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Two thermomagnetic modulation mechanisms were revealed in photoreflectance modulation spectroscopy of
Cd;,_,Mn,Te at low temperature. One is the thermal modulation of the magnetic re¢si#imagnetic 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 andl polarization, these two magnetic contributions cancel each
other for a particular magnetic fiel8l,. This causes a sign reversal of the photoreflectance signal aBund
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 fox 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.
[S0163-182698)04528-1

I. INTRODUCTION magnetic semiconductors the light-induced reflectivity
modulation is normally caused by that of the built-in surface
The so-called diluted magnetic semiconduct@$1S’s), electric field due to the photocarriers. In DMS’s one may
generally II-VI compounds where a fraction of the cationsexpect new modulation mechanisms of magnetic origin be-
are substituted by magnetic ions, have attracted a longzause the magnetic state is known to strongly influence the
standing interest because of their specific magneto-opticanergy of optical transitions. Previous works using photore-
properties: These properties result from the strasird ex-  flectance did not consider this possibilit§.
change interactions between the band electrons and the mag- Recently we have proposed TPR for studying magnetic
netic ions. These exchange interactions are also known telaxation in C¢d_,Mn,Te and demonstrated two thermo-
produce a redshift of the fundamental gap of themagnetic modulations: the modulation of the PS and that of
semiconductof:? This redshift was first studied in magnetic the giant spin-splitting of the free excitdhe., the modula-
semiconductor$In II-VI DMS’s the coupling between mag- tion of effectiveg factor9. Transient reflectivity also indi-
netic ions is antiferromagnetic and the redshift increases witlsated the possibility of PS modulati8nn these experiments
temperature. The observed magnetic redshift, also called theepump beam causes an increase of the manganese spin tem-
paramagnetic shiftPS, could be accounted for by a term perature and thus changes the PS and the giant spin splitting.
proportional to the magnetic fluctuatiob x(T) wherebis  These variations are then detected by measuring the reflec-
a constant for a given compound,is the temperature, and tivity with a probe beam. For a well-chosen configuration of
x(T) is the magnetic susceptibili® In previous studies, the probe beaniFaraday configuration and™ circular po-
the PS could be estimated only for relatively high magnetidarization, as shown later, these thermomagnetic modula-
ion concentrationsX=10%) by measuring the variations of tions give rise to a magnetic-field-induced sign reversal of
the energy gap with temperature. TPR. This sign reversal occurs at a particular value of the
In this article we propose a method based on transierfield B., the magnitude of which is governed by the two
photoreflectancé TPR) spectroscopy in order to investigate competing modulations. The expression for the effectve
the PS at much lower concentrations and at low temperaturéactor modulation being well known, the measuremenB of
We find that the PS is smaller than what is predicted by therovides direct information on the PS modulation. The sen-
simple expression given above and attribute this reduction tsitivity of the method allowed us to extend studies of the PS
the appearance of long-range spin-spin correlations. In suge situations where the magnetic ion content is as low as
port of this interpretation we propose a model that takes intd.5% at the superfluid helium temperature.
account the interferences between the Bloch waves scattered The paper will be organized as follows. In Sec. Il the
by spin-correlated ions. experimental setup is described. In Sec. lll we concentrate
In photoreflectancéphotomodulated reflectivilyof non-  on the discussion of the thermomagnetic modulation mecha-
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nisms specific to DMS. In Sec. IV two methods are proposed
for measuring the crossing fieBl.. Section V is devoted to 13550
the comparison between the experimental results and predic-
tions. The standard PS model of Refs. 2 and 3 is shown to be
inadequate for describing the PS at low temperature and low
concentration. A new model is put forward and provides a
good agreement with the measured crossing field. A brief
summary and conclusion are presented in Sec. VI.

Wave number (cm-1)
by
wn
>
<

Il. EXPERIMENTAL DETAILS 13450

We have performed experiments on bulk;CgMn, Te
crystals and on thick epilayers grown on GaAs substrates,
with concentrationx in the range 1.5-5%. The TPR was
measured by means of a pump-probe optical setup. The 13400
sample was illuminated by two laser beams, one from an -2 -1 0 1 2
all-lines AP" laser(pump), the second from a AD3:Ti tun- Magnetic field (kG)
able laser(probe. The two beams were directed towards
synchronized acousto-optic modulators, which provided light FIG. 1. Contour plot of transient photoreflectank®/R in the
pulses adjustable in width, 1—s for the pump beam, and plane (wave number, magnetic fieldecorded &2 K in Faraday
20-200 ns for the probe beam, frequenéy-(L0 kHz), and geometry and at a constant d_elépfobe pulse at the end of the
relative delay(0—10 us), with a typical rise time of 10 ns. S#S-long pump pulse Dark (bright) areas CO"eSpO”‘{gO negative
The time resolution of the experiment depends on the widtt{PoSitive signal. The levels are equally spaced (18 ). Posi-
of the probe pulses. The delay was electronically controlledt V€ (negative fields correspond ta" (o) polarization and the
The pump beam with maximum peak intensity of aboutoverall slope is due to the Zeeman shift. The dotted curve shows the

15 W/cn? was unfocused, whereas the probe beam witHOOSItlon of the excitonic resonance.

mean power of about 26BW was focused and superimposed we expect one sign of the TPR or the other depending on
on the pump spot. whether the circular polarization of the probe beam is left
The probe beam reflected by the sample was directed ontganded or right handed. This property also provides an iden-
silicon photodetector through a diaphragm, neutral, and regfication of this spin-dependent modulation mechanism. In
filters. This ensured that luminescence or stray light from the;+ polarization the PS modulation and tgdactor modula-
pump beam be completely rejected. The pump beam wagon have opposite contributions. Hence, there exists a par-
modulated at low frequency and phase-sensitive detectioficular magnetic fieldB, for which these two energy modu-
yielded the TPR signal. The reflectivity was obtained by|ations cancel each other. As a consequence, the sign of TPR
measuring the dc photocurrent. The offset due to the phota:hanges when the field crosses this value.
diode dark current was carefully eliminated. The low- Thjs sign-reversal phenomenon is illustrated in Fig. 1 by a
frequency modulation of the pump beam was produced elecontour map of TPR in the plarienagnetic field, wave num-
tronically by using a gating facility of thépump pulse  pep. The position of the strong exciton component measured
generator. This improved the signal over noise ratio. A posizt the inflection point of the reflectivity is indicated by the
tive TPR signal corresponded to an increase of reflectivityyashed line. In Fig. 1 the half-plar®<0 (B>0) corre-
when the pump is on. The acquisition could be accomplishedponds to ther~ (o) circular polarization. From this con-
at a fixed delay as a function of the probe energy or at a fixegoyr map the magnetic field where the sign reversal occurs
energy as a function of the delay. The experiments wergan pe estimated, as indicated by the arrow on the map.
performed in superfluid helium, &t=2K, and in Faraday However a residual signal still persists at this field value. The

configuration. TPR signal does not vanish simultaneously at all wave-
lengths. This hints to the fact that a modulation different
IIl. THERMOMAGNETIC MODULATIONS AND SIGN from energy modulation must be present. The TPR line-
REVERSAL Isr;fslpe fitting in Sec. IV indicates an oscillator strength modu-

ation.
In Ref. 7 it was shown that in Gd,Mn,Te, at low tem- For the extremely diluted samples the decay of the TPR

peratures, the photoreflectance is mainly caused by two thesignal generally exhibits a long-living component, not influ-
momagnetic modulation mechanisms: the thermal modulaenced by the magnetic field. Nonmagnetic modulations can
tion of the PS and the thermal modulation of the effectivealso contribute to the signal. Experiments done on pure
giant spin splittingdi.e., modulation of effective factors. CdTe, used as a reference sample, revealed simultaneously a
The PS modulation was identified on the basis of the facvery fast componeninot resolved with our time resolutipn
that the relaxation time of the zero-field TPR signal agreesand a long-living one. The modulation of the surface electric
with that of the spin-lattice relaxation of Mhions. The sign  field® (typical in nonmagnetic semiconductpior the pho-
of TPR in zero magnetic field is negative at the free-excitortorefractive properties of CdT@ef. 11) may be responsible
resonance as expected for a redshift under illuminagee for this signal. We have not studied yet in detail these
Figs. 1 and 4 mechanisms. Nevertheless, they can still be distinguished
When the modulation of the effectiygfactors dominates, from the thermomagnetic modulations by analyzing the re-
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TABLE I. Calculated[Eg. (2)] and experimental crossing-field

0 kGs . . L. .
values expressed in kG for the different concentratinrisvesti-

CdMnTe (5%) .

_,.:...2;7:6:@ gated.T, andS, are the phenomenological parameters of the modi-
v 125KGs fied Brillouin function taken from Ref. 21a), or interpolatedb).
¢ 1.5kGs
: - e X (%) oK) S B  BE¥
<
2 ’ 1.5 (layen 0.8 2.04 1.02 0.31
2.0 (bulk) 0.94 1.97% 1.19 0.50
3.2 (layen 1.48 1.79 1.78 0.625
3.5 (bulk) 1.61% 1.79 1.97 0.75
" . . 5.0 (bulk) 2.29 154 2.89 0.875
0 5 ‘ 10
Delay(us)

man shift. Moreover, this procedure allows us to reduce the
possible effect of oscillator strength modulation, which does
not contribute to the signal at the resonafit@he field-
Snduced TPR signal due to the modulation of the spin split-
ting leads to a positive signal upon increasBig-ig. 2). The
relaxation time of the signal has been identified as being due

laxation time of the TPR signal. . : : e o
" . to the spin-lattice relaxation of M#;’ it decreases with in-
Additionally, we have elucidated the effect of the pumpcreasing MA" concentratiort> The zero-field signal exhibits

in.tensity. The TPR si_gna_l is. fom_md to inc.rease'sublinearl)]&he same relaxation time. This proves its magnetic origin
with the pump intensity, |nd_|cat|ng a sublinear INCT€ase Ol nich is attributed to the modulation of the PS. The flat
the temperature. Our analysis allows us to state that this b%’urve at 0.875 kG corresponds to the field whe.re the two
havior is not due to the variation of the heat capacity bmcontributioﬁs cancel each othére., B.). Note that atB
rather to the_ variatiqn el Kapitzaézres_istar‘(ctbermal =B, the signal does not vanish..THis ics.due to the existence
boundary reS|stan¢GV|th the temperatur - This 1S normally of a long living componen(for this reason the field indicated
expected in a steady-state regime where the increase of terB— an arrow on Fig. 1 differs fronB,). We have repeated
. . . o)

gferha;:;eﬂi;t(ége \?Vaemfliar:?j ?ﬁ;afhee'igertezgmﬁgggtgﬁégebgﬁ:/l ese experiments for samples with different concentrations.

; s pIL - Note that because of the very nature of epitaxial layers, new
approximately ag ~°, in agreement with predictions based

L . . . lines are revealed below the free-exciton line; this is the con-
on the acoustic mismatch modélThis result is also in favor : . .
: - . : sequence of the modulation of the optical path in these
of thermal modulations as being the leading effect in th

: Fabry-Peot-like sample<® These lines exhibit the same sign
present circumstance. ! . )
reversal as the exciton line and allow us to determine pre-
cisely the crossing field. The experimental valuesBgffor
IV. DETERMINATION OF THE CROSSING FIELD both bulk samples and layers are summarized in Table I.
In what follows, we examine an alternative method for the

We define the crossing field, as the magnetic field for L . .
which the energy modulation of the strong exciton Compo_determlnatlon oB.. Given the fact that energy and oscilla

= ) . . tor strength modulations do not give rise to the same TPR
gfert‘;é EP_SArEg?jTJéEgnVZ?:;hEe S?hEaFt)Scl))felt?]g t;ge%n;‘::'tgﬁi?t line shape, it is worthwhile to investigate the TPR spectral
z . __evolution as a function of the magnetic field. In Figs. 3 and 4

Sve display the reflectivity and TPR spectra obtained for a
eries of magnetic field values and fo+0.035. The solid

FIG. 2. Time dependence of photoreflectance for different mag
netic fields recorded at the peak of TPR spectrunarinpolariza-
tion. The solid lines are exponential fits to the data, the dotted lin
is a guide to the eye.

we can writeAE=(JE/JT)AT, whereAT is the amplitude

\?\fetr:r?uts??s\?:?ge /g]_%dilftgg ';';_P)CG at t:]_ﬁigrgsjgi% fiel Ines are fits to experimental data. For the fits of TPR data we
) pSTe) z B=Bc q _y ‘assume that energy and oscillator strength modulations are
constitutes the central idea of the method proposed in thighe dominant factors. Calculations are done with the

article in the study of the PS. Since the term on the right-seraphin formuld” For the dielectric function we use the
hand side is well known, the determination Bf provides  fo|lowing expression:

directly the temperature derivative of the PS we are inter-
ested in. Note that the measurement of the zero-field TPR 1 ®

signal alone would give only access A&k ps, but this does e(E)=sp+f> 1+2] D is %
not allow us to evaluatedEps/dT), asAT is not knowna o 4 a=an’y
priori. Time-resolved measurements are also useful in order ) )
to discriminate the magnetic and possible nonmagnetic % 13 Xy, . /7 _ Xnj

. Xi®l 5.5, 5| Fi\ s |exp — -5/,
modulations. 2'2" 2 2 2

We first focus on the determination Bf by analyzing the
time dependence of the TPR sigr{&lig. 2). Each curve in  which includes contributions from bound exciton states and
Fig. 2 was obtained with the probe energy set at resonanassumes a Gaussian broadeningis the background dielec-
with the free-exciton strong component for thé polariza-  tric constantf the oscillator strengthy the broadening pa-
tion (i.e., the probe was tuned along the dotted line of Fjg. 1 rameterEg the Rydberg of the excitorky;'s the two band-
This tuning was necessary in order to compensate the Zegap energies for the strong=£ 1) and weak [=0) allowed
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FIG. 3. Series of reflectivity spectra of ggdMng gzsl'e in Far- Wave number (cm-l)

aday configuration and-" polarization, recorded with the probe

pulse at the end of the pump pulse. Solid lines are fits to the data. FIG. 4. Series of transient photoreflectance spectra of
Cdhy g6dMNg ozsT€ in Faraday configuration ang’ polarization, re-
corded with the probe pulse at the end of the pump pulse. Solid
lines are fitting to the data. The vertical lines indicate the energies
gfhe two excitonic resonances.

optical transitions inc™ polarization,® the degenerate hy-
pergeometric functiof? andx,;= (Eq;— Er/n*~E)/y. We
seek the best agreement between calculated and experimen?
results, both for the reflectivity and the TPR. First from fits
of the reflectivity data we get,=10.88 (Ref. 19 and f the weak one remains finite. Second, closeBiq the line
=0.12 (Ref. 20. y varies from 8.4 to 6 cm' for increasing shape also changes because oscillator strength modulation
fields, while theEgy;'s behave as a function of the field ac- prevails against the energy one. The line shape analysis
cording to the giant Zeeman shifts. Next, we introduce threavould be greatly simplified by lifting the zero-field degen-
modulation parameters for the fits of TPR data: modulation®racy between light and heavy holes. This splitting occurs in
of Ego and Eg; (AEg;'s), and modulation of (Af ). The  wurtzite-type DMS’s or in quantum wells. TPR studies in
TPR curves could not be reproduced, even qualitatively, isuch systems would be very helpful in order to shed light on
one of these modulations were omitted. The variations of thé¢he physical origin of the oscillator strength modulation.
modulation parameters with the magnetic field are shown in  To improve the agreement between calculated and experi-
Fig. 5. Within experimental errors the energy modulation ofmental results we have tempted to include a dead-layer ef-
the strong exciton componettEy,; varies linearly, as ex- fect. We were unable, however, to improve the fits of the
pected, due to the modulation of the giant Zeeman splittingteflectivity and TPR simultaneously. We were thus led to
The line shape of TPR evolves in a complicated mannepmit the dead-layer effect.
with the magnetic field. The line shape undergoes large From these fits we obtaind8,~0.65 kG, a value that is
changes for a restricted range of magnetic field values closdightly smaller than that obtained with the first method for
to B, (from 0.75 up to 1.05 k& while reflectivity exhibits  x=0.035. This result shows that the two methods are in good
practically no change. The reasons are twofold. First, thegreement. It must be emphasized, however, that the first
existence of two close excitons components, which contribmethod is more reliable. Indeed in one hand it allows us to
ute comparably to TPR. Normally the contribution from the distinguish between the magnetic and the nonmagnetic con-
strong exciton component dominates over the weak one. Itributions, and, on the other hand, it does not depend on the
the vicinity of B., however, the energy modulation of the choice of a particular model for fitting the experimental re-
strong component tends to zero while that originating fromsults.
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FIG. 5. Modulation parameters obtained from the fits shown in Fig. 4: energy modulation of $@9ngnd weak(H) exciton
components, oscillator strength modulatiof).

The distinction between the magnetic and nonmagnetiperature dependence of the band @ty()T).3 According to
parts becomes an essential task as the dilution increases, lmr definitionB. should obeydE,,/dT=0. Assumingy(T)
cause so does the relative importance of the nonmagnetie C(x)/[ T+ To(x)] we find
contribution. Further experiments on samples with
=0.005 andx=0.001 have been performed. For=0.005 29ug

) g th_
the sign reversal of TPR occurs at a magnetic field much B =b B—a To(X). 2
higher(above 5 kG than the one expected for the pure mag-
netic modulations. Fox=0.001 the sign reversal no longer : exp: :
exists, as for pure CdTe. These results can be explained bp/ As predicted by Eq(2) B, Increases withx (Table ). In
) ' e : able | we have used the available valuesTgfx) (Ref. 21
invoking the relative increase of the nonmagnetic modula- . . . .
. : . . ) I —and a linear interpolation for other concentrations. If the
tion, which gives a negative signal. For these dilutions, in

principle, the PS may be still investigated by TPR. Howeveréi:]ot'gilg -I\;\I/DevaSclJ%rI]c?ltrrl]:r? ﬁar\],zn&ageréfgg g“gg::’rgg geﬁ)en-
our experimental setup is not suitable for the long relaxation : =~ ™ " X . P i 0
. . S with increasingx in contradiction with experimental results.
times involved in this case. In what follows, we use the val-

. . : This confirms the magnetic origin of the zero-field signal.
ues ofB, obtained by analyzing the time dependence of the . .

; ; ) The experimental values are about twice as small as the
TPR signal, i.e., the first method, and fex=0.015. These lculated his di o likely f
values are reported in Table | calculated ones. This discrepancy originates most likely from

’ the second term of Eq1), which is, valid neither at low
temperatures nor at low concentrations.

V. THEORETICAL MODELS AND COMPARISON WITH In the following we propose a new model for evaluating

EXPERIMENTS the PS at low concentrations and at arbitrary temperature.

A. Incoherent phase model

We first evaluaté, in the framework of existing models B. Model including the phase factor

for the PS%® These models omit the phase factor, which Known models regarding the calculations of the(R8fs.
appears in the spin-spin correlation function. In this approxi2, 3, 22, and 2Bare not appropriate neither for low magnetic

mation, the total magnetic shift of the low energy tran-  jon concentrations nor at low temperatures. These models
sition reads make use of the approximation that the nondiagonal part of
8 the carrier-ion exchange interaction is of second order in
Ta turbation. However, they disregard the effect of the inter-
Em==—— Bx(T)+bTy(T), 1 Per ’ JISTey: .
M 2gug x(M) x(M) @ ference factor(phase factgrin their perturbation theory.

h he fi is th hift in the li .Here we will retain this factor. Most of the contribution to
where the first term Is the Zeeman shiftin the linear approXiy, e pg comes from the exchange scattering inside the heavy-
mation and the second term is the PS according to Refs. g\ po 04 After some approximatiofisthe contribution to

and 3. Due to the smallness of the magnetic fields_consider e hole energy at the center of the Brillouin zone takes the
here we have taken for the second term the zero-field expreg;

sion of the PS. In this formulg/(T) is the temperature- orm
dependent magnetic susceptibilityand 8 are the exchange c SRSH
integrals for the conduction and valence barxis. a param- E?=1(N.38)2x — 2(0.0 i iaR.
eter characteristic of a given host lattice; it has been found to 1(NoB)x N %‘ Eq: ¢(a.0 Eq eXpiaR)),

beb=—0.062 eV G erg 1 K~ from the fitting of the tem- 3
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whereR; is the position of magnetic ions with spil%R;)  tion the sum oveR; in Eq. (3) can be restricted to the term
and the origin is chosen at the site of s andE, is the  corresponding to the nearest ion only. This approximation
hole dispersion law. The summation & extends over all is similar to the extended nearest-neighbor pair approxima-
cation sites occupied by a magnetic ion. The bar over théion which was used in the interpretation of the magnetic
expression stands for averaging over all magnetic ion conproperties of Zp_,Mn,Se?* We note byr the distance of
figurations. £(q,0) represents they dependence of the the nearest ion from the origin. Furthermore, we use the
carrier-ion exchange integraf® The constant stems from  spherical approximation for the dispersion law and omit the
the projection of the heavy-hole state of #hg Hamiltonian  term R;=R; in Eq. (3). This term corresponds to a
on thel'g point: c=3 in the vicinity of 'y (Ref. 23 and  temperature-independent contribution in the total PS, which
c=0.51 for larger wave vectors in the case of,CgMn,Te.  is not experimentally measurable. Note that this term and the
Hence we toolc=0.5 for allq in Eq.(3). Nis the number temperature dependent term have opposite sigh#\ppen-
of primitive cells in the pure crystal of volum¥, (---) de-  dix).
notes thermal averaging over the spin states. With the above approximations E(B) takes the form

In Refs. 2, 22, and 2E® was estimated in two limits
only: uncorrelated sping —, (S(r)S)— &, ;S(S+1)] and 2 (NoB)?XCQq (dm singr . 9%dg
fully antiferromagnetic regiméT—0, (S(r)S)——S(S+1) E“=—Fg =2y — . (9,0) ar (S(r)s) (E.IW)’
for nearest-neighbor iois q (4)

Gaj and Golnik proposed to omit the phase factor
exp(qr) in Eq. (3) and expresseH ) with the macroscopic whereW is the valence band widthy,,,= (6 7%/ Q) is the
magnetic susceptibilityy(T). They obtained a simple ex- maximum wave vector in the spherical approximation, and
pression of the PS that we used in Ef). However, that (g is the volume of the primitive cell. Now the bar denotes
expression is valid in the high-temperature limit only, that isthe averaging over, the distance of nearest ion defined
when spin-spin correlations are destroyed. above.

Below we show how antiferromagnetic spin-spin correla- The spin correlatoK (r)=(S(r)St) was calculated using
tions influence the hole energy at finite temperature. The¢he exchange pair Hamiltonian,
interferences between Bloch waves with firgtgectors scat-
tered by spin-correlated ions are the principal physical effect Hi o= —23(r)S;S+ wpS17+ 00S,7 - 5)
introduced in our model.

We consider the very dilute limit when the average dis- HereJis the exchange constant for two ions with spiis
tance between nearest ions becomes longer than the rangeasfd S, and separated by, wg=gugB is the Zeeman spin
the exchange interaction. In this case to a good approximasplitting. ForS=S;=5/2 straightforward calculations yield

1/3
0)

5
1 35 F(F+1)J(r
> S |F(F+1)— —|(2F+1)ex FFFDI0)
F=o 2 2 T
K(r)= , 6
™ > F(F+1)J(r) ©
> (2F+1)exg ————
F=0 T
|
where the temperaturkis expressed in energy units, aRd In order to proceed further we must specify a dispersion

denotes the total spin of the pair. In the Appendix we showlaw E,=E(z) and the spatial dependence bfWe assume

that the influence of interactions with other more distant

spins can be taken into account by using an effective spin Eq=W[1—cog 7q/2q,)] 9)

temperaturel + T, instead ofT in Eq. (6).

~ Atlow magnetic ion concentrations, the averaging aver \hereW will be considered as a phenomenological param-

In Eq (4) can be eYaluated in the continuous medium ap'eter to be determined. Fod we choose a power_'aw

proximation, producing behaviof* (see also Ref. 25 for a discussion on other laws
proposed in the literatuye

_(NeB)*%%c (= 2
E(Z)—W fo I(a)K(a)eX[{—ﬁan a’da, Jo, r<rip,
(7) = “
Tl e 1o
1 (1é(z)sinaz
'<a>—af0 E(Z)/W ®

Here J, represents the nearest-neighbor exchange con-
stant andr , is the distance between nearest neighbors. For
wherez=q/q, anda= Q. Cd;_,Mn,Te we usedl,=—6.1 K, % r;,=4.58 A%
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3 : . : TABLE II. Values of the paramagnetic shi® calculated
with Eq. (7) in two cases: when the interference factt¥) is re-
tained and when it is neglected. We toWk=1.5eV andk=7
deduced from the comparison between the experimental and calcu-

5 lated values 0B (see text

g E@ (meV) E@ (meV)
. X (%) (IF retained (IF neglected
]

) | 15 1.75 2.95

I 2.0 2.9 4.8
3.2 6.3 9.9
3.5 7.3 11.3
5 12.5 18.9
0 1 1

0.02 x 0.04 0.06

reduceB, by a factor about 2. The corresponding reduction
of the PS is about 1.7 at the lowest concentration investi-
gated here. Table Il displays the valuesE#) calculated
with Eq. (7). There we compare the two situations, namely
the one where the interference factor is neglected, and the
one where it is retained. The use of a quadratic dispersion
law with a cutoff at3q,, instead of the spherical approxima-

Finally, the following analytical approximation fgfhas ~ ton yields practically the same result.

FIG. 6. Crossing fieldB,. vs molar fraction of MA" content.
The dashed linda) corresponds to Eq2), which neglects the in-
terference effects. The solid lib) corresponds to Eq12), which
includes the interference effects. The values measured o
Cd,_,Mn,Te, taken from Table I, are given as open circleyers
and close circlegbulk samples

been adopted® In Fig. 6 one can note that the disagreement betviEn
(solid line) and B increases withk. This is not surprising
1+q2a§/2 because our model uses an extended nearest-neighbor pair
£(q,0= (1t g2 (11D approximation, which is expected to be valid at low concen-

. ) ) trations only.
aq is a length approximately equal to theshell radius. For

Cd;_,Mn,Te it was found thagy=1.37h,.%

The above calculation d&&(® was implicitly done for zero
magnetic field. In principle, the magnetic field would influ-  We have proposed a new method for investigating the PS
enceE® through the spin correlators and through the de-n the dilute regime that is beyond the reach of conventional
nominator, the energl, . However, our estimates show that methods. Usually one measures the temperature dependence
for the small magnetic fields considered this influence is negef the band gap in which the thermal expansion, the electron-
ligibly small. phonon scattering, and the PS all give contributions. The

We are in a position to evaluate the PS. This is accomabsolute value of the PS cannot be measured separately.
plished by inserting the expressionsEf, J, andé given by Similarly in our experiment only the derivative of the PS
Egs.(9)—(11) in Eq. (7). As before the crossing fielB. is  Wwith respect to the temperature is accessible. The time reso-
obtained by requiring that the derivative of the total energylution of the signal allows us to extract the magnetic contri-

VI. CONCLUSION

(Zeeman plus PSbe equal to zero. This leads to bution only.
We have obtained values of the crossing fiBld which
B __ 3X[NgB(T+To)1? are about twice as small as those predicted by the standard
¢ wSy(S+1)WgugNy(B— a) PS formula. We have proposed a new model, which includes

s interferences between Bloch waves scattered by correlated
% fml(a) d_K ex;{ _ 2xa spins. This phenomenon is shown to lead to a reduction of

0 daT 97 B. and of the PS, and a satisfactory agreement with experi-

mental results is obtained.

All parameters in this expression are well known except Furthermore, the experiments suggest that the oscillator
for Wand the exponerkintroduced in Eq(10). For the spin  strength modulation contributes to the TPR signal. Its physi-
correlatorK we used the effective temperatufet T, (see  cal origin, however, is at present not clear. Further investi-
Appendi¥. To make a meaningful comparison with the mod- gations are necessary in order to identify the underlying
els which neglect the interference factor, we require that thenodulation mechanism. In particular, TPR experiments per-
model should recover the values Bf predicted by Eq(2) formed on crystals with the wurzite structure or on DMS-
when expigr)—1 [i.e., I(a)—1(0)]. The next step is to based quantum wells are desirable. The preexisting splitting
look for the best agreement with experiments when the inbetween light- and heavy-hole states, in those circumstances,
terference factor is included. These two conditions are beswould simplify the line-shape analysis and would offer the
satisfied forw=1.5eV andk=7. This value ofk is very  possibility to study separately the PS for each optical transi-
close to the exponent estimated for,ZgMn,Se?* Figure 6  tion.
shows B, evaluated in the both cases and the comparison The study presented here was limited to low magnetic
with experimental values. We can see that the interference®elds, but high enough to observe the crossing figygi-

a’da. (12
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cally in the kG ranggand to estimate quantitatively the PS.  Now we can express this spin correlator in terms of the
The high-field regime is, however, not devoid of interest. Inphenomenological parametedg andT,, using the modified
the limit of very high magnetic fields the thermomagnetic Brillouin function for magnetization. After substitution of
modulations must be suppressed, since the magnetizatiop = 1/3S,(S+1)(gug)?/(T+To) in left-hand side of Eq.
saturates and the magnetic fluctuations are inhibited; only thea1) we find

nonmagnetic modulations would persist. However, in prac-
tice, very high magnetic fields are necessary to eliminate the
magnetic fluctuations, especially the transverse ones. Also _
the validity of the theory presented above is limited to low 2 (S'9)=-5(s+1)
magnetic fields, so that the present theory becomes question- =1

able.

(S5—S9)+STy/T

S(1+To/T) (A2)

where the position of the ion number 1 is fixed by the origin

of the coordinate system, the other magnetic ions positions
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viation is obtained forx=0.05, the highest concentration
studied here. In our opinion it means that the approximation
used to calculate the correlator is no longer valid at this

The magnetic susceptibility per spBat zero magnetic
field is determined from

(gug)? _ concentration.
Xo= 3TN, <($ 9) > (A1) We can try to consider the influence of fluctuating inter-
actions with more distant ions in the microscopic calculation.
The sum is over alN,, magnetic ions, and therefore av- For this purpose we propose to calculate the spin correlator
eraging over different possible magnetic configurationsjn the spirit of the mean-field approximation by introducing
will give the same result. The expression in brackets camn effective temperatur€.z=T+T, instead ofT in the cor-
be separated into two parts: the temperature-independelatorK. With this trick, the two methods now give practi-
ent part, proportional t&;(9)?=N,S(S+1), and the spin cally identical results for all the magnetic ion concentrations
correlator N, -1(S'9). considered.
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