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Experimental data of donor-acceptor —pair time-resolved spectroscopy in Cd» „Mn„Te alloys are
used to extract the acceptor binding energy as a function of temperature and composition. This is
done between 1.6 and 35 K, and for compositions x &0.1. The magnetic part of this energy is ex-
plained in terms of bound-magnetic-polaron formation. We present a statistical-mechanical theory
that goes beyond the Gaussian approximation. It also takes into account the discrete spatial distri-
bution of Mn + and the fact that the effective spin of the hole is 2 . Excellent agreement is obtained

for the case of x =0.05.

I. INTRODUCTION

In recent years, numerous studies in semimagnetic semi-
conductors' (SMSC) have been devoted to bound magnetic
polarons (BMP's); that is, the local ordering of magnetic
moments in the orbit of a neutral impurity. This effect is
due to exchange interaction between the d electrons of the
dilute magnetic ions and the unpaired electron (or hole)
bound to the shallow impurity.

These alloys exhibit, at least for small magnetic ion
concentrations, semiconductor properties rather close to
the ones of well-known binary compounds such as CdTe.
As a consequence, optics provides an accurate method by
which to understand magnetic properties, and, in particu-
lar, impurity spectroscopy can be used to study magneti-
zation within the spatial extension of impurity states.

There is now comprehensive knowledge of donor-bound
magnetic polarons (D H), which h-ave been studied
in n-type compounds Cd& „Mn„Se (Ref. 2) and
Cdl „Mn„S (Refs. 3 and 4). The energy distribution of
D H, which inc-ludes the effect of magnetic fluctua-
tions, can be precisely observed and calculated with re-
markable agreement. '

The case of acceptor-bound magnetic polarons (2 -H)
is more complex, from both experimental and theoretical
points of view.

First, from the effective-mass ratio for conduction and
valence bands in II-VI compounds, we expect the volume
of interest around the acceptor center to be, roughly
speaking, 100 times smaller than that for donors. It
should result in a very large enhancement of the BMP ef-
fect. However, fluctuation effects should also be much
more important, i.e., magnetic fluctuations and chemical
broadening, through the number and position of Mn +

ions in the hole orbit.
The first experimental observation of A -H in SMSC

was the temperature-dependent binding energy of excitons
bound to neutral acceptors. ' However, it is difficult to

obtain quantitative A -H results from these data: Both
initial and final states of the observed transition A X are
perturbed by the BMP effect.

Transport measurements made by Jaroszynski et al'. '

also provided evidence of an exchange contribution to the
acceptor binding energy in Cd& Mn Te. However, they
were restricted to rather high temperatures (T-77 K), so
that the BMP effect is not clearly distinguished from the
contribution of magnetic fluctuations. We did not ob-
serve spin-flip Raman scattering on A -8, a technique
which was used to directly investigate D

In order to study 2 -H on a quantitative basis, we
measured the average binding energy of the complex as a
function of temperature. This was done using time-
resolved spectroscopy of donor-acceptor (D -A ) lumines-
cence. " In Sec. II we present these experiments and their
analysis in detail greater than in Ref. 11. In Sec. III we
present a relatively accurate statistical-mechanical calcu-
lation of the A -H energy. It involves a finite number of
Mn + ions with a realistic arrangement on the fcc lattice
and includes magnetic saturation and fluctuation effects.
Comparison is made with our most reliable experimental
results, obtained in x =0.05 compounds, and provides an
excellent agreement with the data.

II. EXPERIMENT

A. Setup

Our experimental setup consisted of an argon laser con-
nected to an acousto-optic modulator in. order to obtain
square pulses adjustable in intensity and length.

The sample was immersed either in the gas flow of an
variable-temperature cryostat or in pumped liquid helium,
in order to reach temperatures lower than 4.2 K. The
photoluminescence was analyzed by an 8-A/mm grating
monochromator and detected by a cooled CxaAs-cathode
photomultiplier (PM).
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B. Results

Most of the time-resolved luminescence spectra we ob-
served are similar to the ones shown in Fig. 1. They were
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FICx. I. Time-resolved luminescence spectra with different
delays ~ in a pure CdQ 98MnQ Q2Te sample.

Since such PM's have a rather low amplification factor,
the signal was applied at the input of a low-noise rapid
preamplifier, working in the ac coupling mode. It was
then processed by a double-gate boxcar integrator, one
gate being positioned before the exciting pulse and the
other selecting delayed luminescence. Thus the difference
between the two sampled signals was insensitive to the
base line, that is, to the time-integrated signal. This pro-
cedure minimizes the distortion of the time-delayed spec-
tra by delayed electronic influence of the integrated spec-
trum. It allowed us to use a high repetition rate, typically
50—100 kHz, and to discriminate from the in-pulse
luminescence, delayed luminescence that is smaller by 3
orders of magnitude, with 100-ns gatewidths.

Because the effects we were looking for were very sensi-
tive to temperature, we had to give up the idea of saturat-
ing the donor-acceptor pairs by strong illumination, and
preferred to attain some steady-state regime by using
weak and long pulses. This was checked by observation
of the luminescence spectrum during the exciting pulse.
Appropriate conditions for this spectrum to reach a
roughly constant shape before the end of the pulse were
found to lie around 50 mW, focused, by a cylindrical lens,
on 1 mm, during 1 ps. Thus, we obtained reproducible
results and marked temperature effects, which is an a pos-
teriori proof of good temperature control. Since the ex-
traction from the data of the quantity of interest, the 2
energy, is not straightforward and may be affected by sys-
tematic errors, great care was taken to maintain the same
experimental conditions for all the investigated Mn com-
positions x and temperatures T. Reflectivity measure-
ments were done to obtain accurately the free-exciton en-
ergy under the same (x, T) conditions. The samples we
studied were grown at the Polish Academy of Science of
Warsaw (Poland) or at Centre National de la Recherche
Scientifique —Bellevue (CNRS —Bellevue) (France). Most
of them were not intentionally doped, and samples from
both origins provided comparable results. The few doped
samples we used had been submitted to lithium diffusion.

found in our x (0.05 purest samples. As they turned out
to be the most informative, we shall first discuss this type
of spectra.
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FIG. 2. Energy E~(~) of the maximum of the D -2 band
in a pure Cd() 95MAQ p5Te sample, as a function of delay ~, and at
different temperatures. Note that in the range 20—25 K the
behavior seems to be more characteristic of the e-A transition.
Inset shows the total intensity decay as log'P vs log»r for three
selected temperatures. Note that the decay is faster than w

around 2O K.

1. Luminescence spectrum in "pure" x & 0.05 samples

Apart from line broadening and an energy-gap shift
with composition, ' the spectrum in Fig. 1 is quite com-
parable to the ones of rather pure CdTe samples at the
same temperature. Two intense high-energy lines are at-
tributed' to free(X) and acceptor-bound (A X) excitons,
respectively, alloy broadening being more important on
the latter due to the smaller spatial extension of the wave
functions.

At lower energies, the Lo-phonon replicas of these lines
are identified as follows: They correspond to the CdTe-
like LO mode observed in these alloys around 170 cm
and the X-LO replica exhibits the asymmetric line shape
observed in pure direct-gap semiconductors such as CdTe.

On the low-energy side of these excitonic lines, broader
bands exhibit the characteristic features of donor-acceptor
(D A) recomb-ination: Luminescence is observed after
long delays compared to the typical excitonic recombina-
tion times, and the band shifts towards lower energies as
the delay is increased. The energy EM(r) of the band
maximum as a function of delay is plotted in Fig. 2 for
various temperatures T and for a representative x =0.05
sample. The integrated band intensity is also plotted
versus the delay; it roughly follows a power law at low
temperatures, and for r~ 10 ps, I„z(r)~r ' Howeve. r,
it was difficult to detect delayed luminescence after, typi-
cally, 10ps.

Around temperatures T-20—30 K, the behavior of
this band clearly changes: delayed luminescence disap-
pears, which should be related to the ionization of donors.
Thus, at high temperature, conduction-band —to—acceptor
(e-A ) recombination should dominate. To be exhaustive,
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we also mention that the D -A band we have studied is
followed, on its low-energy side, by its I.O-phonon repli-
cas. At lower energies, some samples exhibit very broad
and rather intense bands, which may be associated with
the 1.42-eV band in CdTe. This band is often attributed
to recombination on deep acceptors. '

To conclude the presentation of these luminescence re-
sults, we point out that the relative intensity of impurity
bands in our undoped samples remains small compared to
excitonic luminescence. It confirms the reasonable purity
of these samples.

2. Discussion of iota tempe-rature results

W(R ) = Woexp( —2R /aD ) (2)

We now must deal with the kinetics of D Apairs. -

Keeping in mind that we are concerned with undoped p-
type materials, we first assume that compensation is small
(ND «Nq) and that impurity distribution is random. In
this framework; the description of D Akinetics re-duces
to a statistical problem on donors considered isolated
from one another. This problem was treated by Thomas
et al. ' and later by Dohler. ' In the fo11owing discussion
we treat the case of x =0.05 samples as an example. We
shall first specify the key parameters of the problem and
then consider this time-dependent situation step by step in
order to test the internal consistency of the model.

We use typical CdTe values' for the donor binding en-

ergy Ez ——120 cm ', the donor Bohr radius aD ——50 A,
and the dielectric constant @=9.7. We neglect the possi-
ble formation of a BMP around neutral donors during
their lifetime; from the ratio of donor Bohr radii in
CdSe and CdTe, and from D -H studies in n-type
Cd& „Mn„Se, ' one easily deduces that this effect could
increase ED by -3 crn ' at T-2 K and would be negli-
gible above T-5 K.

The energy gap EG is determined through

EG E„(x,T)+A'», ——
where E„ is the free-exciton energy of the material, mea-
sured by a reflectivity experiment for given composition x
and temperature T, and A'» is the free-exciton effective
Rydberg energy, which is assumed to be constant and

Now our aim is to extract from these data the mean en-

ergy of shallow acceptors for various compositions x and

temperatures T. Actually, we expect the 3 energy distri-
bution to be broadened by composition and magnetic fluc-
tuations.

The D -2 recombination is an old problem in semi-
conductor studies, but additional hypotheses are generally
necessary to obtain a useful solution. Let us recall that
the radiative energy of a given D -3 pair with a suffi-
ciently large separation R is given by

EDg(R) =EG Eg ED+e—/—eR,
where EG, Ez, and ED are, respectively, the energy gap,
the A and D binding energy, and e, the dielectric con-
stant. On the other hand, the probability of radiative
recombination W(R) is proportional to the overlap of the
wave functions. In the case where az &&az,

equal to the CdTe value: A» = 100 cm
Other parameters are more difficult to estimate; we

shall show during the following discussion that our results
imply (i) that the quantity Wo appearing in Eq. (2) should
lie in the range 10' & Wo & 10" s ', and (ii) that the ac-
ceptor concentration should satisfy Xz & 10'" crn in our
"pure" samples (such values are consistent with transport
measurements made on samples from the same origin' ).

To describe the evolution of D population, the relevant
quantity is. Q(R, r), the probability of finding an electron
on a donor as functions of its distance R from the nearest
acceptor and of delay v (after excitation has been switched
off). At &=0 we have a steady-state regime where donors
with small R values are essentially ionized. More precise-

17

0 for R &r(I,„),
Q(R 0)—

1 for R & r(I,„),

In a second stage, for p~ &t(r) &r(I,„); the evolution is
similar to the one following a strong flash excitation, such
as that studied by Thomas et al. thus it is only slightly
dependent on exciting conditions I,„and acceptor concen-
tration Nz. In this regime the total intensity follows a

' decay law and the maximum EM(r) of the D -A
luminescence is shifted towards low energies through

where the quantity r(I,.) depends on excitation during
the steady-state regime through

I„
exp[2r(I, „)/aD ]

0 D

=1—expI —(aD/2p~ ) [2r(I,„)/aD] I, (4)

where aD is the D Bohr radius, pz is the mean distance
between acceptors,

pg (4m&a /3)——
and I„is the density of donors which are neutralized per
second by the exciting light-. To estimate I,„, we assume
that exciting light is absorbed within 0.1 pm. Thus,
total excitation during the pulse is about 10 "
photonscm s '. Assuming, in addition, from the rela-
tive intensity of excitonic and D -A luminescence, that
at least l%%uo of excitation results in the neutraliza-
tion of donors, we obtain I,„&10 photons cm s
Now using Eq. (4), with Wo & 10" s ', nD
& n~ & 10' cm, and aD ——50 A, we obtain
r(I,„)& 250 A.

The temporal evolution of the donor population may
then be described as follows For delay r satisfying
WO1 » 1 (which is, in practice, the case), neutral donors
have essentially recombined if R &r(v), where r(v) de-
pends on delay via

r(r) = (aD /2) ln( Wpr /ln2) .

As a consequence, in a first stage, the D population is
not very dependent on delay:

Q(R, r)-Q(R, O) for r(r) &r(I,„) .
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EM(r) EG EA ED +Ec(r)
where Ec(r), the mean Coulombic energy, is given by

&or=[1 Ec—(r)l'Ea jexp[4EDIEc(r)1 .

(7)

E~(x, T)= E„(x,T)+W» EM(r= 1 p—s)

+E,(r=1 ps)ED, (9)

where Ec(r=1 ps)=(45+5) cm ' is deduced from Eq.
(8). We estimate this uncertainty from the approximate
fitting procedure we used. Moreover, a comparable uncer-
tainty should be assumed for EM(r= 1 ps) due to experi-
mental linewidths.

3. Discussion of high temperatur-e results

As the temperature is raised from, typically, 10 to 20
K, the total intensity decay is faster than that at low tem-
perature (see Fig. 2): we expect the D lifetime to be lim-
ited by thermal effects. However, since a pronounced
low-energy shift is still observed on EM(r) curves, it is
reasonable to suppose that thermal ionization of donors is
not sufficiently important to destroy the consistency of
our model, which is, within this limit, temperature in-
dependent. Thus we extract the acceptor binding energy
from Eq. (9) up to T-20 K.

On the contrary, as the temperature increases from 20
to 25 K, a clearcut change is observed: Delayed lumines-
cence almost disappears, which is quite consistent with
the ionization of donors if their concentration lies around
XD —10' cm . As a consequence, luminescence in this
high-temperature regime (T & 25 K) is better described in
terms of conduction-band —to—acceptor (e- A ) transi-
tions. Thus, we get acceptor energy through

Eg (x, T) =E„(x,T)+A'» EM(&=0)+ ktt—T/2, (10)

Lastly, in a third stage, r(r) becomes larger than pz,
and the luminescence decay is faster.

From our experimental results as summarized in Fig. 2,
our regime of interest ip clearly the second-stage regime,
in the delay range 0.5&v& 10 ps, and for temperatures
lower than 10 K: The experimental curves Est(r) are al-
most parallel and exhibit a low-energy shift of (75+5)
cm ' for r = 1 ps. Using Eq. (8) we deduce that
Wo —10' —10" s ', then noting that r(r=10 ps)&p~,
we obtain, from Eqs. (5) and (6), that p~ &350 A and
N~ & 10' cm . This is the point where we test the con-
sistency of our analysis since 8'o and Nz are the parame-
ters we had to estimate at the beginning.

We may also check, from Eqs. (4) and (6), that

r (r= 1 ps) & 250 A & r(I,„),
as required in the second-stage regime.

To summarize, the model we used is self-consistent, at
least for T & 10 K, and we may deduce the acceptor ener-

gy Ez(x, T) from the experimental EM(r) for a given
(x, T) condition. From the above discussion, the condi-
tions of lying in the second-stage regime are quite likely to
be fulfilled around a delay of r= 1 ps. As a consequence,
we can determine Eq(x, T), using Eqs. (7) and (3), through

where E„(x,T)+A» is the energy gap. '9

The resulting Ez (x, T) for all investigated temperatures
and compositions are plotted in Fig. 3. It is important to
note that these curves do not exhibit any discontinuity
around T-25 K, although the fitting procedures are
quite different below and above this temperature. More-
over, the fitting procedure we used provides a constant ac-
ceptor energy E~(O, T) in the case of pure CdTe, as ex-
pected. These are two a posteriori tests for its validity.

4. "Impure" samples
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FICx. 3. Experimental mean acceptor energy E&(x,T) as a
function of temperature T and for various compositions x.
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Some of our investigated samples exhibited a somewhat
different behavior. Although the luminescence spectrum
was roughly comparable to the previous case, delayed
luminescence of the D -A band decayed more rapidly
and the associated energy shift was much less pronounced.
We think this behavior, which is observed without sys-
tematic dependence on composition, is due to a higher im-
purity concentration. Actually, within the framework of
the model we used, it is easily shown that if
X~ —10' cm, pz is reduced to, typically, 100 A; as a
result, the most probable D ACoulomb -energy is of the
order of 120 cm ', and luminescence decays rapidly after
10 s. Another possible interpretation could be a drastic
reduction of D nonradiative lifetime, which is not in-
cluded in the model. In both cases, most probable pair en-
ergies are resonant with the e-A transition. Therefore, a
detailed study of D -A statistics would be hazardous and
we think it more reasonable to extract A energies from
the ~=0 spectra, using Eq. (10), as in the case of clear
e-A transitions. Within larger experimental uncertain-
ties, this procedure provides results consistent with those
of purer samples.
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x ~ 0.10 samples

In x =0.10 samples the situation is always found to be
qualitatively different. Over the entire temperature range
of interest, the luminescence spectra are dominated by a
broad asymmetric line (see Fig. 4) which has been attri-
buted to excitons localized on composition and/or mag-
netic fluctuations. In undoped samples there is no struc-
ture in the steady-state spectra to be attributed to impuri-
ty recombination. However, delayed spectroscopy im-
proves the contrast and favors the observation of weak
bands which may be associated with D -2 transitions.

To improve our results an attempt was made on
lithium-diffused samples: lithium is known to act, in
CdTe, either as an acceptor or as a donor, depending on
its location in the crystal lattice. Actually, these doped
samples exhibited broad luminescence bands at the same
energy as delayed luminescence in pure samples, but the
impurity density was too high to study precisely the
D p- A kinetics, as in the case of impure samples
described in Sec. II 8 4. In brief, Li doping helped identify
D -A recombination, but did not improve the accuracy
of our measurements. Therefore, to determine A ener-
gies for x=0.10, we essentially used undoped samples,
employing the same fitting procedure described in
Sec. IIB2. However, due to the roughness of these re-
sults (weak and broad bands), the validity of the model
remains uncertain. For example, we have no clearcut in-
dications that compensation is negligible and that a
reasonable fraction of donors is neutralized during excita-
tion. In fact, we think that the localization of excitons
may explain the relative decrease of impurity lumines-
cence for reasonable impurity concentrations. An attempt
to exteml. our study to higher-Mn-concentration samples
(x =0.20) led to similar conclusions. Our experimental
approach, in which we apply rather sophisticated methods
of semiconductor spectroscopy to these alloys, should be
restricted to the low-x range (x &0.10) to remain on a
firm basis.

III. THEORY

A bound magnetic polaron consists of an electron (hole)
bound to a donor (acceptol) impurity, and interacts with
magnetic ions (Mn +) within its orbit through the ex-
change interaction. This interaction gives rise to a mutual
spin polarization of the electron (hole) and the Mn + ions,
thus yielding an additional binding energy. This magnetic
contribution to the binding energy decreases with increas-
ing temperature. Here we present a statistical-mechanica1
model for the BMP energy, starting from the Heisenberg-

type exchange Hamiltonian used by Golnik et al.
Recent theoretical models (macroscopic and micro-

scopic ) go beyond the simple "molecular-field" approxi-
mation of Ref. 8 by taking into account Gaussian fluctua-
tions 'of the effective field due to Mn spins acting on the
bound-electron (-hole) spin. The Gaussian approximation
appears to be adequate for describing the D -H in

Cd& „Mn Se, ' where the mean number 1V of Mn ions in
the impurity orbit is sufficiently large (-100) and the
coupling is weak. On the contrary, in the case of A -H
in Cd& „Mn Te, %-10, and jt is necessary to go beyond
the Gaussian approximation. In Ref. 11 a phenomenolog-
ical model was given for calculating the acceptor energy
as a function of temperature. However, this model takes
into account the saturation of Mn + spins in a very crude
way. It predicts a rather steep, although not diverging,
energy, as T—+0. In the following, we present a
statistical-mechanical model that is in excellent agreement
with experimental data.

We consider a realistic arrangement of Mn + ions on
the fcc lattice around the impurity center (assumed to be
situated at a Cd site). This is done over successive shells
of the lattice up to a cutoff distance. Thus we can calcu-
late the partition function in a straightforward manner by
assuming that the Mn + spins are classical vectors. This
allows us to calculate the average binding energy as a
function of temperature, without further approximations
regarding the exchange field.

We start from the Heisenberg-type Hamiltonian:

A = —Js gb;S;,

Cdo9 Mno& Te

T —5K

where

b;= [@(R;)
/

(12)

P(R), being the impurity envelope function, is assumed to
be hydrogenic:

(13)

I

)3600
s

13900 14200

FICz. 4. Time-resolved luminescence spectra in an undoped
Cdp9&Mno &&&Te sample. Note the small relative intensity of de-

layed luminescence.

Here, a~ is the Bohr radius, R; is the position vector of
the ith Mn ion, and S; is its spin operator (S=—,). s is
the spin of the electron (s = —,

'
) or the effective spin of the

hole (s= T'). J is the exchange parameter. Usually, '

this is quoted in terms of Xoa=XOJ for an electron and
XpP= 3XpJ for a hole, where Xp is the number of cation
sites per unit volume.

In order to deal with this Hamiltonian without making
the continuum approximation for the distribution of Mn,
we cut off the infinite sum by setting
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b; =0 for R;&R, . (14)

This allows us to treat a finite number X of Mn + ions.
Physically, R, is the distance where the effective hole-Mn
exchange interaction becomes comparable in size to the
small Mn-Mn antiferromagnetic interaction which is
neglected. We shall treat R, as an empirical parameter.

We now treat the Mn spins as classical vectors:

S;=Sn;, (15)

where n; is a unit vector. The partition function is then
given by

N
Z= g fdni fdQ2 fdn~exp PJs. gb;S;

m= —s i=1

N
E= ——,s(s + 1)P(J/2) g b; S as T~ oo, (24)

which is the well-known 1/T behavior at high tempera-
ture. It should be noted that a quantum-mechanical cal-
culation (high-T expansion of the density matrix) yields
S(S+1)instead of S in Eq. (24}.

Clearly, for calculating E for an arbitrary T, we must
evaluate P (M). If N is so large that V N » 1, we can ap-
ply the central-limit theorem ' in Eq. (18) and obtain the
Gaussian distribution:

P (M ) (2 A )
—3/2 —M2/2A (25)

which is, in fact, the quantum-mechanical ground-state
energy. On the other hand,

(16) where

(with P=llksT), where the sum is over the magnetic
quantum number m of the electron (hole) spin, and the
range of integration over dQ; is the full solid angle, dQ;
being the solid-angle element around n; Eq.uation (16)
can be rewritten as

A =-,'S'gb, '. (26)

We recall that this approximation gives good results in
the D Hcas-e. A straightforward application of this
effective-field distribution yields

Z=(4~)" y f'dMP(M)e+'
m= —s

(17) J A 2
4 1+(J'A/4)P'

(27)

where

P(M)—= fdn, fdn . fdn S M —gb;S;(4n).
(18)

is the probability that the sum of the N spin vectors,
weighted by the b; factor, is M when all orientations are
equally probable for each one of them. This represents
the probability distribution of the effective field acting on
s.

By calculating the sum in Eq. (17), we obtain

This describes the high-temperature behavior correctly,
but diverges as T~O. The divergence problem, however,
does not arise if we properly cut off the Gaussian at
~max'

However, in the A -9' in Cd& „Mn„Te, X is relatively
small (-10) and we must calculate P(M) more precisely.
For this purpose we use the Fourier integral representa-
tion of the 5 function in Eq. (18) and obtain

P(M)=, fdke' fJ 'fdn e
(2~)i i 4n

(28)
Z=(4~) fdMP(M )z(M),

with

(19)

z(M)=sinh (2s+1) PJM
2

PJM
2

(20)

Thus we may extract all the thermodynamic quantities of
interest. In our case, the mean energy is then given by

150
E
'LJ

100

E = —fdMP(M ) z(M) fdMP(M }z(M) . (21}

N
M .„=Sgb, . (22)

This fixes the upper limit of the integrals in Eq. (21). It is
interesting to study the limiting behavior of energy as a
function of temperature directly from Eq. (21). We obtain

E= —
i
J'isM, „as T~O, (23)

We can see directly from Eq. (18) that P(M ) vanishes for
M above

50

cf

10 20
Temperature ( K )

40

FIG. 5. Theoretical curves for the exchange contribution for
the acceptor binding energy as a function of temperature. The
solid curves A, 8, C, and D correspond to the same Bohr ra-
dius a& ——10 A, but different values for the cutoff radius:
R, =10, 13, 15, and 17 A, respectively. The exchange parame-
ter and the Mn arrangement are given in the text. The dashed
curve corresponds to a~ ——12 and R, =15 A.
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We can carry out the angular integrals. Thus,

(29)

For N &3 this integral can be found in standard tables.

For N ~ 3 we compute the integral numerically, with par-
ticular regard to convergence, especially for the small
values of I' when I approaches M,„. The low-
temperature behavior of the binding energy is very sensi-
tive to this region.

For s =—', (hole) the energy can then be computed from

3J
2 I I &(M ) cosh +cosh dM

0

(30)

150

I
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FKx. 6. Comparison between theory and experiment. The
solid curve is curve C of Fig. 5 and the inverted triangles
represent experimental points for Cd095Mn005Te. The dashed
curve corresponds to a truncated Gaussian approximation.

We present some results of this theory in Fig. 5. We as-
sume that the impurity center is located at a Cd site. The
successive neighboring shells of the fcc lattice are then
enumerated in terms of the distance from the center and
the number of sites. (See, for example, the table on p.
1037 of Ref. 22.) A mean arrangement for the Mn ions is
then worked out, accounting for the proportion x of Mn
in Cd& „Mn„Te. The arrangement is specified in terms
of the mean number nj of Mn at the average distance rJ.
%'e mention in passing that we have numerically verified
that fluctuations of this arrangement hardly affect the
mean value E that interests us. However, for calculating
quantities such as line shape, a precise statistics of the dis-
tribution of Mn over the cation sublattice must be taken
into account.

All the curves in Fig. 5 correspond to x=0.05. The
solid curves A, B, C, and D correspond to the same Bohr
radius az ——10 A, but different cutoff radii: R, =10, 13,
15, and 17 A, respectively. The exchange parameter is
chosen so that the magnetic binding energy

~

E
~

=150 cm ' at 0 K. The Mn arrangements and the
exchange values are listed below as follows:

For curve A, %op=7708 cm ': n ~
——1, r

&

——0.8a;
n2 ——1, r2 ——1.225a; nq ——1, rz ——1.414a.

For curve B, NoP=5024 cm '. n&
——1, r& ——0.8a; nz

= 1, r2 ——1.225a; n& ——2, rz ——1.525a; n4 ——3, r4 ——1.871a.
For curve C, XoP=4315 cm ': nj, r~ (j= 1—4) same

as for curve 8; n5 ——3, r5=2. 167a.
For curve D, 1Vop=3644 cm ': nI, r„: (j=1—5) same

as for curve C; n6 ——6, r6 ——2.489a.

0

Here, a =6.48 A is the lattice constant. The dashed curve
in Fig. 5 corresponds to the same Mn arrangement and R,
as the solid curve C, but a different Bohr radius
az ——12 A. The exchange parameter %OP=5500 cm ' is
chosen to match curve C at T=2 K. Clearly, the cutoff
radius R„which determines the number X of Mn ions
enclosed in the BMP (for a given composition x), is a cru-
cial parameter for the binding-energy —versus —tem-
perature curve. On the other hand, a variation of az for a
fixed R, appears to be less significant. One should, how-

ever, keep in mind that R, must vary with az and x if
our physical interpretation of the cutoff radius is valid.

In Fig. 6, we compare a theoretical curve (C of Fig. 5)
with the experimental points (of Fig. 3) for
Cd() 95Mno o5Te. The agreement is excellent. The dashed
curve in Fig. 6 results from the truncated Gaussian ap-
proximation discussed after Eq. (27), the parameters being
the same as for the solid curve. It is clear that the Gauss-
ian approximation is inadequate for explaining the experi-
mental data.

Let us now discuss the parameters of our "best-fit"
curve:

(1) The value a~ ——10 A is estimated as follows. From
the measured value of the acceptor binding energy Ez and
dielectric constant in CdTe, we have az ——13 A. If we
allow for a first-order correction due to polaron forma-
tion, we find, from a variational calculation, that a~
should be reduced by about 25%.

(2) %OP=4315 cm '. The free-hole value20 is 7000
cm '-. According to the estimations of Mycielski and
Rigaux, for a bound hole, %OP-5200 cm

(3) The cutoff radius R, =15 A. The hole-Mn interac-
tion at this distance is 4.6 crn =6.6 K. A mean
Mn-Mn —interaction parameter of 6.6/5-1. 3 K would be
consistent with this value. In fact, the nearest-neighbor
Mn-Mn antiferromagnetic interaction parameter is es-
timated to lie between 1 and 6 K.'
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We have more qualitative evidence in favor of the cut-
off hypothesis. Although we have chosen to present
theoretical results only for x =0.05, we have carried out
some calculations for the x =0.02 case. We find it neces-
sary to take a larger cutoff radius in order to account for
the experimental data in this more dilute alloy.

IV. CONCLUSION

As explained in the Introduction, the acceptor-BMP is
a more difficult problem from both theoretical and experi-
mental points of view, as compared to the donor-BMP.
The experimental method that we have employed, namely
time-resolved spectroscopy of donor-acceptor pairs, for
studying the acceptor-BMP, is certainly less accurate than
the spin-flip Raman scattering method applicable to the
donor-BMP. However, the error arising from the relative-
ly indirect nature of the method is comparable to the un-
avoidable chemical and magnetic broadening. We have
thus obtained unambiguous quantitative data for the bind-
ing energy as a function of temperature from 1.6 to 35 K
for x &0.05.

The theory we have presented describes both the low-
temperature saturation and higher-temperature fluctua-
tion regimes in a consistent manner. Qur model differs
from the ones applied until now in SMSC. Firstly, we do
not make the Gaussian approximation. Secondly, the spa-
tial distribution of the Mn ions over the cation sublattice
is taken into account; this may also provide a basis for a
more complete description of composition broadening.
Thirdly, we take s = —', for the effective spin operator of
the hole. Finally, we quantitatively account for the exper-
iment without using the macroscopic parameters So (re-
duced spin length) and To (Curie-Weiss temperature). We
introduce, instead, a cutoff radius R„which is related to
the average value of the Mn-Mn exchange interaction.
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