see text)

-1.96 + 0.19
-1.00+ 0.75
+1.04+ 0.26
+0.38+ 0.14

in making the fits, those few data oint
tth ll tf

ermanium at jB ) =18
po t fo lloe a cling of thee

xgs. 3 and 4.
s

gies of the components on B
The dependence of the ener-

nen s on ) B I is shown in Fig. 10.
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The full curves in this fi reas figure have been drawn in
e manner as those in Fi . 5

fits to the data ' th
xg. 5. The linear

Fi 11 d 12 dan 12 and summarized in Table V.
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TABLE V. Energies of the C axd D Zeeman components
of thallium impurity in germanium with 5 I (100).a

Gomponent n (meV/kG) x 10 $ fyg.eV+G ) x 10

~+l5

&~+0

Kl

~+5
O

I

—0

Cg

C2

C3

C4

Dg

D2

D3
D4
D~

Ds

—0.347 + 0.063
+0.10 + 0.27
+0.62 + 0.12
+1.234 + 0.022

-1.774 + 0.027
-1.38 + 0.03'
-0.212+ 0.038
+0.28~ 0.11
+0.97+ 0.14
+0.68+ 0.11

+4.21+ 0.43
+4.0+ 1.5
+5.78 + 0.73
+3.23 + 0.18

+1.41 + 0.09
+1.41+ 0.09"
—0.48 + 0.23
-2.95 + 0.63
+0.40+ 0.85
+1.70+ 0.60

I I I I I I I I I I I I I I I I I I I I

5 IO l5 20
MAGNETIC FIELD IN KILOGAUSS

FIG. 12. Same as Fig. 11 but for the C components.

The dashed line drawn through the data for Da
and parallel to the line through D& has been used
to obtain the values of a and 5 given in TaMe V
for D&, this will be discussed later. The meaning
of the dashed line drawn through the data points
of D4 parallel to the line fitted to the data of De
will also be discussed later.

Z 8 ll(ass&

The Zeeman effect for the C, D, and G lines of
boron impurity, at several values of lB I and with
8 II (ill), is shown in Figs. 13 and 14. The spec-
trum of thallium impuxity has not been examined
for this direction of B. The dependence of the

Ds +1.925+ 0.063. -2,27+ 0.39

'The coefficients c and b are defined by & (B)= &(0) +ga
+ b& (see text); the errors given are the most probable
errors obtained from the least-squares fits.

These values have been obtained by assuming that 5
for D2 is the same as that for D» and fitting the data points
for D2 to a straight line with this slope. The value for a
is the mean value of all such g's; the error given spans
the raage of these a's (see text).

energies of the Zeeman components on l B I is given
in Fig. 15. Again, four C components are observed,
two for each polarization. However, the width of
Cz is such as to suggest that this may be composed
of more than one component. The D line exhibits
six components, three for each polarization, al-
though it is not clear if D3 and D4 are different
transitions; similarly for D5 and De. Also D& is
broader than DB, suggesting that it may consist
of two or more unresolved components. For the
G line there appear to be four components, two
for each direction of polarization, bvo of these,
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FIG. 13. Zeeman effect of the
excitation spectrum of boron im-
purity in germanium for II I (111).
)B ) is 14.5 kG for the 6 line and
10.5 ko for the rest. Acceptor con-
centrations of samples Ge(B) -150A
No. 2, Ge(B)-150A No. 3, and
Ge(B) —180A No. 5 were 4x 10
cm+, -2.5x10 cm+, and -8x10
cm 3, respectively. The encircled
labels and associated arrows desig-
nate the positions of the lines at
zero magnetic field. Liquid helium
used as coolant.
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FIG. 14. Same as Fig. 13 but for )B)=18.5 kG.

viz. , 6& and Ga, are very close in energy. As
before, the full curves fitted to the data points are
the results of linear least-squares fits. The man-
ner in which these fits were obtained may be under-
stood from Figs. 16-18. The parameters a and b

for each component are given in Table VI. The

fittings for the C and G components (Figs. 17 and

18) were obtained in a straightforward way. How-

ever, because D3 and D5 were not resolved except
at the largest fields only a few data points were ob-
tained for them. A linear least-squares fit to
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FIG. 16. Linear least-squares fits of the Zeeman D-
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impurity in germanium, where ez is the energy of the Xth
transition; B jl (111).
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TABLE VIVI. Energies of the C De, D, and G Zeeman

II (111) +

+20

+i5

C9

~ +IO

b
IQ

o' 5-
'Lu

I

I I

5 IO

MAGNETIC FIC FIELD IN KILOGAUSS

20

Component

Cg

C2

CS

C4

a (meV/kG) x10
—0.246 + 0.025
-0.137+ 0.045
+0.873+ 0.063
+1.123 + 0.032

b (meV/kG2) x 104

+3.22 + 0.17
+2.47+ 0.31
+7.46 + 0.43
+6 ~ 42 +.0.22

Dg —1.278 + 0.039
-1.394+ 0

+1.30+ 0.25

DS +1.785 + 0.09
.034 +2.74+ 0.22

D4 +1.749 + 0.099
.093 -3.31+ 0.60

5 +1.003+ 0 0
-2.60 + 0.63

D6 +1.041 + 0.059
+3~.71+ 0.61

Gg

.059 +3.73 + 0.37

G

-0.590 + 0.029

G
2 -0.155+ 0.0

+0.58+ 0.18

S + 0.243 + 0.027
9+ 0.13

4 +0.322 + 0.054
+0.95 + 0.16

'The coefficients a and b ar

+1.67 + 0~ ~ 33

a and b are defined by ( ) = (0) +a

The errors indicated
tained from linear least-s

cated are the most probable errors ob-
as -squares fits (see text).

FIG. 17. S7. Same as Fig. 16 but for tht for the C components.
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Hence, for E„, four components are expected. All
four of these will be of equal intensity only if
v~= 0, otherwise they will group into two pairs in
each of which the two components have equal in-
tensity. It is clear from Figs. 3 and 4 that ~~ 4 0
since all the D components are not of equal inten-
sity for E,. The magnitude of v~ can be obtained
by comparing the intensities of the different com-
ponents. For all values of ) B ) used, it was found
that D4 and Ds were about equal in intensity and
larger than D2 and Dv. Since D5 and DT are less
resolved than are D2 and D4 it was more meaning-
ful to compare the intensities of the latter in order
to find Iv& l. It was estimated that the ratio of the
intensities of D4 and D2 is - 3 corresponding to
) v~ )

= 0. 25, which is to be compared with the
theoreti. eal value of )v~ ) —8 given earlier. This
latter value of )~~ ) predicts that the intensity of
D, should be seven times that of D„ this is obvious-
ly incorrect. Since there are only four D compo-
nents for E, and these are not of equal intensity,
it is clear from Table II that m~=0 thus confirming
qualitatively the calculations of LCW. The two
outer E~ components, D~ and Ds, appear to be
of equal intensity while the two weaker inner com-
ponents, D3 and D6, are also of about equal inten-
sity. Taking u~ = 0 and ) v~ ) = 0. 25 and using the
results of Table II, it is estimated that the rela-
tive intensity of Dz to De and Ds to D6 should be
-1.7. This is somewhat larger than appears to
be the case experimentally, as may be seen from
Figs. 3 and 4. If u~ is made nonzero, this ratio

+20 =
D LINE Ge(B)-856Ae6 Bll [IIO[ kll [IIO[

0 FIIB ~ Ej.B
d

I ~~d
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+IO-

E
n 0'o
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5 10 I5 20
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FIG. 22. Linear least-squares fits of the Zeeman D
component data to [a'x()5 ()-&x(0)]/)B) vs tB) for boron
impurity in, germanium, where &x is the energy of the Xth
transition; B II [110] and k IE [1IO].

TABLE VG. Energies of the D Zeeman components of
boron impurity in germanium with B Il [110]and k
)l [1io].+b

Component a (meV/kG) x 10 b (meV/kG ) x 10

D4

D5

D6

-1.475+ 0.031
-1.259 + 0.042
+1' 155 + 0.025

+1.424 + 0.047
+1.950 + 0.027

+2.46 + 0.21
+3.26+ 0.27
-1.43+ 0.16

+1.12 + 0.28
-0.85+ 0.19

'The coefficients a and b are defined by c(B)=E(0) +aB
+bB (see text).

The errors indicated are the most probable errors ob-
tained from the linear least-squares fits.

becomes larger than 1.7. A value of ) v~ ) = 0. 2
and u& still zero gives a value of 1. 5 for the above
intensity ratio; this is more realistic. However,
it has been pointed out by BR that if u = 0 then n

is also zero. Hence, since v~0, u~ must be
somewhat different from zero.

The assumption that the four transitions of
strength +u are essentially of zero intensity pro
duces an interesting consequence, viz. , coupling
via electric-dipole transitiot. ~ only occurs between
~ states and ~ states (see Table II). Thus, in ob-
taining an interpretation of the spectra, the al-
lowed transitions of the type &- & can be considered
independent of those. of the type &- &. Since the
sign of v~ is undetermined at this point it is neces-
sary to consider two cases, viz. , either v~ &0 or
v~ &0. Each of these gives 16 different ways in
which the data can be interpreted. Many other
cases have been rejected on the basis of the ener-
gies of the components being incompatible with the
data. A further reduction in the number of pos-
sible cases is obtained if the signs of the g&&& fac-
tors are taken to be the same as those calculated
by LCW. It is felt that these should be at least
reliable in their sign since they are large in mag-
nitude compared to the calculated g»& factors.
With these restrictions, the 16 cases for each sign
of v~ are reduced to four. If, in addition, the
relative magnitudes of the g&~&'s and g3~&'s given
by LCW are assumed to be correct, then only one
case remains corresponding to a positive value for

This surviving case, for the linear effects
alone, is illustrated in Fig. 23. The g factors
deduced using this result are given in Table VIG
along with those calculated by LCW. The results
are again given using the two previous notations.
The ratios p'=g'Jg~m and p =gq/gk of BR are also
included in the table. Note that the present nota-
tion for these ratios is slightly different from that
of BR. The numerical values of the g factors were
obtained by subtracting the a values of Table IV
corresponding to the pairs of lines defining a given
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FIG. 23. Energy-level and electric-dipole transition
scheme for the Zeeman D components of boron in ger-
manium with B II (100). The unlabeled transitions were
not observed.

level splitting and using Eq. (5). In each case, as
may be seen from Fig. 23, each splitting is give~
by two such pairs; the average values of the split-
tings were used to obtain the g factors. The er-
rors given in Table VIII are due to either the most
probable errors listed in Table IV or the difference
between the average value of E„-E „and each
E„-E „estimated from the a's of the latter table,
whichever is larger. It should be mentioned that
the values given for the P's in Table VIII have been
estimated from the ratios of the expressions for
g, and gq (see footnote to Table I) rather than di-
rectly from the values of g& and g2 given in the
table. In this way it can be seen that the error in

g, is not independent of that of g~ (as was assumed
by BR) since each depends upon g, /, and g, /p.

It might be noted that the g values obtained are
consistent with the fact that no noticeable depopu-
lation effects are observed. Such effects would

be most pronounced for the components D4 and Ds
or D~ and D~ (see Fig. 23). However, from Figs.
3 and 4, it is clear that the relative intensities of
the components in each of the above pairs are little
affected even when the ground-state splitting is in-
creased by - 50%.

The above method for evaluating the g factors
may not be without pitfalls. In the analysis it is
assumed that the experimental situation conforms

to the theoretical case of BR, viz. , that there are
no mixing effects between adjacent levels. If this
were the case, the quadratic shift of the sublevels
of the same ( p. ( would be the same within a given
multiplet of levels. The observation that Dv and

Ds have negative values of b while for the remain-
ing components b is positive (see Table IV) im-
plies that the p, = —

& excited state has experienced
some repulsions by, for example, the nearby com-
plex level which is believed to be the final state of
the t" line. ' The fact that D& and D, are behav-
ing in a manner different from that expected from
Eqs. (4) and (5) may be appreciated directly from
Fig. 6. A comparison of the transitions given in

Fig. 23 with the results shown in Fig. 6 shows that
the splittings of the p, =+ & levels for both theground
and excited states are obtained by subtracting D&

from D2, D3 from D&, etc. , where in each case the
pairs= of components involved are represented by
essentially parallel lines in Fig. 6; thus the qua-
dratic effects cancel very closely in agreement with

Eq. (5). However, the splittings of the l p I = a

levels are obtained by subtracting components rep-
resented in Fig. 6 by lines that are not parallel and
hence some residual quadratic effect remains, in
contradiction to Eq. (5). This effect is clearly
most serious for the splitting of the excited I p l

= & states since this is obtained by subtracting D,
from D& and D& from D,. Thus the value of g&&&

given in Table VIII may be somewhat in error. If

TABLE VIII. g factors for boron and thallium impurities
in germanium from data for B II (100).'4

g2

A]2

g3/2
D

g1 /2

P3/2
C

g(7)

p'

Boron

-1.73+ 0.11

0.78 + 0.07

-1.53+ 0.09

0.03+ 0.04d

—6.92 + 0.16

3.11+ 0.08

-6.14 + 0.13

0.07 + 0.03

2.70 + 0.13

-2.21 + 0.06

Thallium

-1.57 + 0.78

0.80 + 0.36

—1.4 + 0.7
0.23+ 0.04d

-6.43+ 0.21

2.89+ 0.20

-5.7+ 0.2

0.06 + 0.23

1.81 + 0.41

1 97+0.12
—0.28

Calculated~

—1.13

0.63

—0.97

0.29

—4.11

1.79

—3.66

—0.08

2.00

—1.79

—2.23 + 0.01 —2.23 + 0.08 —2.30

'Somewhat different values are obtained if certain as-
sumptions are made; this is discussed in the text.

Zhe quantity g~7p is the same as g&&2 of Ref. 32, while
p=—g, /g, of Ref. 33.

See Ref. 30. Note that the results for the G line in
this reference give p =-2.10.

The interpretation of the data for the C line also yields
a value for ge'~2, this is discussed in the text.
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it is assumed that only the —
& level of the excited

state is undergoing repulsion then g&&~ may be re-
calculated by considering the spacing given by
[en(0)- en (B)]+[en(0) —es (B)) and using only the
linear effects. Such a calculation gives g„a
= —5. 86+0.06 with corresponding values of g, and

ga of —6.60+ 0.07 and + 2. 97a 0.05, respectively";
however, the value of P is unchanged. The re-
sults for the ground state should not be affected
while this approach cannot be used for g3&~ since
the two states involved may be affected by similar
amounts.

It should be noted that if mixing does occur then
the intensities of the transitions to mixed states
will no longer conform to the results of Table II.
This may well explain why the intensity of D& ap-
pears to be larger than that of D& in Figs. 3 and 4.
However, it is not immediately obvious, without
a detailed calculation of this effect, why Ds should
not be similarly affected.

From the existing data, it is not possible to de-
termine the individual q's even without mixing.
However, it is possible to evaluate combinations
of these. Provided mixing effects are ignored,
it is found from Eq. (4) and the values ofb given
in Table IV that

I [~i+a4(ca+vs)]+ [ei+ l(~3+F3)] I

=(1.2+0. 2)~10 meV/kG

and

ll~f. l«'+~')]+ [~i+S~l+~l)] I

=(0. 2'0. 2)&&10 meV/kG ~

From the above information it is possible to es-
timate the energies at which the four components
of equal intensity $u should occur for E~. Of
these, the highest-energy component should form
a high-energy shoulder to De, while that of lowest
energy should be a low-energy shoulder to Dz. The
two intermediate components should occur at the
minimum between D3 and D6. There is some asym-
metry to D&, part of which is due to an E compo-
nent. The remainder may be attributed to the
above lowest-energy component. If this is true,
it is estimated that u~-0. 1; however, it is be-
lieved that the error in this could be almost as
large as the value itself.

The result for thallium impurity for B It(100)
(see Fig. 9) is very similar to that of boron ex-
cept that the various Zeeman components of the
former are not as well separated as those of the
latter. This is true for both the C and D compo-
nents. The similarities are quite striking for the
D components when a comparison is made between
Figs. 6 and 11, or the results given in Tables IV
and V; only the D4 components show different be-
havior. The behavior of Dg Dg& aad Ds for each

impurity is practically identical, while that of D3
and D& is very similar. This strongly suggests
that the behavior of Da of thallium relative to D&
should be the same as the relative behavior of
these two components for boron. The data for Dz,
resolved from D4 only at higher fields, supports
this suggestion. Hence, it has been assumed that
this is the case and the dashed line through the
data points of Da in Fig. 11 has been drawn paral-
lel to that of D&. The intercept obtained for D&,
which gives the value of a for this component in
Table V, represents the average of the values ob-
tained when the data of D& is fitted to a line of the
same slope as that for D&. Using the same scheme
as that portrayed in Fig. 23 for boron, and the
same procedures, the parameters of Table V give
the g values for the ground state and the excited
state of the D line for thallium that are listed in
Table VIII.

If we follow the procedure discussed above to
minimize the effect of mixing and use only the D,
and D~ components to obtain g&&~, then a value of
—5. 5+ 0. 1 is obtained for this quantity. E it is
assumed that the D4 component should show the
same relation to the De component in both Figs.
6 and 11 then the dashed line through the data for
D4 in Fig. 11 is obtained. The intercept of this
dashed line has been determined in the same man-
ner as was used for D& and is a(D4) = —0.00138
+ 0.00051 meV/kG, where the mean absolute er-
ror is given; also h(D4) =5(D~) = —0.48+0. 23 meV/
kG (see Table V). E this value of a(D4) is used
instead of that given in Table V, theng&&~ = —1.73
+ 0. 30 aad g»3= —0. 06 + 0. 10. Another alternative
may be used to determine g'&~3 and that is to ignore
D4 and simply use D5 and Ds, in this case g &&3
= —2. 04 ~ 0. 30.

Finally, for the D line of thallium, it is found
that v&-4. This value is obtained by comparing
the intensities of the D» D» D3, and D4 compo-
nents.

The C line for both boron and thallium for
B II (100) exhibits a relatively simple Zeeman pat-
tern. It might be expected that a pattern of great
complexity should occur since the C line could be
due to transitions to a I'&+ I 8 combination. How-
ever, if it is assumed that only the I ~- Fv transi-
tion is observed, then a straightforward interpre-
tation can be obtained as far as the g factors are
concerned. This interpretation assumes that the
ordering and splitting of the Zeeman sublevels in
the ground state is that determined by the inter-
pretation of the D lines. In order that the observed
energy spacings of the C components conform to
the g factors of the ground state, the g factor of
the ~7 excited state of the C line must be positive.
This gives the scheme shown in Fig. 24. The val-
ues of g&z, (~g'~q) given in Table VIII for boron and
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FIG. 24. Energy-level and electric-dipole transition
scheme for the Zeeman C components of boron in ger-
manium with 8 ll (100) assuming a 1'8-1'T transition.

thallium, have been deduced from this figure and
the data of Tables IV and V. Values have also been
obtained for g3& fox these impurities. These are
0, 08+ 0.04and0. 31+0.14 forboronand thallium, re-
spectively, which are to be compared with the values
obtained above fxom the D line, viz. , 0. 03+ 0. 04and
0. 23+0.04, xespectively. Hence, if the present inter-

, pretationof the C line is correct this fixes the signof
g»& for boron. However, it is clear that there is a
serious discrepancy between the scheme of Fig.
24, the data of Figs. 3 and 4, and the relative in-
tensities given in. Table II. The two transitions,
+ &-+ a, for E,which are not observed are pre-
dicted to be three times as intense as the two that
are observed. This effect, if real, may be a con-
sequence of the mixing of states, resulting in a
large change in xelative intensities without greatly
affecting the value of g &», not an unreasonable re-
sult. We have not attempted to determine the com-
bination of q factors associated with the C compo-
nents. However, if the interpretation iQustrated
in Fig. 24 is correct, then, according to Eqs.
(6) and (4), all four C components should exhibit
the same quadratic shift. Hence in the plots of
Figs. 7 and 12 all four straight lines should be
parallel. This is borne out fairly well for boron
(Fig. V) and also for C~, Cz, and C4 of thallium
(Fig. 12). This suggests that the data for Cs of

thallium should be fitted to a straight line paral-
lel to C'4, for example. When this is done a val-
ue of a(C&) —1.Ox 10. meV/kG is found. Using
this value for C3 and proceeding as above, it is
found that, for thallium, g&, = 2. 14 and g~&3 =0.20;
this latter value is in mucQ better agreement with
the value obtained from the D line (see Table VIII)
than that given above.

The G line (studied only for boron) exhibits a
rather unusual Zeeman pattern as may be appreci-
ated from Figs. 3 and 4. While the components
for E„are fairly symmetrically disposed about
the position of the unperturbed line in both energy
and intensity, those for E~ have a remarkable
asymmetry in their intensities. In addition, the
total splitting of the components is relatively
small compared to that of the D line (see either
Fig. 5 or Figs. 6 and 8). This latter aspect is
a little surprising since LCW's calculation pre-
dicts that the splitting of the excited state of the
G line should be nearly as large as that of the final
state of the D line. If a direct comparison is xnade
between the results given by BR and the present
experimental results, very little agreement is ob-
tained for E,. In the case of E„, two strong and
two weak components of equal intensity are pre-
dicted corresponding to the value of Iv( = 3 given
earlier. Ignoring quadratic effects these should
be symmetrically disposed about the original G

line. Six components of equal intensity are pre-
dicted for E~ (each substantially weaker than the
strong E„components) corresponding to the value
of uz =/mentioned previously. Also, two very
weak components are predicted. In order that a
component as intense as G4 (see Figs. 3 and 4)
could occur, several of the strongex E~ components
would need to coincide in energy. This does not
appear to be compatible with the scheme of LCW.
It is possible to have four of the stronger E~ com-
ponents coincide in energy if the g factors of the
excited state are equal in magnitude but opposite in
sign to those of the ground state, contrary to the
results of LCW. However, the enexgy of this re-
sultant component would be the same as that of
the original G line if only linear effects are con-
sidered. A qualitative agreement with the ob-
served Zeeman pattern can be obtained if the qua-
dratic shifts of the various sublevels are related in
a specific way. Several cases are possible, de-
pending upon the sign of v and, for example, the
sign of the quadratic shift of the + & sublevels of
the excited state. If both of these are chosen to
be positive, the following requixements must be
satisfied. First, the quadratic shifts of the + 2

excited state sublevels should be of the same sign
and somewhat smaQer than those of the + 2 ground-
state sublevels; second, the quadratic shifts of the
+ 2 ground-state sublevels should be negative,
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smaller in magnitude than those of the + & excited
state sublevels, and be repelled by the latter; and

finally, the difference between the quadratic shifts
of the two pairs of + & sublevels should be equal to
the sum of the shifts of the two pairs of + & sub-
levels. R might be noted that in support of this
conjecture the quadratic effects for the G line be-
come significant at much lower fields than is the
case for the D line (see Table IV). In addition, the
value of gz~z obtained from this model is close to
that deduced from the C and D lines. However,
the value of g'~~2 so obtained is several times
smaller than it should be. This represents a ma-
jor difficulty with the model along with the fact that
the signs of gq~~ and g&~& are opposite to those of
LCW.

An attempt has been made to correlate the ex-
perimental results for the G line with the predic-
tions of either a I',- I'& or a ~8- ~& transition. '
This was not successful, but only linear effects
were considered. However, in view of the correla-
tion given in Ref. 20, it does not seem possible
for the final state of the G line to be a twofold de-
generate level.
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B. B II &110&

Provided we restrict ourselves to only the linear
Zeeman effect, the interpretation given above for
B II (100) determines the parameters which govern
the intensities of the Zeeman components and the
s~litting of the energy states for both B II (110) and
BII (111). This is clear from the results given by
BR. Although only the D line has been studied in
detail for B II (110), we will discuss this orientation
first since its interpretation has proved to be rela-
tively straightforward compared to that for
B II (111). For the D line of boron impurity an in-
teresting simplification occurs since both P' and

P are almost equal to 94 (see T—able VIII). This
is a consequence of g', &, and g, &2 being large and

gz&z and go&2 being almost zero. If these latter
two g factors were zero, then P' and P would be
exactly —g[see Eqs. (6)]; this will be called the
idealized case.

From Eqs. (54) and (56) of BR, the linear split-
ting of the I'8 ground state is predicted to be

E,',»- ~ 0. 911p,Bg, ,
E', 3»=+ 0. 411',~Bg2,

with identical expressions for the I'8 excited state
of the D line except g~ is replaced by g2. Thus, in
the idealized case, the signs and magnitudes of g&
and gq determine the splitting of the ground and
excited state, respectively. If the value of P'
given in Table VIII is used, the numerical coeffi-
cients in Eqs. (7) become 0. 891 and 0.431, respec-
tively; for the excited state the differences are
smaller. The energy scheme given in 'Fig. 25 has

FIG. 25. Predicted energy-level and electric&ipole
transition scheme for the Zeeman D components of boron
in germanium with B II [110] and k II [110].

been drawn to conform to the idealized case exem-
plified by Eqs. (7), noting that the ratio of gn2 to
g2 lies very close to 4 (see Table VIII). The rela-
tive intensities of the transitions have been calcu-
lated from the results of Tables XIVA and XIV C
and Eqs. (55) and (77)-(82) of BR. These are sum-
marized in Table IX; values of 0. 1 and 0. 2 have
been used for u~ and v~, respectively. The weak
transitions in Table IX have been omitted from
Fig. 25. The predictions contained in Fig. 25 and
Table IX are combined in Fig. 26. A comparison
between the predictions of Fig. 26 and the experi-
mental results of Figs. 19 and 20 show good agree-
rnent if all the components in Fig. 26 are shifted
to the right relative to the original D line. This
comparison strongly suggests that the component
labeled D3 is composed of the two components D&
and D&'. The D4 component, not resolved from
D6 at the lower fields, is observed at the higher
field of Fig. 20. The relative intensities of the
components in this latter figure are substantially
different from those in Fig. 19. This is believed
to verify the prediction ' that, in the case for
B II (110), the quadratic terms in the Zeeman Hamil-
tonian give rise to relative intensities that are
functions of IB I. It should be noted that if a value
of v~= —0. 2 is used, the intensities of the transi-
tions + &-+2 and+ ~-+& for E„ interchange; this
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TABLE IX. Relative intensities predicted for the
Zeeman components of the D line of boron impurity in
germanium for fI II [110] and f II [1IO].~

Polarization

E,

Component Relative intensity

$(1 —u&) + 0.056u& —0.236vD = 0.184
0.123uD = 0.012

g(1 —u~) + 0.056u& + 0.236vy = 0.278
0.265@D=0.027

0.027(1 —ug)) = 0.024
0.223 (1 —u~) + Q~+ 0.473v~ = 0.320

0.027 (1—u~) = 0.024
0.223(1 -uf)) + 4u~-0. 473' =0.131

'The results given are for the idealized case where
p'=p = —f. Values of 0.1 and 0.2 have been used for
u~ and v~, respectively.

is also the case for the transitions + &- w ~ and
a 2» + & for E,. Such a result is inconsistent with
the experimental evidence. Hence the choice of a
positive value of vn for B II (100) is consistent with
the observations for B II (110).

From Fig. 25, and the counterparts of Eqs. (I)
for the excited state of the D line, it is seen that
the energy spacing of D& and D& gives a direct mea-
sure of g2. Using the linear parameters in Table
VII, it is found thatg2 =2. 75+0.08, which is in
fair agreement with the value given in Table VIII.
In addition, the energy spacings of either D& and
D2 or D, and D6 should give a value for g&. The
average obtained for g& from these two spacings
is 0. 78+ 0. 33. The numerical agreement between
this value of g2 and that given in Table VIII is
fortuitous in view of the error. This' error spans
the two values of g& obtained from the two spacings
mentioned above. If D3 is taken in conjunction with
any of the other components, the combination of
g factors obtained is totally different from that
expected. This is further evidence that D3 is a
composite of D3 and D&'.

Rather than using the a values of Table VII to
determine the g factors, the g factors can be used
to predict the a values. When this is done the re-
sults given in Table X are obtained. The errors in-
dicated in the table are due to those in g& and g&
of Table VIII; additional error will result if the
measured values of P' and P were used rather than
the idealized value of —4. The agreement between
the predictions of Table X and the data of Table
VIII is good except for D& and D3. For the latter,
very little agreement is expected as this component
is believed to be composed of D& and D3'. In the
case of D1, the presence of the unobserved compo-
nent D&(see Figs. 25 and 26) may produce some in-
fluence on its peak position.

In the idealized case, the predicted relative in-
tensities for the C line, again taken to be a I 8 I 7

transition, are relatively simple if the quadratic
part is ignored. For E„, the intensities are in the
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approximate ratio a &-+—,': a~-+—,'. :0.44: 0. 06,
while for E, they are in the ratio + 2- + &

a & -+ & . . 0.01: 0. 49. A detailed comparison
has not been made between these results and the
experimental data since very little of the latter
is available. However, just as is the case for
both (100) and (111), the Zeeman patterns of Figs.
19 and 20 are simple, although for the present
orientation of 5 the C components are relatively
broad. This may be due to the growth of the weak
transitions under the quadratic effects predicted
by BR and those arising from mixing effects.

C. B II &111)

As already pointed out, the interpretation given
above for B II (100) determines the parameters
which govern the intensities of the Zeeman compo-
nents and the linear splitting of the energy states
for B II (111). According to Eqs. (36a) and (36b)
of BR, for P'=-~ the linear splitting of the I'8

ground state is given by

TABLE X. Predicted values of the a parameters of the
D components of boron in germanium for B II (110).

Component a (meV/kG) x 10

Di

D~
Dt
DI I

D4

Ds

'The parameter a determines the linear part of the
Zeeman effect. An error of + 0.06 in the units shown
holds for each value given. The values correspond to
the scheme given in Fig. 25.

FIG. 26. Predicted relative intensities and linear
shifts of the Zeeman D components of boron in germanium
with B II I110] and k II [1TO]. A change to the right on the
energy scale corresponds to an increase in energy.
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= + (&3/2) PsBda ~
(8)

TABLE XI. Relative intensities predicted for the
Zeeman components of the D line of boron impurity in
germanium for B II (111).

8 II (I I I ) c3(p)
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FIG. 27. Predicted energy-level and electric~pole
transition scheme for the Zeeman C and D components
of boron in germanium with B II (111). The C line is as-
sumed to be a Fs I'& transition. The predicted relative
intensities are shown under the transitions.

1 I I 1
E4l/4 +(——sP + 4 ) Ps Bgs= + s i s Bgs.

Similar expressions are obtained for the excited
state of the D line in the idealized case. With this
information an energy-level diagram can be con-
structed to scale for these two states. In addition,
the relative intensities of the allowed transitions
can be estimated using P' and P and the values of v~
and u~ arrived atearlier. In this manner, a predic-
tion of the expected Zeeman pattern for the D line,
excluding quadratic effects, can be readily obtained.
Such a result is shown in Fig. 27. However, in this
figure the actual values listed in Table VIII have been
used in the construction. Very little change occurs
in going from the idealized case described above to
that shown in Fig. 27. The splittings correspond-
ing to the expressions in Elis. (8) become

E4 4/4 + (0 83+6,644) i s Bl4 t

E,', /, =+ (0 52~0..03) ilsBg', ,

E $/2 + (0.849+ 0. 008) its BZg,

E4 24/= + (0. 510+ 0. 005) ilsBS4

The relative intensities calculated from the results

Polarization Component Relative intensity

Eu &~(1 —+&) = O. 225
gs=O. O5O

$(1—gs}=0.225

Eg T $ 0.157+ 0.010
0.027 + 0.001
0.211+0.001
ps=0. 025
0.080 a 0.010

'The values of p ' and p given in Table VIII have been
used to obtain the results for E~ while for EII, p ' and p
have been taken to be —&4. The values of I& and v& used
are 0.1 and 0.2, respectively. No errors have been in-
cluded in the values of g& and v~,- the errors given are
due to the errors in p ' and p+.

in Tables XIIIA and XIIIB of BR are given in Table
XI. The values of u& and v~ used to calculate these
intensities were 0. 1 and 0. 2, respectively. No
estimate has been made of the errors in these
quantities; the errors given in Table XI reflect
only the errors in P' and P . For E„, very little
change occurs in the relative intensities if small
deviations from P'=P'=-Tare made. In view of
this and the simplicity of the expressions for the
relative intensities, only the idealized case is
given for E„. For E&, the two transitions,
~ & -+ & and + &

- + &, depend on P' and not P and
vice versa for the transitions + &-+ & and + &- + ~.
Hence, the relative intensities of the components
within a given pair can be adjusted independent of
those of the other pair. For sake of clarity, the
very weak transitions + g -+ g, + g -+ p, and
+ ~-+ ~ have been omitted from Fig. 27. The
relative intensities shown under the transitions in
this figure are those of Table XI.

It is seen that four components of equal intensity
are expected for E„. These should occur in pairs,
each pair symmetrically disposed about the original
line such that the spacing between the two inner
components is about three times that of the spacing
of each pair. In Fig. 14, only three Ell components
are observed. Such a result could be obtained from
the predictions of Fig. 27, if thetransitions labeled
D& and Da' undergo quadratic shifts such that the
energy of Da increases relative to that given by the
linear term only, while the energy of D&' is simul-
taneously decreased and brought into coincidence
with Da . In this way Dl would. be a combination of
D& and Da'. Such effects would also be experienced
by D~ and D&. If the labeling of the transitions
designated by D~ and D5 in Fig. 27 were inter-
changed then the same quadratic shifts which bring
D& and D&' into coincidence would cause D& and D5
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to move further apart than expected from Fig. 27.
However, the results of the analysis of the data
for the D line as given in Figs. 15 and 16 and Table
VI predict that the linear shift of D3 is greater than
that of D5, this is the reason for the labeling given
for these components in Fig. 27. Hence, if D3 is
to be of lower energy than D& at high fields, there
must be a strong repulsive quadratic effect depres-
sing the energy of the excited + 2 sublevel of the
D line.

The energy scheme given in Fig. 27 can be used
along with the results in Table VI to give informa-
tion about the g factors. For example, the linear
spacing of Ds and D3 should be proportional to
(gm -gf) if the average value of the energies of D,'
and D'3' is used for that of Dm and if in Eqs. (9) the
numerical factor in E,' &&& is taken equal to that in
E, &&& and the numerical factor in E', »& taken equal
to that in E, »2. In this way it is estimated' that
gq -g&= 3.62+0. 36, where the errors in E,'&~2 and
E f /2 have been used. This is to be compared with
the value of 2. 33+0. 15 obtained from Table VIII.
If the intercept Dz

"of Fig. 16 is used to find

(gq -gm) instead of the value of a for D, given in
Table VI, than a value of -3.2 is found for the dif-
ference of these two g factors. If the energy spac-
ing between D5 and Dz is used, similar, and equal-
ly unsatisfactory, results are obtained for (g, -gm).

The quadratic shifts invoked above to coalesce
D& and D&' into D2 for E„need not exactly superim-
pose

Demand

D&' to give D, for E,. Hence D& could be
broader than D& as is observed experimentally
(see Fig. 14). Again, as for D~ and D,, it is the
crossing of D4 and D~ in Figs. 15 and 16 which
causes D4 rather than D~ to be attributed to the
transition —~-+ 2, the crossing originating from
the same strong repulsion of the + & excited sub-
level that is postulated to bring about the crossing
of Dz and Ds. Using D4 and the average energy of
D', and D", for that of D» it is possible to deter-
mine a combination of g, and g', . It is found that
(l. 28+0. 10)gz+g~= 4. 38+0. 23; this value is to be
compared with the value of 4. 76+ 0. 20 obtained for
the g factors given in Table VIII. Unlike the re-
sult obtained from D& and D&, the agreement ob-
tained is reasonable. If the value for D4 (see
Fig. 16) is used instead of the value of a for D~
in Table VI, the value calculated for (l. 28+0. 10)gf
+g2 falls below 4. 38 and the agreement becomes
poor. The results suggest that the fit given in
Fig. 16 for D4 is good while that for D& is not. This
is substantiated by the prediction in Fig. 27 that D4
should have a larger energy than Do in contradic-
tion to the results of the fits of Fig. 16 listed in
Table VI. In fact, the energy spacing of D& and

D4 should give a direct measure of g'2. If the re-
sults in Table VI are used in this way to find g~,
a negative value results, although the error is

TABLE XII. Predicted values of the a parameters of
the D components of boron in germanium for B II (111).~

Component

D 1
1

D II
1

D2'

D II
2

a (meV/kG) && 10'

—1.76

—1.29

—1.15

—0.68

1.15

1.76

0. 68

1.29

~No errors have been estimated for these predictions.
The labeling of the components corresponds to that given
in Fig. 27.

large enough to enable the gq determined to be-
come positive; even then, however, the value of
g2 is much too small. Similar difficulties arise
if the spacing of D& and Dz is used to find gz al-
though the value of g~ found in this case is positive.

If we proceed as was done for B il (110) and esti-
mate the a's for the different D components using
Eqs. (9), the predictions obtained are those given
in Table XII. These results, when compared with
those of Table VI, suggest that D& and D", are the
same component; this we believe to be a fortuitous
agreement as is that for D4. If the interpretation
that D& is the superposition of D& and D&', then
a(D, ) is predicted to be —l. 53&& 10 meV/kG, which
is still in reasonable agreement with the data for
D& as may be appreciated from Fig. 16. In fact,
except for D&, all the predictions can be readily
matched to the data. For D2, interpreted to be the
superposition of D& and D2', a value of —0. S2
x 10 meV/kG is predicted for the intercept in
Fig. 16; this is in poor agreement with the data
and is not understood.

With regard to the predicted relative intensities
of the D components, it can be seen from Fig. 27
that these should be in the proportion D&. D&. D&.
D4.'Dg'. D6.''. 0. 37: 0.44: 0. 22: 0. 21: 0. 22: 0. 16.
The agreement with the experimental results is
reasonable except for the strengths of D~ and D5
which are larger relative to the other components
than predicted. However, if the mixing effects
which are postulated to account for the large shifts
in D~ and D4 are real, then the relative intensities
could be quite different from those expected, al-
though such effects should be most noticeable in
Dz and D4 and not D& and Ds. It may be this effect
which is suppressing the two E, transitions,
+-, -+~, whose intensities (see Fig. 2V) should be
large enough to be observed and whose energies
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should fall between those of D& and D4. In fact, if
this is not so, it is difficult to reconcile the ab-
sence of these two transitions with the predictions,
since only a small decrease in their relative in-
tensities is obtained when u~ is taken smaller than
0. 1. If v& is taken to be smaller than 0. 2 these
two unobserved transitions are reduced but not sig-
nificantly, while conflict with the 8 li (100) inter-
pretation would arise. It is probable that uz & 0. 1
since the bvo E„ transitions, + &- w 2, would then
be further suppressed. A value of u~= 0.05 would
be more compatible with the observations than
uL) = 0. l.

As was the case for 5 II (100), the C line for
8 II(ill) exhibits a simple Zeeman pattern. In

Fig. 27 is shown the prediction for the linear Zee-
man effect of the C line for 8 tt (ill) as obtained
from the results for 8 H (100). The relative inten-
sities of the components can be estimated from
the results given for a 1"8-I'7 transition. shown in
Tables XIHA and XIII8 of BR. It is predicted
that the two components C& and Ce for E„should
have the same intensities; this is not borne out
by the experimental results (see Figs. 13 and 14).
For E, , three pairs of components are allowed,
the intensities within each pair being equal. The
transitions + & + & and + & - + & depend upon P'. lf
the value of this quantity obtained from the (100)data
is used, then these two pairs of transitions have the
relative intensities 0.010and 0. 365, respectively. The
relative intensities of each component in the third
pair of transitions, viz. , +& +&, is independent
of P' and is simply —,'. If it is assumed that the
pair of very weak transitions is missing then the
scheme shown in Fig. 27 is obtained. However,
in order to justify the disagreement between the
observed and predicted intensities, it must be as-
sumed that there are substantial mixing effects
which drastically distort the relative intensities
from those predicted just as was the case for
8 Il (100). The fact that the straight lines in Fig.
17 fitted to Cj and C2 are not parallel to those
fitted to C3 and C4 gives a good indication that there
are quadratic effects over and above those con-
sidered in the theory of BR.

From the energy spacings of C z and Cz, and C3 and

C4avalue ofg&»= 2. 06+0. 14 is obtained for boron.
This is to be compared with the value given in
Table VIH. The fact that these two values are dif-
ferent could be due to a linear term introduced via
the mixing. Since the mixing for 8 Ii (100) appears
to be smaller than for 8 It (111), the former value
should be more correct even though the latter
agrees closely with that calculated by LCW (see
Table VIII). The energy spacings of C, and C2,
and C, and C4, should be a measure of g&. How-
ever, since Cj is broader than the other lines,
possibly because of the presence of the txansition

——, only the C to C spacing was used to
find gz. The value thus obtained was 0.42+0. 18,
which is substantially lower than the value given in
Table VIH. It is not clear why this is so since the
ground state should be relatively free of any mix-
ing.

The G line for 8 II (111)exhibits even more asym-
metry than it did for 8 il (100). Not only are the
intensities of the E~ componeats totally different,
but so are those of the E„components. Since the
values of P for different I'8 states seem to b6 close
to the idealized value, it is not unreasonable to
expect thatP will also be close to —+4. In fact
the calculation of LCW (see footnote to Table VIII)
bears this out. Although the signs of their g fac-
tors are different from those deduced here for
8 II (100), this will not affect the sign of Pn. The
number of 6 components expected in this case for
8 ~~ (ill) will be the same as for the D line, »z. ,
four for each polarization, whereas for 8 II (100)
only two relatively strong E„components are ex-
pected. Hence, if an argument similar to that
used for the G line in the case of 8 II (100) were
followed for 8 ~~ (ill), it might be possible to have
several components superimpose not only for E~
but also for E„.

In general, it is clear that the observed Zee-
man patterns for the D line are qualitatively in
good agreement with those predicted. Of the three
orientations studied, the least well understood is
the case of 8ll (111)mainly, it is believed, because
the splittings, quadratic effects, and relative in-
tensities have conspired to make it difficult to ob-
tain well-resolved components except at large
fields. For the C line, some agreement is ob-
tained bebveen theory and experiment, the princi-
pal discrepancies being found in the comparison of
relative intensities. For the G line very little un-
derstanding has been obtained.

Since boron has the most effective-mass-like
ground state of all the group-HI impurities, it is
expected that the calculated g factors should be
closer to those measured for boron than for thal-
lium. The value of —1.30 obtained by Suzuki et
aE. for g'j&2 is in better agreement with the ex-
perimental results than is that obtained by I CW
(see Tables I and VIII) but is closer to the result
for thallium than to that for boron. However, the
large error in g', ~2 for thallium precludes this
from being distinguishable from the corresponding
value for boron. This is not the case, though, for
g~&2. It is clear from Table VIII thatgz&2 is sub-
stantially larger for thallium than for boron and
close to the value calculated by LCW. This latter
agreement Inay be fortuitous since in the calcula-
tions of Suzuki et al. , g~&3 was found to be very
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sensitive to the value chosen for the valence-band
parameter e. ~~ In Table I are shown these latter
results; a value of —0. 19 is obtained for g3~3 if
~ is taken to be 3. 9, while gs&3 is found to be 0. 35
if x is chosen as 3.29. Themostrecentdetermina-
tion of & is that by Hensel and Suzuki; they find
that a' is 3.41+0. 03. If ge&3 were recalculated
using this latter value of tc (which lies between the
two different values chosen by Suzuki et al. ) it
might be expected to be positive, but whethex or
not it could be as small as 0. 03, the value obtained
for boron from the D line (see Table VIII) or even
as small as 0. 08, the value obtained from the C
line (see Sec. VA), is not clear. Nor is it clear
how g&~3 is affected using this value of x. Itmight
be noted that the g factors calculated by Bir et cl.+
show no agreement with the experiment.

The excited state of the D line has principal g
factors that are, experimentally, essentially the
same for boron and thallium (see Table VIII), al-
though the error in g~~q for thallium is consider-
able. This verifies what has been observed pre-
viously, viE. , that the excited states of the group-
III impurities in germanium are species indepen-
dent. The agreement between the calculated val-
ue of g&~& and that obtained experimentally is not
as good as might be expected for a truly effective-
mass-like excited state. However, good agree-
ment is obtained for g~~&3. Even though the signs
of the experimental and calculated values of g3~&
are opposite, their magnitudes are very small and
hence there could be sufficient error in the calcu-
lated value to bring about agreement.

The experimental results given in Table VIII
fox g&& for boron and thallium do not quite overlap.
If the value of 2. 14 discussed in Sec. V A is taken
for g&& of thallium better agxeement is obtained,
assuming similar errors. The agreement between
the experimental and calculated values is not un-
reasonable since the C components may be subject
to mixing effects.

The relative intensities for the observed D com-
ponents are consistent with values of 0. 05 and 0. 2
for u~ and ~~, respectively. The ratios obtained
with this choice of parameters for 8 It (100) are
D~. Dq..D3.. D4. Ds. Ds. Dq. Ds ..
: 0. 29: 0. 15: 0. 19: 0. 35: 0. 35: 0. 19:0. 15: 0. 29.
The four weak E~ txansitions have relative intensi-
ties of 0.01. The only qualitative difference be-
tween the predicted intensities and those observed
is that D7 is somewhat larger than is expected;
this has been attributed to a mixing effect. In addi-
tion to this, though, the intensity of each compo-
nent is directly proportional to its energy, an effect
which is not negligible in the present measurements
at the highest fields used; this has not been taken
into account.

Substantial agreexnent has been obtained between

the experimental results for the D line mith
8 II [110], k II [110], and the predictions for this
orientation based on the parameters determined
from the interpretation of the (100) data. This
agreement is found for both the g factors and the
intensities and hence appears to verify the (100)
intex'px'etation even to the sign of 8L). It mould be
interesting to study the other direction of propaga-
tion of radiation, viz. , k ii [001], considered by
BR; this should provide information about some
of the transitions that are unobserved for k ii [110].

The agreement between predictions and experi-
ment for 8 ii (111)is not as satisfactory as in the
other two cases. Some success has been. achieved
but, in order to obtain this, it has been necessary
to invoke substantial quadratic effects due to mix-
ing of states. These effects are not strikingly evi-
dent for the other two orientations. Within the
framework of the theory of BR, the intensities for
8 II (110) are expected to be dependent upon [8 [

via quadratic effects, buteven this has not distorted
the Zeeman pattern sufficiently to prevent an ap-
parently quite clear interpretation to be obtained
in this case. Hence, the assumptions necessary
to understand, at least in part, the (111)case are
not as convincing as one mould like. It would ap-
pear that a better understanding of the effect for
8 ll (111)must await experiments carried out under
higher resolution than that achieved here in order
to determine better the linear splitting parameters
and the relative intensities.

For all three orientations of B, the Zeeman pat-
tern of the C line was found to be quite simple.
The results have been interpreted mith partial
success in terms of a I'8- I'& transition. This is
contrary to the results of piezospectroscopic
studies of group-III impurities' in which at
least four C components are observed for a force
applied along a (100) direction. A I'8- I'z transi-
tion can split into two components at most under
such a perturbation. However, a detailed under-
standing of the behavior of the C line due to sixain
has not been obtained.

The 6 line has not been convincingly interpreted.
This is surprising because it is felt that, since its
final state is much more isolated than all other
excited states, the perturbation approach of BR
mould be most applicable. In addition, the qua-
draticeffectsforthis state should be smaller than,
for example, those of the final state of the D line
since the dimensions of the Bohr orbits of the
states are different (see Figs. 6 and I of Ref. 21).
That these effects should be so large as to com-
pletely mask the linear effects is difficult to un-
derstand. Hovfever, if this postulate is correct,
it can be verified by experiments at lower magnet-
ic fields and under higher resolution. A piezo-
spectroscopic study of this line has yet to be made,
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such an investigation might unambiguously estab-
lish that the transition is, in reality, a ~8 I'8

excitation.
Finally, it should be noted that very little in-

formation has been extracted regarding the q fac-
tors of the various states. If all the observed
quadratic effects are attributed to the excited
states more information can be obtained but, since
all the acceptor states including the ground state
have large spatial dimensions, this would appear
to be a poor approximation.
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A complete set of intensity-energy spectra as a function of electron energy, crystal temperature, and

incidence angle have been measured for the specular and the first-order nonspecular beams for the

(111) xenon surface. The xenon single crystals were formed by epitaxial deposition onto a (100) iridium

substrate and were of excellent order and purity. The character of the intensity-energy spectra indicated

xenon to be a highly kinematic electron scattering material. Hence the formalism for kinematic

scattering could be applied with confidence to the analysis of electron scattering in xenon and with

specific reference to the surface dependence of the effective Debye temperature and to surface-layer

thermal expansion.

I. INTRODUCTION

Since the inception of low-energy-electron dif-
fraction (LEED) by Davisson and Germer in 192V, '
it has been indicated that LEED would be able in
principle to describe the atomic positions, elec-
tronic structure, and vibrational properties of sur-
faces of single crystals similarly to those of x-ray
diffraction for the bulk. Complete analysis of a
typical LEED spectra, however, has proved to be
a formidable problem because of the occurrence of
multiple scattering associated with the very strong
interaction of the electrons with the atoms. H,e-
cently model calculations in which such events are
considered in terms of formal scattering theory

have shown good agreement with experiment. These
computations are involved and time consuming using
~-4 h of computer time on large computers.
Therefore, the application of such calculations to
the solution of the surface structure and surface
properties of specific electron scattering systems
at the present time does not provide as yet a routine
procedure for structure analysis.

One way of simplifying the problems of a com-
plete multiple scattering analysis is to analyze the
electron scattering data in the kinematic scattering
formalism. This, however, leads to realistic re-
sults only for systems that truly exhibit kinematic
features. For electron scattering from most crys-
talline solids such systems are not typical because


