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Far-infrared absorption measurements have been made of the Lyman series of the acceptor Be in GaAs up
to magnetic fields of 30 T, supplemented by photothermal ionization spectroscopy measurements to 6 T. The
results confirm and greatly extend previous work and reveal several phenomena. The strongest component of
the G line moves to higher energies and increases in intensity with field. Around 20 T the field dependence of
the transition displays a marked kink. At higher fields the dependence of energy on field is linear. This behavior
is attributed to unresolved components that change in relative intensity with field and leads to a reappraisal of
the identity of the low-field transition. The D line is followed to high fields allowing an accurate determination
of the splitting of the field-induced components of the second excited state. Photothermal ionization spectra for
the C line permit the determination of the splitting of the field-induced components of the ground state and of
the third excited state. At high magnetic field an absorption appears which increases in energy with field at a
much greater rate than any of the lines mentioned above. It is thought to originate in the valence-band Landau

levels.

DOI: 10.1103/PhysRevB.67.235204

I. INTRODUCTION

The intentional introduction of foreign atoms into high-
quality semiconductor crystals is the basis of much of the
electronic technology that underpins the modern information
economy. Impurity atoms may introduce energy states just
above (below) the valence (conduction) band of the host.
Such shallow levels have been the subject of intense study
from both theoretical and experimental vantage points. The
research has been reviewed several times? and new devel-
opments are continually reported in a series of speciaist
conferences.®

We now focus on shallow impurities in a specific 111-V
compound semiconductor, GaAs. The conduction band of
GaAs is amost parabolic and isotropic with the band mini-
mum at the zone center. As a result the energy levels of a
donor in GaAs closely match the energy levels of atomic
hydrogen scaled by the factors of the electron effective mass
m* and the dielectric constant of the lattice e with an effec-
tive Rydberg

Ry*=——Ry. (1)

In a magnetic field the degeneracy of the impurity energy
states is lifted, analogously to the Zeeman effect in atomic
hydrogen. Magnetospectroscopy measurements of transitions
between magnetic-field split impurity states permit the pre-
cise determination of the electron effective mass.* The appli-
cation of higher magnetic fields allows the observation of
small variations from the simple hydrogenic model, such as
the nonparabolicity and anisotropy of the conduction band®
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or the dependence of the energy of the ground state on the
chemical identity of the donor.® A dimensionless measure of
magnetic field,

B how 9
Y= 2Ry’ (2

is useful in comparing hydrogen-like systems. For donors in
GaAs, y=1 corresponds to 6.57 T, for the hydrogen atom,
y=1 corresponds to 2.35X 10° T.

Acceptors in GaAs may also be described using a model
based on atomic hydrogen, but the problem is more compli-
cated than for donorsin view of the relatively complex struc-
ture of the valence band, characterized by the Luttinger pa-
rameters y1, v2, and y;. The energies are not given by so
simple a relation as implied in Eq. (1); the calculation of
acceptor energy levels will be described in the following
section. An appropriate measure for the strength of the mag-
netic field is

Ry*
Yimg'

)

Bo

where up is the Bohr magneton. For acceptors in GaAs,
Bo=34T. In small magnetic fields, B<7 T, corresponding
to B<<1, spectra have been reported for C, Zn, and Be ac-
ceptors in GaAs.”® One report has been given of acceptor
spectra in intermediate magnetic fields:™® B to 17.5 T, B to
~1/2. The present work extends the magnetic-field range to
high magnetic fields: B=30 T, B~1.

©2003 The American Physical Society
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A. Unperturbed energy states

A substitutional acceptor is located at a site of tetrahedral
symmetry. In spite of this, Baldereschi and Lipari'' intro-
duced a model which gives insight into the acceptor states
and a tractable computational technique by beginning with
states of spherical symmetry. This approach is viable in that
the cubic terms in the Hamiltonian are small and so can be
regarded as a perturbation.’? In a zinc blende, as opposed to
a diamond, structure a term linear in wave vector appears in
the Hamiltonian, but this is known from experiment to be
small and is generally ignored in calculations.

The inclusion of the spin-orbit coupling in the spherical
model requires atomic S states to be denoted by S;,, where
the subscript gives the total angular momentum F. The P
states become P45, P35, and Ps,. Within this model, the
energies of the 2P 5, 2P5, and 2P, states for GaAs have
been calculated to be 1.6, 11.1, and 6.5 meV, respectively.t

Of the states so far discussed, adding first-order cubic
terms to the Hamiltonian'? only affects the 2Ps, state, which
now separates into 2Pg(I'g) and 2Pg,(I';), where the
terms 'y refer to irreducible representations of the Oy, group.
Further refinements to this spherical/cubic model discussed
below do not introduce new states and <o it is sufficient to
label astate asnl'y of Oy, where 7 is the parity, denoted by
+ or —, k takes on the values 6, 7, or 8, and n
=1,2,3,... isthe number of the state of agiven = and kin
order of energy. While the symbol nI'7 completely specifies
the state, it is convenient to retain the atomic notation. Thus,
the ground state will be written as 1Sy,(11'g) and the first
excited state as 2P45(11'g); these appear in the literature as
1Sy,(T'g) and 2P4,(T'g), respectively.
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FIG. 1. Some energy states and optical transi-
tions for acceptors in GaAs. The experimental
data is for the Be acceptor (Ref. 17). The ob-
served optical transitions are from the (even-
parity) ground state to the lowest-energy odd-
parity states. The calculated data are from (a)
Ref. 12, (b) Ref. 14, and (c) Ref. 13, respectively.
The calculated ground-state energies have been
aligned with the experimenta zero of energy for
ease of comparison. Note that there is consider-
able variation among the calculations, and be-
tween the calculations and experiment, regarding
the separation of the even-parity and odd-parity
states, whereas the separations of the odd-parity
50 states are in much better agreement.
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The energies of the ground and excited states of generic
acceptors in GaAs have been calculated by Baldereschi and
Lipari'* using the spherical Hamiltonian, and also incorpo-
rating the cubic and other terms,*? by Fiorentini,** and by
Schmitt et al.’* The most detailed results are given by the
latter authors who present energy levels for 60 acceptor
states. The energies these authors determine for acceptor
states in GaAs relevant to the present experiments are illus-
trated in Fig. 1.

B. Energy statesin a magnetic field

The theory of the Zeeman effect on acceptor states has
been developed from the perspective of group theory by
Bhattacharjee and Rodriguez.*®

The experiments described below were carried out with
the magnetic field paralel to the [001] crystal axis. In this
geometry, the energies of the four sublevels of al'g state are
given by

ER=us(mgb+m3g®)B+[qf+(ab+a2)m?1B?, (4

where m= + 3, + 2 is a spin quantum number characterizing
the state, here given within the T4 notation, the terms g and
g are parameters of the material, and the label p denotes the
particular I'g state. This equation is pertinent to the
1S3,(11g), 2P3,(1Ig), and 2Pg,(2Ig) states to be dis-
cussed below, for which the labels p="', G, and D, respec-
tively, will be used.

Likewise, the energies of the two sublevels of a I'; state
are given by

EP = ugmgPB+qPB2. (5)

This equation is pertinent to the 2Pg,(11';) state to be dis-
cussed below, for which the label p=C will be used.
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While strictly applicable only in the case when the
magnetic-field induced splitting is small compared to the
separation between unperturbed states and to the separation
between the unperturbed states and other bands, in practice
the theory can be applied over a large range of magnetic
fields.

A detailed numerical theory of the Zeeman effect on ac-
ceptor states, including those in GaAs, has been presented by
Schmitt et al.!* The calculation takes into account contribu-
tions of states with high angular momentum to improve ac-
curacy. These authors present in detail the behavior of the
ground state and the first five odd-parity excited states over
the field range 0—10 T and give g factors for the ground state
and for the first two odd-parity excited states. The authors
remark that the energies of the sublevels are adequately rep-
resented by the above eguations of Bhattacharjee and Rod-
riguez only to about one-fifth of By which, in the case of
GaAs, isabout 7 T. While not disputing that this may be true
of the energy sublevels themselves, the determination of the
energy splitting of the sublevels from the experimental data
obtained by observing transitions between states often re-
veals alinear dependence on magnetic field to high magnetic
field. Thisis understandable in light of the fact that the terms
quadratic in B often cancel. For example, the energy differ-
ence between a pair of transitions from a common ground
state to the two excited sublevels of a I'; state will depend
only on the term involving g and not on the term involving g,
which contributes to both sublevels equally.

In specifying transitions between states the quantum num-
ber m (T) or the related quantum number M (Op) may be
employed. The notation'® (i, f) where i and f are the sub-
scripts of the irreducible representations (Oy,) I'; and I'; of
theinitial and final states of an excitation experiment, will be
used in this paper. In the notation of Schmitt et al.'* the order
of the states is reversed. For example (7,8) here is the tran-
sition denoted by 8—7 by Schmitt et al.X* The selection
rules for B| [001] allow transitions where i =f for E|B; for
ELB, oneof i or fisodd and the other is even.

The transitions alowed from the ground state to the low-
est three states of odd parity are given in Fig. 2.

111, EXPERIMENT

The samples used in these experiments were grown by
molecular-beam epitaxy on 450-um-thick (100) GaAs sub-
strates with Be as the dopant. Details of the thickness of the
doped layer and the Be concentrations are given in Table |
for the two samples for which data are reported. The samples
were wedged at =2° to suppress optical interference be-
tween the front and back faces. Detailed far-infrared absorp-
tion spectra for these samples have been published
previously.t’

Measurements were made using two Fourier spectrom-
eters equipped with globar light sources and liquid-helium
cooled Si bolometer detectors. Appropriate beam splitters
were employed to optimize the signal for the various spectral
features examined.

For measurements at low magnetic fields (<7 T) a split-
pair superconducting magnet was employed in the Voigt con-
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FIG. 2. Tranditions for GaAs.Be in a magnetic field BJ|[001].
The alowed transitions are determined by group theory. All the
transitions that might be observed in the geometries employed in
the present experiments are shown. For the G and the D lines all
measurements were for EL B. For the C line data was obtained for
both EL B and E||B. The ordering of the field-induced states and
their splitting is as deduced from the experiments described in this
paper. The energy splittings are shown to scale. The absolute values
of the transition energies are not drawn to scale but can be obtained
by combining the information here with that given in Fig. 1.

figuration which permitted data to be collected for both E||B
and E 1L B. For measurements of Be impurity in GaAs at low
magnetic fields it has been found that photothermal ioniza-
tion spectroscopy (PTIS) is a more sensitive technique than
absorption spectroscopy.’® It has also been found that the
optimum impurity concentration is less for the PTIS mea-
surements than for absorption measurements. Sample NU651
was used for the PTIS experiments at low magnetic field.
The temperature is adjusted to optimize the PTIS experi-
ment: at too low a temperature, thermal ionization is re-
duced; at too high a temperature, the lines broaden; higher
temperatures yield relatively higher signals for deeper impu-
rities. The ideal temperature for the PTIS measurements re-
ported here was found to be in the range 16—18 K.
Measurements at high magnetic field were made in both a
17.5 T superconducting magnet and a 30 T resistive magnet.

TABLE I. Samples employed in these experiments.

Layer thickness Be concentration  Be areal density
Sample (em) (atomscm™3) (atomscm™?)
NU651 4 1.5x 105 6.0x 10!
NU652 3 2.3x10% 6.9x 1012
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The light was conducted to the sample at field center via a
metal light pipe and a condenser cone. Measurements were
made with the magnetic field parallel to the direction of light
propagation (Faraday configuration) using nominally unpo-
larized radiation; in this geometry E1 B.

The measured transmission T of the sample was converted
to the absorption coefficient « taking into account the finite
thickness of the sample t and the reflection at the sample
surfaces, via the reflection coefficient R, according to the
formula

T (1- R)?exp( at)

exp(2at)—R? ®

The absorption coefficient calculated this way refers to the
sample as a whole. Our main interest is in the absorption
coefficient of the Be impurities confined to a layer of thick-
ness s, rather than of the GaAs in this layer and in the sub-
strate. Knowing the absorption coefficient agaas Of GaAs
from other measurements allows the extraction of the ab-
sorption coefficient of the Be impurity according to

t
aBe:(a_aGaAs)g- (7

V. RESULTS AND DISCUSSION
A. Overview

The Lyman series of Be impurity in GaAs occurs in the
spectral range 120240 cm™ 1. Transmission spectra of
GaAs:Be in this range are presented in Fig. 3 from experi-
ments in the high-field magnet for three representative mag-
netic fields: 0, 18, and 30 T. All spectra were taken at a
resolution of 1 cm™*, which is less than the spectra width
of the lines.Y’

The unperturbed spectrum in Fig. 3 (O T, full line) agrees
well with spectra reported previously using other experimen-
tal arrangements. The strongest absorption feature is the D
line, at 166.8 cm™ 1. The second strongest feature is the C
line, & 1823 cm % The G line, whose position of
134.4 cm™ ! is known from previous transmission and PTIS
measurements, is difficult to resolve at O T in Fig. 3. The
known energies of the G, D, and C lines are indicated in the
figure. The G, D, and C lines are transitions from the ground
state, 1S55(11g ), to the first three odd-parity excited states,
2P3,(1'g), 2Ps0(2I'g), and 2Pg,(11'7), respectively.
The quality of the spectrum is high considering the limita-
tions placed on the optical arrangements made necessary to
locate the sample at the field center of the 30-T magnet.
According to this experimental data the final states of the G
line and the C line are separated from the final state of the D
line by 32.4 and 15.5 cm™ !, respectively. These separations
may be compared with the theoretical values of 33.7 and
15.1 cm~ ! of Baldereschi and Lipari,*? 31.7 and 12.0 of
Schmitt et al.,** and 38.3 and 13.2 of Fiorentini."®

The second spectrum shown in Fig. 3 (18 T, dotted line) is
at afield comparable to, but higher than, the highest field for
which Zeeman data has been presented for the Be impurity
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FIG. 3. Optica transmission spectra at low temperature of Be
impurity in GaAs for three magnetic fields: 0, 18, and 30 T. The Be
concentration is 2.3x10% cm™2 in a 3-um doped layer, corre-
sponding to an areal density of 6.9x 10*2 cm™2; the layer ison a
wedged substrate of nominally undoped GaAs of average thickness
364 um.

in GaAs previously. A strong component of the G line now
appears at an energy ~4 cm™ ! greater than the energy of the
unperturbed transition. In contrast, multiple components of
the D line, with individually much less absorption intensity
than the unperturbed line, appear as a series of components
spread over the range 154—186 cm™ 1. The C ling, like the G
line, exhibits one strong component; in contrast to the G lineg,
the strong component of the C line moves at a much greater
rate with field, and at 18 T is found ~20 cm™ ! above the
unperturbed energy.

At the highest field for which data are given in Fig. 3
(30 T, dashed line) the G line has strengthened further and
shifted in a roughly linear fashion, now being ~7 cm™?!
from its unperturbed position. The G line absorption inten-
sity increases with field. The D components continue to
spread and the strong C component continues to higher field.

While the chief spectral range of interest is
120-240 cm ™!, the experimental arrangement permitted
measurements to be made over the range 50-900 cm™ !, ex-
cept for two windows for which the transmission was zero—
in the region of GaAs reststrahlen, =260-300 cm ™%, and in
the region of the 3.5-um-mylar beam splitter minimum,
=700-720 cm™ 1. Over this wide energy range, no addi-
tional features associated with the Be impurity were ob-
served, nor any that moved with the magnetic field, except
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FIG. 4. Development with the magnetic field of the G line
[1Syx(1l'g)—2P4,(1lg) transition] of the Be impurity in GaAs.
From front to back the spectra are, respectively, for O, 2, 4, 6, 8, 10,
12, 14, 16, 18, 19, 20, 21, 22, 23, 24, 25, 26, 27, 28, 29, and 30 T.
The ordinate applies to the unperturbed spectrum. Each spectrum is
offset by an amount proportional to the magnetic field at which it
was taken. The unperturbed energy of the G line is aso indicated.

for one high-field feature that will be discussed below. In this
respect, the behavior of GaAs.Be is very different to, for
example, InP:Zn, which was measured in the same apparatus
at about the same time.*°

B. G line

The development of the G line with the magnetic field is
shown in Fig. 4. The most striking feature is an absorption
peak that moves to higher energy and increases in strength as
the magnetic field increases. Other absorption features that
move systematically with field may be identified but a rela-
tively large noise-to-signal in this part of the spectrum limits
the number of components that may be unambiguously iden-
tified.

The variation of the position of the strongest absorption
peak with the magnetic field is given in Fig. 5. Also shown is
previous data to 17.5 T.1° The previous data is rather linear
but with a dlight negative curvature; that is, the rate of in-
crease in energy with the magnetic field decreases slightly as
the field increases. The present data reproduce this trend to
17.5 T and beyond, until about 20 T. Unexpectedly, beyond
20T, the trgjectory of the data straightens out, and these data,
especialy at the highest fields, are well fitted by a straight
line which passes through the unperturbed energy of the G
line at B=0.

On the basis of comparison with the previous work the
strong feature was previously identified' as the (8,5) transi-
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FIG. 5. Energy of the strongest component of the G line as a
function of magnetic field. The crosses are data obtained previously
(Ref. 10) up to 17.5 T using a superconducting magnet. The circles
are present data collected in a resistive magnet to 30 T.

tion, or X in the notation of Atzmdlller et al.” for the G line of
GaAs.C. In the light of the new data beyond 20 T this as-
signment warrants reappraisal. The linear behavior of the
high-field data, extrapolating back to the zero-field G line
energy, suggests the origin of that data as one of the field-
induced components of the G line. That the high-field tran-
sition increases in strength with field suggests itsinitial state
is the lowest sublevel of the field-split ground state. Thisis
consistent with the high-field data being the (8,5) transition.
The higher-energy component, which dominates at lower
fields, but then loses intensity from about 10 T and becomes
undetectable at 20 T, is attributed to the (6,7) transition, or
X' in the notation of Atzmuller et al.” The region of negative
curvature, which might previously have been attributed to a
gradual introduction of quadratic or higher terms in energies
of the sublevels of the ground or excited states as a function
of magnetic field, is now regarded as the region of change
from one transition to a second, both of which are linear in
field. The data for (8,5) and (6,7) are fitted by straight lines
with  slopes  (0.268+0.009) cm YT and (0.221
+0.020) cm™ /T, respectively. These transitions of them-
selves are of limited usefulness in determining g factors,
since they have no initia or final states in common. How-
ever, they may be combined with other information to obtain
g factors, as will be discussed in the final section of the

paper.

C. D line

The development of the D line with the magnetic field is
shown in Fig. 6. As with the G line, the strongest component

235204-5
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FIG. 6. Development with the magnetic field of the D line
[1Syx(11'3)—2P4,(2I'g) transition] of the Be impurity in GaAs.

proceeds to higher field. More components are observed for
the D line than are observed for the G line— up to the eight
permitted by the selection rules. The behavior of the compo-
nents of the D line to 17.5 T has been reported in detail
before'® and the previous data is reproduced in Fig. 7 along
with the new data. It will be observed that the two datasets
agree well. At high field, the main components are associated
with the transitions identified earlier as (8,7), (6,7), and (5,6).
As with the G line, there are no initial or final states in
common in the observed transitions, meaning the splitting of
particular ground or excited-state sublevels cannot be deter-
mined by this information alone. This point is discussed fur-
ther in the final section of the paper.

D. Cline

In interpreting the data presented thus far one is faced
with two serious shortcomings. First, the geometry of the
experimental apparatus used in the high-field magnet does
not permit measurements for which E||B. As a consequence,
no transitions are observed between a common ground-
(excited-) state sublevel and a pair of excited- (ground-) state
sublevels that differ only in the sign of the quantum number
m or M. Such a pair alows the determination of the energy
splitting of the sublevels of the excited- (ground-) state in-
volved. Secondly, of the eight lines expected for EL B, far
fewer are observed at high magnetic field.

These deficiencies are largely overcome by an examina-
tion of the C line at low magnetic field (<7 T) in the split-
pair superconducting magnet which permitted data to be col-
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FIG. 7. Energy of the components of the D line as a function of
magnetic field. The crosses are data obtained previously (Ref. 10)
up to 17.5 T using a superconducting magnet. The circles are
present data collected in a resistive magnet to 30 T.

lected for both E||B and EL B. In contrast to the cases of the
G line and the D line, which have I'g final states, the fina
state of the C line is I';, which is doubly, rather than four-
fold, degenerate, and so splits under magnetic field into only
two sublevels, rather than four. The selection rules in this
case permit two transitions for E[|B and four for ELB. As
will be demonstrated, al but one of these transitions are
resolved, and the disposition of the observed transitions al-
lows a reliable determination of the splitting of both the
ground state 1Sy,(1I'g) and the excited state 2Ps,(11'7).

The C line is especially fruitful for examination for ac-
ceptorsin GaAsin view of itsrelative isolation. According to
the calculation of Fiorentini,™® the 2Pg,(11'7) state is sepa-
rated in energy by 0.44 meV from the next-nearest state,
namely, 3P3,(3I'g). In contrast, for acceptors in Ge the
separation in energy of these states is an order of magnitude
less. As an example of the complications that may be in-
volved, we cite the case of Zn~ acceptor in Ge, whose C
manifold has been deduced from piezospectroscopy®® to
comprise at least components 1I'; , 35 , 3I'g , and 4T .

Figure 8 shows the PTIS spectra in the region of the C
line for B=3 T, B||[001] for both E|B and ELB. For all
fields 1 T<B=6 T the E||B spectra exhibit two compo-
nents, as expected on the basis of the selection rules. At B
=1 T the EL B components are not resolved, but for fields
2 T<=B=6 T three components are observed, whereas the
selection rules permit four.

The positions of the PTIS peaks for the components of the
C line are plotted against magnetic field in Fig. 9. The data
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FIG. 8. The PTIS spectra observed in a magnetic field of B
=3 T for B||[001] in the region of the C line. The position of the
unperturbed C line is indicated.

are well described by second-order polynomials with B, as
indicated by the full lines in the figure. The two transitions
expected on the basis of the selection rules for E||B turn out
to be the highest- and the lowest-energy transitions. Signifi-
cantly, only three of the four transitions expected for EL B
are observed. In attempting to locate the missing transition, it
is noted that, within the linear approximation, the average
energy of sublevels which differ only in quantum number m
will be the same. As an extension of this principle, the aver-
age energy of the E||B transitions should coincide with the
average energy of the EL B transitions at any given field. The
average energy of the two E||B transitions is indicated by the
dashed linein Fig. 9. This average energy is seen to coincide
very closely with the intermediate of the three transitions
observed for EL B. This recognition immediately suggests
that the observed intermediate energy transition for EL B is
the superposition of two unresolved transitions. The symmet-
ric disposition of the higher- and lower-energy transitions for
EL B is aso consistent with the “missing” fourth transition
for EL B coinciding with the intermediate-energy transition
observed. Two EL B transitions will coincide in the way pro-
posed if two of the sublevels of the ground state separate
with the magnetic field at the same rate as do the two sub-
levels of the excited state. We note in the calculations of
Schmitt et al.1 that the T'g and T'; components of the four-
fold degenerate ground state 1S;,(1I'g) are predicted to
split at a rate similar to the I'; and I'g components of the
excited state 2Pg;(11'7).
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FIG. 9. Energy dependence of the components of the C line on
the magnetic field. The full lines indicate the second-order polyno-
mial fits to the data. The dashed line represents a fit to the average
energy of the highest- and lowest-energy components.

Given this interpretation, we may now obtain the split-
tings of al the components of the ground state and the ex-
cited state. In other words, it is possible to determine the
parameters g; and g, for the 1S;,(1I'y ) state and g for the
2P5(11';) state. We take the order of the ground-state sub-
levels to be as given by Schmitt et al.,** that is, I';, T'g, T's,
and I's. The splitting of the two outer sublevels of the
ground state, which is the same as the splitting of the two
sublevels of the excited state within the experimenta error,
and the splitting of the two inner sublevels of the ground
state, are determined from the datain Fig. 9 and are given in
Fig. 10. The states and transitions have been labeled in Figs.
8-10 on the basis of the transition scheme discussed above.
It is emphasized that, in analyzing the experimenta data, the
only data required from without is the ordering of the sub-
levels of the ground state, which was first determined by
Bimberg? using electron-acceptor  photoluminescence.
Given this, the present experimental data permits the deter-
mination of the order of the sublevelsin the excited state and
the linear energy splitting of al the sublevels in the two
manifolds.

Absorption measurements taken at high magnetic fieldsin
the region of the C line are presented in Fig. 11. The most
prominent transition is the line identified as the (5,8) transi-
tion. This identification is on the basis of the low-field PTIS
data, aso shown in the figure. The second most prominent
transition is identified as the coincident lines (8,7) and (7,8).
Even at high field these two transitions are not separated.

Another distinctive line appears at high energy. The slope
of the line position plotted against magnetic field, and the
identification of the transitions made above, mean it is un-
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FIG. 10. Energy splitting of the sublevels of the ground state as
deduced from the data in the previous figure. The full lines shown
are linear fits to the data.
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FIG. 11. Energy of the components of the C line as a function of
the magnetic field. The crosses are the PTIS data shown in Fig. 9.
The circles are present data collected in a resistive magnet to 30 T.
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FIG. 12. Transmission spectra of the high-energy feature ob-
served at high magnetic field. A linear extrapolation to zero field
and the reststrahlen region are also indicated.

likely to arise from the C line. It is presumed to arise from
the next state, 3P4»(31'g). A linear interpolation of thisline
to zero field gives an intercept of 189.75 cm™!, while that of
the line identified as (5,8) gives 174.41 cm™ 1. This differ-
ence in intercepts of 15.34 cm =19 meV and is rather
large compared to the separation between the states of 0.44
meV given by Fiorentini;*® the high-energy line may thus
have another origin to that proposed here.

E. High-field line

An unexpected feature appears at the highest field (30 T)
above the reststrahlen band, as shown in Fig. 12. It decreases
in energy with decreasing field, a a rate of (4.31
+0.12) cm ™ Y/T rapidly moving into the reststrahlen band
where it is unobservable. The feature does not appear to
emerge from below the reststrahlen band as the field is re-
duced to zero. It would be of great interest to follow this
feature to higher fields although to do so would involve con-
siderable technical difficulty. A linear fit of the energy with
field extrapolates to a zero-field energy of 205cm !
=25.4 meV. Itis speculated that this feature is related to the
first Landau level of the valence band and tentatively sug-
gested that its zero-field position gives a measure of the
ground state of the Be acceptor and may be compared with
the values given in Fig. 1.

F. g factors

The outer ground-state energy splitting, E(I';) —E(I'g),
is determined by the linear fit to the data given in Fig. 10 to
be (0.707+0.015) cm™Y/T. Thus,

235204-8



MAGNETOSPECTROSCOPY OF Be IN GaAs

PHYSICAL REVIEW B 67, 235204 (2003)

TABLE Il. g factors for some acceptor states in GaAs.

Theory? Experiment
Generic Experiment” (this work)
acceptor GaAs.C GaAs.Be
irg g +0.281 +0.30+0.08 +0.30+0.05
g5 +0.1147 +0.09+0.05 +0.09+0.03
1rg of —2.402 —2.38+0.03 —-1.63+0.10
oS +1.024 +1.01+0.01 +0.64+0.06
2Ty a? —3.6420 —-315+0.15 —2.88+0.19
gg +1.8259 +1.57+0.06 +1.47+0.10
T g¢ +1.51+0.03
‘Ref. 7.
PRef. 14.
27 which in turn are smaller in magnitude than the theoretical
39;+ 779,=1.514+0.032. (8)  values calculated by Schmitt et al.'* for a generic acceptor in

Likewise, the inner ground-state energy splitting, E(I'g)
—E(T's), increases at arate of (0.150+0.021) cm™ /T, giv-
ing

1
g} + ;03 =0.320+0.044. (9)

From these two relations the g factors of the ground state
may be deduced. The values are given in Table Il and are
found to be identical to those determined by Atzmuller et al.’
for carbon impurity in GaAs.

Within the experimental error the splitting of the
2P5,(1I';) state is determined to be the same as that of the
outer ground state. It follows directly that

g¢=1.514+0.032. (10)

The data presented for the G line and the D line may now
also be analyzed.

All the components of the D line are observed and so the
possibility exists to group these in pairs to minimize effects
quadratic in B. The energy differences (8,7)—(7,8) and
(6,5) — (5,6) were chosen for analysis. The former represents
the sum of the splitting of the outer sublevels of the excited
state and the splitting of the outer sublevels of the ground
state; the latter gives the difference between the splitting of
the inner sublevels of the excited state and the splitting of the
inner sublevels of the ground state. When plotted against
field these energy differences begin to diverge from a linear
dependence on B at around 10 T. The slopes of the linear fits
in the range 0-10 T are (1.88=0.06) cm™ Y/T and (0.44
+0.04) cm™Y/T, respectively. From these slopes and Egs.
(8) and (9), the g factors of the excited state of the D line
may be determined. The results are given in Table Il. The
results are in excellent agreement with the previous determi-
nations made using transmission and photoconductivity mea-
surements in a superconducting solenoid to 6 T which
yielded gP=—2.81 and g5 = + 1.40.% The values are some-
what smaller in magnitude than, but agree, within error, with
the experimental results of Atzmiller etal.” for GaAs:.C,

GaAs.

The g factors deduced above for the ground state
1S4,(1I'g) and for the second excited state 2Pg,(21'g ) of
GaAs:Be agree well with those of GaAs.C. In contrast, the
splitting of the first excited state 2P3,(11'g) appears to be
rather different in the two systems. Atzmdller et al.” observe
all four expected transitions with positive energy dependen-
cies with field and denote these, in order of increasing en-
ergy, W, X, X', and Y. In the present notation these transi-
tions correspond to (5,6), (8,5), (6,7), and (8,7), respectively.
The slopes for the energy dependence with field for these
transitions’ are, respectively, 0.084, 0.320, 0.397, and
0.848 cm™Y/T. The two lines shown in the present Fig. 5
have slopes of (0.268+0.009) cm YT and (0.221
+0.020) cm™Y/T. These data are not in agreement with any
of the slopes reported for GaAs.C. Given that the ground-
state g factors are identical for GaAs:Be and GaAs.C (see
Table II), one concludes that the splitting of the first excited
state must be different in the two impurity systems. It should
be noted that the discrepancy is evident in the raw experi-
mental data and does not depend on the interpretation of
which transitions give rise to which spectral lines or on the
fact that in the present experiments fewer spectral lines are
observed than in the former.

From the depopulation of the upper sublevels of the
ground state with the magnetic field, it is deduced that the
prominent component of the G line at high field must be a
transition from the lowest sublevel. There are only two pos-
sibilities for the transition, (8,7) or (8,5). In both the experi-
mental work of Atzmuller et al.” for GaAs:C and the theory
of Schmitt et al.* for the generic acceptor in GaAs, the (8,7)
transition is the highest-energy transition, which isincompat-
ible with the present data, where the low-field transition has
a higher energy than the high-field transition under discus-
sion. Moreover, the dlope of this transition, (0.221
+0.020) cm~ /T, differs greatly from the slope of the (8,7)
transition in GaAs:C, of 0.848 cm™Y/T. On these grounds it
is concluded that the high-field transition cannot be (8,7), but
is (8,5). Using similar reasoning it is concluded that the low-
field transition is (6,7). From the slopes determined from Fig.
5 and the data in Egs. (8) and (9), g¥ and g5 are calculated,
the results are given in Table I1.
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V. CONCLUSION

Employing the C ling, or 1S;,(1I'g ) —2Ps,(1I7) tran-
sition, the ground-state g factors of Be in GaAs have been
determined. Somewhat surprisingly, identical results are ob-
tained to those reported by Atzmuller et al.” obtained from
studying different transitions (the D and G lines) of a differ-
ent impurity (carbon) in GaAs. The g factor of the excited
state of the C line has been determined. The g factors of the
2Pg5(2I'g) state, corresponding to the D line, have been
determined in the linear region of 0-10 T and are in excel-
lent agreement with values determined earlier® to 6 T using
transmission and PTIS and agree well with the values re-
ported for carbon impurity.” The field splitting of the com-
ponents of the G lineis different to that reported for GaAs:.C.
The low-field transition has been reassigned and the g factors

PHYSICAL REVIEW B 67, 235204 (2003)

for the 2P3,(1I'g) state have been redetermined from the
experimental data. An unexpected transition which appears
only at high field (>26 T) is attributed to valence-band Lan-
dau states.
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