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We consider the magnetic field and temperature dependences of the spin splitting for
an electron localized on a shallow donor, taking into account the s-d coupling with the sur-
rounding magnetic ions. We calculate the probability distribution of the spin splitting A
with the thermodynamic fluctuations of magnetization included. They are responsible for
persistence of the spin splitting at ambient temperature in the absence of the field. The
probability distribution of the spin splitting is the main factor determining the energy and
the shape of the optical transition line between the spin-split states. We compare our results
with recent experimental results on spin-flip Raman scattering in Cd,_,Mn,Se. Our theory
provides a satisfactory quantitative description of the donor electron accompanied by a
nonuniform cloud of magnetization in that material.

I. INTRODUCTION

The properties of a shallow donor electron accom-
panied by a nonuniform spin polarization of local-
ized 3d or 4f electrons (hereafter simply called the
spins) have been studied intensively during the last
decade.'~* Since the s-d (s-f) coupling of spins to
carriers is important in this case, a detailed analysis
of the influence of this coupling on the binding ener-
gy and on the localization of the wave function of
the impurity electron should be given.>~> The resul-
tant bound state for which both electrostatic and
magnetic (s-d coupling) energies are important is
called a bound magnetic polaron (BMP).""* The im-
portance of the concept of the BMP shows itself
when analyzing the strong transport anomalies of
doped ferromagnetic semiconductors EuO and EusS,
particularly near the Curie temperature and in the
paramagnetic regime."">®’ The polaronic effects are
also important when considering the influence of the
s-d coupling on spin splitting of extended (carrier)
states in these semiconductors.®

In this paper our interest is concentrated on dilute
magnetic semiconductors.” The purpose of this
work is to help in understanding the optical proper-
ties'~12 of the system Cd,_,Mn,Se, with x well
below the percolation limit (x,~0.2) for the onset of
the magnetic order of Mn?* ions. However, unlike
the previous theoretical treatments of the bound
paramagnetic polaron,' ~>!®!3 we take into account
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the effect of thermodynamic fluctuations of magnet-
ization on the binding energy of the electron local-
ized on the donor.'* The new feature of our con-
siderations is based on the observation that a degree
of spin alignment around the donor may be caused
not only by the molecular field produced by the im-
purity electron but also by the thermodynamic fluc-
tuation of magnetization. The influence of the latter
factor can be relatively large even beyond the critical
region because of the finite size of the system under
consideration. Additionally, we show how a spuri-
ous phase transition to BMP state, obtained within
the mean-field approximation,"’ can be removed
when the thermodynamic fluctuations are treated
more carefully.

The structure of this paper is as follows. We start
with the equation of motion for the donor electron
coupled through the s-d coupling with dilute Heisen-
berg spins and define the spin splitting (Sec. II).
Next, in Sec. III we derive the Ginzburg-Landau
functional using the rotationally invariant form of
the molecular-field approximation (Sec. III A). This
functional helps us to derive the effective Hamil-
tonian containing the spin splitting | A | as a vari-
able and the effective Bohr radius a as a variational
parameter. The effective Hamiltonian is averaged
out over all space profiles {K/I(f')} of the local mag-
netization of the spins giving rise to a specific value
of | A |. The nonvanishing value of M(T) when the
magnetic field is absent comes from both the s-d
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coupling and the thermodynamic fluctuations. The
latter factor is a decisive one at nonzero temperature
since we do not expect any spontaneous magnetic or-
der at Ts0 for the dilute system interacting with
the donor electron within a finite volume (~a*)
only. The effective Hamiltonian gives the probabili-
ty distribution P(| A |) of the spin splitting, in ac-
cordance with the fact that the probability for a
given fluctuation to appear is given by the
Boltzmann distribution with the energy being the
amount of the free energy needed to create the fluc-
tuation. This probability distribution determines
both the thermodynamics (Sec. IV) and the shape of
the line in optical transition (Sec. V is where the de-
tailed comparison with the experiment is given).
Section VI contains discussion and a short summary
of our results. Finally, the Appendixes A—D give
some details of our calculations as well as some of
the material parameters of the systems for which the
numerical calculations were performed (cf. Appen-
dix D).

II. EQUATION OF MOTION AND
THE SPIN SPLITTING

We assume that we have an electron on a shallow
donor placed below the bottom edge of the conduc-
tion band, which has its minimum for wave vector
k =0. The Hamiltonian of this electron can be writ-
ten as

where Hy is the band energy near the bottom of the
conduction band, H-= —e?/kr is the Coulomb at-
traction energy to the donor, and
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FIG. 1. Schematic representation of the situation con-
sidered in this paper. We disregard the thermal activation
of the donor electron.

is the magnetic part containing both the s-d interac-
tion with localized moments {S;} (called briefly
hereafter the spins) and the Zeeman term. The situ-
ation is schematically represented in Fig. 1. We as-
sume also that the spins are placed on a regular lat-
tice and dilute with nonmagnetic ions so that they
can be treated as a paramagnetic subsystem with lo-
calized magnetic moments.

The wave function of the electron can be written
15

as
.
| W)= @nolns |0) , 2.2)

n,o

where @,, is the amplitude of electron on site R,,
with spin o, a,, is the creation operator of electron
on this site and |0) means the vacuum state, with
no electron present. Here we consider a single elec-
tron on donor. The wave function leads to the fol-
lowing Schrodinger equation for the electron'®

2
. e
’ﬁat‘pna_ m%)tmn¢ma— E%_ K ‘ Rn | Pno
1 Iy —
- ?g..uBH' 2 ( T)oa'g)na'

+5Jc S (S TogPng-=0. (2.3)
pr

This is the Schrodinger equation in real space, so
tan is the overlap integral between the Wannier
states P-(T—R,,) and ®(T—R,) for the conduc-
tion band, €> is the position of the bottom edge of
the conduction band, x is the static dielectric con-
stant of the medium, J is the exchange constant of
the contact Fermi interaction between localized
spins {S } and the donor electron, and 7=(7,,7,, 7,)
are the Pauli matrices. In what follows we will con-
sider a large-polaron case. Then, using the continu-
ouslsmedium and effective-mass approximations, we
get

2

i3, T,1)=— (F)1) —;cpa(f',t)

+ gg‘p,,ﬁ- S (Do @l Tt)
<

—3Jc S (S(Fo1) Ty o (1) .
<

2.4)
We make one further approximation. Namely, we

replace the spin field S(F,1) by its quantum-
mechanical average. This is the so-called
molecular-field approximation and it means we
neglect the spin-flip processes, i.e, the processes of
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the exchange of unit spin between the subsystem of
the spins and the donor electron. Also, we assume
that the time evolution of the spin subsystem in the
large-polaron case considered is slow enough so that
we can regard it as a static subsystem (stationary
states considered only). These facts are in agree-
ment with the observation that the donor electron
“sees” a large cloud of spins which therefore can be
regarded as an effective classical spin S.;— o0. So,
both the spin-flip processes and the time evolution
of the individual spin out of the cloud are regarded
here as irrelevant to the problem, and therefore the
thermalization process of the donor electron is as-
sumed to take place for every configuration of the
cloud.
Thus we seek a solution in the form

iH,t
#

@o(T,t)=exp Po(T), (2.5)

where the electronic Hamiltonian H, of our system
is

#? er =
Hy=— V'~ —+5aM(T)7T
¢ 2m* kr ? ()7
+5etupH T, (2.6)
with local magnetization
— 71()(§(")>
M(T)= —8Up ’ (2.7)
Vo
and
JcV,
a=—"", (2.8)
no

where ¥V, is the volume of the elementary cell con-
taining n, cations, g and g* are the Landé factors
for the spins and the donor electron, respectively.

Next, to make the problem tractable we decom-
pose wave function ¢,(T") into space and spin parts,
i.e., @,(T)=@(T )a,, and define the spin Hamiltoni-
an H¢ for the donor electron as Hamiltonian (2.6)
averaged over space variables, i.e.,

He= [ dr o*(T)H.@(T) . (2.9)

We are considering a single donor in a semicon-
ductor with Np such impurities in unit volume, each
occupied by an electron. What is of interest to us,
therefore, is a range of concentrations below the one
determining the Mott transition in the impurity
band for those donors (i.e., the average distance be-
tween impurities d, N_]/3>2.Sa, where a is the
effective Bohr radius of the donor electron).

The wave function of electron on donor is as-
sumed to be of the s type

e(t)=(ma*)""2exp(—r/a), (2.10)

with a being here a variational parameter to be

determined later. We have neglected the field in-

cluded ellipticity, i.e., (cfi/eH)'"? > a is assumed.
Substituting (2.10) into (2.9), we get

s
i e?

H, . — <
¢ 2m*a’ Kka
RPN 2 *,
+57 fdr|<p(r |M )+g*ugH
gHip
(2.1D
We can rewrite this Hamiltonian in the form
He=Epla)+ 574, (2.12)
where
2 2
ED(H): ﬁ e_

2m*a? «ka

is the Coulomb part of the binding energy of the
donor electron, and

(2.13)

The value A= | A | is the spin splitting of the donor
state under the presence of the local magnetization
M(F) within its orbit and in the applied magnetic
field H. Strictly speaking, it is composed of two

< ek D -F, ]

d/rect:ons of ﬁ%

magnelization
at different Pomt.s

FIG. 2. Components of the vector A. Magnitude A of
A is the spin splitting of the donor electron.
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parts: One is given by the presence of local magneti-
zation M(T) weighted by probability |@(T)|? of
finding an electron and the other is the ordinary
Zeeman splitting.

The direction of A supplies a local quantization
axis for the electron spin (cf. Fig. 2).

The quantity A is of special interest to us because
it is available from the spin-flip Raman scattering!!
and the absorption'? measurements. To calculate it
we must determine the shape of the local magnetiza-
tion M(T). More precisely, due to the presence of
thermodynamic fluctuations in the system, we
should determine the probability distribution
@[M(f’)] of given fluctuation characterized by
M(T) to appear, and subsequently get P(A), which
determines the intrinsic shape of the spin-flip transi-
tion line. This problem is discussed in detail in the
next section. However, it is important to note here
that the theory can give only the probability distri-
bution of the spin splitting since the cloud surround-
ing the donor does not order either by itself or by s-d
coupling at any nonzero temperature. It still does
not rule out a possibility of the existence of the most
probable value A of A, as we shall see next.

III. THE PROBABILITY DISTRIBUTION
OF THE SPIN SPLITTING

In order to determine the probability distribution
P(A) of the spin splitting A, we have assumed
in our previous paper'* that

M(T)=17|@(T)|2+MyH) , 3.1)

where 77 is the amplitude of the local magnetization
caused both by the thermodynamic fluctuations of
magnetization and by the molecular field coming
from the presence of the donor electron. In this pa-
per we would like to avoid this sort of assumption
and treat the whole problem more systematically.
Namely, since our aim here is to determine the prob-
ability distribution P(A) we construct the free-energy
functional [the so-called effective Hamiltonian'6—!8
> (D), taking into account all possible space pro-
files of local magnetization M(?) with appropriate
weights.

The starting total effective Hamiltonian %[l—\:l(?)]
is composed of two parts: the electron part (2.11)
and the localized-spins part W,[ﬁ(f’)] having the
Ginzburg-Landau form. The latter one is discussed
in detail in Appendix A. For a paramagnetic system
and in the magnetic field, the lowest-order contribu-
tion to the Ginzburg-Landau free-energy functional

is
#,[M(T)]=a; [ d>[M(F)—M,]?
+a, [ dir My(7)
+¢ [ d*r[VM(D)P, (3.2)
with IVIH and M | being the parallel and perpendicu-

lar components of M(T) with respect to the field-
induced macroscopic magnetization My,

— —1
1 oM, |7 M, ]

aq =

1
’ alzz

o0H H

and ¢ being the exchange stiffness constant. In
(3.2) we have included only the terms quadratic in
magnetization since we limit ourselves to the case
when the contributions coming from the presence of
the donor electron and from the fluctuations are
small compared to the saturation value M; of M.

The probability distribution of M(T) is defined
through the canonical distribution summed up over
donor spin degrees of freedom

HIM(T)]

kyT

Z[M(T)]=C [Tr] exp | — ,  (3.3)

where C is a normalizing constant, and Tr means
summation over 7,=+1 for the donor electron
when the direction of A is chosen as a quantization
axis. Then, the explicit form of (3.3) is

PR =C x[M()]
r)]=Cexp ~-——-————kBT
A[M(T)]

X 2 cosh ————ZkBT (3.4)

—

The probability distribution P(A) of the spin split-
ting A is obtained from (3.3) by the appropriate
change of variables

(3.5)

The meaning of the transformation (3.5) is as fol-
lows. We would like to calculate the contributions
coming from all profiles of magnetization, {K'I(f’)},
giving a contribution to given A of the spin split-
ting. This necessitates the functional integration
over all possible “paths” of M(T) with the weighting
factor Z[M(T)].

Therefore, the transformed effective Hamiltonian
can be defined (up to an irrelevant constant) by



1552 T. DIETL AND J. SPALEK 28

H(A)=—kzTInP(A) . (3.6)

In order to perform the functional integration con-
tained in (3.5), we develop first the Fourier series of
the involved quantities, i.e.,

and

q

where V is total volume of the system. Then the ef-

M( ?)—K'I(,:% ST _,exp iq-r) (3.7 fective Hamiltonian in the new representation be-
T comes
J
A
— _1 0 a ’ — *
- § (X Inl_.l +Xj7 D75 21—kgTIn |2 cosh 2kBT+g;LBk T;Re("qaba) ,
q BT 3

(3.9

where E'E means that the summation is taken over half of the first Brillouin zone [this is because M(T) is a
*
real function so 7 §= T _ and thus 77 3 and 7 _ arenot independent variables],

Xri@)=2a,+%¢4?,
X q)=2a+%€q%,

and

Ao= le'10'1'8"',11191—:1 .
8B

Hence the new effective Hamiltonian (3.6) in the same representation takes the form (7

#(A)=—kzTIn|2cosh

xXexp | —

After some algebra (for details see Appendix B) we
get up to an additive constant

Z’(X)=—k3T1n 2 cosh 2k, T
A2 (A — A2
b2 B (314)
86,,]_ 8¢ I
with
2 2
L= g )ZEXu;(q N (3.15)

where A L and A] | are the components of A perpen-
dicular and parallel to Ao, respectively. Since in the
further analysis we limit ourselves to the case of di-

I [ asang
q

A\

(3.10)
(3.11)
(3.12)
§=Tg Ting)
) F) K—KO———E Re(7,b%) | | +Epla) .
T gUB 3 d
(3.13)

l

lute paramagnetic system, one can assume that the
gradient term in the expansion (3.2) is unimportant
(¢ =0). Additionally, neglecting the ﬁeld-mduced

anisotropy in [i.e., assuming that - a|T l=x
=(0My/0H)], we get
- A
H(A)=—kgTIn |2cosh 2, T
(A—&y)?
+————+Epla), (3.16)
8¢,

with

G=""—""75 2 |b. (3.17)

2(gy )
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Assuming that the average distance between the
magnetic impurities is much smaller than the Bohr
radius, we get for the hydrogeniclike wave function
(2.10)

2
aX
(g =——— . (3.18)
P 32mad(gup)?

The result (3.16) with €, given by (3.18) coincides
with the one obtained previously!* employing the
ansatz (3.1). The effective Hamiltonian (3.16) will
be used in the following discussion of the spin-
splitting distribution and its most probable value A.
The latter will be discussed first in the mean-field
approximation (MFA). The more general case of
the effective Hamiltonian (3.14) with a a but
with € =0 is discussed briefly in Appendix C.

A. Mean-field approximation

To have a contact with the mean-field approach
devised by other authors,”>’ we note that in that
approximation the expected value A of spin splitting
A is obtained by a minimalization of the effective
Hamiltonian #(A). In other words, in the MFA we
take only one particular value of A when describing
the properties of the system. The specific value of A
is taken as the one which corresponds to the leading
term in the partition function.

Then, one gets the following equation for A:

A—Ag— 2¢,tanh

=0. (3.19)

A
2k T

For either T—0 or strong fields (Ag> €,,kpT), we
get A~Ag + 2¢,.

For H=0 (AO_O), Eq. (3.19) has a form of the
mean-field equation for magnetization. Expanding
tanhx ~x —x /3 for small A/kpT, we get

172
B’(ep —kBT)

A=kgT
B €p

(3.20)

So, we get the classical critical exponent B=-;— for
the temperature dependence of the zero-field split-
ting. In particular, there exists a critical tempera-
ture T,=¢€,/kp at which spins of the cloud sur-
rounding the donor get disordered. The equation
determining the effective Bohr radius a in the region
where A(T) is given by (3.20) can be obtained substi-
tuting (3.20) into (3.16) and setting 37 A )/3a=0.
We then get an equation for variable a
—ﬁ—2+—a+La Ye,—kpT)=0 (3.21)
m* 48 P BT T '

thus, as T—T,,

#x

2 ’

a—ag=
m*e

i.e,, above T, we get the Bohr radius for an ordinary
donor level.

To visualize critical behavior of a BMP state in
the mean-field approximation in a more direct way
have calculated the static susceptibility of our sys-
tem. Namely, expanding tanh(x)~x in (3.19) for
Ag#0, we get for T> T,

Ao aX/gup+8*up

A —H . (322
A= e kT 1—€,/ksT (3.22)

We see that the cloud susceptibility diverges as
kg T—¢€,, even though the susceptibility X of a di-
lute paramagnet as a whole does not. So, the pres-
ence of a donor electron coupled through s-d ex-
change with spins leads to a continuous phase tran-
sition at a finite temperature 7, =¢,/kz. One can
expect that this result is simply untrue for this sys-
tem (BMP) which is of finite size. We will show in
the following that the inclusion of the thermo-
dynamic fluctuations washes out this transition en-
tirely.

For the sake of completeness as well as for a com-
parison with a better approach that we are going to
study next, we have plotted in Fig. 3 the field depen-
dence of A. The parameters taken are those for
Cdy 9sMng osSe (cf. Appendix D).

The reason why we should include fluctuations in

A T I ® T
/Crﬁ7} - // /F 4
| // // 4
- /
5 /o, /,ﬁ’
- 'y / ’
L r 7 S
;7 /
R / ﬁ A _
- / , / 4
/ /
10 e / / -
A //
-/ / i
S c -
-/ 9.95Mhos>¢ -
2/ /S eT=15kK .
St of A/ mT-22K
I AT=42K 7
/ -
/ —
X
/ —
0 L | 1 1 1
0 a1 Q2 Q3

Magnetic field(T)

FIG. 3. Applied field dependence of the value of the
spin splitting (A) in the MFA. The parameters are those
of Cd;_,Mn,Se with x=0.05 (cf. Appendix D).
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the subsystem of spins is very simple. Namely, a
BMP composed of the donor electron and a cloud of
magnetization surrounding it is a system of finite
size embedded in a heat bath.

Fluctuations of magnetization beyond the critical
region are also of a finite size. So, they can have an
important contribution to the localized states even
though their part in macroscopic magnetization of
the whole sample may be negligible. Additionally,
fluctuations may show themselves at relatively low
temperature because the dilute system of spins below
the percolation threshold does not order by itself at
any finite temperature.

To incorporate the thermodynamical fluctuations
of magnetization into our scheme, we proceed as fol-
lows. The probability distribution of fluctuation oc-
curence at given temperature and volume of the sys-
tem is [cf. Eq. (3.6)]

—

(&)
kgT

P(A)=Cexp |— (3.23)

The normalization constant is to be found from

XA
kpT

C'= [d’Aexp (3.24)

Since the spin splitting of the electron is determined
by | A |, we integrate over polar () and asimuthal
(@) angles.

B. Inclusion of thermodynamic fluctuations

At finite temperature the region of parameter A
beyond the minimum of (A ) is also accessible to
the system. This is due to the presence of the ther-
modynamic fluctuations of the local magnetization
M(F) and the finite size (~a) of the BMP.

We then get the probability distribution of spin
splitting [we integrate (3.23) over the angles]

P(A)=C'Asinh | —20_ |cosh |2
- st 4617 kB T cos ZkB T
AZ
- , 3.
X exp 8e,kaT (3.25)
where
32me,kpT A Ep(a)
=C - exp | —
Ao 8€p kB T kB T
(3.26)

The formula (3.25) gives the probability distribution
of the spin splitting A in the presence of applied
field H; i.e.,

A(): —a—Mo(H) +g*ﬂBH#O .
8UB

In the limit H—0 we get
(
2

P(A)| g _o=C"A%xp 86AkBT
P

cosh

2k T
(3.27)

This formula can be interpreted as follows. The fac-
tor A2 comes from the density of states in space of
A with given | A |. The next factor is a Gaussian
distribution of the local magnetization of the cloud
treated classically and accompanying the donor elec-
tron. The last factor comes from the s-d coupling of
spins with the donor electron. Because coshx > 1,
the s-d coupling enhances the magnitude of the spin
splitting created by the fluctuation.

C. The most probable value
of the spin splitting

The most probable configuration A of A is found
from the condition

dP(A)

=0,
dA

Iy

which leads to

<~ 0
2kBT——Aa—A?f(A) |z=0. (3.28)
We see that the minimal work involved to create a
fluctuation'” of amplitude A is equibalanced by the
thermal motion (~kgzT). So, the results of this sec-
tion and those of mean-field approach coincide only
for T=0. Equation (3.28) has the following form:

AA,
46pkB T

A%—2¢,Atanh —AAxcoth

A
2k T
—4e,kgT=0. (3.29)

The parameter €, appearing in this equation still
contains unspecified effective Bohr radius a [cf.
(3.18)]. It can be found by minimizing the free ener-
gy AF of the system. The explicit expression for
AF, which includes the fluctuations, will be given in
the next section. Before analyzing Eq. (3.29) numer-
ically, we will discuss some particular cases which
can be solved analytically.

1. Case A: H=0

Taking in (3.27) first the limit A;—0 and then
T—0, we get A=2¢,. This result coincides with
the MFA. Furthermore, taking into account the
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term in T in (3.29) we get the low-temperature limit

8kyT 172

A=¢,

1+ |14 (3.30)

€

In the opposite limit T— oo (i.e., for €, <<kgT), we
get

— 8kpTe kgT 2
2o —2 PRk T=——s— .
1—€,/kpT 4ma’ (gupg)
(3.31)
Noting that
A=—2-(M),
b 429:]

where (M) is an average magnetization within the
Bohr radius, the above result can be compared with
the most probable amplitude of fluctuation of mac-

roscopic magnetization'®!® in the paramagnetic re-
gion
o 2ksTX
(M?*)=——, (3.32)

where V is volume of the system under considera-
tion. This means that the spin splitting A in the
high-temperature region kzT >>¢€, is solely due to
thermodynamic fluctuations as has been shown by
an example of simple reasoning.'*

In particular, because for T— o0, X ~1/T, we see
that

7111'11 kBTX=CM >0 ’

where C,, is the Curie constant of the susceptibility.
Hence, the spin-flip energy is nonzero even for
kpT >>¢€,, i.e., far above the mean-field critical tem-
perature T,. In other words, the donor electrons
lowers its energy, aligning its spin along the instan-
taneous magnetization of the cloud. Such a situa-
tion certainly takes place if the relaxation time for
the cloud decay is both much longer than the period
of the Larmor precession of the electron spin in the
effective field produced by this fluctuation and
larger than the spin-relaxation time of the donor
electron. It has been pointed out before (cf. Sec. II)
that since the polaron is large the individual spins
may relax much faster than the whole cloud.

2. Case B: H#0, T—0 (i.e., €, >kgT)

Now we will analyze fully Eq. (3.29), first for
T—0. In strong fields, i.e., for

AA,
4€pkB T

>1,

we have
A~ {Ag+2€, +[(Ag+26,)2+ 16€,k5 T1'/2)
26, + Ay 4 k8T (3.33)
~ €p+ 0+ A0+26p . .

For T=0 or H— « Eq. (3.33) reduces to mean-field
result. We see that the spin splitting

K~A0= a
gH

Mo+g*upH .
B
So, the field dependences of splitting follows rough-

ly the Brillouin curve for the strong fields.
For low fields (H—0), (3.29) can be written as

A2_2¢ Atanh |2 IKZA‘2’81<T—0
TR kT | T 12 kyTe,  PET T
(3.34)
So, for A(z,/epkBT << 1 we have
_ 8kpT |7
A~e, 1+ |1+ (3.35)
€

A in this region depends only weakly on H (the re-
gion of plateau). So the interpolation formula for
A(H) should give a plateau of A(H) first, then a

linear dependence (A~ H) and the approximate Bril-
louin law A ~Bs ) [upH /kpg(T +Ty)] as H— .

3. Case C: H#0, T— oo (i.e., €, <<kgT)

For T— « and for strong fields, i.e., for
Ad
4€p kB T

>1,

but
A
2k T

«<1,

we have

A2|1_-2

B

—BAg—4e,ksT=0. (3.36)

Since €,/kpT << 1,

172
Y,

4

_ A,

AgT + +4€,kgT (3.37)

Comparing (3.37) with (3.33) we see that the latter
equation is a good first-order formula for a strong
field in the full temperature range.
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T

FIG. 4. Most probable value A of the spin splitting as

a function of temperature T for various fields as specified.
The parameters are those for Cd;_,Mn,Se with x=0.05.

For low fields, starting from (3.34) we get

& 1 A}

1— =
ksT ~ 12 kyTe,

K2=8epkBT/

&, 1 &
kBT 12 kBTep

~8€,kpT (3.38)

So, we see that Eq. (3.35) is a good first-order inter-
polation formula between the region T—0 and
T— o for low magnetic field. In order to illustrate
the temperature and field dependences of the most
probable value A of the spin splitting A=A(T,H) we
have calculated it numerically. The results are
shown in Figs. 4 and 5. The parameters of
Cd;_,Mn,Se are as specified in Appendix D. The
results shown in Figs. 4 and 5 will be discussed in
connection with the spin-flip Raman scattering ex-

periments.!! However, one should also include the
J

AF=—kpTIn|Tr fd3Aexp

{r%

kT

Substituting (3.16) for the effective Hamiltonian
KX+, and (3.2) transformed to A variable for
x5, we find

ﬁz e 2 é'p

AF= -
2m*a? ka 2
0
—kgT In |2 cosh 2k, T
4¢ A
P . 0
h . 4.2
T8 M ey T 4.2

_L(%s'*'%ﬂc)

A
(cmf)

15

10

e7=15K
S5 |T-22K T
- AT=42K h
— .
0 1 1 1 1 1
0 ar o2 a

Magnetic field (T)
FIG. 5. Same as in Fig. 4 but as a function of applied

field. The temperatures are specified. Note that points
on the curves are representing theory.

occupational probabilities of the spin-split levels
when calculating the optical transition probabilities
(see Sec. V).

IV. THERMODYNAMICS

Suppose we have N, isolated and occupied donors
per unit volume. Then one can calculate a contribu-
tion A F to the free energy of the system, introduced
by the presence of the donor electron which had
formed the BMP. It is defined as a difference be-
tween the free energy when donor is present and the
spin part when donor is absent, i.e.,

R 4.1
T 4.1)

+kgTIn f d3Aexp

!

This formula does not depend on A and is the one
we minimize with respect to a to get the effective
Bohr radius. The equation for a thus obtained must
be solved numerically in the general case. However,
for both low and high temperatures (€, >>k5T and
€, <<kpT, respectively) and for the applied field
equal to zero, we can get analytical results. Namely,
for T—0,

AF=—¢,/2+Ep(a)—kzTn2 ,

while in the opposite limit
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AF=—3¢,+Epla)—kpTIn2 .

Then for €,/kpT >>1 (T—0), welget
172

apg ep(aB)
a~— |1+ |1 -3—"F"— , (4.3)
2 ED(aB)
while for €,/kg T << 1 (T— )
a e,(ap) |7
B p\“B
~— |1 1-9——— , (4.4)
a 2 + ED(aB)
where
2
aX
elag)=—""75"—"7, (4.5)
PR (gug)?32mag
2
Eplag)= , (4.6)
2kap

and ap =#’k/m*e? is the Bohr radius of the first or-
bit when the dielectric constant is « and the electron
mass is m*. Note that for the parameters character-
izing Cd,_,Mn,Se (cf. Appendix D) the correction
to the effective Bohr radius a coming from the s-d
coupling is up to 2% of ag. Thus to a good approx-
imation one can take a =agp.

Having calculated the BMP contribution A F to
the free energy of the whole system, one can calcu-
late the various thermodynamic quantities. For ex-
ample, the static magnetic susceptibility of the BMP

Xy=—Np a;gf e 47)
is
g ot [, ax |
4kgT g,uf;
X 1+3IZT / 1+7(% (4.8)

Hence at high temperature (€,/kgT << 1), the total
susceptibility is composed of two parts: the unper-
turbed spin susceptibility X and the susceptibility of
the localized donor electron (the standard Curie law)
with the effective Landé factor g.s=g* + aX/gu3.
Also from (4.8) we see that the critical behavior ob-
tained in the MFA [cf. (3.22)] is washed out com-
pletely by fluctuations. However, at low tempera-
ture (€,/kpT << 1) we obtain, unlike in the MFA, a
finite value of X, even though the spin splitting is
much larger than kpT. This is because the applied
field aligns partially the quantization axes of indivi-
dual BMP’s.
We calculate also the entropy per donor

0AF

AS = — , 4.9

aT (4.9)
which is for H=0

€
AS=k31n2+kBIn 1+m‘
kge
__"B% 1— 3+€_p_T_a_X .
kBT+Ep kBT 2X oT
(4.10)

Having the entropy, one can calculate the internal
energy AU and get

€
AU=Ep(a)——

2
34€,/kgT T
poers |y TOX T @.11)
I+e,/ksT | X 3

This quantity gives us the specific heat
C,=(AU/3dT),. In calculating C, we assume that
the effective Bohr radius is independent of tempera-
ture. We then get

-1

_ &% €p T
G=r 11207 | | 2x ar
_ & [1=TmwxnD |,
kpT 1+€,/kgT b
4.12)

This formula is not very transparent. For T >>T,,
(i.e., for €,/kpT << 1), however, and assuming that
X =Cp/(T +Ty), we get

Npe € 2
C,= Cal A ka +3]. @13
T 1+ Gp B
kT

Also, we get asymptotically C, <0as T << Ty ~1 K.
One must be careful in taking the last result too seri-
ously because for very low temperatures the Curie-
Weiss law for X may not be fulfilled.

V. COMPARISON WITH EXPERIMENT

The direct optical transition between spin-split
levels of the donor state is not allowed by the selec-
tion rules. However, it can be allowed either via in-
volvement of intermediate states (as happens in
spin-flip Raman experiments) or if the s-type wave
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function has an admixture of higher ones (2p, 3p,
etc.). The transition involving the spin flip of the
electron on the donor level will be influenced by the
direction of applied magnetic field with respect to
the geometry of light beam (s).

To show the usefulness of the concept of the
BMP in explaining the experimental results, we will
discuss the data of Nawrocki et al.!! concerning the
spin-flip Raman scattering in CdgygsMng ¢sSe. It
should be emphasized that this method, as well as
recent optical absorption data of Dobrowolska
et al.,'? provides a direct measurement of the spin
splitting A(T,H). In the following we concentrate
on the former experimental results only. The shape
of the spin-flip Raman line I(A) is represented by
P(A), given by Eq. (3.25), multiplied by probability
that the donor electron has its spin aligned or an-
tialigned with the direction of effective field A(T,H)

acting upon it
1 / 2 cosh
(5.1

where C is a constant related to the scattering cross
section, and + refers to the Stokes and anti-Stokes
components of the line, respectively. The peak posi-
tion of the line is therefore supplied by the condition

LB
2k T

I(A)=CP(A)exp

)

A
2%kyT

dI(A)
dA

=0. (5.2)
A=A

Then the appropriate equation for A is

o AA,
A“F2e,A—AAgcoth m —4€,kgT=0,
(5.3)
140 T T T
120 %Ng=280mev i

—_

o

(=)
T
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FIG. 6. Applied field dependence of the Stokes line po-
sition for Cdg ¢sMng gsSe in the high-field region. Experi-
mental points are taken from Ref. 11, while the continu-
ous line represents the theoretical dependence of A vs H
for aN, =280 meV.
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FIG. 7. Applied field dependence of the Stokes line po-

sition for Cd,_,Mn,Se with x=0.05 in the low fields and
at various temperatures. Experimental points, after Ref.
11. Solid lines, theory including fluctuations. Dashed
lines, MFA.

where F corresponds as before to the Stokes and
anti-Stokes components. Equation (5.3) predicts an
asymmetry between the components with respect to
the central line. This prediction differs with that
given previously,'* which assumes that all donors
are aligned with A in the initial state.'” Nonethe-
less, the difference between the peak position ob-
tained from (5.3) and the most probable value A of
spin splitting given by Eq. (3.29) should be small,
particularly for €, >>kpT. In the high-temperature
regime (€,/kp T << 1) and Ay=0, we have

A=te,+(e+8€,kpT)'"* . (5.4)

This differs by €, with the value A obtained in the
same limit [cf. (3.38)]. In the opposite limit,
€,/kpT>>1, we get from (5.3) the result A=A,
where A is given by (3.35).

The quantitative comparison of our numerical re-
sults obtained from solving Eq. (5.3) and the effec-
tive Bohr radius adjustment [minimization of (4.2)],
with the experimental data of Nawrocki et al.,'! is
given in Figs. 6 and 7. In Fig. 6 we have plotted the
field dependence of the Stokes line for
Cdy 9sMng gsSe. These results were used to deter-
mine the value of the s-d exchange constant
aN,=280 meV. The overall field dependence, par-
ticularly for stronger fields, follows the Brillouin
curve (D1) (cf. Appendix D), as expected from the
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MFA picture of the donor spin splitting. However,
in the region of relatively small fields H <5 kOe
there is an essential departure from the Brillouin law
(D1). Namely, the spin splitting levels off as H—0
at a nonzero value for the whole temperature range
studied. The field dependence of the position of the
Stokes component in that region is shown in Fig. 7.

From the comparison with the data we draw a
conclusion that our theory provides an appropriate
quantitative description of the spin splitting for the
donor electron, without invoking the concept of the
long-range magnetic order in these dilute magnetic
systems. For field H—0, the donor electron aligns
its spin with the direction of magnetization coming
from both the effective field provided by the s-d
coupling and by thermodynamic fluctuations of
magnetization of the surrounding cloud of spins.
The former effect is predominant at low tempera-
tures (T'<1.5 K), while the latter one is predom-
inant at higher temperatures (T > 4.2 K).

The contribution to the peak position coming
from the fluctuations decreases with increasing
field. This is because applied magnetic field induces
a macroscopic magnetization which fixes the quanti-
zation axis for donor spins and thus the effect of
fluctuations averages out to zero. The field depen-
dence in the low-field region is approximately para-
bolic and concave [cf. Eq. (3.38)]. Eventually, for
still stronger fields the fluctuations are suppressed,
and A approaches the value A,+2¢, [cf. Eq.
(3.33)], i.e., the mean-field value. It is worth noting
that the effect of fluctuations on the BMP discussed
in this paper is of importance when analyzing the
data concerning the transport properties of
Cd;_,Mn,Se (Ref. 20) and Cd;_,Mn, Te (Ref. 21).

V1. DISCUSSION

Let us recapitulate the main assumptions of our
work. Firstly, we have taken into account the polar-
ization of the cloud of spins, treating the spins as
classical vectors. Also, the polarization of the cloud
is regarded as small with respect to its saturation
value. Hence the continuous medium approxima-
tion is used throughout the paper. Within this ap-
proximation the magnetic properties of the medium
are characterized by susceptibility X(T,H) available
from independent measurements.

From (4.3) we see that we can treat the donor as
creating a large polaron provided that ap is large,
i.e., either k is large or m* is small, or both. Addi-
tionally, it must be true that

€,(ap)/Eplag) <<+ ,

i.e.,, the magnetic energy of the donor electron is

much less than its electrostatic energy.

Moreover, we have supposed that the neighbor
donor states do not overlap appreciably with each
other. This means that we are well below the criti-
cal concentration for the Mott transition. The mag-
netic (s-d) interaction shrinks the donor orbit so it
shifts the transition to a slightly higher donor con-
centration. Also, we neglect the exchange interac-
tions between electrons placed on neighboring
donors.

Furthermore, the thermal activation to the con-
duction band has been neglected. In general, the
number of occupied donors depends on the tempera-
ture, Np=Np(T), according to the thermal-
activation law, but with magnetic free energy
~ —€,/2 included.

Each of these assumptions can, in principle, be el-
iminated. In particular, one can consider the influ-
ence of fluctuations on the BMP in the ferromagnet-
ic case. The procedure is quite analogous well above
the Curie temperature T [with X =C, /(T —©) for
H=0]. However, around T one should include the
higher-order terms in the Ginzburg-Landau func-
tional (3.2) for the spins.?

Finally, the donor-electron magnetic moment is
regarded as being in a thermal equilibrium with the
surrounding cloud of spins. This is an assumption
made to simplify the problem and it should be valid
for a large-polaron case (cf. the relevant discussion
in Sec. II). However, at the present moment an ap-
propriate estimate of the relaxation times involved is
not available.

The bound magnetic polaron (BMP) state dis-
cussed here can be interpreted as follows. The pri-
mary force supplying the localization of electron on
a donor is the Coulomb attraction to the donor. The
s-d coupling provides an additional potential well
which increases the donor-electron binding energy.
The local magnetization which gives rise to the ad-
ditional potential may be decomposed into two
parts. One of them is created by a molecular field
produced by spin of the donor electron. The
remaining part is supplied by a random alignment of
the spins within the Bohr orbit of the donor and
caused by a presence of thermodynamic fluctuations
of magnetization. The role of the latter factor in the
magnetic part of binding energy (A) can be decisive,
as in the case of Cd,_,Mn,Se at higher tempera-
tures.
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APPENDIX A: FREE-ENERGY
FUNCTIONAL FOR THE SPINS

We have included the s-d part in the donor-
electron part. So, to avoid the double counting of
this interaction, we consider here only the spin part
of the Ginzburg-Landau functional, ie., the part

dependent only on local magnetization M(T)

I M(T)]= [ d° fIM(D)], (A1)
where
FIM(T)]= —M(F)-H+®[M(T)]
+C[VM(D)]? . (A2)

We expand f[M(T)] around M,, at a given value of
external field H. We have

M(F)=M,+ 7(F) . (A3)

Thus we have

SIM(D)]=f[M,] + () V f[M]I
L < 2f[M]
2,?:1"‘ DaMom; |w, "
(A4)
Noting that
V5 /fIM]| ﬁ0=0,
we get
F,[M(T)]= —M(T)-H+P[M ()]
P mim; 3°F[M]
‘F‘[M"HE; 2 aMaM, | T
i, MO
or, since 3°F; | OM;0M; =0 for i+j,
2 2
= - 1 yn 71
F,[M =F,[M —
sIMOI=FIMol+ 5\ v i) X“(T,H)]
T (AS)
where
o’F, 0°F,
X(T.H)=—5 | =—75|_ (A6)
oMy |M, dM, |M

and
0°F,
oM}

X,(T,H)= (A7)

—

Now we will find an explicit expression for X|; and
X,. Assume that volume of the system is V=1.
Then

aF; 0P M
—o. A8
3L, (A8)
Thus
9P
- __H R
M |m,
since
oM 1
oM, |wm,
Additionally,
OF, Ry am |
M2 |M, oM? |w, | M, | |m,
2
+ 32 oM (A9)
oM [M,O0M; M,
Hence
9°F, 2
s =22 L a0
oM; |m, oM* |m, X (T,H)
Analogically,
OF, _ ,OM: 3¢ oM
oM, oM, ' OM M,
3P M
A
M M, ’ (AlD)
and
O’F, R am |
aM? [m, oM? oM, | &,
0P 9’M
— (A12)
oM | ™, IM? |w
But
o M| __ 1
oM, " M? (M, Mo(T,H) '
(A13)
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So, finally
9°F
o= H 1L _ an
aM? %, Mo(T,H)  X,(T,H)

It still remains to prove that X,(T,H) defined
through (A 10) is identical to the isothermal longitu-
dinal susceptibility defined as the second derivative
of free energy.

we have

1 _ __ 1
X” aM? _Mo X”(T,H) ’

(A18)

which provides the desired relation. It should be
pointed out here that our expansion (A4) or (A5) is
also valid for a magnetic phase provided
| 77| << | My |, i.e., beyond the critical region or for
sufficiently strong fields.

9%F,
X == > | - (A15)
0H" | M, APPENDIX B: PROBABILITY
. DISTRIBUTION IN GENERAL CASE
For this we calculate
oF, M, b oM Applied magnetic field His creating an axial an-
3H —M,— 3H oM oH (A16) isotropy of various quantities even though the medi-
um by itself is isotropic when the field is absent. In
and this appendix we consider an influence of this aniso-
3%F. M oM tropy on the effective Hamiltonian 2#7(A). The full
s z z =
- H—2% - is
aH? |7 I oH? %, OH |W, form of J7(A) is
- hZ el
2 H(A)= > ————kgT1In |2cosh
2P oM 2m*a? ka 2kpT
+ 2
— H — 2
OM* M, 9 Mo " 4ra’ 8UB (K—K 2
X(T,H) | a 0
2
9P **M 815 | 1 1
EYVEIR o (A17) 47a’ Al _
M |, 0H? | ¥, T T | T ) T Xy (T H)
and since (B1)
| We get the previous form (3.16) assuming that
oM - oM M, L o=X), X,=X);. The form (B1) leads to the probability dis-
dH |Mm, oM, |y 0 dH M, tribution corresponding to (3.25) then
|
A 4ma’ | 8KB | A?
P(A)=constA’cosh -
(A)=constA“cos 2k, T exp X, " kaT
2
1 1423:] AAO 3 2x A 2 X|| _X.L
X dx e — | —4 — ==X )—— 1|, (B2)
J_ dxexp kT (X Ao X

where const contains all terms independent of A. So, the probability distribution of spin splitting A is given by
the error function.

APPENDIX C: DERIVATION OF THE EFFECTIVE HAMILTONIAN 57(A)

The effective Hamiltonian (3.2) is composed of two parts: the donor-electron part

#.=—kgT In |2cosh

A
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and the spin part

{74
d3 —.d3 " _—st7q’
A

—Ap— S Re(7b%) | (C2)
I

In what follows we evaluate the integrals involved in (C2) analytically. The first step is to integrate over one of

the variables, i.e., 7 3
0

—

We introduce the notation A ={A;}, Ag={A¢;}, and
gpp(A;—Agy)
Aj=——7"T".
2

After integration we get

#.(B)=—kyTln | J° I din,din;
3

clef ol

i=1

where l—[% and 2% mean that the factor and term
containing 17’7].0 are omitted. Additionally,

X fori=3
i= (C5)

~|x, fori=1,2.
We rewrite the numerator of the exponential func-

tion contained in (C4) for each component i in the
form

771}—2)(_1 XG0 [ — 2 1;b; ]2’
j
(Ce)

where the new variable j runs over (N —1) points
4+qo in the first Brillouin zone. The quadratic
form (C6) can be transformed to a form which does
not include the linear terms by 7;=y; + a;, where

a Xsbi (C7)
i= 72 2 :
We get then
fly)= ?Xj_'yfz”%;b%o [bey,- ]2
J
+A2 (C8)

2 20 |
b% X5 + ?b,-xj

2
Nn= +77"2)+X31b~ )‘i“Rez""iﬁ’b%] ”l—3k3Tln
q

(C3)

gUB
2ab .
do

b

(C4)

|
The first two terms in (C8) give, after integration
over yj, an irrelevant constant in JV,(K ) so we disre-
gard them. The last term is a constant in the in-
tegration procedure and it contains the information
relevant for us since A=A(A). Therefore, finally

. A?

(A —A,)?
#,(B8)= I~ 0

8€pi 86[,”

’ (C9)

where €, | is given by (3.15). Hence adding up (C1)
and (C9) we get the effective Hamiltonian represent-
ed by Eq. (3.14).

APPENDIX D: MATERIAL PARAMETERS
OF Cd,_.Mn,Se

The theory presented in this paper contains the
following parameters: the field-induced magnetiza-
tion for the spins M(T,H), the Lande factors for
spins (g) and the donor electron (g*), the effective
mass of electron at the bottom edge of the conduc-
tion (I';) band m*, and the static dielectric constant
k. In the temperature range 1.5—2.4 K and up to
field H=60 kOQe, the field dependence of magnetiza-
tion can be parametrized by the Brillouin func-
tion>%3

Mo(T,H)=5gupxNoBslgupH /kg(T+T)]
(D1)
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with g=2, and Ny=ny/V, is the number of cations
per unit volume. The quantities X and T, are [T.
Dietl, M. Otto, H. Pawlowska (unpublished), and
Ref. 23] x=0.027, 0.041; Ty=1.2, 2.15 K for the
concentration of magnetic (Mn?™*) ions x=0.05 and
0.1, respectively. The other quantities are’*

g*=0.52, m*/my=0.13, and k=9.4, which gives
ag=38 A. For the sake of simplicity we assume
that the magnetization My(T,H) is described by Eq.
(D1) up to T=10 K. This underestimates the mea-
sured value of M, (T=10 K, H) by 10%.
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