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Charge transfer Cr'+{3d')~Cr'+(Bd') in chromium-doped GaAs
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Results on the absorption and electron paramagnetic resonance measurements on chromium-doped GaAs are
reported. For p-type samples the main optical transitions are shown to be due to a photoionization process which
has been measured as a function of temperature and hydrostatic pressure. A model, developed in the configurational
diagram scheme and using two types of relaxation, is proposed to explain the experimental results.

I. INTRODUCTION

Whereas a number of luminescence studies have
been performed on GaAs doped with chromium, ' '
the absorption due to these impurities has re-
ceived comparatively little attention. ' ' In partic-
ular, no clear interpretation of the observed spec-
tra has been afforded. This contrasts with the
results on the same impurity in II-VI compounds
where EPR results, ' optical measurements" and
their interpretation, now give a coherent picture
of the physical situation. One of the problems
encountered with III-V compounds is that the I.imit
of solubility of the chromium, for example in
GaAs, is less than 10"cm, making all optical
measurements more difficult. Another fact which
obscures the field is the presence, besides the
"normal" Cr" charge state, of the Cr' charge
state and of an extra charge state assigned by most
of the experimentalists to Cr' (Ref. 10) but which
could be assigned as well to Cr4' as was recently
suggested. " These three charge states which have
been recognized by EPR measurements, ' can co-
exist in some sampl. es, making the interpretation
of the results (especially luminescence data) very
delicate.

It is then clear that a more systematic study of
samples in which the chromium concentration as
well as the free-carrier concentration vary,
while other impurity concentration remains con-
stant, would help to clarify the problems. It is
al.so important that these sampl. es would be char-
acterized by the l.argest number of techniques and
especially by systematic EPR measurements in
order to know what kind of charge states we are
dealing with. This is the approach we have cho-
sen. The doped samples can be classified into two
groups; one for which the Cr" charge state is dom-
inant and the electrical conduction remains n type,
and the second for which the Cr~ charge state is
dominant and which are p type. We report here

results on p-type samples, delaying those on n-
type samples to a second paper, "hereafter re-
ferred to as paper II.

After the description of the preparation of the
samples and the discussion of the results of the
characterization procedures performed on them,
we briefly present the experimental setup used for
optical measurement under high pressure and for
EPR measurements. The experimental results on
the absorption of p-type samples as a function of
temperature and pressure are shown. A theory
of the photoionization cross section involving two

types of phonons is then proposed and used to in-
terpret and discuss the experimental results. The
last section is devoted to a discussion of the dif-
ferent EPR signatures obtained on our samples
with and without optical illumination.

H. PREPARATION OF THE SAMPLES

A GaAs ingot doped n type during the liquid phase
growth has been used as the basic substrate for
all chromium diffusions. 'This ingot was provi-
ded by the BTC Company (Caen, France). Slices
of 3-mm thickness were cut from this ingot, pol-
ished, and chemically etched. Then chromium
was evaporated under vacuum on both faces of the
slab and each slab was diffused at different tem-
peratures and different conditions which are re-
corded in Table I. Each face of the sample was
then mechanically ground till a thickness of about
400 pm was eliminated, and then each sample
was characterized by Hall-effect and EPR mea-

surements�.

As is shown on Table I, eight types of samples
have been obtained and labeled Cr, to Cr, . The
C rp sample which is not diff used has be en analyzed
by spark mass spectroscopy and secondary ion
mass spectroscopy (SIMS). Both methods are able
to reveal an iron concentration of about 5x10"
cm 3. The donor impurities were detected as
sil.icon in the range 8 X 10" cm and as tel. l.ur-
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&ApM I. Conditions of preparation and results of characteri2'ation of the samples. The chromium concentrations
marked with an asterisk have been deduced by the optical scalilog of the intracenter absorphon (see paper LQ.

Diffusion
temperature

Diffusion
time
(days)

Chromium
Conduction Carrier concentration —VV K Mobility —VV K concentration

(cm+) (cm V sec ) (cm )

Cro
Cr&

Cr2
Crs
Crl
Cr&
Cre
Cr~
Cr,

1 x10'8
-6 x10»

5 x10~~
-3 x10»

p —10 0 cm
p=10~ 9 cm
p=10 0 cm

2400
2160
1500
1VVO

1170
1030

ium in the range ax f0'8 cm-3. Aluminum- is also
found in the range 8X IO'6 em-s, whereas aB other
impurities are below j.0lscm-s. Besides the last
sample (Cr,), the results of which are reported
here, RB other samples remain n type and results
of these will be reported in paper D. All-samples
have been diffused undex vacuum except the Crt
sample for which an extx'a piece of Cro-GRAs eras
maintained in the same ampoule at a temperature
40 C higher than that of diffusion. As can be seen
in+hie I, no drastic change has been detected
from our characterization procedure. It turns
out, however that the time of deaf llsioIl ls a dolll-
inant pax Rmeter although the chromium disappears
rather quickly from the sample surface even after
six hours of diffusion. So it is likely that the dif-
fusion pxocess has two important steps: a first
one which aBows the chromium to enter the sam-
ple probably along the dislocations, Rnd then a
slower one which is the real process of diffusion
leading the chromium ion in a substitutional site.
of gallium.

ContRcts wel e IQRdewlth Idium drops on the SRIQ-

pie annealed at 250 C under vacuum during twenty
minutes. As can be seen in. Table I, no correla-
tion is found between the temperatures of diffu-
sion, the mobility, and the compensation expected
between the chromium, silicon, and teBurium im-
purities. Clearly a, second compensation mechan-
ism is present, px'obably due to As vacancies, and
t p bl th t th l. 1 h g ty f th

gamp'. e is not preserved, although optically it
looks good.

The chxomium concentration has been measured
by SINS and results axe x'eported in Table I for
the Cx, Cx', and Cr, samples. These measure-
IQents RBow us to cRllbx'Rte the dlffex'ent optlcR1
cross sections for the optical transitions, calibra-
tions which in turn are used to detex'IQine the
chromluIQ concentration ln BRIQples Crj ~ Cx'mq C14~
and Crs. The EPR results wiB be presented, to-

gether with othex experimental results for the
samples and will be discussed in detail at the end
of thi8 pRpex'.

III. EXPERIMENTAL. 3E~
The absorption experiments at temperatures in

the liquid-helium range were performed with a
Jobin- Yvon HH8 monochroIQRtox' with R resolution
of about 0.2 cm"~. The detector was an uncooled
Pb8 detectox' used in its li.neax' x'ange. The e~er-
imental assembly was swept with dx'y nitx'ogen in
order to decrease the mater-vapor absorption.
A variable-temperature Air I iquide cryostat was
used, the sample merging the liquid or gas helium
depending on the temperatuxe.

The absox'ption measurements under high px'es-
sure at 77 and 306 K were made using anothex' as-
sembly composed of a Coderg 8 20 spectrometer
foBowed by a cooled Pb8 detector. The resolution
here is only of about 5 cm-~ but is stiB sufficient
fox" the type of spectx'R we Rre measuring, in this
temperature xange. AB the assembly is main-
tained under a primary vacuum which eliminates
the water-vapox absorption.

The high-pressure apparatus compressed the
helium gas up to 10 kbars in an optical high-pres-
sure optical eeB made with Inaxagin steel. This
ceB has four optical apertuxes with sapphixe win-
dows and can merge a nitx'ogen-liquid bath in a
special cx'yosta, t. The u8e of helluIQ gRs px'csex've8
the hydrostatieity of the pxessuxe up to 14.'7 kbars
at 7V K. Because of the precision required in the
strength of the absorption coefficients (-0.02 cm-},
we have been led to introduce in the high-pressure
eeB R system allowing in-out measurements in site
at aB tempex'atures and pressuxes. This has been
a.chieved by a smaB electrical engine which rotates
the sample holder inside the high-pressure ceB.
The whole assembly wiB be described in a, further
publication. ~s

The EPR expeximents have been performed with
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a Varian P 4502 spectrometer equipped with an X-
band microwave bridge constructed in the labora-
tory. ~4

A gas-flow Oxford instrument EBB 9 cryostat
aHows us to work at temperatures down to 3.5 K.
This assemMy is made in such a way that three
concentric quartz tubes are introduced in a TE&0&

cavity. Because of the relatively high dielec-
tric constant of quartz (-4), the microwave-field
lines are strongly distorted in the cavity, allowing
some electric-field lines to be perpendicular to the
static magnetic field at the sample position. This
induces cycl.otron resonance effects which limit
the observation of EPR signals for the samples of
TaMe I with the highest carrier concentration.

IV. EXPERIMENTAL RESULTS

A. Absorption measurements

The absorpti. on coefficient has been measured
as a function of the temperature between 4. 5 and
300 K and of the pressure up to 10 kbars at 300
and VV K. The main characteristic of the spec-
trum is an asymmetric broad band extending over
a few thousand of cm-~ and for which the low-ener-

gy tail is strongly temperature dependent. This
structure is found in our p-type samples (Cr, ) and

also in semi-insulating Gahs doped with chromium
in the liquid phase as was already reported. "5"
The comparison of the spectra obtained for these
two types of chromium-doped Gahs is shown in

Fig. 1 (the RTC sample has been provided by
G. Poiblaud of the RTC Company, Caen, France).
Within the experimental. error these absorption

spectra are proportional, indicating that the struc-
ture of the absorption does not depend on the
method of preparation.

%e shall now concentxate on the Cra sample
which is clearly the more doped sample in that
series. Figure 2 shows the shape of the absorp-
tion at 4. 5 K and two main features appear: the
low-energy tail has varied significantly and a weak
but clear additional structure is superimposed on
the main spectrum.

Both these features axe still present at liquid-
nitrogen temperature and since at this tempera-
ture the pressure effect can be studied, we report
in Fig. 3 at 77 K the measured variation of the ab-
sorption coefficient as a function of the pressure.
This effect clearly does not change the shape of
the spectrum and shifts only the onset of transi-
tions towards higher energies.

B. EPR measurements

Part of the EPH spectrum of the Cr, sample is
shown in Fig. 4. In the absence of a light excita-
tion, the Cr ' signal is clearly dominant whereas
some residual. Cr" state can be detected. The
same spectrum recorded under the illumination of
the 1.09- p,m line of an argon laser is quite differ-
ent and shows a charge transfer between the Cr"
and Cra' charge states. This effect is reversible.
Noticing that the 1.09-p,m line corresponds to an
energy of 91VO cm-~ which fits well the maximum
of absorption in Figs. 1-3, we are then led to as-
sume that this absorption is due to a charge trans-
fer from Cr" to Cr", also called a photoionization
transition. This is the same kind of px'ocess seen

E 2O

6000 8000
E (cm ')

FIG. l. Absorption spectra of the Crs sample (empty dots) and BTC sample (full dots) at 300 K, as a function of the

energy. The theoretical curves (full lines) are obtained by fitting Eq. (13) to the experimental points. -
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FIG. 2. Absorption spectrum of the Crs sample (empty dots) at 4.5 K as a function of the energy. The dashed and
dotted curves are the bvo contributions given by Eq. (13), the full line resulting in the sum of the two preceding curves.

in II-VI compounds doped with transition-metal
impurities by Kaminska et a/. "with the difference
that the charge transfer occurs in this case be-
tween Cr" and Cr". A similar effect was also
reported by Piekara et al."on CdF2 doped with In,
in which the process involved a transfer of an el-
ectron from the impurity towards the conduction
band. So the nature of such transitions is well
understood and the problems which arise are con-
nected to the models used to reproduce the experi-
ments qualitatively as well as quantitatively.

V. THEORY OF THE PHOTOIONIZATION SPECTRA

A. Vibrational coupling

Many papers have dealt with photoionization
phenomena. They can be classified into two

groups, the first one neglecting the phonons or as-
suming their effect to be negligible at low temper-
atures, and the second one trying to reproduce the
temperature effects and then involving transitions
between vibronic levels rather than between pure
electronic levels. It turns out that for these tran-

0
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6000 8000
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10000

FIG. 3. Absorption spectra of the Crs sample at 77 K, 1 bar (empty dots) and 9.25 kbars (full dots), as a function of
the energy. The full lines are the results of the fitting of the theory [Eq. (13)t to experiments.
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FIG. 4. Part of the EPH spectra of Crs sample in the
dark (dotted line) and under il1umination with the 1.09-
pm line of an argon laser (full line). These spectra are
recorded with the configuration 8 ll [110jand at a fre-
quency f= 9.24 GHz.

sitions the main effect is an emission of phonons
in such a way that even at low temperatures they
cannot be neglected. So, theories like those in-
troduced by Allen' or Bebb cannot really be fit-
ted in their simple form to experimental curves.
On the other hand, the concept of vibrational levels
describing the initial and final states of the transi-
tions appear to be well adapted to the description
of experimental results. It was first introduced
by Kopylov and Pikhtin" and then extended to the
case of CdF, :In by Piekara et ul."and to that of
ZnSe: Cr by Kaminska et al. All these models
postulating the Franck-Condon principle use the
semiclassical approximation and assume a 1.inear
coupling between the electronic and vibrational
part in the Hamiltonian describing the system.
These models are restricted to one type of pho-
nons which are taken as symmetric by the authors
who assume for the electronic part of the ma-
trix element a simple two-band model with similar
effective masses. These last two assumptions are
strongly reflected in the shape as wel. l. as the
strength of the cross section in such a way that it
is worth analyzing them in detail.

The cross section for transitions between an in-
itial state

I i) and a final state If) is given by

If) =g;x,"(Q )x'(Q }x„'(Q,)

If) =0 x„"(Q' —Q }x.(Q' —Q }x (Q,
' —Q, }

(2)

where m, n, P, r, s, and t describe the different
vibrational states of the standard harmonic oscil-
lator function x(Q), Q„describing the distortion
induced by an A phonon and Q~ and Q, those by an

E phonon. P; and P& a,re the electronic part of
these wave functions.

Then the matrix element entering (1) is simply
given by

o(h(o)=~—A; Q I-(flplf))'5(c~ —e, —k(o}. (1}

The average A, is understood to be an average
over the initial vibrational states Ii) with energy
~; and the summation Kz extends over the final vi-
brational states If) with energy e~. & is a constant
which shal1. be specified be1.ow.

In our problem, the initial state is that of a val-
ence electron (1', symmetry} besides a Cr~ state
in a sd configuration, and the final state is that
of the electron in the Cr ' environment (3d4 con-
figuration}. Krebs and Stauss have shown by EPR
measurements' that both Cr~ and Cr ' were suf-
fering a nonsymmetrical distortion due to a Jahn-
Teller effect. However these distortions are not
identical, Cr being distorted along (100) direc-
tions with a D2~ symmetry and Cr~ along (110),
(110) and (001) directions with a C,„symmetry.
Following the Franck-Condon principle, the elec-
tron is optically transferred to a state with a 3d4

configuration in an environment distorted like the
stable configuration of Cr . So physica1. 1y, we ex-
pect at least two types of relaxation for the system:
the first one which was taken into account by all
the authors" "' is that induced by an additional
Cou)ombic interaction which can naturally be re-
produced with a symmetrical relaxation driven by
A-type phonons and a second one driven by non-

symmetric phonons relaxing the system from a
Cr +-like distortion to a stable Cr' one. We shall
assume for the moment and discuss later on that
this last distortion can be recovered by E phonons
of the same type as those involved in the relaxa-
tion due to the Jahn-TelI. er effect for Cr". It is
shown in paper II that such phonons have an energy
very close to that of the TA phonons of the host
lattice in the X direction. Furthermore, if the
Coulombic interaction is expected to be larger than
the phonon interaction, there is no physical. reason
to think, a Priori, that one relaxation is negligible
before the other one. We shall then try to derive
a model for which both relaxations are present.

The initial and final states are then described
by a vibronic wave function which, with the Born-
Oppenheimer approximation, can be written as
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I &fI ply &
I'= I &a, I pl e;& I'I &x„"(q' —q. ) I x,"(q.» I'I(~'. (qe —qs& I

~'.(qe)& I'I &x, (q,' —q, & Ix.'(q, && I'.

Following Laxmm and using the semiclassical approximation which assumes a large value of the excited vi.-
bronic state, each excited vibrational wave function, for example, p(qe —qe), is approximated by a &-like
function, 5(q~ —q~), and each matrix element I &P(qe —qe) I y„(qe)) I' by [y (q())]'. Then expression (I) can
be written

o(a(0) = ~ A dq" dq' dq' a p(e) M'[g (q"„)X'„(q(',))p„(q,')1'f)(~, —~, —~&0),

where M is the electronic dipole matrix element

&(~I pI P,& and p(e) is the electronic density of states
for the transition. The different notations are
graphically illustrated in Fig. - 5 vrhieh represents
a, configurational diagram with two types of distor-
tions and where, for convenience, we have arbi-
trarily assumed that q, =0.

If we denote by E~ and Eo, respectively, the
thermal energy and the optical threshold energy of
the Cr2' state with respect to the valence band, the
following relations hold:

~,- = -', X„(q"„)'+-', I,(q,')'+ —,
' V, (q,')',

&y
= E'r+ ~a@(K —q~)'+ ~s&g(q& —q9)'

+ -', u, (q,& —q,') +e,
Z.=Z, + —,'n„(q„)'+,'n, (q;)'+ -', I,(q, )'

where E,'„ is the relaxation energy given by I-type
phonons.
E&Iuation (3) can be written

+0)~)=))g f d))" f d()~f d)) (X~(Q")X*(();)X„*((),')]' &.i,

with

& p«)M'&+0+&-4q~q~ -I)'sqeC -&~q,'q'-t(e).C.

The next step averages over the initial p, m, and n states, and by the repetitive use of Mehler's formula
Rnd Rfter some RlgebrRie manipulations %6 hRve

+ &O +OO

o(8&0)=l — dX dy' dgo, (g, @„ l„~ I F I Z) &xm.rm. s»

~h~~~ ~= (]„q"„)t»h(P„/2), $„=(&„/II&o„)"', »d
P„=k&o„/kT, with similar expressions for F' and
Za.

We have introduced the notations of Piekara el;
gl.~~ for the broadening parameters 1:

r'=2~ E" coth~pre1 2

I'q =2@o@E,1coth—,Pg

I", =25())ATE' lcoth—.
o„contains explicitly a 5 function and this limits
the range of integration for X, Y, and Z to values

T'„X+I',7+P Z ~ g~ -E, .
To-perform the lntegratlon, lt 18 convenient to ro-
tate the X, F, Z axis in such a way that one of the
new axes, say x, becomes perpendicular to the

plRDe deflDed by p~X+I'++I' Z =@y —E .
(6) becomes

y ')t3/2

o(I&o) = —
ig)

dye ~ dec ~
w &)0 g

dxe ~2

m CO

where P= (h«) —E,)/F and from (I):
I" =I' +T' +I', =2@p E„coth~A. gyp 2

+2@y E~ coth-Pz
8 eel

=l ~+~z .

o(I&o) = —— dx e-"e
@(d '4

de Map(e)6(EO +e +I'~ —)I&o), (S&
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It is interesting to note that (8) is formally the
same expression as that deduced by Pickax'a et
aE, neglecting the E relaxation, but the interpre-
tation of I' (deduced by a fitting procedure) will be
quite different.

B. Electronic model

4

'~ 4' ~ ~

I
I

I

FIG. 5, Diagrammatic representation of a relaxation
due to two different phonons: a symmetric one of A

type and a nonsymmetric one of E type. For graphical
convenience, we only sketched E „&. All parameters
are defined in the text.

To go beyond that point we need a model for de-
scribing the electronic transitions, We. know that
these transitions are allowed since there are p-d
transitions, but there is no model to describe the
d-wave functions inside the host crystal. Qn the
other hand, the expression (8) already involves iwo
fitting parameters F., and T', and it would not be
reasonable to introduce other ones for which the
fitting mould not be sensitive.

The simplest model which does not introduce any
extra parameter is the quantum defect mode12o in
the limit of the Dirac potential (also called the
Luckovsky's mode12'). With this model. it is pos-
sible to ca).culate 0 I analytically~ but the matrix
element corresponds to p-s transitions and is then
connected to the I' parameter introduced by Kane."
This parRIQeter ls R function of the gRp Rnd of the
effective masses. Following Bebb 0 and neglecting
the nonparabolicity, me arrive at an expression for
the photoionization cross section:.

where o(h&o) is given in cm-3 when all the energies
are expressed in cm-~. E~ is the energy gap, g
the refractive index, and n, =—m jm„, , m, m, , m„„
m, and m„, being the free-electron mass, the
conduction mass, and the three valence masses.
4 is the spin-orbit splitting.

In the expression (10) the three terms corres-
pond to the different contributions of the three
valence bands. Since the final electronic state is
assumed to be of the s type, the three contribu-
tions from valence bands are only meighted by
their respective density of states. For GRAs par-
ameters, values of I'=650 cm"' and of E,=7450
cm-', the three different contributions are drawn
in Fig. 6. It is clear that the shape of the band
depends strongly on the relative contxibutions of
the heavy- and light-hole bands. In the fitting pro-
cedure performed by Kaminska et g$."for ZnSe,
the electronic model was a tmo-band model with

similar effective masses, corresponding here to
the light-hole band. Then within this model the
fitted values for I" are necessarily too small.

VI. INTERPRETATION AND DISCUSSION
OF THE ABSORPTION RESULTS

A. Structure of the absorption as a function of the energy

Figure 6 shows that the model [Eq. (10)J does not
predict any irregulax'ity other than that which ap-
peRl8 beyond 9600 cm- a,nd which ls due to the
spin-orbit split val. ence band. In the range of 8600
cm-' nothing happens in contxadiction with the ex-
perimental results (Fig. 2), so it is clear that
another transition occurs at a,n energy Eo higher
than Fo. The simplest solutions are those involv-
ing either a lower initial. state or higher final, state
for the transition.
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FIG. 6. Besults of the theoretical model given by Eq. (10) for GaAs parameters and with F= 650 cm ', Eo-—7450 cm '

(a) heavy-hole band contribution, (b) light-hole band contribution, (c) spin-orbit split hole band contribution, (d) sum
of the (a), (b), and (c) contributions.

The former alternative could be understood
since, working with deep impurities, their levels
are spread in the Brillouin zone and it is not ob-
vious that the transitions originate from the l"
point. If we go away from this point in the Bril-
louin zone, the light- and heavy-hole bands are
split and the difference between Eo and E, could
be due to this splitting, the light-holes contribu-
tion in Fig. 6 being shifted with respect to the
heavy-holes contribution. This possibility is hard
to rule out. One argument against it is that such
an effect should have been seen in ZnSe: Cr (Ref.
I't), which it was not. Finally, such a model
would lead us to introduce extra fitting parameters
in the expression (10) for the effective masses
which would have different values than those'for
the band edge.

The second possibility that we have finally cho-
sen is to assume a higher final-energy state than
the fundamental state of Cr'. This possibility
which does not exist in II-VI compounds since the
lower level of the final state (Cr') is of 'A, sym-
metry, is offered in our case by the splitting, due
to the Jahn-Teller effect, of the fundamental level
ST, of Cr' into a 'B2 (fundamental) and 'Z levels
(see paper II). In the Cr' stable configuration
(D„symmetry), these levels are split by three
times the Jahn-Teller energy $~ T2. But the final
state of the present transition is different from
these levels' in many aspects: Besides the sym-
metrical distortion introduced by the extra elec-
tron, the final-state levels are those of a Sd4 el-

ectronic configuration in a C,„symmetry state
which splits the '8 level into two levels, and the
relaxation towards the D~ symmetry involves E
as well as T, phonons. This is a very hard prob-
lem to solve and we are then led to make further
assumptions: (i) We shall postulate that the sym
metrical distortion is the same for the fundamen-
tal and excited levels of the final states. This is
quite reasonable since the number of electrons is
the same for both levels. (ii) Once this distortion
is taken into account, we are left with a T, +E
problem for which the potential part of the Hamil-
tonian of interaction can be written as~'

which acts on the fundamental 'T, leve1.s of the
electronic state of Cr'. V~, V~ are the Jahn-

T2
Teller coupling coefficients for the E and T,
modes, Qe, Q, the coordinates for the E mode, and

Q~, Q„, Q» are those for the T, modes. g„g and

q, » are, respecti. vely, the electronic op-
erators for the E and T2 modes. It turns out that
the ~ operators are diagonal in the basis of the 'T,
level whereas the & operators are nondiagonal in
this basis. As this has been shown by Harn, "this
difference induces a partial quenching of the last
term proportional to Vr in Eq. (11) with respect
to the first one proportional to VE.

%e shall assume that this quenching is sufficient-
ly efficient to reduce X~, only to the V~-dependent
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term. With this approximation the adiabatic po-
tential-energy surfaces are the same as those in-
volved in the Jahn-Teller effect of Cr' (see paper
II) and described by Sturge. a' They are made of
three identical paraboloidal sheets rotated one with
respect to the other by +2II/O. So within this ap-
proximate model the surfaces are known but the
distortion (Q„Q, ) corresponding to the final state
of the optical transition is not.

Opik and Prycea' have studied a similar situation
for an octahedral coordination and have shown that
in the case of an intermediate distortion (between
tetragonal Rnd tI'1goIIRI), the co1'I'espoIldlllg Q, d18-
tortion is zero. That corresponds to our taking
the second final state of the transition as two-fold
degenerated. In fact, our fitting procedure wiH.

not be sensitive to an eventuaI. splitting of these
levels by less tha, n 100 em-'.

We now try to interpret the experimental results
with the model described by Eq. (10). This model
depends on two independent pa, rameters, T' a,nd E, .
We add to it a second contribution forma, lly identi-
cal to Eq. (10) (but multiplied by 2 to take into ac-
count the degeneracy) shifted in energy to 8,', with
a value T" different from I'. In the model we
choose to reproduce the experiment, the thermal
energy E~, after the relaxation, is the same for
the 8, and F,' transitions, and then T' and T" are
not independent. Using Eq. (9) it comes out that

I"2 =F2 + 2fi()Is (Eo —8,)coth-p@

of h(de =82 cm ' which is that found for Cr2' (see
paper II). So with that assumption and the help of
Eq. (12), we are left with only three fitting para, —

meters: E„EO, and 1" and a fourth one which
determines the strength of the absorption. It
turns out that with all these assumptions, the fit
is sufficiently poor to raise the question of the val-
idity of the model for electronic transitions inclu-
ded in Eq. (10). In fact, we are looking at p-d
transitions and the matrix elements for transitions
between the three val. ence bands and the 'T, and
'E levels are not the same. It is easy to show
that with the wave functions for valence bands giv-
en by Kane" and those of '9, and 'E levels given
by Ham, "the average of the square of the matrix
elements between these different levels is such
that (i) for the first transition (E,) to the '82 level,
the contribution from the heavy-hole band has to
be multiplied by 1, that from the light-hole band
by &, and that from the spin-orbit spl. it band by 2.
(ii) For the second transition 8,' to the 'E level,
the contribution from the heavy-hole band has to be
multiplied by ~ & 2, that from the light-hole band
by ~~ & 2, and that from the spin-orbit split band by
~x 2, where the factor 2 takes care of the degen-
eracy of the band.

So the final expression used to fit the expeximen-
tal. results is

5.3 X10-'4E m
(r(Aced) = ' ((—r, +—(r,),

We shall use to interpret I' (see below) the value

oo ~l/2 n'~'
0$ F Ero dX 8 P

2n»'
+(&a+a) "&e (SI+&))„( )( ))-By

(13)

1 OO ~X/2 3e'~'
1««i/2 E«I j2 d~e-«((P«+ ~)1))2

~

+««[««+r'«+««'(«, —«)]«[«t««r'«+z«(««-())«)
OO 4~1 /'2

+ (Eo+ &)'I' dre-~([3,'+x)'
(g (4+I x+ 0+4 Q3

This does not take into account the difference be-
tween the radial part of a p-s matrix element and
that of a p-d matrix element, the evaluation of
which would require the knowledge of the extent of
the d-wave function of the chromium impurity in
the host GaAs I,attiee. So, the modeI. we have cho-
sen keeps the radial part of the matrix elements
identical to that of a p-g transition, but modulates
the different contributions of the Eq. (10) with the

I

factors coming from the angular part of the matrix
elements.

The results of the fitting procedure a,re shown as
solid lines in Figs. ],-3. The strength of the ab-
sorption is fit at 4. 5 K (Fig. 2) where the different
contributions coming from the E, and Eo transi-
tions [cr, and (r, in Eq. (13)] are detailed. This
gives us the number of Cr~ centers if the absolute
value of the cross section given by Eq. (13) is cor-
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rect. This will be discussed in Sec. VID. This
value has of course been kept constant for other
temperatures and pressures.

There remains some discrepancy around 7300
and SOOO cm-'. The first one is probably due to
the presence of a small number of Cr" charge
states which develop some extra absorption
(see paper II) in this region. The second discrep-
ancy at 8000 cm-' seems irreducible within our
model. It may be due to the approximation of the
evaluation of the radial part of the matrix elements
or (and} to the fact that we neglect the nonparabol-
icity in the model. This discrepancy is less ap-
parent at higher temperatures but still exists.

However, the relative strength which varies with
I and Eo through Eq. (13) is in accordance with
the experimental results as a function of the tem-
perature or the pressure. The precision of the
fitting is not sufficient to measure either a signi-
ficant change of ED (or Eo) withtemperature or a
change of I' with pressure as this is shown in
Table II when all results are gathered.

8. Absorption as a function of the temperature

1.5—

0.5-

0 100 200
T(K}

I

300

FIG. 7. Variation of the broadening parameter with
temperature. The solid line reproduces the variation
given by Eq. (9) with the set of parameters given in the
text. Empty squares are the experimental values
(Table II). The dashed line is the asymptotic behavior
of Eq. (9).

TABLE II. Fitted parameters entering Eq. (13) for
different temperatures and pressures.

(K) & (bar) &p (cm ) Eo (cm ') I' (cm )

4.5
77
77
300
300

1
1

9250
1

9250

7400+25
7400 +25
7625 +25
7400 +25
7625+25 '

8450 +25
8450 + 25
8675 +25
8450 + 25
8675 + 25

725 ~25
750+ 25
750+ 25

1125+25
1125+25

With the interpretation of the temperature varia-
tion of F it is possible to deduce the different par-
ameters entering Eq. (9). However, we need to
make at least one further assumption on @g„or
S~E. T2 varies with temperature as sketched on
Fig. 7 starting at T =0 K at a value of 2 S~„E"„,
+2@o~E „and reaches asymptotically with tem-
perature the line I'2=4(E,"„+Es„)kT. In principle,
since E,"„+Z,, =BOZO Er, E, is-fit (Table II) and

E~ known, ' we only need to know h„or Aw~ to
deduce all other parameters. We assume that the
total relaxation energy is temperature independent
and that k~~ =82 cm ', which is the value of the E
phonon found for the relaxation of intracenter tran-
sitions within the Cr' levels (see paper II). Un-

fortunately, this assumption is not sufficient be-
cause with the combined experimental errors in
I' (Table II} and Er,28 "the values found for k&u„

spread too large a range of energies.
The expression (9) can be written at low temper-

ature as

r'(4 K) = (21~ E~, + a~„Z",}, (14)

and by expanding the hyperbolic function at high
temperatures (=300 K}as

3 0 TI' (300 K) =12(&~) (Z„,+ E" )

+ (Sos)'Es., + (g(g„)'Z&, (15)

It is possible, using the model adopted for the
transitions, to overcome the difficulty due to the
experimental uncertainty. The difference between
the optical thresholds E,'-, E,=4E can be related
to the relaxation energy E~, . It is easy to show,
writing the equations for the adiabatic potential-
energy surfaces of the 'B, and 'Z levels, that the
following relation holds:

4b,E [3 —(12o. +9)'~'P
(16)

with n =bE/E~„, . If we know experimentally bZ
and the limiting values of the Jahn-Teller energy
+r2, the solution of (16) gives n and then Es„.
This procedure is much less sensitive to experi-
mental errors. As will be discussed in paper II,
the Jahn- Teller energy of the 'E excited level is
probably very weak and then $JT2 should be of the
order of 660 cm '. The solution of (16) corres-
ponds to E~, =146 cm-'. With this value, all
other parameters are deduced from Eqs. (14) and
(15). The main error comes now from the un-
certainty of I'(300 K): we get Z"„,=1310+50 cm '
and k&„=190+10cm '. The thermal energy is

en E~=EO E
~
—E~ ~=5940+50 cm
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The relaxation due to the E mode is found to be
much smaller than E„,. This small value corres-
ponds in the Q, plane to an E distortion of the Cr'
level, significantly. smaller than that of the Cr"
level, and it is easy to calculate the ratio of these
two different distortions: Q~(Cr')/Q~(Cr") = 0.5.
The small value of E~, (with respect to Szr2) re-
flects this difference. If we are dealing with tran-
sitions from a d to an s state like in( ZnSe: Cr, the
relative weight of E with respect to E" couM be
larger than here. The E, an E~ values fit quite
well with those reported in the literature from
photocapacitance measurements ' and galvanomag-
netic measurements. ""The value for S&„cor-
responds to a peak in the density of states of GaAs,
due in part to the I A phonons of I, symmetry. In

the cluster model which is the basis of the config-
urational-diagram approach, the A mode can be
generated by the host-lattice phonons of symmetry
X, or I., and then from a symmetry point of view,
the results are coherent. However, in ZnS doped
with transition-metal impurities (including chrom-
ium), the A-type localized mode lie" within the
optical-phonon density of states of the host lattice.
That would correspond for GaAs to values higher
than 230 cm-'.

7600- 77 K

74004
I

0 2
I

6
P (k bar)

I

10

FIG. 8. Variation of Eo vrith pressure at 77 K.

C. Absorption as a function of pressure

As we have already pointed out, the precision of
the fit does not allow us to see a significant change
of I" with pressure. Since the phonon energies do
not vary much with pressure, this result mould

predict a small variation of the relaxation energy
and of the Jahn- Teller effect as a function of the
pressure. Through this does not contradict simi-
lar results found in A1203: Cr (Ref. 32), it is
worth pointing out that, due to our uncertainty of
I', the upper limit of variation, with pressure, for
E„, is found to be rather large (2&&10 ' eV/bar)

The experiment is more sensitive to the change of
Ep or Eo with the pressure . The variation of E, is
shown in Fig. 8 at 77 K. We find that BE,/BP
= BE,'/BP =3 + 0. 7 ~10 ' eV/bar. This coefficient
agrees reasonably well with the value 2.1+1&&10-'
eV/bar obtained by White ef af."from capacitance
measurements. From these results the upper li-
mit of variation of &E =Eo —E,' with pressure is
found to be 0.5&&10 ' eV/bar. Since T' does not
vary with pressure, this last result corresponds
also to an upper limit of the variation of the Sahn-
Teller energy S,~ with pressure. So in a first
approximation, the measured variation of Eo (or
E,') can be assigned to that of the 'T, level of the
Cr" with respect to the valence band of the host
lattice.

D. Absolute value of the cross section

This value is obtained experimentally since we
know (Table I) the chromium concentration of the
Cr, sample. %e obtain o.=9X10-"cm-' at 9000
cm-'. This corresponds quite well to the calibra-
tion given by Martin et a/. ' The comparison be-
tween this value and the cal.cul, ated one through
Eq. (13) is not easy. We found at 9000 cm-' that
&„„=1.5&10 "cm ', a result which includes the
value of the radial part of the p-s matrix elements
instead of the p-d one. It is then difficult to dis-
cuss the difference between these two values since
the evaluation of the p-d matrix element would re-
quire the knowledge of the extension of the d func-
tions in the host lattice, information which is
missing.

VII. EPR RESULTS AND DISCUSSION

Up to now, three EPR spectra, characteristic
of chromium in GaAs, are reported in the litera-
ture: one due to the Cr~ (Ref. 34), one due to Cr '
(Ref. 10), and a third one characterized by g
=1.993 (Ref. 35) or g=1.995 (Ref. 10) and a line-
width of 115 G.

The Cr ' signal is dominant in the Cr, sample
(Fig. 4) and decreases noticeably with the 1.09-
p,m light illumination of the sample whereas the
Cr2+ signal increases. From this experiment we
can deduce the ratio of the EPH sensitivity of the
Cr" to Cr" which is found to be of the order of two
in our experiments, but which is strongly depen-
dent on temperature and internal strains as pointed
out by Stauss et al." The Cr" signal is also found
in the Cr4, Cr„Cr6, and Cr, sampl. es though it is
no longer dominant. This fact will be used in
paper II for the interpretation of experimental
data. In the Cr» Cr» and Cr, samples, the very
large cyclotron resonance signal prevents any ob-
servation of this signal.
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The Cr" signal is dominant for n-type samples
and its behavior under illumination is such that
this signal never decreases. For the Cr„Cr„
and Cr, samples the signal is invariant, whereas
it increases from 1(Y/0 (Cr4) to 3' (Cr, ) with an
increase rate which can be correlated at least
qualitatively to the increasing number of residual
Cr" centers

The g= 1.993 signal is observed in all our sam-
ples and always increases under 1.09- pm light.
This signal was first attributed to Cr'(Refs. 35 and
10). But, even assuming a large degree of inhomo-
geneity in the samples, it is hard to conceive that
such a state would still be stable in a P-type sam-
ple. Moreover, the attribution of this signal to Cr'
is in contradiction with our results (see paper II)
where this level is shown to be degenerated with
the conduction band by an amount of about 60 meV.
In order to have the Fermi level higher than this
Cr" level, one should have a carrier concentra-
tion higher than 10' cm-, i.e., one order of mag-
nitude larger than the electron concentration in the

Crp sample . In this respect, the recent assump-
tion"' "that this signal could be due to Cr ' seems
much more plausible.

It remains that the three different EPR signals
are observed in the same samples. If this situa-
tion in p-type samples can be understood, it is not
clear for m-type samples without assuming a vari-
ation of the chromium doping within each sample.
The analysis of EPR spectra as well as SIMS mea-
surements of different parts of the same sample
shows indeed a variation of the chromium concen-
tration within a factor 2. The same kind of in-
homogeneities have also been observed in samples
doped during the melt. So, it is likely that the
chromium doping itself gives rise to a certain
amount of chromium "aggregates" in the samples.

Besides these chromium characteristic lines,
the only EPR signal observed in our samples is
that of Fe~, the intensity of which is sample de-
pendent. It is even seen in the Cr, sample. The
dependence of the strength of this signal with sam-
ples has to be related to the variation of the Fermi
level and probably not to a variation of the iron
doping in the different samples. This observation
correlates the impurity measurements discussed
in Sec. II.

VIII. CONCLUSION

This report on the photoionization process of the
chromium impurity in QaAs shows that the inter-
pretation of experimental results requires the con-
cept of optical transitions between vibronic states.
A model using this concept has been developed and
involves transitions from the different valence
bands coupled to two kinds of phonons. The corn-
parison with the experimental data shows that the
relaxation of the center by E-type phonons is weak-
er than that due to A-type phonons. Additional
information is obtained for the relative distortion
of the Cr~ charge state with respect to the Cr '
one. The phonons assisting these relaxations are
found to be in a range of high phonon density of
states of the host lattice.

ACKNOWLEDGMENTS

We are very grateful to Dr. G. Poiblaud (RTC,
Caen) who has kindly provided us the ingot of s-
type GaAs used for the diffusion of chromium, to
Dr. M. Kaminska for her help in our computer
calculations, and to Professor J. Schneider and
Dr. U. Kaufmann for making their results avail-
able prior to publication. This work was sup-
ported in part by DGRST under Contract No.
78-7-0307.

"On leave from the Institute of Experimental Physics,
Warsaw University, Warsaw, Poland.

'W. H. Koschel, S. G. Bishop, and B. D. Mc Combe,
Solid State Commun. 19, 521 (1976).

T. Instone and L. Eaves, J. Phys. C 11, L771 (1978).
3K. Kocot, R. A. Rao, and G. L. Pearson, Phys. Rev.

B 19, 2059 (1979).
V. V. Ushakov, A. A. Gippius, and B.V. Kornilov, Fkz.
Tekh. Poluprovodn. 12, 358 (1978) [Sov. Phys. -Semi-
cond. 12, 207 (1978)].

D. Bois and P. Pinard, Phys. Rev. B 9, 4171 (1974).
G. M. Martin, M. L. Verheitke, J.A. A. Jansen, and

G. Poiblaud, J.Appl. Phys. 50, 467 (1977).
VJ. T. Vallin and G. D. Watkins, Phys. Rev. B 9, 2051

(1974).
J. T. Vallin, G. A. Slack, S. Roberts, and A. E. Hughes,
Phys. Rev. B 2, 4313 (1970).

M. Kaminska, J. M. Baranowski, S. M. Uba, and J. T.

Vallin, J. Phys. C 12, 2797 (1979).
~~J. J. Krebs and G. H. Stauss, Phys. Bev. B 16, 971

(1977).
U. Kaufmann and J. Schneider, Appl. Phys. Lett. 36,
747 (1980).
A. M. Hennel, W. Szuszkiewicz, M. Balkanski,
G. Martinez, and B. Clerjaud, following paper, Phys.
Rev. B 23, 3933 (1980).

3N. Dahan, B.Barrau, G. Pinzutti, and G. Martinez
(unpublished).

'4B. Clerjaud and B. Lambert, J. Phys. E 4, 619 (1971).
C. E. Jones and A. R. Hilton, J. Electrochem. Soc.
113, 504 (1966).
G. K. Ippolitova, E. M. Omel'Yanovskii, and L. Ya
Perwowa, Fiz. Tekh. Poluprovodn. 9, 1308 (1975)
fSov. Phys. —Semicond. 9, 864 (1976)].

~~M. Kaminska, J.M. Baranowski, and M. Godlewski,
in Proceedin gs of the 14th Internationul Conference on



6 . IA R 7 I 1V E 2 e t u I.

the Physics of Semiconductors, (The Institute of Phys-
ics, Bristol and London, 1979), p. 303.

' U. Piekara, J.M. Langer, B. Krukowska Fulde,
Solid State Commun. 23, 583 (1977).

SJ. W. Allen, J. Phys. C 2, 1077 (1969).
H. B.Bebb, Phys. Bev. 185, 1116 (1969).

~~A. A. Kopylov and A. N. Pikhtin, Fiz. Tverd. Tela 16,
1837 (1974) ISov. Phys;Solid State 16, 1200 (1975)J.
M. Lax, J. Chem. Phys. 20, 1752 (1952).

~3G. Lucovsky, Solid State Commun. 3, 299 (1965).
~4K. O. Kane, J. Phys. Chem. Solids 1, -249 (1957).
~F. S. Ham, Phys. Rev. 138A, 1727 (1965).
6M. D. Sturge, in Solid State Physics, edited by F. Seitz
and D. Turnbull (Academic, New York, 1967), Vol.
20, p. 153.
U. Opik and M. H. L. Pryce, Proc. R. Soc. London,
238, 425 (1957).
R. W. Haisty and G. R. Cronin, in Proceedings of the
7th Intenuztional Conference on the Physics of Semi-

condu, ctors (Dunod, Paris, 1964), p. 1161.
G. A. Allen, Br. J.Appl. Phys. 2, 593 {1968).

3 K. Kocot and M. Kaminska (unpublished).
3~M. Zigone, K. Kunc, P. Plumelle, and M. Vandevyver,

in Proceedings of the International Conference on Lat-
tice Dynamics, Paris, &977, edited by M. Balkanski
(Flammarion, Paris, 1978), p. 405.

@S.Minomura and H. G. Drickamer, J. Chem. Phys.
35, 903 (1961).

33A. M. White, P. Porteous, W. F. Sherman, and A. A.
Stadtmu1ler, J. Phys. C 10, L473 (1977).

+J.J. Krebs and G. H. Strauss, Phys. Bev. B 15, 17
(1977).

3 U. Kaufm»~ and J. Schneider, Solid State Commun.

20, 143 (1976).
3~6. H. Stauss, J.J. Krebs, S.H. Lee, and E. M.

Swiggard, J.Appl. Phys. 50, 6251 (1979).
3~G. H. Stauss, J.J. Krebs, S. H. Lee, and E. M. Svig-

gard, Phys. Rev. B 22, 3141 (1980).


