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Magnetic-field-induced sign reversal of transient photoreflectance in Cd12xMn xTe:
Paramagnetic shift at low manganese concentration
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Two thermomagnetic modulation mechanisms were revealed in photoreflectance modulation spectroscopy of
Cd12xMnxTe at low temperature. One is the thermal modulation of the magnetic redshift~paramagnetic shift!
of the gap, the other is the magnetic-field-induced thermal modulation of the so-called giant spin splitting of
the free exciton. In Faraday configuration ands1 polarization, these two magnetic contributions cancel each
other for a particular magnetic fieldBc . This causes a sign reversal of the photoreflectance signal aroundBc .
Analysis of the sign reversal is proposed as a tool for studying the paramagnetic shift at manganese concen-
trationsx much lower than those reported so far. By using a model of the paramagnetic shift that takes into
account interferences between Bloch waves scattered by spin-correlated ions, we obtain a good agreement with
experimental results forx between 0.015 and 0.05. These interferences are shown to reduce the paramagnetic
shift. For the lowest concentration studied this reduction amounts to a factor of approximately 1.7.
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I. INTRODUCTION

The so-called diluted magnetic semiconductors~DMS’s!,
generally II-VI compounds where a fraction of the catio
are substituted by magnetic ions, have attracted a lo
standing interest because of their specific magneto-op
properties.1 These properties result from the strongsp-d ex-
change interactions between the band electrons and the
netic ions. These exchange interactions are also know
produce a redshift of the fundamental gap of t
semiconductor.2,3 This redshift was first studied in magnet
semiconductors.4 In II-VI DMS’s the coupling between mag
netic ions is antiferromagnetic and the redshift increases w
temperature. The observed magnetic redshift, also called
paramagnetic shift~PS!, could be accounted for by a term
proportional to the magnetic fluctuationsbTx(T) whereb is
a constant for a given compound,T is the temperature, an
x(T) is the magnetic susceptibility.2,3 In previous studies,
the PS could be estimated only for relatively high magne
ion concentrations (x>10%) by measuring the variations o
the energy gap with temperature.

In this article we propose a method based on trans
photoreflectance~TPR! spectroscopy in order to investiga
the PS at much lower concentrations and at low temperat
We find that the PS is smaller than what is predicted by
simple expression given above and attribute this reductio
the appearance of long-range spin-spin correlations. In s
port of this interpretation we propose a model that takes
account the interferences between the Bloch waves scat
by spin-correlated ions.

In photoreflectance~photomodulated reflectivity! of non-
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magnetic semiconductors the light-induced reflectiv
modulation is normally caused by that of the built-in surfa
electric field due to the photocarriers. In DMS’s one m
expect new modulation mechanisms of magnetic origin
cause the magnetic state is known to strongly influence
energy of optical transitions. Previous works using photo
flectance did not consider this possibility.5,6

Recently7 we have proposed TPR for studying magne
relaxation in Cd12xMnxTe and demonstrated two thermo
magnetic modulations: the modulation of the PS and tha
the giant spin-splitting of the free exciton~i.e., the modula-
tion of effectiveg factors!. Transient reflectivity also indi-
cated the possibility of PS modulation.8 In these experiments
a pump beam causes an increase of the manganese spin
perature and thus changes the PS and the giant spin split
These variations are then detected by measuring the re
tivity with a probe beam. For a well-chosen configuration
the probe beam~Faraday configuration ands1 circular po-
larization!, as shown later, these thermomagnetic modu
tions give rise to a magnetic-field-induced sign reversal
TPR. This sign reversal occurs at a particular value of
field Bc , the magnitude of which is governed by the tw
competing modulations. The expression for the effectiveg-
factor modulation being well known, the measurement ofBc
provides direct information on the PS modulation. The s
sitivity of the method allowed us to extend studies of the
to situations where the magnetic ion content is as low
1.5% at the superfluid helium temperature.

The paper will be organized as follows. In Sec. II th
experimental setup is described. In Sec. III we concent
on the discussion of the thermomagnetic modulation mec
4522 © 1998 The American Physical Society
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nisms specific to DMS. In Sec. IV two methods are propo
for measuring the crossing fieldBc . Section V is devoted to
the comparison between the experimental results and pre
tions. The standard PS model of Refs. 2 and 3 is shown t
inadequate for describing the PS at low temperature and
concentration. A new model is put forward and provides
good agreement with the measured crossing field. A b
summary and conclusion are presented in Sec. VI.

II. EXPERIMENTAL DETAILS

We have performed experiments on bulk Cd12xMnxTe
crystals and on thick epilayers grown on GaAs substra
with concentrationsx in the range 1.5–5 %. The TPR wa
measured by means of a pump-probe optical setup.
sample was illuminated by two laser beams, one from
all-lines Ar21 laser~pump!, the second from a Al2O3:Ti tun-
able laser~probe!. The two beams were directed towar
synchronized acousto-optic modulators, which provided li
pulses adjustable in width, 1–5ms for the pump beam, an
20–200 ns for the probe beam, frequency (f ;10 kHz), and
relative delay~0–10 ms!, with a typical rise time of 10 ns
The time resolution of the experiment depends on the w
of the probe pulses. The delay was electronically control
The pump beam with maximum peak intensity of abo
15 W/cm2 was unfocused, whereas the probe beam w
mean power of about 25mW was focused and superimpose
on the pump spot.

The probe beam reflected by the sample was directed
silicon photodetector through a diaphragm, neutral, and
filters. This ensured that luminescence or stray light from
pump beam be completely rejected. The pump beam
modulated at low frequency and phase-sensitive detec
yielded the TPR signal. The reflectivity was obtained
measuring the dc photocurrent. The offset due to the ph
diode dark current was carefully eliminated. The lo
frequency modulation of the pump beam was produced e
tronically by using a gating facility of the~pump! pulse
generator. This improved the signal over noise ratio. A po
tive TPR signal corresponded to an increase of reflecti
when the pump is on. The acquisition could be accomplis
at a fixed delay as a function of the probe energy or at a fi
energy as a function of the delay. The experiments w
performed in superfluid helium, atT52 K, and in Faraday
configuration.

III. THERMOMAGNETIC MODULATIONS AND SIGN
REVERSAL

In Ref. 7 it was shown that in Cd12xMnxTe, at low tem-
peratures, the photoreflectance is mainly caused by two t
momagnetic modulation mechanisms: the thermal mod
tion of the PS and the thermal modulation of the effect
giant spin splittings~i.e., modulation of effectiveg factors!.

The PS modulation was identified on the basis of the f
that the relaxation time of the zero-field TPR signal agr
with that of the spin-lattice relaxation of Mn21 ions. The sign
of TPR in zero magnetic field is negative at the free-exci
resonance as expected for a redshift under illumination~see
Figs. 1 and 4!.

When the modulation of the effectiveg factors dominates
d
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we expect one sign of the TPR or the other depending
whether the circular polarization of the probe beam is l
handed or right handed. This property also provides an id
tification of this spin-dependent modulation mechanism.
s1 polarization the PS modulation and theg-factor modula-
tion have opposite contributions. Hence, there exists a
ticular magnetic fieldBc for which these two energy modu
lations cancel each other. As a consequence, the sign of
changes when the field crosses this value.

This sign-reversal phenomenon is illustrated in Fig. 1 b
contour map of TPR in the plane~magnetic field, wave num-
ber!. The position of the strong exciton component measu
at the inflection point of the reflectivity is indicated by th
dashed line. In Fig. 1 the half-planeB,0 (B.0) corre-
sponds to thes2 (s1) circular polarization. From this con
tour map the magnetic fieldB where the sign reversal occur
can be estimated, as indicated by the arrow on the m
However a residual signal still persists at this field value. T
TPR signal does not vanish simultaneously at all wa
lengths. This hints to the fact that a modulation differe
from energy modulation must be present. The TPR lin
shape fitting in Sec. IV indicates an oscillator strength mo
lation.

For the extremely diluted samples the decay of the T
signal generally exhibits a long-living component, not infl
enced by the magnetic field. Nonmagnetic modulations
also contribute to the signal. Experiments done on p
CdTe, used as a reference sample, revealed simultaneou
very fast component~not resolved with our time resolution!
and a long-living one. The modulation of the surface elec
field9 ~typical in nonmagnetic semiconductors!10 or the pho-
torefractive properties of CdTe~Ref. 11! may be responsible
for this signal. We have not studied yet in detail the
mechanisms. Nevertheless, they can still be distinguis
from the thermomagnetic modulations by analyzing the

FIG. 1. Contour plot of transient photoreflectanceDR/R in the
plane ~wave number, magnetic field! recorded at 2 K in Faraday
geometry and at a constant delay~probe pulse at the end of th
5-ms-long pump pulse!. Dark ~bright! areas correspond to negativ
~positive! signal. The levels are equally spaced (1.531023). Posi-
tive ~negative! fields correspond tos1 (s2) polarization and the
overall slope is due to the Zeeman shift. The dotted curve shows
position of the excitonic resonance.
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laxation time of the TPR signal.
Additionally, we have elucidated the effect of the pum

intensity. The TPR signal is found to increase sublinea
with the pump intensity, indicating a sublinear increase
the temperature. Our analysis allows us to state that this
havior is not due to the variation of the heat capacity
rather to the variation of the Kapitza resistance~thermal
boundary resistance! with the temperature.12 This is normally
expected in a steady-state regime where the increase of
perature at the sample surface is determined by the bal
of heat fluxes. We find that the Kapitza resistance beha
approximately asT23, in agreement with predictions base
on the acoustic mismatch model.13 This result is also in favor
of thermal modulations as being the leading effect in
present circumstance.

IV. DETERMINATION OF THE CROSSING FIELD

We define the crossing fieldBc as the magnetic field fo
which the energy modulation of the strong exciton comp
nentDE5DEPS1DEZ vanishes,DEPS being the amplitude
of the PS modulation andDEZ that of the Zeeman shif
modulation. Since we are dealing with thermal modulatio
we can writeDE5(]E/]T)DT, whereDT is the amplitude
of the temperature modulation. Hence at the crossing fi
we must have (]EPS/]T)52(]EZ /]T)B5BC

. This equality
constitutes the central idea of the method proposed in
article in the study of the PS. Since the term on the rig
hand side is well known, the determination ofBc provides
directly the temperature derivative of the PS we are in
ested in. Note that the measurement of the zero-field T
signal alone would give only access toDEPS, but this does
not allow us to evaluate (]EPS/]T), asDT is not knowna
priori . Time-resolved measurements are also useful in o
to discriminate the magnetic and possible nonmagn
modulations.

We first focus on the determination ofBc by analyzing the
time dependence of the TPR signal~Fig. 2!. Each curve in
Fig. 2 was obtained with the probe energy set at resona
with the free-exciton strong component for thes1 polariza-
tion ~i.e., the probe was tuned along the dotted line of Fig.!.
This tuning was necessary in order to compensate the

FIG. 2. Time dependence of photoreflectance for different m
netic fields recorded at the peak of TPR spectrum ins1 polariza-
tion. The solid lines are exponential fits to the data, the dotted
is a guide to the eye.
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man shift. Moreover, this procedure allows us to reduce
possible effect of oscillator strength modulation, which do
not contribute to the signal at the resonance.14 The field-
induced TPR signal due to the modulation of the spin sp
ting leads to a positive signal upon increasingB ~Fig. 2!. The
relaxation time of the signal has been identified as being
to the spin-lattice relaxation of Mn21;7 it decreases with in-
creasing Mn21 concentration.15 The zero-field signal exhibits
the same relaxation time. This proves its magnetic ori
which is attributed to the modulation of the PS. The fl
curve at 0.875 kG corresponds to the field where the t
contributions cancel each other~i.e., Bc!. Note that atB
5Bc the signal does not vanish. This is due to the existe
of a long living component~for this reason the field indicate
by an arrow on Fig. 1 differs fromBc!. We have repeated
these experiments for samples with different concentratio
Note that because of the very nature of epitaxial layers, n
lines are revealed below the free-exciton line; this is the c
sequence of the modulation of the optical path in the
Fabry-Pe´rot-like samples.16 These lines exhibit the same sig
reversal as the exciton line and allow us to determine p
cisely the crossing field. The experimental values ofBc for
both bulk samples and layers are summarized in Table I

In what follows, we examine an alternative method for t
determination ofBc . Given the fact that energy and oscilla
tor strength modulations do not give rise to the same T
line shape, it is worthwhile to investigate the TPR spect
evolution as a function of the magnetic field. In Figs. 3 and
we display the reflectivity and TPR spectra obtained fo
series of magnetic field values and forx50.035. The solid
lines are fits to experimental data. For the fits of TPR data
assume that energy and oscillator strength modulations
the dominant factors. Calculations are done with t
Seraphin formula.17 For the dielectric function we use th
following expression:

«~E!5«b1 f (
j 50

1
112 j

4 (
n51

`
4

n3

ER

g

3Fxn jFS 1

2
,

3

2
,

xn j
2

2 D 1 iAp

2 GexpS 2
xn j

2

2 D ,

which includes contributions from bound exciton states a
assumes a Gaussian broadening.«b is the background dielec
tric constant,f the oscillator strength,g the broadening pa-
rameter,ER the Rydberg of the exciton,Eg j’s the two band-
gap energies for the strong (j 51) and weak (j 50) allowed

-

e

TABLE I. Calculated@Eq. ~2!# and experimental crossing-fiel
values expressed in kG for the different concentrationsx investi-
gated.T0 andS0 are the phenomenological parameters of the mo
fied Brillouin function taken from Ref. 21~a!, or interpolated~b!.

x ~%! T0 ~K! S0 Bc
th Bc

exp

1.5 ~layer! 0.81b 2.04b 1.02 0.31
2.0 ~bulk! 0.94a 1.97a 1.19 0.50
3.2 ~layer! 1.48b 1.79b 1.78 0.625
3.5 ~bulk! 1.615b 1.75b 1.97 0.75
5.0 ~bulk! 2.29a 1.54a 2.89 0.875
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optical transitions ins1 polarization,F the degenerate hy
pergeometric function,18 andxn j5(Eg j2ER /n22E)/g. We
seek the best agreement between calculated and experim
results, both for the reflectivity and the TPR. First from fi
of the reflectivity data we get«b510.88 ~Ref. 19! and f
50.12 ~Ref. 20!. g varies from 8.4 to 6 cm21 for increasing
fields, while theEg j’s behave as a function of the field a
cording to the giant Zeeman shifts. Next, we introduce th
modulation parameters for the fits of TPR data: modulati
of Eg0 and Eg1 ~DEg j’s!, and modulation off (D f ). The
TPR curves could not be reproduced, even qualitatively
one of these modulations were omitted. The variations of
modulation parameters with the magnetic field are shown
Fig. 5. Within experimental errors the energy modulation
the strong exciton componentDEg1 varies linearly, as ex-
pected, due to the modulation of the giant Zeeman splitt

The line shape of TPR evolves in a complicated man
with the magnetic field. The line shape undergoes la
changes for a restricted range of magnetic field values c
to Bc ~from 0.75 up to 1.05 kG!, while reflectivity exhibits
practically no change. The reasons are twofold. First,
existence of two close excitons components, which cont
ute comparably to TPR. Normally the contribution from t
strong exciton component dominates over the weak one
the vicinity of Bc , however, the energy modulation of th
strong component tends to zero while that originating fr

FIG. 3. Series of reflectivity spectra of Cd0.965Mn0.035Te in Far-
aday configuration ands1 polarization, recorded with the prob
pulse at the end of the pump pulse. Solid lines are fits to the d
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the weak one remains finite. Second, close toBc , the line
shape also changes because oscillator strength modul
prevails against the energy one. The line shape anal
would be greatly simplified by lifting the zero-field dege
eracy between light and heavy holes. This splitting occurs
wurtzite-type DMS’s or in quantum wells. TPR studies
such systems would be very helpful in order to shed light
the physical origin of the oscillator strength modulation.

To improve the agreement between calculated and exp
mental results we have tempted to include a dead-layer
fect. We were unable, however, to improve the fits of t
reflectivity and TPR simultaneously. We were thus led
omit the dead-layer effect.

From these fits we obtainedBc'0.65 kG, a value that is
slightly smaller than that obtained with the first method f
x50.035. This result shows that the two methods are in g
agreement. It must be emphasized, however, that the
method is more reliable. Indeed in one hand it allows us
distinguish between the magnetic and the nonmagnetic c
tributions, and, on the other hand, it does not depend on
choice of a particular model for fitting the experimental r
sults.

a. FIG. 4. Series of transient photoreflectance spectra
Cd0.965Mn0.035Te in Faraday configuration ands1 polarization, re-
corded with the probe pulse at the end of the pump pulse. S
lines are fitting to the data. The vertical lines indicate the energ
of the two excitonic resonances.
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FIG. 5. Modulation parameters obtained from the fits shown in Fig. 4: energy modulation of strong~d! and weak~j! exciton
components, oscillator strength modulation~l!.
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The distinction between the magnetic and nonmagn
parts becomes an essential task as the dilution increases
cause so does the relative importance of the nonmagn
contribution. Further experiments on samples withx
50.005 andx50.001 have been performed. Forx50.005
the sign reversal of TPR occurs at a magnetic field m
higher~above 5 kG! than the one expected for the pure ma
netic modulations. Forx50.001 the sign reversal no longe
exists, as for pure CdTe. These results can be explaine
invoking the relative increase of the nonmagnetic modu
tion, which gives a negative signal. For these dilutions,
principle, the PS may be still investigated by TPR. Howev
our experimental setup is not suitable for the long relaxat
times involved in this case. In what follows, we use the v
ues ofBc obtained by analyzing the time dependence of
TPR signal, i.e., the first method, and forx>0.015. These
values are reported in Table I.

V. THEORETICAL MODELS AND COMPARISON WITH
EXPERIMENTS

A. Incoherent phase model

We first evaluateBc in the framework of existing model
for the PS.2,3 These models omit the phase factor, whi
appears in the spin-spin correlation function. In this appro
mation, the total magnetic shift of the low energys1 tran-
sition reads

Em5
b2a

2gmB
Bx~T!1bTx~T!, ~1!

where the first term is the Zeeman shift in the linear appro
mation and the second term is the PS according to Ref
and 3. Due to the smallness of the magnetic fields consid
here we have taken for the second term the zero-field exp
sion of the PS. In this formulax(T) is the temperature
dependent magnetic susceptibility,a andb are the exchange
integrals for the conduction and valence bands.b is a param-
eter characteristic of a given host lattice; it has been foun
be b520.062 eV G2 erg21 K21 from the fitting of the tem-
ic
be-
tic

h
-

by
-

n
r,
n
-
e

i-

i-
2

ed
s-

to

perature dependence of the band gapEg(T).3 According to
our definitionBc should obeydEm /dT50. Assumingx(T)
5C(x)/@T1T0(x)# we find

Bc
th5b

2gmB

b2a
T0~x!. ~2!

As predicted by Eq.~2! Bc
exp increases withx ~Table I!. In

Table I we have used the available values forT0(x) ~Ref. 21!
and a linear interpolation for other concentrations. If t
zero-field TPR signal had a nonmagnetic origin, not dep
dent onx, we would then have expected a decrease ofBc
with increasingx in contradiction with experimental results
This confirms the magnetic origin of the zero-field signal

The experimental values are about twice as small as
calculated ones. This discrepancy originates most likely fr
the second term of Eq.~1!, which is, valid neither at low
temperatures nor at low concentrations.

In the following we propose a new model for evaluatin
the PS at low concentrations and at arbitrary temperatur

B. Model including the phase factor

Known models regarding the calculations of the PS~Refs.
2, 3, 22, and 23! are not appropriate neither for low magnet
ion concentrations nor at low temperatures. These mo
make use of the approximation that the nondiagonal par
the carrier-ion exchange interaction is of second order
perturbation. However, they disregard the effect of the int
ference factor~phase factor! in their perturbation theory.
Here we will retain this factor. Most of the contribution t
the PS comes from the exchange scattering inside the he
hole band. After some approximations,23 the contribution to
the hole energy at the center of the Brillouin zone takes
form

E~2!5 1
4 ~N0b!2x

c

N (
Rj

(
q

j2~q,0!
^S~Rj !S

1&
Eq

exp~ iqRj !,

~3!
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whereRj is the position of magnetic ions with spinsS(Rj )
and the origin is chosen at the site of spinS1, andEq is the
hole dispersion law. The summation onRj extends over all
cation sites occupied by a magnetic ion. The bar over
expression stands for averaging over all magnetic ion c
figurations. j(q,0) represents theq dependence of the
carrier-ion exchange integral.3,23 The constantc stems from
the projection of the heavy-hole state of thek–p Hamiltonian
on theG8 point: c5 1

2 in the vicinity of G8 ~Ref. 23! and
c50.51 for larger wave vectors in the case of Cd12xMnxTe.
Hence we tookc50.5 for all q in Eq. ~3!. N is the number
of primitive cells in the pure crystal of volumeV, ^¯& de-
notes thermal averaging over the spin states.

In Refs. 2, 22, and 23E(2) was estimated in two limits
only: uncorrelated spins@T→`, ^S(r )S&→d r ,0S(S11)# and
fully antiferromagnetic regime@T→0, ^S(r )S&→2S(S11)
for nearest-neighbor ions#.

Gaj and Golnik3 proposed to omit the phase fact
exp(iqr ) in Eq. ~3! and expressedE(2) with the macroscopic
magnetic susceptibilityx(T). They obtained a simple ex
pression of the PS that we used in Eq.~1!. However, that
expression is valid in the high-temperature limit only, that
when spin-spin correlations are destroyed.

Below we show how antiferromagnetic spin-spin corre
tions influence the hole energy at finite temperature. T
interferences between Bloch waves with finiteq vectors scat-
tered by spin-correlated ions are the principal physical ef
introduced in our model.

We consider the very dilute limit when the average d
tance between nearest ions becomes longer than the ran
the exchange interaction. In this case to a good approxi
ow
n
p

r
ap
e
n-

-
e

ct

-
of

a-

tion the sum overRj in Eq. ~3! can be restricted to the term
corresponding to the nearest ion only. This approximat
is similar to the extended nearest-neighbor pair approxim
tion which was used in the interpretation of the magne
properties of Zn12xMnxSe.24 We note byr the distance of
the nearest ion from the origin. Furthermore, we use
spherical approximation for the dispersion law and omit
term Rj5R1 in Eq. ~3!. This term corresponds to
temperature-independent contribution in the total PS, wh
is not experimentally measurable. Note that this term and
temperature dependent term have opposite signs~cf. Appen-
dix!.

With the above approximations Eq.~3! takes the form

E~2!5
~N0b!2xcV0

8p2W E
0

qm
j2~q,0!

sin qr

qr
^S~r !S1&

q2dq

~Eq /W!
,

~4!

whereW is the valence band width,qm5(6p2/V0)1/3 is the
maximum wave vector in the spherical approximation, a
V0 is the volume of the primitive cell. Now the bar denot
the averaging overr, the distance of nearest ion define
above.

The spin correlatorK(r )5^S(r )S1& was calculated using
the exchange pair Hamiltonian,

H1,2522J~r !S1S21v0S1Z1v0S2Z . ~5!

HereJ is the exchange constant for two ions with spinsS1
and S2 and separated byr, v05gmBB is the Zeeman spin
splitting. ForS5S055/2 straightforward calculations yield
K~r !5

(
F50

5
1

2 FF~F11!2
35

2 G~2F11!expS F~F11!J~r !

T D
(
F50

5

~2F11!expS F~F11!J~r !

T D , ~6!
ion

m-

ws

on-
For
where the temperatureT is expressed in energy units, andF
denotes the total spin of the pair. In the Appendix we sh
that the influence of interactions with other more dista
spins can be taken into account by using an effective s
temperatureT1T0 instead ofT in Eq. ~6!.

At low magnetic ion concentrations, the averaging over
in Eq. ~4! can be evaluated in the continuous medium
proximation, producing

E~2!5
~N0b!2x2c

2pW E
0

`

I ~a!K~a!expS 2
2

9p
xa3Da2da,

~7!

I ~a!5
1

a E
0

1 j2~z!sin az

E~z!/W
zdz, ~8!

wherez5q/qm anda5qmr .
t
in

-

In order to proceed further we must specify a dispers
law Eq5E(z) and the spatial dependence ofJ. We assume

Eq5W@12cos~pq/2qm!# ~9!

whereW will be considered as a phenomenological para
eter to be determined. ForJ we choose a power-law
behavior24 ~see also Ref. 25 for a discussion on other la
proposed in the literature!:

J5H J0, r ,r 12 ,

J0S r 12

r D k

, r .r 12.
~10!

Here J0 represents the nearest-neighbor exchange c
stant andr 12 is the distance between nearest neighbors.
Cd12xMnxTe we usedJ0526.1 K,26 r 1254.58 Å.27
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Finally, the following analytical approximation forj has
been adopted:23

j~q,0!5
11q2ad

2/2

~11q2ad
2!2 . ~11!

ad is a length approximately equal to thed-shell radius. For
Cd12xMnxTe it was found thatad51.37/qm .23

The above calculation ofE(2) was implicitly done for zero
magnetic field. In principle, the magnetic field would infl
enceE(2) through the spin correlators and through the d
nominator, the energyEq . However, our estimates show th
for the small magnetic fields considered this influence is n
ligibly small.

We are in a position to evaluate the PS. This is acco
plished by inserting the expressions ofEq , J, andj given by
Eqs. ~9!–~11! in Eq. ~7!. As before the crossing fieldBc is
obtained by requiring that the derivative of the total ene
~Zeeman plus PS! be equal to zero. This leads to

Bc52
3x@N0b~T1T0!#2

pS0~S11!WgmBN0~b2a!

3E
0

`

I ~a!
dK

dT
expS 2

2xa3

9p Da2da. ~12!

All parameters in this expression are well known exc
for W and the exponentk introduced in Eq.~10!. For the spin
correlatorK we used the effective temperatureT1T0 ~see
Appendix!. To make a meaningful comparison with the mo
els which neglect the interference factor, we require that
model should recover the values ofBc predicted by Eq.~2!
when exp(iqr )→1 @i.e., I (a)→I (0)#. The next step is to
look for the best agreement with experiments when the
terference factor is included. These two conditions are b
satisfied forW51.5 eV andk57. This value ofk is very
close to the exponent estimated for Zn12xMnxSe.24 Figure 6
showsBc evaluated in the both cases and the compari
with experimental values. We can see that the interferen

FIG. 6. Crossing fieldBc vs molar fraction of Mn21 content.
The dashed line~a! corresponds to Eq.~2!, which neglects the in-
terference effects. The solid line~b! corresponds to Eq.~12!, which
includes the interference effects. The values measured
Cd12xMnxTe, taken from Table I, are given as open circles~layers!
and close circles~bulk samples!.
-

-

-

y

t

-
e

-
st

n
es

reduceBc by a factor about 2. The corresponding reducti
of the PS is about 1.7 at the lowest concentration inve
gated here. Table II displays the values ofE(2) calculated
with Eq. ~7!. There we compare the two situations, name
the one where the interference factor is neglected, and
one where it is retained. The use of a quadratic dispers
law with a cutoff at3

4 qm instead of the spherical approxima
tion yields practically the same result.

In Fig. 6 one can note that the disagreement betweenBc
th

~solid line! andBc
exp increases withx. This is not surprising

because our model uses an extended nearest-neighbor
approximation, which is expected to be valid at low conce
trations only.

VI. CONCLUSION

We have proposed a new method for investigating the
in the dilute regime that is beyond the reach of conventio
methods. Usually one measures the temperature depend
of the band gap in which the thermal expansion, the electr
phonon scattering, and the PS all give contributions. T
absolute value of the PS cannot be measured separa
Similarly in our experiment only the derivative of the P
with respect to the temperature is accessible. The time r
lution of the signal allows us to extract the magnetic con
bution only.

We have obtained values of the crossing fieldBc , which
are about twice as small as those predicted by the stan
PS formula. We have proposed a new model, which inclu
interferences between Bloch waves scattered by correl
spins. This phenomenon is shown to lead to a reduction
Bc and of the PS, and a satisfactory agreement with exp
mental results is obtained.

Furthermore, the experiments suggest that the oscill
strength modulation contributes to the TPR signal. Its phy
cal origin, however, is at present not clear. Further inve
gations are necessary in order to identify the underly
modulation mechanism. In particular, TPR experiments p
formed on crystals with the wurzite structure or on DM
based quantum wells are desirable. The preexisting split
between light- and heavy-hole states, in those circumstan
would simplify the line-shape analysis and would offer t
possibility to study separately the PS for each optical tran
tion.

The study presented here was limited to low magne
fields, but high enough to observe the crossing field~typi-

n

TABLE II. Values of the paramagnetic shiftE(2) calculated
with Eq. ~7! in two cases: when the interference factor~IF! is re-
tained and when it is neglected. We tookW51.5 eV andk57
deduced from the comparison between the experimental and c
lated values ofBc ~see text!.

x ~%!
E(2) ~meV!
~IF retained!

E(2) ~meV!
~IF neglected!

1.5 1.75 2.95
2.0 2.9 4.8
3.2 6.3 9.9
3.5 7.3 11.3
5 12.5 18.9
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cally in the kG range! and to estimate quantitatively the P
The high-field regime is, however, not devoid of interest.
the limit of very high magnetic fields the thermomagne
modulations must be suppressed, since the magnetiza
saturates and the magnetic fluctuations are inhibited; only
nonmagnetic modulations would persist. However, in pr
tice, very high magnetic fields are necessary to eliminate
magnetic fluctuations, especially the transverse ones. A
the validity of the theory presented above is limited to lo
magnetic fields, so that the present theory becomes ques
able.
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APPENDIX

The magnetic susceptibility per spinS at zero magnetic
field is determined from

x05
~gmB!2

3TNm
K S (

j
Sj D 2L . ~A1!

The sum is over allNm magnetic ions, and therefore av
eraging over different possible magnetic configuratio
will give the same result. The expression in brackets
be separated into two parts: the temperature-indepe
ent part, proportional to( j (Sj )25NmS(S11), and the spin
correlator 2Nm( j .1^S

1Sj&.
ls
m

D

te

u

ion
e
-
e

so

n-

-
e-
rs
,
-

,
n
d-

Now we can express this spin correlator in terms of
phenomenological parametersS0 andT0 , using the modified
Brillouin function for magnetization. After substitution o
x051/3S0(S11)(gmB)2/(T1T0) in left-hand side of Eq.
~A1! we find

(
j .1

^S1Sj&52S~S11!
~S2S0!1ST0 /T

S~11T0 /T!
, ~A2!

where the position of the ion number 1 is fixed by the orig
of the coordinate system, the other magnetic ions positi
must be averaged.

We have compared the expression of the spin correl
~A2! with that calculated using Eq.~6! averaged over the
shortest distancesr, as defined in the text~within the ex-
tended nearest-neighbor pair approximation!, for various
concentrations and temperatures in the range 2–10 K.

We found a good agreement between the phenomeno
cal and microscopic calculations. Nevertheless, a sizable
viation is obtained forx50.05, the highest concentratio
studied here. In our opinion it means that the approximat
used to calculate the correlator is no longer valid at t
concentration.

We can try to consider the influence of fluctuating inte
actions with more distant ions in the microscopic calculatio
For this purpose we propose to calculate the spin correl
in the spirit of the mean-field approximation by introducin
an effective temperatureTeff5T1T0 instead ofT in the cor-
relatorK. With this trick, the two methods now give pract
cally identical results for all the magnetic ion concentratio
considered.
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