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We report the first definite observations of the magnetic field dependence of central-
cell corrections in shallow donors. Exploiting the extreme resolution inherent in mag-
netospectroscopy employing infrared gas laser sources, we have observed previously
unresolved transitions arising from four distinct "hydrogenic" donor species occurring
in high-purity epitaxial GaAs. W'e show that the speciesMependent differences in transi-
tion energies are directly proportional to the probability of finding an electron at the
donor site to which it is loosely bound. This probability increases with increasing mag-
netic field because of magnetic squeezing of the wave function of the bound electron.

Recent magneto-optical studies" of the 1s-2p
donol' tlansltlons ln epltaxlal Pl-GRA8 demon-
strate that the donor states involved are hydro-
genic to within experi. mental accuracy. %e have
re-examined some of these transitions both in
photoconductivity and transmission in experi-
ments of much higher resolution and with very
precise magnetic-field measuring capability in
order to check critically the limits of vali. dity of
the effective-mass-hydrogenic-atom model for
GRA8 donors. We find that undel high resolution
the absorption and photoconductivty previously
ascribed to a single donor is actually made up
of foux' closely spaced pl evlously unx'esolved
transitions, each arising from a different donor
species. The existence of these hyperfine sepa-
rations (hfs) (of the order of 0.5 cm ') in the 1s-
2p transition cannot be understood from the hy-
drogenic isolated-donor model even when correc-
tions for band nonparabolicity are introduced.

Thus splittings offer a unique opportunity for in-
vestigating perturbations on the simple hydrogen-
ic-donox' impurity model.

The most direct evidence for our claim that
the hfs arises from small variations in the 1s-2p
transition energies for different donor species
present in our samples comes from the observa-
tion that the hyperfine peaks change in relative
intensity but not in energy from sample to sam-
ple. Study of the hyperfine separations in differ-
ent optical transitions shows that these spacings
are attxibutable to differences among donor
ground-state energies. Analysis of the field de-
pendence of the hyperfine separations indicates
that the perturbations giving rise to the observed
relative shifts in the ground-state energy are
(1) of short range compared to the hydrogenic
Bohr radius ao and are (2) centered either at or
very near to the donor site. The observed be-
havior with magnetic field of the hyperfine sepa-
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rations must therefore be understood as reflect-
ing the field dependence of differences of central-
cell corrections in shallow donors. This is a
new experimental effect, although the quantitative
theoretical explanation pr oposed here has already
been roughly sketched out, '

Experiment. —Samples with leads attached were
placed in the center of a 100-ko superconducting
solenoid, immersed in liquid He, and illuminated
by laser radiation emerging from a tubular,
brass light pipe. A magnetically shielded GaAs
extrinsic photodetector positioned below the sole-
noid permitted observations of sample transmis-
sion simultaneously with the photoconductivity
measurements. Precision magnetic fieM deter-
minations were made using a small NMR coil
containing 'H, Al, or ' F in close proximity to
the sample. Modulation coils required for the
NMR device also allowed derivative spectra of
the impurity transitions to be obtained. The com-
bination of derivative spectroscopy and NMR per-
mitted determination of fields for either relative
minima in transmisson or relative maxima in
photoconductivity to +0.015 kG (for the strongest
peaks) in the range 12.9 to 66.9 kG. For all tran-
sitions investigated no differences in transition
fields were found between data taken in photocon-
ductivity and transmission.

Figure I shows the experimental traces of do-
nor spectra as functions of magnetic fieM for

GaAs illuminated with 118.6- pm laser radiation.
The 1s to 2p (M =+1) transition appears in both
transmission [Fig. 1(a)] and in photoconductivity

fFig. 1(c)]' and was identified on the basis of pre-
vious work. '~ It is evident from Fig. 1(b) (and
Fig. 2) that the "hydrogenic" transitions have a
hyperfine structure and that the transitions as-
sociated with the shallow donors are extremely
narrow (0.08 to 0.18 cm ' half-width at half-max-
imum —perhaps the sharpest shallow-donor lines
yet reported in a semiconductor). Figure 1(b)
illustrates the clarity with which the closely
spaced donor lines can be resolved using deriva-
ti.ve techniques.

Dollol' photoconductlvity spec'tra for tile 1s-2p
(M =+1) transition for two different samples are
shown in Fig. 2. Notice that the two traces differ
only in the relative intensities of the hyperfine
structure. %e attribute this difference to varia-
tions from sample to sample of the relative con-
centrations of the donor species present.

Using various laser lines and different Zeeman
components of the 2p final states of the donor
transition, we have observed spectra similar to
Fig. 1(b) for a wide range of magnetic fields.
Measured values of t e f&eld separations ~„,
corresponding to hyperfine energy splittings be-
tween peaks A. and C in sample 2 offered the best
quantitative data and are tabulated in Table I.
(~os/M'c„= —,

' for all transitions studied.
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FIG. 1. Hecordex txaces in Gahs (sample 2) at 4.2'K
and 118.6 pm as a function of magnetic field. (a) Trans-
mission spectrum, (b) derivative of 1s—2P (M =+1)
transitions, and (c) phctoccllductivity spectrum
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FIG. 2 ~ The 18 2p (M =+1) tl'allslt1011 showll 111 pllo
toconductivity for twc different samples. Nz for sam-
ple 1 is 2.0~10 cm 3 & fox sample 2 is 4.3&&10

cm 3; iI&7 =153000 and 188000 cd/Vsse, respective-
ly. ~& for samples 1 and 2 are 4 &10 em 3 and 2.5
&10~3 cm 3, respectively.
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Table I. Experimental and theoretical values used to study central-cell corrections in Gahs donors. Zzc
=104K&&/~2 where K&& is defined in the text (see also Ref. 10) .

M of
final state

Laser line
(cm i) (pm)

Field
(kG)

+CA
(kG)

~E~c
(cm i)

&~C~ ~0'
(Ry)'

Dc
(%%)

51.36
52.65
84.32
51.36
52.65

127.48

195
190
119
195
190
78.4

13.69
14.63
36.715
56.655
61.54
66.805

0.73
0.73
0.79
4.61
4.86
0.99

1.0
1.0
1.15
1.28
1.32
1.42

146+4
146+4
145+4

141.4+ 1.5
141.2+1.5

148+5

0.01
-0.004

0.08
0.21
0.24

-0.18

~Note that this is the Rydberg in Gahs, 5.8407 meV.

could not be measured reliably. )
Theo""y. —Since our data suggest that all four

central-cell corrections are very small com-
pared to S. (6l =—47 cm ' in GaAs), it is natural to
attempt to calculate these corrections in lowest
order perturbation theory. To understand the
field dependence of weak central-cell corrections,
we assume that the forces acting on a donor elec-
tron can be derived from a scalar potential'
which we write as the sum e'/s, r-+v&(r), where
v, (r) denotes the central-cell correction poten-
tial appropriate for the donor of species j. Al-
though the general effective-mass wave function
g,~is quite complicated, we can write g,~
= y, (r)u, (r) for the donor ground state in GaAs,
where u, (r) is the spin-up or spin-down conduc-
tion-band-edge Bloch function and y,(r) is the
normalized, slowly varying envelope function ap-
propriate to the parabolic-band ground state of a
hydrogenic donor in a magnetic field.

Assuming that v, (r) is (1) of short range,
(2) weak, and (3) spin independent, we obtain for
the central-cell energy correction

(y..l v, (ra I(( ..) =., I ~,(0) I', (1)

where x,. is simply (u,(r) Iv, (r) Iu&(r)).
%e do not attempt here to calculate ~,. for vari-

ous possible donors, but we emphasize that x,,
unlike I y, (0) I', is independent of magnetic field.

In principle the difference between the central-
cell corrections for the donors j and i in the field
H can be measured directly by simply measuring
the hyperfine energy differences ~,, (ff) in the
hydrogenic transitions. These energy differenc-
es are given, from (1), by

~,, (&) -=z,. -&,. =(~, -~, ) I v,(0) I'

=-lt, ; I v, (» I', (2)
where E,. is the energy of the transition associ-
ated with donor j. Note that in (2), ~,;(H) is

independent of which of the hydrogenic excited
states is reached in the optical transition. This
is true because only odd-parity states are reached
optically from the ground state and odd-parity
states, vanishing at the donor site, have no cen-
tral-cell correction of their own in our model.

Parabolic-band ground-state wave functions of
Ref. 5, variationally optimized at each field of
interest, were employed in computing I y, (0) I'.
Estimated computational uncertainty is -1%%up for
the three lowest fields in Table I and 0. 5%%up for
the others.

Results. —In order to test our model for the
field dependence of the central-cell corrections,
we must convert our measurements of field sep-
arations to energy increments bS~c at constant
field strength. This requires knowing slopes of
transition energies as functions of magnetic field;
we have used experimental values rather than
calculated for the slopes wherever possible.

The bottom-of-the-band effective mass m* was
determined from cyclotron-resonance transmis-
sion measurements at 337, 311, 195, and 190
p,m, the two highest frequency transitions re-
quiring application of bias to the sample. These
measurements were fit to within 0.1%by an ap-
proximate eight-band Kane model using an ener-
gy gap of 1420 meV and a spin-orbit splitting
parameter 4 of 330 meV. ' The mass obtained,
m* =0.066 50m, was used in all donor calcula-
tions. By fitting only the two lowest field transi-
tions in Table I and assuming that donor C is hy-
drogenic, we find that ((l= 5.8407 meV (47.114
cm '). We believe that the actual hydrogenic
Rydberg is somewhat smaller than this because
it appears that the central-cell potential for do-
nor C is negative.

The essentia1 task remaining is to compare our
experimental findings with Eq. (3). To do this we
express ~„oin units of 6t and Iy, (0) I' in units

977
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of I y, (0) I' at zero field'0 (at 13.7 and b6. 8 kG,
I y, (0) I' in these units is 1.03 and 1.44, respec-

tively). Numerical values of X„care obtained by
dividing the values measured for ~„cby I p, (0) I'

for the appropriate magnetic field. It is clear
from the near constancy of K~~ shown in column
6 of Table I that our theory accounts quite well
for the increase of central-cell corrections with
magnetic field.

Obtaining a value of K„cwhich remains al-
most constant over a magnetic field variation of
close to a factor of 6 in AB~„confirms our mod-
el of magnetic field dependence. In particular
it verifies that the hfs we have observed are
caused by short-range interactions located either
near or on the donor center.

Summers, Dingle, and Hill" have studied GaAs
doped with Ge, Si, Se, and S. Their narrowest
lines for the 1s-2p transitions are about 10 times
broader than the broadest we observe, and most
lines show marked asymmetry (our lines are
only very slightly asymmetric). Thus we believe
that the reported central-cell shifts of these au-
thors are not directly revelant to the behavior of
isolated donors in GaAs.

We wish to thank C. M. Wolfe for growing the
GaAs samples, and W. E. Barch and C. D. Park-
er for their invaluable technical assistance.
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Isospin mixing in the 2+, 1+, and 3+ states of Bes has been calculated with correlated
radial wave functions obtained from reference-spectrum solutions of the Bethe-Gold-
stone equation. The off-diagonal matrix elements are approximately a factor of 2 larger
than those calculated with oscillator wave functions and provide a very reasonable inter-
pretation of the experimental data.

Isobaric spin is generally regarded as a fairly
good quantum number for most light nuclei. A

notable exception occurs in the 2' (16.63, 16.93
MeV), 1' (17.64, 18.15 MeV), and 3' (19.05,
19.22 MeV) levels of Be' for which considerable
isospin mixing is known to exist. ' ' Barker' has

computed the mixing for these states with oscil-
lator wave functions and has found that the Cou-
lomb perturbation accounted for less than half of
the required magnitude of the off-diagonal matrix
elements.

It is well known that oscillator radial functions
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