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Magneto-optical spectrum of donors in Al„Gat „As and its implications on the DX center
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The 1s-2p intracenter optical transitions of shallow donors in n-type Al„Ga, „As (x =0.18 and
0.24) were investigated by far-infrared photoconductivity in magnetic fields of up to 10 T. The spec-
tra could be well fitted by the hydrogenic effective-mass model, and were analyzed in terms of the
effective mass m and the linewidth. The result indicates (1) the inadequacy of the usual linear in-

terpolation scheme for m *(x) and (2) the importance of alloy disorder in line broadening. No evi-

dence was seen for the interaction of the shallow-donor ground state with the DX center, which is

inconsistent with the model based on the DX center being an A
1

state with small lattice relaxation.

I. INTRODUCTION

The nearly perfect lattice matching of Al, Ga, ,As
with GaAs makes it the most important class of semicon-
ductor mixed crystal, used extensively as a buffer layer in
various heterostructures and quantum confined systems.
This situation has led to substantial improvement in the
growth techniques of Al Ga&, As, such as molecular-
beam epitaxy (MBE). Epitaxial films are now available
with sufFicient purity to allow detailed investigation of the
electronic structure of shallow impurities contained
therein.
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FIG. 1. Energy positions of the I and L conduction-band
minima (solid lines) and the hydrogenic donor ground state as-
sociated with the I minimum (dashed line) in Al„Gal, As.
The circles denote the DX levels obtained from Hall measure-
ments (Ref. 12), and the dash-dotted line is their free extrapola-
tion as quoted in Ref. 7. The Al content x of the samples used
in the present study is indicated by solid arrows, and the energy
separation (-80 meV) between the donor ground states of the
two samples is shown by the dashed arrow.

The electronic structure of donors in Al, Ga, „As is
interesting for several reasons. First, it provides a unique
way to evaluate material parameters such as the
conduction-band effective mass, which is difficult to ob-
tain by transport studies due to poor mobility. Second,
the alloy disorder inherent in mixed crystals is expected
to more or less affect the donor spectrum. ' The effect of
alloy disorder on localized states is a subject not yet fully
explored. ' Third, a deep level called a DX center, known
for its peculiar properties (such as persistent photocon-
ductivity and a large barrier for trapping as well as emis-
sion) is known to exist in n type Al, G-a, „As. Its ori-
gin has recently been a matter of debate. For x (0.2, the
DX state is located in the conduction-band continuum as
a resonant state. " Hall measurements have indicated
that its energy decreases as I increases, and for x &0.2
the state comes into the band gap as a deep state (Fig.
1).' Thus a crossover takes place between the donor and
the DX levels at x -=0.2. This proximity of the donor and
the DX levels suggests the possibility of gaining insight
into the symmetry of the DX state by seeing whether or
not there is interaction between the two.

In the present work, the electronic structure of the
shallow donor in Al„Ga, „As with x -0.2 is investigat-
ed by far-infrared photoconductivity using magnetic
fields of up to 10 T with the purpose of investigating the
aforementioned problems. After presenting the experi-
mental methods in Sec. II, the results and discussions are
given in four parts in Sec. III: The first part, which de-
scribes the general features of the spectra, is followed by
three fairly independent parts devoted, respectively, to
the analysis of the effective mass, the peak broadening,
and the implications on the DX center. A summary is
given in Sec. IV.

II. EXPERIMENTAL

The mode of far-infrared photoconductivity measure-
ment we applied to Al Ga, As is the so-called photo-
thermal ionization spectroscopy. ' ' In this method,
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high-purity n-type (or p-type) semiconductors are kept at
temperatures low enough for the conduction electrons to
freeze out on the donor ground states. If the sample is il-
luminated by far-infrared light, each electron is excited
first to a higher donor level by absorption of a photon,
and subsequently to the conduction band by absorption
of phonons. (In order for such phonons to be available,
the temperature should not be excessively low. ) The re-
sulting photoconductivity spectrum consists of sharp
lines at energies equal to the separation between the
ground state and various (mainly 2p) excited states. The
process involves both photons and phonons: hence the
name "photothermal. "

The measurements were made using a Digilab FTS-
20E rapid-scan Michelson interferometer. The light em-
itted from a mercury lamp is introduced into the inter-
ferometer with the moving mirror scanned at a constant
velocity. The output light, whose intensity is temporally
modulated, is conducted down into a cryostat through a
light pipe. The sample is placed at the end of the light

pipe with its surface perpendicular to the pipe. The sam-
ple resistance as a function of time is Fourier transformed
to obtain the spectrum. This raw spectrum is subse-
quently divided by the spectrum of the impinging light to
get the final spectrum. The sample temperature was set
equal to 4.2 K for magnetic fields B &6 T, whereas for
B & 6 T it was increased to —10 K to improve signal-to-
noise ratio.

The cryostat is equipped with a superconducting
solenoid with the solenoid axis parallel to the pipe and,
therefore, perpendicular to the sample surface (Faraday
configuration). More details about the apparatus are
found in Ref. 15.

As for the samples, we used two epitaxial films of
Al„Ga& As with x =0.18 and 0.24, respectively, grown
by MBE on semi-insulating GaAs(100) substrates. The
x =0. 18 sample (No. 1A) consists of an undoped GaAs
buffer layer (3000 A thick), undoped Alo»Gao 8zAs buffer
layer (5000 A thick), and a Si-doped Ala, sGao, zAs layer
(2 pm thick) grown successively. The sample with
x =0.24 (No. 2A) is structured as an undoped GaAs lay-
er (4000 A thick), an undoped Al, Ga, „As graded layer
(1000 A thick) with x varying linearly from 0 to 0.24, and
an undoped Aloz4Gao 76As layer (6000 A thick) (all act-
ing as a buffer) followed by a Si-doped Alo z4Gao, 6As lay-
er (3 pm thick). Contacts to the samples were made by
Sn alloying. For comparison reasons, we also studied two
n-type GaAs samples: one sample (No. 1B) is comparable

to the Al Ga, ,As samples in impurity concentration,
whereas the other sample (No. 2B) is of very high purity.
The electrical characteristics of these samples are tabulat-
ed in Table I.

The Al composition x of Al Ga, As was obtained by
x-ray diffraction with the substrate-induced strain taken
into account. The resulting values of x agree with the
values obtained from photoluminescence measurements
to the digits quoted.

III. RESULTS AND DISCUSSIONS

A. General features of the spectrum

The photoconductivity spectra for sample No. 1A at
B =0, 5, and 10 T are shown in Fig. 2. As seen from the
figure, a magnetic field splits the dominant peak at B =0
into two; the higher peak moves rapidly to higher energy,
whereas the lower peak is rather insensitive to B. This
trend is typical of ls-2p(+} transitions. This is more
clearly seen in Fig. 3(a), which presents the variation of
the peak wave number with B. The peak positions agree
well with the ls-2p(+) transition energies in the hydro-
genic effective-mass model with a suitable choice of the
effective mass and the dielectric constant. (No plotting is
made in the range 0 & B & 4 T, where the two peaks over-
lap and could not successfully be separated by Gaussian
or Lorentzian fitting. ) No evidence was seen for the in-
teraction of the donor states with other localized states.
(Such interaction would manifest itself as an anticrossing
behavior. ) A similar plot for sample No. 2A is shown in
Fig. 3(b). Again the validity of the hydrogenic model is
clear.

It is also seen from Fig. 2 that the widths of the 2p (+)
peaks are rather large and depend little on B, in strong
contrast with the rapid decrease in the peak width with B
commonly seen in GaAs. ' More detailed discussions on
this point will be given in Sec. III C.

B. Electron effective mass

In the hydrogenic effective-mass model, the energy sep-
aration b, between the 2p (+ } and 2p ( —

) states can be
expressed as'

B .
eh

m*c

In practical units, it can be written as

TABLE I. Electrical characteristics of the samples derived from Hall measurements. (Here ND and

N& denote donor and acceptor concentrations, respectively, K is the compensation ratio N„ /ND, and p
is the electron mobility. )

Sample No.

1A
2A
1B
2B

0.18
0.24

0
0

N„-N, (cm ')

6.9 X10"
9 5X10"
5.5 X10"

(5X 10"
0.3

& 0.4

p» K (cm /V sec)

7 700
4 500

28 000
180000
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FIG. 2. Photoconductive response of sample No. 1A at
different magnetic-field strengths taken with a resolution of 2

cm

6 ( ')= 0'9339 8 (T),
m '/mo

where mo is the free-electron mass. Thus m* can be ob-
tained from the slope of 6 versus B.

Figure 4 presents the plot of the difference between the
experimental ls-2p ( + ) and ls-2p (

—
) peak energies

against B. From a least-squares fitting, we deduce
m "/mo=0. 0767 and 0.0774 for x =0. 18 and 0.24, re-
spectively. In the literature, it is usually assumed,
without any justification, that m * goes linearly with x, '
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is equal to fico, divided by twice the effective Rydberg. )

In our experimental situation, y &1, which justifies the
neglect of nonparabolicity.

The Stark effect of random static electric fields, pro-
duced by ionized donors and acceptors, has been investi-
gated by Stillman et al. ' For very high purity n-type
GaAs (%D = 5.2 X 10' cm, N„=2.2 X 10' cm ), they
have shown that the Stark effect indeed causes deviation
from Eq. (1) for 8 (0.5 T, the mass obtained from Eq. (1)

m */mo =0.067+0.083x . (2)

The B dependence of 6 for the two samples assuming Eq.
(2) is shown in Fig. 4 by the dashed lines. It clearly
shows the inadequacy of the linear interpolation.

An alternative form for m *(x),
' —

1

m '/mo = x 1 —x+
0. 14 0.067

(3)

has been suggested by Harrison and Hauser, ' who pro-
vided a plausibility argument for Eq. (3) on the basis of
the effective-mass theory and the virtual-crystal approxi-
mation. The experimental values of m' for sample Nos.
1A and 2A together with that for GaAs sample No. 18
are compared with Eqs. (2) and (3) in Fig. 5, which
shows that Eq. (3) agrees fairly well with the experiment.

Let us now discuss the validity of Eq. (1). Since Eq. (1)
involves only the excited states, it is free from central cell
corrections, which are important only for the ground
state. ' As for nonparabolicity, it is important only for
strong fields such that A'co, (cyclotron energy) »E (band

gap), which is equivalent to y=A' e 8/m* ce »1. (y
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FIG. 3. Energy of the 1s-2p(+) (higher-energy) and 1s-2p( —
)

(lower-energy) peaks vs magnetic field for (a) sample No. 1A
and (b) sample No. 2A. The dashed curves present least-squares
fitting by the hydrogenic effective-mass model.
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FIG. 4. Experimental energy separation 6 between 2p(+)
and 2p( —) levels of Al„Ga& „As vs magnetic field B. The
dashed lines denote the hydrogenic theory using linear interpo-
lation for m *(x). (A and B correspond to x =0.18 and 0.24, re-
spectively. )

FIG. 6. Experimental energy separation between 2p( —) and
2p(+) levels of the two GaAs samples vs B. The line denotes
the hydrogenic e8'ective-mass model with m /mo =0.068.
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FIG. 5. Experimental values of m * (circles), the linear inter-
polation formula (solid line), and Harrison's formula [Eq. (3)]
(dashed line).

underestimating the real value. The effect was found to
be negligible for higher fields B &1 T. Since these au-
thors used samples of substantially higher purity than
ours, direct application of their result to our case requires
some caution, and we should check the impurity concen-
tration dependence of the effect. This can be done by
comparing the spectra for the two GaAs samples: with
higher impurity concentration (sample No. 18) and with
lower impurity concentration (sample No. 28). Figure 6
presents the plot of b versus B for the two. Good agree-
ment is seen in the range of the magnetic field studied
(B)4 T). This leads to the conclusion that the Stark
effect is also negligible in our analysis of m ' for
Al Ga& „As, which is done for B &5 T. This result for
GaAs further indicates that the overlap between donors
does not give any appreciable correction to Eq. (1) either,
in the impurity concentration range we are considering
here.

Another mechanism that might possibly affect Eq. (1)
is the random-alloy potential (RAP}. The effect of the
long-wavelength part of the RAP (i.e., composition fluc-
tuation with a size greater than az, where a& is the
effective Bohr radius for the donor} has been studied
theoretically in Ref. 1 for the case B =0. The result indi-
cates that the peaks in the 2p(k) density of states shift
only slightly upward, an order of magnitude smaller than
the shift of Is. (If we use wi„calculated in Sec. III C, in
Fig. 2 of Ref. 1, the resulting shift of 2p (k) is only 0.3
cm '.) Further, the shift is the same for 2p(+) and
2p( —), leaving 6 unaffected. When 8%0, the shifts
should no longer be the same for the two states, but the
shifts themselves are likely to decrease with B, since mag-
netic fields bring the levels farther apart reducing the
coupling (by the RAP) between 2p(+) and other levels.

As for the shorter-range part of the RAP, no theory
has been worked out yet as to its effect on donors. Thus
we cannot fully rule out the possibility of its affecting Eq.
(1). However, the effect is expected to be small, since the
shift they produce should be smaller for excited states
than for the ground state. Further, the preceding argu-
ment for the long-range part [i.e., that the shifts of
2p ( + ) and 2p (

—) are nearly equal, leaving b, un-
changed, and 8 would tend to reduce the effect] should
apply also to the short-range part. Thus the use of Eq. (1)
in our analysis seems well justified.

Having derived m *, we can make a least-squares fit of
the experimental peak energies [ls-2p(+ ) transition ener-
gies as functions of B] with E as the only fitting parame-
ter. The result is shown by dashed curves in Figs. 3(a)
and 3(b). [Optimal values of e turned out to be 12.67 for
x =0.18 and 12.97 for x =0.24. These values should not
be taken too seriously, since the fitting involves the
ground state (ls), for which central cell corrections may
be important. This is in strong contrast with the case of
m *, which is free from central cell corrections. ]
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C. Linewidth I & (
f

I I & I

yf, =(dE, /dx) x (1 x)/(4vrNaz ) . — (4)

Here X is the concentration of the group III lattice sites,
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In GaAs with modest impurity concentration, the
1s-2p linewidth arises from the Stark and quadrupolar
broadening mechanisms' ' ' (i.e., broadening due to elec-
tric field and field gradients produced by ionized impuri-
ties) and from donor-donor overlaps. It is interesting to
compare the peak widths of Al„Ga, As (Fig. 2) with
GaAs of comparable impurity concentration (sample No.
1B).

Figure 7 presents the magnetic-field dependence of the
full width at half maximum (FWHM) of the ls-2p(+)
peaks of sample Nos. 1A (crosses) and 1B (circles). In the
case of sample No 1B, the width decreases with B from
16 cm ' at B =0 to 10 cm ' at B =10 T. This decrease
results from magnetic-field-induced shrinkage of the
donor wave function, which reduces donor overlaps, and
the Stark and quadrupolar broadening. [The Stark
broadening is proportional to d', whereas the quadrupo-
lar broadening goes as d, where d is a typical dimension
of the charge distribution of donor 2p(+) orbital. '

Thus, the broadening in these mechanisms is a rapidly
decreasing function of 8.] In sample No. 1A, in contrast,
the peak width, aside from being twice as large as that of
sample 1B, is fairly constant with B, with perhaps a very
slight decrease. This suggests that, although donor-
donor overlaps and Stark (quadrupolar) effects are not
negligible, there is also another mechanism at work that
gives a larger width for a larger B.

The most likely mechanism for this additional
broadening is RAP. In the absence of magnetic fields,
the width of the 2p density of states due to the long-
wavelength part of RAP is an order of magnitude smaller
than that of the 1s state. ' Thus the RAP broadening of
the 1s-2p transition is approximately equal to the width
of the 1s state y &„which can be expressed as'

O

Kl

I & i I I i i i

8 {T)
10

FIG. 8. J= 'd'r, where is the donor ground-state en-

velope function, calculated as a function of B. The calculation
was done by the hydrogenic effective-mass approximation and
the finite-element method, using m

* and c appropriate for sam-

ple No. 1A,

and E, denotes the energy of the I conduction-band
minimum as a function of x. Using E, from Ref. 22, the
calculated FWHM of 2p(+) peaks for our samples is ap-
proximately 8 cm ', which compares fairly well with the
difference in the widths of sample Nos. 1A and 1B (Fig.
7). Although the authors of Ref. 1 have not explicitly
treated the case 8%0, it is easy to see that the width in
this mechanism is proportional to J= f P d3r even when

BWO, where P is the ground-state envelope function. As-
suming the hydrogenic model for the donor, we calculat-
ed J numerically using for P the ground-state wave func-
tion of a hydrogen atom in a magnetic field, which is ob-
tained again numerically by the finite-element
method. ' The value thus calculated was scaled with
m * and c for sample No. 1A obtained in Sec. III B. Fig-
ure 8 presents J(8) normalized to its value at 8 =0. It is
seen that J increases by 90%%uo as 8 increases from 0 to 10
T. This is in remarkably good agreement with the in-
crease in the separation between the plots of sample Nos.
1A and 1B in Fig. 7.

No theory has thus far been worked out regarding the
effect of the shorter-range part of the RAP on the donor
spectrum. Although one would intuitively feel that such
an effect is less important than the long-range part, the
problem still remains open.

The lifetime broadening is usually negligibly small.
For example, the lifetime r of the 2p(+) states of n-type
GaAs (ND X„ in the lower -10' cm range) has been
measured. The obtained ~ is approximately 50 nsec and
500 nsec for the 2p (+ ) and 2p (

—
) states, respectively, at

8 =0. This translates into linewidth (=A/~) of the order
of only 10 cm ' and 10 cm ', respectively, which
are at least five orders of magnitude smaller than the
broadening seen in our Al„Ga& As samples. It is quite
doubtful that the larger impurity concentration or some
alloy-specific effect, if any, in our samples brings about
such an enormous enhancement of the linewidth.

FIG. 7. The full width at half maximum (F%'HM) of the
1s-2p(+) peak of sample Nos. 1A (crosses) and 1B (circles) vs

B.

D. Implications on the DX center

As was mentioned in the Introduction, the ground
state of the DX center, as obtained by Hall-effect mea-
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surements, lies very close (to within -40 meV) to the
donor ground state in the range of x studied here (Fig. 1).
One expects that this proximity gives rise to interaction
(anticrossing) between the DX and shallow-donor states
provided they are of the same symmetry. In the preced-
ing sections we have seen that the donor ls-2p (+ } transi-
tions are well accounted for by the hydrogenic model,
with no evidence for anticrossing. This experimental
finding has an important consequence on the origin of the
DX center, as will be shown below.

The DX center was originally supposed to be a compos-
ite defect consisting of a simple donor and an unknown
defect, hence the name "DX." Since then, numerous
studies have appeared that point to the inadequacy of this
model, and now there is a near consensus that DX is an
isolated substitutional donor. The DX center models pro-
posed to date can be classified into the following three
categories: (i) one-electron (positive-U) models with small
lattice relaxation (SLR), (ii) one-electron models
with large lattice relaxation (LLR), and (iii) a two-
electron (negative-U) model with large lattice relaxa-
tion. There has been an active debate concerning the
correct model of the DX center, especially the amount of
lattice relaxation. Despite experiments to settle the argu-
ment, no clear-cut consensus has been reached. For ex-
ample, Mooney et al. found no detectable photoioniza-
tion cross section for DX below 0.8 eV, supporting LLR.
Henning and Ansems, on the other hand, found a finite
cross section down to 0.2 eV, which is in contradiction
with LLR and favors SLR. In this section, we will inves-
tigate the SLR models and see if they are consistent with
our experimental results.

The first SLR model proposed was that by Hjalmarson
and Drummond, who simply assumed that the DX
center is a donor with a deep s-like ground state and a
shallow first excited state that is also s like. In this work,
the mechanism that drives the ground state deep is not
specified. Subsequently, Yamaguchi made a Green's-
function calculation (with a tight-binding basis) of the
electronic structure of a substitutional donor in

Al„Ga& „As (without lattice distortion}. The result in-

dicated that the central cell potential causes substantial
deepening of the A

&
symmetric ground state, which he

identified with the DX level. Henning and Ansems, in
an attempt to fit their photoluminescence data, proposed
a SLR model in which DX is identified with a donor state
associated with the L minima. (Their model is rather
complex, but the remaining details are not important
here. ) Finally, Bourgoin and Mauger proposed that DX
is the donor ground state of A, symmetry, associated
with the L minima, which is deepened by intervalley mix-
ing; effects.

It is important to note that, in the Henning-Ansems
model and in the Bourgoin-Mauger model, the DX level
(assumed to be associated with the L minima) is distinct
from the donor ground state associated with the I
minimum [hereafter denoted as 1s ( I )]. In the
Hjalmarson-Drummond and Yamaguchi models, on the
other hand, it is unclear if DX and 1s(l ) are distinct.
(The Green's-function method used by Yamaguchi has so
far been successful only for deep levels but does not give

shallow states. Thus the method does not lend itself to
any discussion of the relation between deep and shallow
states. In the case of the Hjalrnarson-Drummond model,
the authors avoid specifying if the deep donor state they
refer to derives from a I -associated donor level or from
some other state, such as an L-associated donor level. )

Experimental evidence that DX and ls(I ) are distinct
(but arise from the same center) has been provided by a
far-infrared absorption study of direct gap Al Ga, „As
carried out by Theis et al. ' This is also consistent with
the fact that we have observed hydrogenic (unperturbed)
ls-2p transitions for 0 &B & 10 T at x =0.24 (where the
DX level should be well below the I minimum}. Thus we
assume that DX and ls (I ) are distinct levels. Accepting
further that the DX center is an isolated substitutional
donor, the shallow ground state 4, and the DX state 4&
can be obtained as eigenstates of the same Hamiltonian
Ho+ U(r), where Ho is the perfect crystal Hamiltonian
and U(r) presents the change in the potential caused by
the introduction of the donor. [Strictly speaking, the im-

purity potential U(r) differs slightly for the two states
due to different valence charge distributions. This
difference should be negligible for the crude estimation
given below. )

The energies E of the shallow-donor state and the DX
state are obtained by solving the secular equation

E, —E
=0.

Here E, and E& are the unperturbed energies of the shal-
low and DX states, respectively, and the interaction ma-
trix Vcan be expressed as

V= f4,*U&qd'r . (6)

As for U, we used the pseudopotential for a Si substitu-
tional donor in GaAs obtained from a Green's-function
calculation within the local-density functional scheme.
(The nonlocal part of U was neglected. )

The 4, was taken to be

where gr(r) is the Bloch function (pseudowavefunction)
at the I point for bulk GaAs (Ref. 39) obtained by using
the same Green's-function scheme as was used for U. As
for the envelope function P (r), we used the ground-state
wave function of the hydrogen atom with its mass and
the dielectric constant replaced by m ' and c, respective-
ly, obtained for sample No. 1A in Sec. III B. (We need
only consider the ground state, since, by symmetry, the
2p states do not interact with an A

&
state even in the

presence of a magnetic Aeld. ) The DX center was
modeled as

where fr is the L-point Bloch function, the summation is
over the four inequivalent L points, and
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is the hydrogenic 1s function with its radius b taken as a
parameter. (As seen from Fig. 1, the DX energy level
roughly follows the L valley as x varies, suggesting that
DX has a strong L character. )

We are mainly interested in the extent to which the
shallow-donor energy as a function of magnetic field B is
affected by the proximity of the DX level. Since the DX
center is highly localized, its energy E& as well as the
wave function 4& should be nearly independent of B.
This allows us to neglect their magnetic-field dependence.
Then the magnetic-field dependence of E derives from E„
as well as from P in 4, . The function P cannot be ob-
tained analytically when 8%0 and was nuinerically cal-
culated by the finite-element method. (The energies ob-
tained in this method for hydrogen 1s and 2p states in the
range y &1 agree with the values given in Ref. 40 to
within 10 Ry. )

Figure 9 presents the calculated V as a function of b for
8 =0 and 10 T. Although

~
V~ decreases rapidly with b, it

remains quite large, at least on the order of the donor
effective Rydberg, in the realistic range of b. Figure 9
also reveals that V depends only weakly on B.

There are also claims that the DX center has an appre-
ciable I character aside from L. Thus we also calculat-
ed Vusing

(8')

instead of Eq. (8). The result, shown by the dashed
curves in Fig. 9, is not much different from that obtained
from Eq. (8), indicating that V is quite insensitive to the
detailed form of 4z. (We have also tried using Bloch
functions, corresponding to various different points in the
Brillouin zone, in 4& and found the result to be insensi-
tive to these choices. Thus our conclusion is valid even if
4z is an admixture of all points in the Brillouin zone. ' '

Using the obtained value of V in Eq. (5), we have the
energy of the impurity levels with their mutual interac-
tion taken into account. A typical result is shown in Fig.
10. In deriving this result, we used the hydrogenic donor
spectrum, with m * and c. pertinent to sample No. 1A, for
E„and V was set equal to 40 cm ' (=5 meV) (its
magnetic-field dependence was neglected). The calcula-
tion was done for different values of E&, which was taken
as a parameter. (All the energies are taken relative to the
I conduction-band minimum. )

As seen from Fig. 1, the DX level crosses the donor
ground state at x -0.2, i.e., between the x values of our
two samples. It is also to be noted that the donor
ground-state energies differ by 80 meV for the two sam-
ples (dashed arrow in Fig. 1). Thus the DX level should
lie within less than about 40 meV (=320 cm ') from the
donor ground state in at least one of the samples. Figure
10 shows that if model (i) were correct, we would observe
a significant shift in the 1s level in at least one of the sam-
ples. (The ls level would shift upward for x =0.24 and
downward for x =0.18.) The calculated shift is as large
as 5 cm ' even when E&=300 cm '; for such a large
shift, the spectrum can no longer be fit by the hydrogenic
model. The fact that no such anomaly was seen consti-
tutes strong evidence against the small relaxation
model for the DX center.

We have also estimated the interaction between the
donor 2p(+) states and the DX center, assuming that the
latter is of Tz symmetry. The impurity wave functions
were modeled by replacing the 1s-type envelope functions
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FIG. 9. Calculated interaction matrix element V as a func-
tion of the DX center radius b for different magnetic-field
strengths. The solid curves represent the case

g ttL/&4, and the dashed curves denote the case

@~=bi, 4r.

B (T)

FIG. 10. Solid lines represent the unperturbed hydrogenic
spectrum of the shallow donor in Alo»Gao 8&As calculated us-

ing m* and c. determined for sample No. 1A. The dashed lines

are the energy of the donor ground state obtained by solving Eq.
(5) for different values of Eq.. Eq = —100 cm ' (A), —300 cm
(B), 300 cm ' (C), and 100 cm ' (D). The zero of energy is tak-
en to be the conduction-band bottom in the absence of a mag-
netic field.
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energy

I
I

I

tice relaxation. Therefore, model (ii) does not contradict
our experiment.

This argument, based on the one-electron picture, does
not apply directly to the negative U (two-electron) model.
However, since the model includes large lattice relaxation
as an essential ingredient, the situation is the same in that
the interaction matrix is again proportional to e ((1.
Thus the model also survives our experiment.

IV. SUMMARY

FIG. 11. Schematic configuration coordinate diagrams for
small lattice relaxation (dashed line) and large lattice relaxation
(dash-dotted line) for the DX state. The solid line denotes the
conduction-band bottom.

in Eqs. (7) and (8) by corresponding 2p(+) functions.
The resulting V was found to be three orders of magni-
tude smaller than in the case of the 1s-A, interaction.
(This is because both 4, and 4d are vanishingly small
near the impurity site where U is large. ) Such small in-
teraction is impossible to detect by the present method.
Thus our analysis cannot rule out the small relaxation T2
model.

The situation is completely different in model (ii) or
(iii). If the lattice relaxation is large (schematically
shown by the dash-dotted line in Fig. 11), we should in-
clude the phonon wave function overlap in V, which
makes V proportional to e, where S is the Huang-Rhys
factor. ' Since large lattice relaxation means S &&1, V is
orders of magnitude smaller than in the case of small lat-

We have performed far-infrared photoconductivity
measurements on Al,. Ga& As with x -0.2 in magnetic
fields of up to 10 T. The spectrum could be well fitted by
the hydrogenic eft'ective-mass model, which is rather re-
markable considering the proximity of the donor ground
state to the DX level.

Through a least-squares fitting of peak energies against
magnetic field B, the conduction-band e6'ective mass m *

was derived. It was revealed that m *(x) exhibits consid-
erable bowing and does not obey the usually assumed
linear interpolation formula. The large linewidth and its
slow decrease with B were explained by random-alloy po-
tential. Finally, a model calculation of the interaction be-
tween the shallow-donor ground state and the DX center
was performed. It was shown that if the DX center were
an A, state with small lat tice relaxation, it would
significantly perturb the donor ground state. The fact
that there was no such perturbation observed presents
strong evidence against this model.
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