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II. Magneto-optica1 study of InSb under hydrostatic pressure
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Four intraimpurity transitions between the shallow states of residual donors were studied as a
function of a high magnetic field up to 19 T and of a hydrostatic pressure up to 1.1 GPa in nominal-

ly undoped n type-Insb samples. The measurements were performed mainly with the photoconduc-

tivity technique in the 5—30-cm spectral region using a far-infrared-laser system. Good quantita-
tive agreement with the multiband approach proposed by Trzeciakowski et al. {preceding paper) is
obtained at zero pressure as well as under pressure {provided that the pressure variation of the
dielectric constant is taken into account) in a wide range of high effective magnetic fields
10 & y & 130 [y =%to, /(2 Ry )]. The study of the chemical shifts for the observed donors allows for
the determination of the matrix elements of the localized parts of the impurity potentials
(S

~
V~

~
S). For the deepest of the donors (donor A) this matrix element increases significantly

with pressure. Moreover, at pressures around 0.65 GPa, the ground state of the donor A anticrosses
with another level of the same impurity center, resonant with the conduction band in the absence of
field and pressure. Detailed study of the anticrossing within a simple two-level model shows that
the "resonant" level can be treated as deep, i.e., essentially bound by Vi, while the Coulomb poten-
tial shifts its position by about 0.1 eV.

I. INTRODUCTION

Owing to the low electronic effective-mass
(m'-0.0135mc) and the relatively high dielectric con-
stant (eo-17) of the narrow-gap semiconductor InSb
(Es-235 meV), the influence of the magnetic field 8 on
shallow donor states in InSb is much greater than in most
other hydrogeniclike systems. Even in the purest avail-
able samples of InSb the donor states cannot be observed
without sufficiently strong magnetic field, because of the
large Bohr radius (aa -600 A) which results in a strong
overlap of the zero-field donor wave functions. The mag-
netic field effect on shallow donors can be measured by
the dimensionless parameter y=Rco, /(2 Ry') which is
proportional to aoB/m 2 (all symbols are those of Ref. 1,
hereafter denoted as I). In a field of 20 T which is com-
monly reached today in high-field facilities, we have
y=130 in InSb (high-field regime) but only 3 in GaAs
(intermediate field) and almost 10 for the hydrogen
atom (low-field regime). This implies the necessity to use
a multiband approach (see I) for the description of donor
states in a magnetic field in InSb.

Since the energy gap strongly depends on pressure
(dEg/dP-140 meV/GPa), high hydrostatic pressure al-
lows to monitor the electronic properties of the material
and also to vary y at a given 8 mainly through the depen-
dence upon pressure of m' (e.g., the pressure of 1.8 GPa
doubles m'). This gives an opportumty to judge between
various theories dealing with shallow donor states in high
magnetic fields (see I and references therein) in a wide
range of y.

The first magneto-optical studies of shallow donors in
InSb performed in fields up to 10 T by Kaplan sug-

gested that for the proper description of the experimental
results, both the band nonparabolicity and the chemical
shifts (CS) of the impurity ground level should be taken
into account. Cooke and Kaplan extended the study in
the 10—15-T range and discussed the CS and the chemical
nature of the four residual donors they found in all the
samples they studied. Very recently, the identification of
the donors was investigated more precisely by Kuchar
et al. 7 Magneto-optical experiments were performed
under hydrostatic pressure by Davidson et a1. and
Wasilewski et al. ' The latter authors observed at pres-
sures around 650 MPa an interesting phenomenon of an-
ticrossing of the lowest lying of the shallow levels with
another level belonging to the same center (previously re-
ported in transport measurements") which they believed
to be associated with the subsidiary I. minimum of the
conduction band. In recent Hall-effect measurements
under pressure, ' a decrease of the carrier concentration in
sufficiently doped n-type InSb samples was found to be
due to the trapping of the carriers onto that latter impuri-
ty level at pressures at which it was still resonant with the
conduction band. Pressure experiments are generally
known to be very useful for the detection of impurity lev-
els which are initially resonant with the energy continuum
of the host material and/or which are associated with a
subsidiary minimum of the band. '3 In particular, the
above-mentioned level anticrossing can be observed only
under high pressure which brings both levels into the
same energy region. Moreover, the study of the pressure
coefficients of the levels enables to distinguish between
shallow and deep states' and, in the case of shallow
states, to specify the ininimum they originate from.

In this paper we report on the systematic study in the
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5—30 cm ' energy range of the magneto-optical transi-
tions between bound impurity states in nominally un-

doped n-type InSb under hydrostatic pressures up to 1.1
GPa. ' As the nonparabolic effects become substantial in
the high-field region (see I}we have extended the magnet-
ic field range up to 19 T. In order to increase the accura-

cy of the measurements we used an optically-pumped
(CO2 laser} far-infrared laser (FIRL) instead of the
Fourier-transform spectrometer (s 1'S}used in most of the
previous studies. It yields a better signal-to-noise ratio
which also enabled us to study weak transitions not ob-
served before. In particular, the transitions between the
excited states are of special interest as they are almost not
affected by the central-cell potential Vi (no CS), and
thus can be directly compared with theory. The energies
of all the observed transitions were compared with calcu-
lations based on nonparabolic theories. The transitions in-
volving the ground state enabled us to determine the ma-
trix elements of Vi~. Our measurements allowed for a
more precise investigation of the level anticrossing
and its pressure and magnetic field dependence. One
reason is that we used a more powerful light source and
thus the transitions were measurable in a much wider en-

ergy range than in 1 1'S experiments. Another reason is
that for the transition energies rapidly varying with the
field (as in the case of the anticrossing branches) the
determination of the peak position is much more precise if
one sweeps the magnetic field (FIRL) rather than changes
the energy (1 1S).

The paper is organized as follows. In Sec. II, the exper-
imental setup is described. We present our experimental
results in Sec. III; their interpretation appears in Sec. IV,
and the conclusions in Sec. V.

used an optically pumped (CO2 laser) FIRL with nine dif-
ferent gases in order to obtain about 40 lines between 339
)Mm (E=29.50 cm ') and 1 899 pm (E=5.27 cm ').
Therefore, the measurements were done at fixed wave-
lengths and the spectra ~ere recorded by s~eeping the
magnetic field provided by a 10 MW bitter coil. Fields of
up to 19 T were applied parallel to the I111I crystallo-
graphic direction and to the wave vector of the incident
light (Faraday configuration). However, some longitudi-
nal components (Voigt configuration) may arise because
of multireflections in the wave guide or in the pressure
cell. The light was unpolarized.

High hydrostatic pressures up to 1.1 GPa were obtained
in a Be-Cu liquid pressure cell, supplied with an optical
sapphire window' and containing, as a pressure transmit-
ting medium, a mixture of light hydrocarbons chosen to
guarantee the hydrostaticity of the pressure. We mea-
sured the pressure with an accuracy of about 1% using a
semiconducting gauge.

III. EXPERIMENTAL RESULTS

In the following (Figs. 1—5), we show a few examples
of PIRL photoconductivity spectra which reveal some
features of the experimental technique we used and some
physical phenomena which will be discussed later on.

Figure 1 shows typical photoconductivity spectra which
exhibit the (000)-+(010) transition at zero pressure for dif-
ferent FIRL lines. One can see up to four peaks, the

II. EXPERIMENT

We used n-type InSb samples prepared from nominally
undoped material with a free carrier concentration of
1.2 X 10' cm and a mobility of 5.5 )& 10 cm /V/ sec. at
77 K.

All the measurements were performed at 4.2 K. Most
of the results were obtained using the photoconductivity
technique which provides a very sensitive tool for the in-

vestigation of intraimpurity transitions in pure materials.
For these photoconductivity measurements the samples
were thin platelets of thickness close to 50 pm, the irradi-
ated area was 1X3 mm . After etching in a bromine-
methanol solution, four contacts were made by soldering
thin copper wires with small indium dots. %'e recorded
the photoconductivity spectra arith either a constant
current through the sample or with a constant voltage ap-
plied to the sample; both techniques appear complementa-
ry especially at low magnetic field when the resistance of
the sample increases rapidly with magnetic field. '6 In ei-
ther case, we always worked in the Ohmic region of the
current density electric field characteristics of the sample.
We also performed some absorption measurements with a
2.5-mm-thick sample using an external Ge bolometer. '7

In both photoconductivity and absorption measurements
the signal was analyzed by a two-phase lock-in detection
at a frequency of typically 30 Hz. In our experiments, we
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FIG. 1. Photoconductivity spectra (arbitrary units) of the
(000)~(010) transition recorded at zero pressure with various
laser energies: (a), E =10.38 cm ', (1), i=11.24 cm; (c),
E=ll.72 cm '; (d), E=13.09 cm ', (e), E=14.31 cm '; (f),
E = 15.48 cm '. Four residual donors(A through D) contribute
to the transitions.
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FIG. 2. Photoconductivity spectra (arbitrary units) of the
(000)~(010) transition at the laser energy E =13.09 cm ' for
various pressures: {a), P=0; (b), P =0.265 GPa; {c), P =0.59
GPa; (d), P=1.1 GPa.

FIG. 4. Photoconductivity spectra {arbitrary units) of the
(OTO)~(OXO) transition at a pressure of 0.265 GPa with various
laser energies: (a), E =5.27 cm '; (b), E =5.81 cm ', (c),
E =6.20 cm

higher the field the better the resolution. For the highest
energies, the structure progressively goes outside the avail-
able field range. This structure is typical of the photo-
thermal ~u excitation spectra of the four residual donors
(labeled A,B,C, and D in order of decreasing binding en-

ergy} which are commonly observed in "pure" n-type
InSb samples. The relative intensities of the four peaks in
Fig. 1 strongly vary with the magnetic field {the spectra
are to scale); this is essentially an artifact of the experi-
mental method we used. Indeed, during the sweeping of
the magnetic field which is necessary to record the spectra
at fixed wavelengths, the resistance of the sample in-
creases by up to 7 orders of magnitude at zero pressure
because of the "magnetic freeze-out". ~' This change in
resistance induces a drastic modification in the sensitivity
of the photoconductivity technique. Furthermore, sweep-
ing the magnetic field modifies, on one hand, the energies
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of all the impurity states and thus the efficiency of the
photothermal effect2o and, on the other hand, the papula-
tion of these levels and thus the intensities of the transi-
tions between them. For all the above reasons, it is not
possible to compare the relative intensities of the photo-
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FIG. 3. Photoconductivity spectra (arbitrary units) of the
(000)~{020)transition at zero pressure with various laser ener-
gies: (a), E=18.05 cm '; (b), E=19.12 cm ', (c)„E=19.69
cm
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FIG. 5. Photoconductivity spectra (arbitrary units) revealing
the anticrossing of the shallow (000) level of the donor A with
the deep state of the same impurity. The anticrossing manifests
itself on the transitions from these two levels to the (010) excited
state (marked mth arrows). The remaining structures are due
either to the transitions (000)~(010) for donors B,C, and D
[curves (a), (b}, and (c) as shown in Fig 1], or to the tr.ansitions
(000)~(OXO) [curves (d}, (e), and (f) as shown on Fig. 3]. The
laser energies are (a), E =11.24 cm '; (b), E =14.70 cm ', (c),
E=15.08 cm '; {d), E=17.24 cm '; (e), E=17.53 cm ', (f),
E=18.05 cm '; (g), E=23.37cm '; {h), E=24.63 cm
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FIG. 6. Magnetic field dependence of the intradonor optical transitions measured at P =0: 1, (010)~(020); 2, (000)~(010); 3,
(000)~(OXO); 4, (010)~(011). Crosses are the points taken from Ref. 23. Dotted lines are the experimental curves, the one for tran-
sition 1 obtained by subtraction of those for transitions 2 and 3. Solid and dashed lines are calculated according to TBHB and Z%
models, respectively, (a) without the correction factors (see the text); (b) with the correction factors; (c) with both correction factors
and chemical shifts taken into account (here only for the TBHB model).
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symmetry. Such terms may arise from warping or inver-
sion asymmetry or from the presence of random electric
fields (originating from ionized impurities). The transi-
tion (010}~(020}shown in Fig. 4 (observed at I' =0 by
Blagosklonkaya et ul. ) has no central-cell structure thus
revealing no CS for the (010} state, possible within the
nonparabolic theory (see I).

Figure 5 shows the example of the spectra for the

(000)~(OTO) transition measured at 650 MPa, revealing
the "interaction" (anticrossing} of the shallow state (000)
of the donor A with the deep state related to the same im-
purity center (see Sec. IU). The arrows in Fig. 5 point out
the positions of the two anticrossing branches. For the
sake of clarity the spectra of Fig. 5 were recorded with the
constant current through the sample in the whole range of
the magnetic field. However, to determine precisely the
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FIG. 9. Same as Fig. 8 but for P =0.65 GPa.
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FIG. 10. Same as Fig. 8 but for P =0.71 GPa.
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position of the peaks, we did change the current to in-
crease the sensitivity of the detection of the weak struc-
tures. This allowed us to follow both branches of the an-
ticrossing states of the donor A in a wide energy range,
much divider than in & j.S experiments.

We nova present in Figs. 6—11 the transition energies as
a function of the magnetic field for various pressures
(Figs. 6—11 are numbered in order of increasing pressure)
obtained from the spectra described above. The large
number of FIRL lines allows us to follow precisely a
given peak as a function of the field and to connect the
experimental points with dotted lines as is done in Fig.
6(a) and 6(b) to guide the eye. The comparison with pre-
vious experimental results and with the theory permits a
unique identification of the transitions. In Figs. 6—11, we
can distinguish four different transitions: (1}
(010)—+(020); (2) (000)~(010); (3) (000)~(020); (4)
(010)~(011). Transitions (2) and (4) have already been re-

ported and our data are in perfect agreement with previ-
ous 1' I'S results. ' ' In Fig. 6 we have also added the ex-
perimental points from Ref. 23 for the transition (1). Two
of the transitions [(2) and (3)] involve the ground state and
are split into up to four components corresponding to the
donors A, B,C, and D as shown in Figs. 1—3. Two other
transitions [(1)and (4)] are between the excited states. Al-
though transition (1) was observed only for a few PIRL
lines (up to three under pressure), the results can be comp-

1 i I I I / l I I I I I ~ I I ~ I I '
~

leted by subtraction of the energies of the transitions (3)
and (2). This procedure done for the donors A,B, and C
gives exactly the same results [shown in Figs. 6(a) and 6(b)
by dotted line for transition (1)].

At pressures close to 650 MPa the anticrossing
branches for the transitions (2) and (3) involving the donor
A were visible. For the sake of clarity we plotted them
separately in Figs 8(b), 9(b), and 10(b). Such "interaction"
was observed only for the transitions from the (000)„state
[see also transitions (000)z~(001) and (000)z~(110)
from Refs. 9 and 10] which indicates that this state is re-
sponsible for the observed effects. Figure 12 shows
schematically the anticrossing mechanism. The "steep
branch" represents the transitions from the deep level of
the donor A, i.e., the level determined by the localized
portion of the impurity potential. This follows from its
energetic position and its pressure and magnetic field
dependences (see next section). The slope of the "steep
branch" (1.8 meV/T) is simply due to the fact that the fi-
nal shallow (010}state involved in the optical transition
is very sensitive to the magnetic field while the initial
dip state is only slightly sensitive. The observed interac-
tion clearly shows that both the deep and the shallow lev-
els belong to the same center (donor A). The sudden
disappearance of all transitions from (000)z once the deep
level becomes populated (see Figs. 2 and 8—11} is also
consistent with this picture. ' It is worthwhile to notice
that the interaction energy E;„(mi ni mum separation be-
tween the two branches) is different on each of the three
figures (Figs. 8—10). Since the pressure does not change
much from one figure to the other and only the field posi-
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FIG. 11. Same as Fig. 7 but for P =1.1 GPa. The donor A

is already populated on its deep state so that no more "shallow
transitions" for this donor are observed (see the experimental
trace of Fig. 2 for the same pressure). Dashed lines were calcu-
lated from the TBHB model with the zero-pressure value of
ep(ep ——16.8).

FIG. 12. Schematic of the "anticrossing" mechanism. At a
pressure of about 650 MPa the shallow levels connected to the
0+ Landau level are in a quasiresonant position with the deep
level. Sweeping the magnetic field up increases the energy of
the (000)& state while the deep level remains almost unaffected,
both states come into resonance (8 =8~). Note that near the
anticrossing the deep and the (000)& states are no longer pure
states but a mixture of both (dashed arrow), we still maintain
their label for convenience. After the anticrossing the inter-
change of the states is achieved (8 =83). At a lower (higher)
pressure the anticrossing would occur for a higher (lower) rnag-
netic field. The full arrows indicate optical transitions.
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tion of the anticrossing differs significantly, one can ex-
pect that the magnetic field and not the pressure is re-
sponsible for the change of En;„. This will be confirmed
in the next section.

IU. QUANTITATIVE DISCUSSION OF THE RESULTS

A. Transitions between shallo~ donor states

For the the)retieal description of our results we used
physical parameters of InSb found in the literature
without any attempt to adjust them. Band parameters for
zero pressure are those of Goodwin and Seiler
(E =235.2 meV, 6=803 meV, Ez ——23.2 eV which gives
m -0.01355mo) which proved to give a very good
description of a huge amount of magneto-optical data for
InSb. These parameters also very well describe intracon-
duction band magneto-optical experiments in InSb under
pressure25 with dE&ldP=140 meV/GPa, this value being
in very good agreement with direct measurements. 26

and E& were assumed constant with pressure. The
dielectric constant eo at P =0 was taken from Ref. 27 as
16.8 (which gives Ry =0.653 meV) and its pressure
dependence as determined in Ref. 28 (see also I).

In Fig. 6(a), we plotted the theoretical curves from the
nonparabolic model of I (further denoted as the TBHB
model) together with the results of the model of Zawadzki
and Wlasak (further denoted as the ZW model). The
nonparabolic calculations of Larsen were shown in I to
practically coincide with those of TBHB (if the same trial
function was used) —therefore we do not display them. In
view of some errors in the model of Lin-Chung and
Henvis ' (see I) no attempt was made here to compare it
with our results. In Fig. 6(a), both ZW and TBHB
theoretical curves were calculated with the adiabatic trial
function (double Gaussian of I}. As was discussed in I,
the adiabatic model is accurate in the high-field limit
while in our experiments (especially at high pressures) we
may deal with y-5. The generalization of the adiabatic
model (increasing its accuracy at low fields) which was
outlined in I, consists in constructing the donor wave
function froin several Landau subbands, as was done in
Refs. 32 and 33 for the parabolic case. This leads to a
system of coupled differential equations. Instead of this
rigorous but cumbersome treatment, we propose to im-
prove the nonparabolic variational calculations (both ZW
and TBHB) by introducing a correction factor (being a
function of y) for each impurity-level of interest. This
factor is determined in the parabolic case as the ratio of
the "true" binding energy and the binding energy calcu-
lated with the double-Gaussian trial function. This
correction factor (given for a few levels and fields in Table
I of I) is then used to multiply the energy determined in
the nonparabolic approach with the double-Gaussian trial
function. Its use in the nonparabolic case is justified by
the fact that it is important only in the low-y region
(y&30) where the parabolic and nonparabolic models
practically coincide (see I).

In Fig. 6(b) all theoretical curves (TBHB and ZW) were
calculated with the use of the correction factors. For the
transition (1) both models reproduce fairly well the experi-

mental points. For the transitions (2) and (3) the TBHB
curves are close to the points of the donor D, thus sug-
gesting that this is the most hydrogeniclike impurity and
that all other impurities are characterized by a negative
CS (attractive V&~). On the contrary, the ZW curves
cross the energies corresponding to donors C and 8 which
implies that the chemical shifts could change their signs
at certain fields. Furthermore, the experimental data for
the donor A (its strong coupling to the lattice, the in-
teraction between shallow and deep states, an anomalous
CS described at the end of this section) strongly suggest
that Vi is the largest for this donor. Within the tight-
binding approach of Refs. 35 and 36, it turns out that all
substitutional donors in InSb should have negative CS,
which also confirms the results of TBHB calculations. In
view of the tight-binding theory, the impurity Sn has the
smallest CS thus our results support the suggestion of
Kuchar et al. that the residual donor D in InSb might be
Sn at an In site. The poor agreement of the ZW curves
for the transitions (2} and (3) cannot be removed by any
changes of InSb parameters (e.g., eo) without affecting the
good agreement for the transition (1). In Figs. 6(c) and
7—11, we have presented only the TBHB theoretical
curves. For the transitions involving the (000) ground
state the CS have been included as determined in Eq.
(20a} of I with the following values of the (S

~
V~

~
g

matrix elements: -0.4, 1.3, 1.9, 3.7&&10 eV A for the
donors D, C,B, and A, respectively. These values are close
to those obtained from pseudopotential calculations for S,
Se, and Te donors in InSb. 3

On Figs. 7—11 good agreement between the theory and
the experiment is observed for all transitions except for
those involving the ground state of the donor A. Even far
from the interaction the "shallow branch" for this donor
moves away from the theoretical curves as the pressure is
increased. This can be interpreted as the strong pressure
variation of (S

~
V~

~
g for the donor A. The CS for this

donor achieves at P-0.6 Gpa the values twice as large as
predicted with pressure-independent (S

~
Vi

~
S. These

values are so large that they can no longer be described by
the first-order perturbation theory. The strong pressure
increase of V~ (Ref. 38) for the donor A may be due to
local lattice distortion around this impurity and is con-
sistent with the large lattice-relaxation effects revealed by
this donor. The strong pressure variation of the CS was
predicted theoretically in the zero-field case (even for
the pressure-independent Vi ) by summing up all terms
of the Wigner-Brillouin perturbation series. The effect
which we observe apparently results from both reasons,
i.e., the pressure increase of Vi and the breakdown of the
first-order perturbation theory.

The transitions from the (010) state [(1)and (4)] did not
reveal any central-cell structure. Moreover, as we already
mentioned, the difference of the transition energies (3) and
(2) was exactly the same for all four donors. Therefore,
up to the experimental accuracy, we did not find any
chemical shift for the (010) state. If, according to pseudo-
potential calculations of Ref. 37, the matrix elements of
(X

~
Vi ~X) are of the order of 10 eVA [comparable to

(S
~

Vi
~
S] the formulas from I for the (OTO) chemical

shifts yield at 8=15 T the splitting of the (010}~(020)
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transitions close to the widths of the observed peaks (see

Fig. 4). Therefore, if really (X
I Vi~ I

X)-10 eVA a de-
tailed study of this transition at fields higher than 15 T
should reveal the central-cell structure of the peaks.

In Fig. 11, in addition to solid curves calculated for the
pressure-dependent eo (as determined in Ref. 28) we plot-
ted the dashed lines obtained from TBHB model with
pressure-independent eo——16.8. This illustrates the sensi-
tivity of the transition energies to the value of eo (and thus
to the value of Ry') and confirms the pressure variation
of eo given in Ref. 28. It also implies that the eo(P)
dependence proposed in Ref. 40 was too strong (about
twice ours).

Finally, it may be noted that the agreement between the
TBHB theory and the experiment would be better if we
adopted a slightly higher value of Ry' (this would also
modify the chemical shift parameters). However, we pre-
ferred not to modify or fit any parameters of InSb. There
are still a few sources of inaccuracy of the theory (see I) so
that it is not reasonable to demand absolute agreement.

teraction) was due to the matrix elements of the Coulomb
potential between the Bloch functions of different mini-
Gla.

In the case which we observed, the model of Altarelli
and Iadonisi cannot be applied because of the deep nature
of one of the levels. Therefore, we present a simple two-
level model of the interaction, taking into account both
the Coulombic and the localized portion of the impurity
potential as well as the magnetic field terms.

The total Hamiltonian has the form

[4 0+bA (8)+ V ~]Q, =E,f, ,

and the localized state 14 by

(~0+1'i 4'a=EaA .

(2)

(3)

M=A 0+~(8)+V~g+ Vi

where P'0 is the perfect-crystal Hamiltonian, hP'(B) de-
scribes the magnetic field part (see I). The shallow state
P, is approximately described by the equation

B. Anticrossing of the shallow
and deep levels of the donor A

Figures 8(b), 9(b), and 10(b) allow for the determination
of the slope of the deep-level branch. Both the magnetic
field and the pressure dependences of the final states (010)
or (020) are well described by the TBHB model. We can
therefore calculate the field coefficient of the deep level
dE~/d8=0. 10+0.10 meV/T (all coefficients will be given
with respect to the I s valence band at zero field and zero
pressure). From Figs. 8(b), 9(b), and 10(b), we can also
determine (with high accuracy) the points where the two
branches would cross if they did not interact. These three
points yield the position of the deep level for the three
pressures and thus can be used to calculate
dE~/dP= 16+13 meV/GPa (after taking into account the
magnetic field and pressure dependence of the final states
as well as the field variation of the deep state given
above). This value is in good agreement with recent trans-
port measurements. ' As opposed to the pressure coeffi-
cient of the L-minimum dEL /dP-50 meV/GPa [found
in transport measurements in heavily doped n-type InSb
(Ref. 41) and confirmed by pseudopotential calcula-
tions], it supports our assertion that the observed level is
a deep impurity state, with the wave function constructed
from the Bloch functions of the whole conduction band
(and other bands) and not only from the states of the L-
minimum. Obviously, the strongest argunmnt for the
deep character of the level is its energetic position far
away from any subsidiary minima (at the pressure of 650
MPa, this level lies at least 0.5 eV away from the L-
minimum). It is worthwhile to note that the observed in-
teraction implies that both the shallow and the deep states
are of the same symmetry.

A theoretical model for the pressure-induced crossing
of the impurity levels (for the zero-field case) was intro-
duced by Altarelli and Iadonisi. They considered a
Coulombic donor for the conduction band with the abso-
lute minimum at the I point of the Brillouin zone and
subsidiary minima at X. The anticrossing behavior (in-

Here we neglected the Coulomb term and the magnetic
field terms relatively small for deep impurities. Now we
seek the eigenstates of 4 as a combination of l(, and pq

Inserting it into A /=ED, multiplying by fg,' and

f

�/~
we obtain the secular equation for the energies

A~ —E A~ —EC
EC* A ~——E (5)

where C=(g,
I f~) g&1 (as the two functions have dif-

ferent localizations both in r and k spaces), and

~~=E.+(4 I vi~ I P.» (6a)

EC =(E,+Eg Eo —E)4g(0)(S—
I
fg—), (6c)

where we used the one-band effective-mass approximation
for P, =4,

I S)[IS) being the Bloc& function at
k =0~0

I
S) =Eo I S,] and the strong localization of Pq(r)

compared with 4,(r). The minimum separation between
the two interacting branches can then be obtained from
Eq. (5):

E;„=2
I
(E, +Eg —E—p

—E)4 (0)(S
I Pg) I

~ (7)

In Fig. 13, we plot the experimental values of E;„
versus the value of the shallow-state envelope function at
the donor site I@,(0)I calculated from the TBHB model
with the double-Gaussian trial function. The propor-
tionality is clearly visible. This implies that in Eq. (7) the
quantity (E,+Eq Eo E) does —not c—hange with the
magnetic field [(S

I f~) is field independent]. However,

~a =E~+[A I
~~(»

I &~]+(4 I
I'co.i I O~) .

The corrected values of the energies A ~ and A ~ may be
taken from the experiment. The off-diagonal part in (5)
which leads to the interaction may be written as
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the experimentally observed intensities of the lines and
good agreement is obtained. '

V. SUMMARY AND CONCLUSIONS

FIG. 13. Minimum separation between the two interacting
branches [see Figs. 8(b), 9(b), and 10(b)] versus the value of the
(000) state envelope function at the impurity site, ~4, (0)~. 4,(0)
was calculated from the TBHB model at the values of the mag-
netic field and pressure at which the crossover would occur.

the shallow-state energy relative to the I minimum,

E,—Ee, changes from 5 to 20 meV in the range of the ex-
perimental points of Fig. 13. Therefore, we can state that
the Coulombic potential contribution E~ E to the en—ergy
of the deep state must be considerable (the magnetic field
contribution to its energy is negligible as follows from the
theoretical considerations of Ref. 44 and the estimated
value of dE~/dB). The above conclusion agrees with that
of Ref. 45 that the Coulombic potential contribution to
the energy of highly localized states is of the order of 100
meV.

Adopting this value as an estimate of the energy differ-
ence in Eq. (7) we obtain (S

~
fq)IQQe-1. 6 [this gives

(g, ~ Pq }-10 at the field of 10 T]. Such value is con-
sistent with the localized character of the considered state,
e.g., for g~ being a Wannier function (sum of the Bloch
functions from the whole conduction band} we would get
(S ( gg)/QQp ——1.

The simplest description of the highly localized impuri-
ty state can be made within the one site —one band
Koster-Slater model. Following the approach developed
in Ref. 47 for InSb:S,Se we obtained (S

~
Pq)/+Qe about

3 times larger than the above estimated value. On the
other hand, the Koster-Slater model yields the
(S

~
Vi

~
S) matrix element over an order of magnitude

smaller than the one deduced from our experimental
values of the chemical shifts for the donor A. This im-
plies that the simple one site=one band model is not ade-
quate to describe the properties of the observed deep state.

The two-level model described above enables us to cal-
culate the matrix elements for the optical transitions to
the excited states of donor A. This can be compared with

The transitions between the excited states [(1) and (4)]
shown in Figs. 6—ll are very well reproduced by the
TBHB calculations both at zero and at high pressure pro-
vided that the pressure dependence of ep is taken into ac-
count. Within the experimental accuracy we do not ob-
serve the chemical shift for the (010) state, possible in the
nonparabolic TBHB model. The comparison of the
theory and the experiment for the transitions involving
the ground state [(2) and (3)] reveals that the donor D is
the most hydrogeniclike. All other donors possess nega-
tive chemical shifts, consistent with the tight-binding
theory predictions. The matrix elements (S

~
Vi

~
S) for

the donors B,C, and D (obtained from the chemical shifts)
remained constant with pressure and field and their values
were close to those obtained in pseudopotential calcula-
tionss7 and transport measurements. On the contrary, the
chemical shift for the donor A increased anomalously
with pressure, indicating that the localized part of the im-

purity potential for this donor strongly depends on the
pressure. This seems reasonable in view of the large-
lattice-relaxation effects observed for another deep state of
this impurity. '

At the pressures around 0.65 GPa our results reveal the
interaction between two levels of the donor A, reported
previously in Ref. 9. The deep character of one of these
levels, which follows from its energetic position, is also
confirmed by its pressure coefficient and the observed
features of its wave function. These features, together
with the estimation of the Coulomb-potential effect on the
deep state, were determined from the analysis of the in-
teraction energy. The rapid change of localization of the
ground state during the anticrossing should manifest itself
in the experiments like ESR or ENDOR, which yield the
value of the wave function at the impurity site. The ob-
served interaction is also a challenge for the theoretical
models of impurity states as both parts of the potential
(i.e., Coulombic and locahzed) should be considered
simultaneously.
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