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Résumé. — On étudie la distribution énergétique des polarons magnétiques liés au donneur dans les alliages
CdMnS et CdMnSe, grice a la diffusion Raman par spin-flip. L’influence des fluctuations magnétiques sur les
formes des raies est mise en évidence. On apporte aussi une preuve du superparamagnétisme des moments géants

associés aux polarons magnétiques.

Abstract. — The energy distribution of donor-bound magnetic polarons is studied in CdMnS and CdMnSe alloys,
using the spin-flip Raman scattering technique. The influence of magnetic fluctuations on the lineshapes is proved.
Evidence of the superparamagnetism of giant moments associated to magnetic polarons is also reported.

1. Introduction.

The influence of Mn*™* ion d-shells on delocalized

electron states (band electrons) was the first stage of
studies in semimagnetic semiconductors (SMSC) [1].
Then, bound magnetic polarons (BMP) were evi-

denced around donor or acceptor centres in these

materials [2, 3]. The importance of fluctuations in
these experimental observations was pointed out by
Dietl and Spatek [4], and other various theoretical
treatments of these effects in SMSC were stimulated
[5, 6].

The aim of this paper is to present experimental
results of spin flip Raman scattering (SFRS) on BMP
at several temperatures and to throw some light on
the influence of fluctuations by explicitly explaining
the experimental lineshapes. Before going further
into details we have to specify that we do not deal
in this paper with the problem of acceptor centres :
in that case, composition fluctuations smear out
experimental results and the theoretical description
of magnetic fluctuations is complicated due to the
non validity of the linear approximation for the
susceptibility [7, 8].
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2, Experimental.

Two different wide gap semimagnetic alloys were
studied : CdMnSe and CdMnS, both growing in
wurtzite crystalline structure and of n-type without
intentional doping. Recently, SFRS from donors has
been observed in both materials [2, 5, 9-11]. We will
present detailed results on Cd,qsMn,,sSe and
Cd, gsMn,, ;S compounds. Zero-field SFRS expe-
riments were carried out using a standard experi-
mental apparatus including an adjustable tempera-
ture cryostat. To get zero-field SFRS spectra with
sufficient separation from the elastic scattering requires
some additional precautions : in order to reduce
elastic scattering, the exciting polarization was parallel
to the wavevector of scattered photons (a possible
scattering configuration is shown in figure 4). In
addition, exciting light-energy has to be properly
selected to find an optimum between the resonance
effect (which increases the SFRS intensity) and the
residual absorption from exciton states at higher
energies. We used a CW dye-laser excitation in
CdMnSe and the various lines of a CW Ar laser in
CdMnS. Finally, the elastic versus Raman scattering
ratio also depends on the overall quality of the
samples, and on their proper orientation to avoid
birefringence effects which alter the scattering pola-
rization geometry. This ratio could be reduced to,
roughly, 103 in our best CdMnSe sample. Great care
has been taken to avoid heating of the donor BMP.
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Exciting intensity was reduced to 10 W/cm? in
CdMnSe and 10> W/cm? in CdMnS which is more
sensitive to laser heating as discussed in [11].
Typical spectra are shown in figures 1 and 2 for
various temperatures. We now show that, as sug-
gested in [4] these spectra essentially reflect the
energetic distribution of the magnetic system.
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Fig. 1. — SFRS spectra in zero external field and for various
temperatures, in Cd, ¢sMn, sSe. Exciting energy is 1.867 eV
(4 = 6 637 A). Theoretical curves (x) are generated from
equations (4) and (15), with /2 W, = 0.62 meV and T, =
0.6 K.
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Fig 2. — SFRS spectra in zero external field and for various
temperatures, in Cd, ssMng ; sS. Exciting energy is 2.540 eV
(A = 4 880 A). Theoretical curves (x) are generated from
equations (4) and (15), with \/2 Wy = 1.2 meV and T, =
12K
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3. Simplified BMP theory.

In this section, we present a simple derivation of the
BMP energy distribution. With additional hypo-
theses, it provides the same results as the more rigo-
rous and extensive treatments of [4, 5].

Assuming a zero external magnetic field and inde-
pendent Mn*™* ions, the spin Hamiltonian around
a donor reduces to exchange interaction between the
donor electron and the Mn** 5/2 spins lying in its
orbit :

Xex = — a ) | olr) [ 0.8, 6))
i
where ¢ is the spin of the donor electron, S; the spin
of the Mn™* ion located in r; and ¢(r) the electron
envelope function. o is the mean exchange integral
since, strictly speaking, it may differ for the two cation
sites in the primitive cell of wurtzite structure.

3.1 «Box » MODEL. — Firstly, we treat the over-
simplified case of a constant electronic enveloppe,

o) > = G na®) "' 0@ — 1),

where 6(a — r) is the step function. In fact, donor
states are likely to be hydrogenic, as they are in non-
magnetic semiconductors such as CdS or CdSe.
However, most of the physics may be discussed using
this model.

The system governed by the Hamiltonian J,, can
then be solved exactly. The eigen-energies are labelled
by the quantum number J of the total momentum
of the Mn** spin system :

E(J) = — aJ/2 [E;,(J) = a(J + D/2],

when the donor spin is parallel [antiparallel] to the
Mn** magnetization. The degeneracy of these levels
may be calculated by addition of the 5/2 spins located
within the « box ».

However, in the donor case of interest, the result
may be very well approximated by treating the Mn™* *
spins as classical and using the Gaussian approxima-
tion for computing the density of states with a given

N
resultant spin s =| ) S;|. This requires that
i=1

N~ Y2 <1 and s < NS (with S = 5/2) ie. that the
magnetic susceptibility may be considered as linear.
In this case, the density of states may be parametrized
as :

P(s) ds oc (s?/S?) exp(— 3 s?/2 NS?H)ds (2

which is a well known solution of the random-walk

problem [12]. The energy is written :
3)

E(9) = — $na®)" ! aos

where ¢ labels the eigenstates of the BMP : 6=+1/2
depending on whether the donor spin is parallel or
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antiparallel to s (let us recall that there is no particular
direction in the problem, as there is in a Zeeman
effect).

In an SFRS experiment, donor-BMP states with
6 =1/2 (6 = — 1/2) contribute to Stokes (anti-
Stokes) scattering. In other words no averaging of
the donor electron spin is expected from this experi-
ment. This is where our stand-point differs from the
first paper by Dietl and Spatek [4]. Consequently
the scattering event associates a shift 4 = — 2 E_(s)
to each donor-BMP (with the appropriate sign
convention that Stokes shift is positive).

Thus, the SFRS lineshape reflects the density of
states given by equations (2), (3). The energy scale
differs by a factor of 2 and the density of states has
to be multiplied by the Boltzmann population factor.
Thus the lineshape is :

§(4)d4 oc A% exp(— A%/8 E, kT + 42kT)d4 (4)

which takes into consideration both positive and
negative 4. In equation @), E, stands for « polaron
energy» and connects all physical parameters of
interest for the problem. In this « box» model :

E, = E} = (3 NS?/4 na®) (a?/16 na’) (1/kT)
=3 «® /16 g* pi na® %)
where N is the number of Mn*™" ions inside the
« box », and thus x is the low-field susceptibility per
unit volume of these independent classical spins.
Note that other quantities may be calculated from
equations (2), (3) such as the mean BMP exchange
energy :

(E)Y = BE,kT + E?/(E, + kT) ©)

which is not obtained by SFRS measurements but
may be the quantity of interest in others experi-
ments [8]. At low temperatures ( £ = E, while at
high temperatures, it vanishes as 3 E,, as expected
in high temperature development.

Coming back to equation (4), it reveals the two
main features due to magnetic fluctuations in BMP.

i) The most probable Stokes-shift is

Ay = E, + (E? + 8 E,kT)'? @)

which reduces to 2 E, at low temperatures but does
not vanish as temperature increases. It tends towards
the constant caracteristic value : lim (8 E, kT)'/?,

T— oo
which is conveniently denoted ﬁ W, by Heiman
et al. [5]. The same occurs for the most probable
anti-Stokes shift. This is due to the assumption that
the electron spin is quantized along the. resultant
magnetization inside the donor envelope function.
The quantity of interest is the absolute value of this
magnetization and not a particular component. In
other words, the proper quantum number of the Mn ™ *
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spin system for the exchange Hamiltonian (see
Eq. (1)) is J and not M.

ii) The linewidth of SFRS is of the same order of
magnitude, as the lineshape (8 E, kT)'?, if other
broadening factors may be disregarded (such as
composition fluctuation broadening).

3.2 MORE GENERAL TREATMENT. — To use a more
realistic description of the donor envelope function,
we have to show that equation (4) may be written :

3(4) d4 o« exp(— F,(A)/kT) d*A €]

where F (A) is the Landau free energy functional of
the Mn** spin system, submitted to a Zeeman-like
interaction in the BMP direction. Following Dietl
and Spatek [4], we may write :

F,A) = ”— M(). H(r) + ;—XMz(r)] &er )

where M(r) is the local magnetization and H(r) the
local exchange-equivalent field, both being para-
metrized as a function of « spin-splitting vector » A.
In the «box» model :

M(r) = (gug/0) Ab(a — 1) (10a)
H(r) = 3 /4 gug ma®) 6@ — r)  (10b)

which rapidly becomes
F,(A) = — A.c + 4%/8 EB. (11)

However, the transition from equations (11) to equa-
tions (8) and (4) is far from obvious in the general
case, although it may be grounded on common sense
arguments [4]. It requires rigourous justification such
as those in [4, 5] and also depends on the validity of
Gaussian approximation for the susceptibility (see
a more general discussion in [8]).

We shall consider in the following that we remain
in the validity range of Gaussian approximation,
which allows us to use the Landau free-energy func-
tional approach and thus to generalize equations (10)
to any form of the envelope-function.

Using a hydrogenic-type donor envelope function,
Dietl and Spatek derived equation (11), with EP
replaced by :

EY = o 3/32 g* p} na}y = EJ(ap)/6  (12)
where a,; is now the donor Bohr radius.
The numerical coefficient between EF' and E;

P
oi(H) &r / i) P,

which is the only quantity depending on the precise
envelope function in this model. It may be useful,
with respect to that problem, to define an effective
« box » radius a, which provides the same charac-
teristic polaron energy in the box model as with a

comes from the ratio :
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different envelope type (see Table I). A comparison
of this type has been done by Ryabchenko and Seme-
nov [13] using a different starting point.

Table 1. — Effective radius a, for different donor state
wavefunctions @(r). The case of the «box» wave-
function is taken as standard. Comparison is made
with analogous quantity R obtained by Ryabchenko
and Semenov (Ref. [13]), who used a variational tech-
nique.

¥(r) a,/a R/a
I (this work) (from R.S.)

JOURNAL DE PHYSIQUE

(4xa%73)" Y2 9(a-r) 1 1

(xa?72)” ¥4 exp[-(rr2)?] (3 /78)3 « 1.099 1.083

3,- 1

(v2”) 1.836

/2 exp(-r/a) 613 . 1.817

To conclude this section, we point out that equa-
tions (6) and (7) also hold for a hydrogenic-type
envelope-function, with E, = EX as given by equa-
tion (12).

4. Comparison with experiment.

Writing the characteristic quantity E, as a function
of susceptibility allows us to account for the anti-
ferromagnetic interaction between Mn* * spins, which
results in a somehow modified paramagnetic beha-
viour (forgetting spin-glass effects which may be
observed at concentrations greater than, about, 20 %,

[1)).

On the one hand, high field magnetization data-

may be described by [14]

(8,> =8y Bs;,[H(T + T,)] (13)
where S, is smaller than the ideal paramagnetic
saturation value, S = 5/2, and T, is an effective
positive temperature.

On the other hand, low-field susceptibility measu-
rements may fit the empirical relation

XT) oc (T + Tye)™? 14
where T ,p is an effective temperature which differs
from T, (see for example the results concerning
Cdy.977Mng o538 in [10]).

Assuming now a hydrogenic donor envelope-
function as the most reasonable choice for shallow
impurities in wide-gap semiconductors, we write
from equation (11), (13) and (14) :

E, = E} = «? 3/32 ¢° pj ma
— [S(S + 1/12] (N, @)? (xS,/S) @ nad No)~* x
X [K(T + Tpp)]™*

= W2/AT + T,p) (15
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with S = 5/2, and where all parameters might be
obtained by complementary experiments. Notice in
particular that (xS,/S) can be interpreted as an
effective concentration and is deduced from high
field magnetization measurements; N, is the number
of cation sites per unit volume; N, a is the exchange
parameter deduced from conduction band spin split-
ting under an external field, 4, = N, ax<{ S, ),
and is not very dependent on Mn concentration in a
given series of compounds [1]; (8 ma) N,) is the
effective number of cation sites lying under the donor
electron wave function.

To discuss our results, we proceed as follows. We
plot the experimental maximum of zero field SFRS
line as a function of temperature and fit it to equa-
tion (7) with E, given by equation (15). This fit depends
on two independent parameters : \/5 W, and T,;.
The results are shown in figure 3. Experimental
results are restricted to a temperature range below
20 K for CdMnSe and 30 K for CdMnS, due to the
decrease of zero field SFRS because of ionization of
donors. As we shall see, in these high temperature
regions, the quantity E, is much smaller than
(8 E, kT)"/* and the ratio T/(T + T ) is close to 1.
Thus we get rather unambiguously the limiting
value \/5 W,. Then, the low T region is fitted by
adjusting T,g.

Cd, Mn, S
1= 15%
V2 W= 12 meV
Tap =12K

Cd,_, Mn, Se
x=5%

05} V2 Wy =0.62meV
Tap= 06K

A/ meV

=
w
T

| |
0 10 20

L
30 T/K
Fig. 3. — SFRS Stokes-energy in zero external field versus
temperature, for Cd, gsMn, ;S and Cd, osMn, ¢5Se. The

solid curves are obtained from equation (7) in the text with
two adjusting parameters : \/5 W, and T,

From the experimental determination of \/5 W,
it is possible to extract, for example, a measurement
of the Bohr radius, independently from the donor
binding energy. These data, and the parameters used,
are gathered in table II for both materials. Main
uncertainties lie in the determination of the exchange
energy N, o and the effective concentration (xS,/2.5).
They may be estimated to 10 % each, which results
in a 10 % uncertainty on the Bohr radius determi-
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Table II. — Parameters used in this work. \/5 W,
and T,p are determined by experiments presented
here ; Bohr radii are deduced, using in addition (xS ,/2.5)
and N, a.

MAGNETIC FLUCTUATION IN BMP

Quantity Syabol Sample Sample Unit
Material CdMnSe Cdmns
-3

Cation Site Density N, L77x10% 2) 2102 ®) o™
Mn concentration x 5% 15%
(technologic )
High temperature 2 0.62 1.2 meV
BMP-splitting
Antiferromagnetic Tar 0.6 1.2 K
temperature
Effective concentration| xSo/2.5 2.7% ) 438
Exchange parameter Nou 0.26 4 0.22 e) ev
Bohr radius 3 39.5 25.5 X

(%) CdSe value.

(*) CdS value.

(°) From Dietl and Spatek, reference [4].

() From Heiman et al., reference [5].

(°) Data obtained from the same sample, from Nawrocki
et al., reference [11].

nation. However, our determinations of Bohr radii
are in remarkable agreement with values generally
admitted from donor binding energy in CdS and
CdSe.

These two parameters, \/5 W, and T, being
obtained, theoretical lineshapes may be derived from
equation (4), with E, = E}' = W}/A(T + T,g). They
are compared to experimental results, without any
further adjustment, in figures 1 and 2.

This comparison is quite illustrative for interme-
diate temperatures. At lower T, no antiStokes line
may be detected; at higher T, the scattering intensity
reduces as the donors ionize, and no clear maximum
may be observed on a broad symmetric background.’
These intermediate temperatures are typically lower
~in CdMnSe (~ 6K) than in CdMnS (~ 16 K)
since the donor ionization energy and BMP effects
are larger in this latter material.

In CdMnSe, with x = 59, the Stokes and anti-
Stokes linewidths are fairly well accounted for by
magnetic fluctuations alone. Note that in an external
field, the composition fluctuations cannot be neglected
any more. In the same material, we found (see Ref. [2])
that the linewidth amounts to 0.8 meV in 2 tesla.
Since the magnetic fluctuation broadening should
reduce as the susceptibility (see equation (16) below),
we may estimate it to be 0.4 meV in such an external
field. Consequently the composition broadening
should reach about 0.7 meV for a 12 meV Stokes-
shift. It is worth noticing that such an order of magni-
tude may be explained by a random distribution of
some 300 Mn* * jons in the donor orbit finite volume.

In CdMnS with x = 15 %, which seems to be poorer
quality material, the magnetic fluctuations only ac-
count for part (~ 1.5 meV) of the total broadening
(~ 2.5meV). This order of magnitude remains un-
changed in an external field, as found in [11], which

excludes inhomogenous broadening due to composi-
tion fluctuations. Thus the linewidth should be
explained by more complicated effects.

5. BMP alignment.

We now present a complementary experiment which
evidences the alignment of BMP, that is of the local
magnetization, along a weak external field.

The experiment makes use of SFRS polarization
selection rules [15]. Let us just recall that, in CdMnSe,
the main possible virtual intermediate states are the
donor-bound exciton states I,, and I,; which are
built with holes from the two upper valence bands
A and B. As a matter of fact, large spin-orbit coupling
lowers the C-exciton state contribution. Among
several possible, we chose the scattering configura-
tion, shown in figure 4, X(Z, +) Z. Exciting pola-
rization is parallel to the c-axis and magnetic field
direction (referred to as the z direction), and scattering
is collected along the same z direction, with selection
of the circular polarizations (referred to as ¢* and
o).

T=2K

T
Cd g5 Mn .05 Se

a
o
s

BMP ALIGNMENT

¥
Scattered light 1
% —or oz o3 oz °
H/TESLA

Fig. 4 — BMP alignment along external field H. The
solid curve is obtained from equation (17) as explained
in the text, without adjusting parameter.

Let us consider a donor BMP with local quantiza-
tion direction defined by the usual polar angles 6
and ¢. On the one hand, the virtual intermediate
states from the A valence band should not contribute
to the. scattering, since there is no P,-symmetry
component in the A-hole wave function. On the
other hand, the IJ; (I;5) state only contributes to
ot (07) scattering.

These two contributions are governed by the
quantization of the donor low-energy state along the
z direction : cos(6/2)|] > + sin(6/2) |1 >. Conse-
quently the degree of polarization (6*—o67)/(c* +07)
of SFRS from donor-BMP with local spin splitting

1075

DEGREE OF SFRS CIRCULAR POLARIZATION
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axis (6, @) is proportional to (cos* /2 — sin* 6/2)/
(cos* /2 + sin* 6/2). Thus the experimental degree
of polarization measures the quantity : 2 { cos 6 )/
(1 + { cos? 8 )), averaged over all BMP’s. It should
tend towards 1 in large external fields.

5.1 DISCUSSION OF THE RESULTS. — The experiment
was done in Cd,4sMny ,sSe, at T =2 K. This
material is best suited for selection rule studies, due
to the large spin orbit coupling. Exciting polarization
and energy were adjusted to optimize the high field
circular polarization of scattered light, but the align-
ment of the c-axis and magnetic field was not easy
to achieve perfectly in our set up. We found the cir-
cular degree of polarization to be, at most, 0.75 for
exciting energy 1.83 eV.

We checked that such a discrepancy is not due to
the giant spin-splitting of the I, level, which cannot
be neglected with regard to the energy denominator
and thus increases the ¢~ efficiency. However, this
effect accounts only for a few per cent of the depola-
rization at the exciting energy we used.

To explain this imperfect polarization, it is to be
noticed that our experiment is very sensitive to the
perfect alignment of c-axis and magnetic field direc-
tions. The first reason is birefringence, since we had
to work in right angle scattering and light travels
through, typically, 1 mm thickness material. The
second reason is easier to evaluate quantitatively :
it is rapidly shown that the I,, virtual state contri-
bution is, when allowed, greater by one order of
magnitude than the I,; contribution which provides
circular polarization (this is mainly due to smaller
energy denominator). As a consequence, misalign-
ment by one or two degrees increases unpolarized
scattering to values comparable with the polarized
scattering. We conclude that the 0.75 experimental
value of circular degree of polarization may be rea-
sonnably considered as a maximum and should
correspond to alignment of all BMP’s along the
external field.

5.2 THEORY. — We now estimate the variation of
{cos0) and {cos>6 ) as a function of external
field. The simplified approach presented in part 3.2
may be generalized, with the same fundamental
assumptions and limitations, to include action of
an external field in the Landau functional.

Following Dietl and Spatek [4], we define the
«spin splitting vectors» A and A,. The length of A
is the electron spin splitting and its direction lies
along the local quantization axis of the BMP. The
same definitions hold for A, when no fluctuation or
polaron effects are taken into account; thus A, is
the conduction band spin splitting under the influence
of mean magnetization M,,.

It follows that equation (4) is easily generalized [4] :

F(A) A oc 42 exp[ —(A—Ap)*/8 E, kT +4/2 kT] x
x d4dcos@de (16)

JOURNAL DE PHYSIQUE
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which only depends on 0 through
T(A) oc exp(2 44, cos 6/8 E_ kT).
We deduce that, for any Stokes-shift :
{cos ) = L(X) = L(244,/8 E, kT)

where L(X) is the Langevin function, commonly
used to describe the magnetization m of N classical
independent moments m = NuL(uH/kT), with
L(X) = coth(X) — 1/X.

In the same way, one easily show that : { cos? 0 ) =

1 — 2 L(X)/X, so that the degree of polarization
should be :

(6" — 67 )¢ + ¢7) = LX)/[1 — LX)/X] (17)
with X = 2 44,/8 E, kT.
We know interprete the argument X using :
4y = Ny uxSo/S) [S(S+1) gug H/3 T+ T g)]
(18)

which is easily deduced from equations (13), (14) and
assumes a small external field. In addition, we define
a mean Mn** spin value S inside the BMP through

(19)

Remembering (xS,/S) is the effective Mn concen-
tration and E, is given by equation (15), we get :

2-44,/8 E, kT = 8 najy No(xSo/2.5) gup HS/KT

A = N, a(xS,/S) S .

20)

where N, is the effective number of Mn* * ions inside
the sphere of radius a,, which is the effective radius
defined in section 3 (see Table I).

This expression of the Langevin function argument
provides a clear physical interpretation of equa-
tion (17). The variation of { cos @ ) expresses the
alignment of a giant classical spin N, S under the
external field (16).

For external fields smaller than 0.1 T, the BMP
spin splitting is roughly constant [2] and equal to
0.8 meV at T = 2 K; thus, from numerical values in
table II, we easily estimate S ~ 0.11 and
N, ~ 740 Mn™** ions. '

The BMP may be thought of as bearing a giant
spin SN, ~ 81, to be compared to 2.5, the spin
value for isolated Mn™ " ijons.

As the field is increased, S also increases and may
be deduced from experimental 4 through equation (19).
It results in a rapid alignment of BMP along the
field. Expected values of the polarization ratio are
thus plotted in figure 4 and compared to experimental
results. The qualitative agreement is good, remem-
bering we have assumed that the saturation value
{cos 0 ) = 1 corresponds to 0.75 degrees of circular
polarization. The main feature to be noticed is the
order of magnitude of the saturation field, which is
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around 0.1 tesla, to be compared with the saturation
field of isolated ions, typically 2 tesla in T ~ 2 K.
This experiment may be related to the variation of
Ay(H) for small H, which was also understood in
terms of « giant spin » alignment [2, 5].

6. Conclusion.

To conclude, we point out the good agreement between
our experimental results and a BMP theory which
accounts for magnetization fluctuations. Such a
theory explains SFRS linewidths, especially in the
case of the CdMnSe samples we studied. Even more
convincing are the SFRS line shapes in the interme-
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diate temperature region, which are quite consistent
with a density of state which is minimum at zero
energy. This is predicted by a simple statistical
approach based on the random-walk problem. Finally,
we presented experimental evidence of the « giant
spin » effects associated with BMP.
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