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Coherent Raman scattering is applied in the investigation of electronic transitions in diluted magnetic
semiconductor Cd ,Mn,Te bulk crystals (0.05x=<0.70) in the temperature range between 1.7 and 100 K
and in magnetic fieldB up to 7 T. Free carriers, photoexcited by the high power radiation used, have enabled
the observation of the conduction-band free-electron spin flip in alloys nominally free from donors. Apart from
the absence of the bound magnetic polaron feature, this free-electron spin-flip transition shows characteristics
revealed by the spontaneous Raman scattering from donor bound electrons. Besides the free-electron spin flip,
in the regime of large manganese contentz(.2) and low temperatures we observe the Raman antiferro-
magnetic resonance showing a finite Raman shifBat0, a dependence of the Raman shift linear with
magnetic field, corresponding to an effectiyéactor larger than 2, and a large linewidth up to 3.5 ¢nfor
small Mn contentsX<0.2) and high temperatures, the paramagnetic resonance of electrons within the Zeeman
multiplet of theS=§ ground state of Mf' is observed. The effectivgfactor is equal to 2 in this case and the
linewidth markedly narrow, e.g., 0.2 ¢rhfor x=0.10. The temperature dependence of the observed Raman
shifts connected with magnetic ordering points to a paramagnetic to spin glass phase-transition temperature
somewhat below 20 K fox=0.40 B=6 T). In contrast, the corresponding linewidths decrease continuously
with increasing temperature but remain larger tharxfei0.10 even aT =80 K; the latter sample is paramag-
netic in the whole temperature ran&80163-182008)06248-1

I. INTRODUCTION lar manner by the [I-VI DMS; they can be traced to the
strongsp-d interaction mentioned above. Electronic transi-
A random substitution of the group-lIA element in the tions within the Zeeman multiplet of the ground state of
tetrahedrally coordinated 1I-VI semiconductors by a membeimagnetic ions such as Mh and C3*, i.e., electron para-
of the 3d transition metals results in a class of ternariesmagnetic resonance, manifest themselves as Raman shifts
known as diluted magnetic semiconductéBMS’s).t The (Raman-EPR’™® At sufficiently high concentration of
unique coexistence of tunable semiconducting and magnetif€ magnetic ions and low enough temperature, one can ob-
properties they possess has provided the motivation for con€rve the collective precession of the magnetic moments
prehensive optical, transport, and calorimetric studies off tN€ magnetic ions as an antiferromagnetic Raman line,
these ternariesThanks to the large composition range overWhich is '”deegjlothe Raman-ant|ferromagnet|c resonance
which it occurs and the simplicity of its structure, the zinc- (R@man-AFMR.®The spin flip of electrons bound to do-

blende ternary Cd ,Mn, Te has served as a prototype of a nors (SP in Iargg, effective-mass orbits is yet another exci-
) . L tation observed in the Raman spectroscopy of DM&sfs.
DMS in numerous investigations for close to two decades. |

. s 1-19 in a striking manner.
common W_'th all the ”'V' DMS's, there_ are _tWO t_ypes of Coherent second Stokes Raman spectros(@RS and
exchange interactions in ¢d,Mn,Te. (i) Spin-spin ex-

A ¢ ! coherent anti-Stokes Raman spectrosc@PpRS) are two
change interaction between theelectrons of MA* ions on spectroscopic techniqués!’ based on high-power lasers
the one hand and those of tisdike (p-like) conduction- \yhich can be applied to the investigation of Raman active
(valence} band states on the other—the so-caltgeid ex-  excitations. The following special experimental advantages
change interaction(ii) Antiferromagnetic ed couplingbe-  for such coherent Raman spectroscéPRS can be identi-
tween the magnetic moments of the ¥rions! For dilute  fied in comparing it with spontaneous Raman spectrosco-
concentrationsX<0.2), the Mi#* ions are essentially inde- py: (i) The high power of the lasers used in the CRS ex-
pendent, whereas for larggrand sufficiently low tempera- periments generates photoexcited free carriers which can be
turesT, the d-d coupling induces a magnetic order and thecaptured by the ionized donor@cceptors Spin flip of
system experiences a paramagnetic to spin dlasantifer-  donor-bound electrong@cceptor-bound holg®ven in com-
romagneti¢ phase transition, the transition temperature bepensated DMS’s can thus be studied with a steady-state
ing concentration dependeht. population of neutral donor&cceptors using CRS. CRS

A huge excitonic Zeeman effett,a giant Faraday from free carriers thus generated in the DMS's is equally of
effect}® and a pronounced Voigt effécare the magneto- interest.(ii) The CRS technique allows the detection of even
optic phenomena displayed in a particularly spectacusmall shifts.(iii) The spectral resolution accessible with CRS
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depends (_)nly on_th_e linewidth of theiexciting laser light; in frequencies: wcars=2w, — wg OF wcspe=2ws— o, (@

our experiments it is as low as 0.05 ¢ As we shall see, >wg). Y

besides the Raman shift, the linewidth of the Raman line If one identifiesw, with the pump laser frequency of

provides an important clue in distinguishing Raman-EPRa conventional Raman experiment ang with the scattered

from Raman-AFMR. We note that the detailed knowledge ofStokes radiation frequency, corresponding to a Raman shift

the physical properties of bulk Gd,Mn,Te, in particular Aw=w_ —ws, then the frequencycars is just the anti-

those of CRS spectra, is of extreme importance for the interStokes frequency v, +Aw and wcsprs=ws— Aw=w|

pretation of CRS experiments in 1I-VI superlattices, e.g.,—2Aw is the second Stokes frequency.

CdTe/MnTe; the magnetic ordering in such systems is of The output intensity of the CRS radiatidris proportional

considerable current intered. to the square of the length of the sample, to a phase factor
In the present paper we report and discuss the CSRESulting from thek- conservation rulekxs=2k_—ks), and

spectra in bulk Cg ,Mn,Te associated withi) the spin O the square of the third-order nonlinear susceptibjity,

flip of the 3d electrons of MA* in its ground state(ii) the which contains all the s_pecmc_: properties c_)f the semlcond_uc—

conduction-band free-electron spin resonandi,) the ftor materl_al under con3|derat|on_. Us_ually_m_four-wave mix-

Raman antiferromagnetic resonance, and their behavior asi3d €xperiments th& conservation is satisfied by noncol-

function of Mr?* concentration(x), temperature(T), and inear phase matching. Since in most of our cases the §ample
magnetic field(B). length is smaller than the coherence length for collinear

beams, we used a collinear geometry which is easier to align,
particularly when the laser frequencies are tuned.

The tensor elementg() can be calculated by time-

The coherent Raman scattering techniqgues CARS andependent perturbation theory describing the interaction be-
CSRS are types of optical four-wave mixing spectroscopytween the radiation field and matt€rThe result is a sum,
where two laser beams with frequencies and wg are su-  running over all stategh), |c), and|d) of the system under
perimposed in a sample. Two photons of one laser beam argbnsideration as intermediate states; in the sum, 24 terms
one of the other interact and generate radiation with newike the one given in Eq(l) have to be added:

Il. COHERENT RAMAN SCATTERING

o
/Lialb/‘{)cﬂcd/"’da L.
[wpa— @ —iTpal[wea— (0 —0g) =T cal[ @ga— wcars— 1T gal

1 @

3
Xi(jk)l(_ WcARS WL, — s, @) < NaX ;
[b).]c),|d)

where N, denotes number of quasiparticlés.g., carriers  have to be fulfilled in order to obtain a nonzero product of
occupying the ground state). In the numerator, there is a four dipole matrix elements, therefore making it possible to
product of four dipole matrix elemenis’;, the square of Observe, e.g., Raman resonances in a CARS experiment.
each describing the transition probability between an initiaCOnsidering the above-mentioned correspondenae aind
state|a) and a final statég) for a photon with polarization in s 10 Pump and Stokes radiation of spontaneous Raman
the ¢ direction. In the denominatofiw,; are energy differ- scattering, the selection rules can easily be obtained from the

. ones applying for that. For electronic Raman processes
ences of system states and the phenomenological parameteisp\vs's “these are discussed in detail by Ramdas and

I',5 describe a homogeneous line broadening of the respegqgriguez in Ref. 1. In the case of the conduction-band free-
tive resonances. Note, the formulas for CARS and CSRS argiectron spin resonand€SA, as well as EPR and AFMR,
symmetric inw_ andws.*® x® has resonances when at leasttwo collinear laser beams( /|k,| = ks/|kg =k) may be po-
one factor in the denominator gets a small real part angarized linearly and perpendicular to each other : E, L B,
therefore a non-negligible imaginary part. ws: EgIB) in Voigt configuration BLk) to observe in a
As discussed in the literatuie.g., Ref. 17, X(S) can be CRS experiment these resonances. CSF satisfies the condi-
split into a resonant paj, , which is obtained by separating tion
and summing up all the resonant terms, the remaining terms .
yielding an additive nonresonant payt,,, which approxi- hi(w —ws)=0" ugBres. @
mately can be considered to be a real quanfityexhibits ~ As a consequence of the proportionalityzs<|x®|?, the
Raman-like resonances whenevigiv — wg) is equal to the interference of the nonresonant partydf) and the real part

excitation energy of a Raman allowed transitisee the sec- y/ of the resonant contribution causes complicated line
ond factor in the denominator of E(l)]. Furthermore, one-  shapes,

photon resonances may occur, if the laser frequesicgor-

responds to the energy of a real electronic transition, e.g., an IX®12= X0t Xe| 2= xXnrt Xr Hixy 2

allowed interband transition. If resonances of the first and 9 9 ,

second term in the denominator of Ed) occur simulta- = xed “ xe[*+ 2xnoxs 3
neously, one talks about resonance CARS. and therefore the exact resonance positions of the observed

The polarization selection rules for all four one-photonRaman lines have to be found by a line-shape fitting
transitions which are involved in the four-photon processprocedure?®?°
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calcite crystal and attenuated by several orders of magnitude

down to a few microjoules each, before focusing on the

Cdo.aMno.zTe 20 samples. These are inserted in Voigt geometrai7 T su-
perconducting split-coil magnet system and either immersed

T=40K in superfluid helium pumped down fo=1.7 K or held in a

B=6.85T helium gas flow at a stabilized temperature provided by a
PM temperature controller. Experiments of the present investiga-
tions were done in the temperature range uf $0100 K.

The radiation generated by four-wave mixing is collected
in forward direction and then focused onto the entrance slit
= of a 0.85-m double spectrometer, used to separate the signal
from the laser radiation. Note, when doing CRS experiments

Lt the spectral resolution obtainable does not depend primarily
6.07.08.0 on the spectrometer resolving power nor is the spectrometer
RAMAN SHIFT (em™) necessary for a determination of the signal wavelength.

The CRS signal is detected by a liquid nitrogen cooled
charge-coupled devic€CCD) camera. Besides a very low
dark current of only a few electrons per minute and a maxi-
mum quantum efficiency of about 50%, this 51212 pixel
detector chip offers a unique property as compared to a pho-
00 mM———t—a L L1 tomultiplier system: working without a spectrometer exit slit,

0 20 40 60 80 100120140 a relatively large wave-number range is recorded in one and

-1 the same image, e.g., 70 cfn(at 632 nm with our appara-
RAMAN SHIFT (Cm ) tus. On this scale a background due to luminescence or re-

FIG. 1. CSRS spectrufCSRS intensity vs Raman shifiw) of maining stray light is fairly broad in the dispersion direction,
Cdh Mo sTe for B=6.85 T andT=40 K. PM denotes the para- whereas the coherent Raman line covers more or less one
magnetié resonance of the RIn3d® electrons, CSF denotes the pixel. Thus even signals having only a small fraction of the

conduction-band free-electron spin resonance. The inset shows tff@éan background intensity can be detected V\{ith confidence.
PM region with an extended scale on thaxis. For many subsequent laser frequency differentes

= w_ — wg, Such an image is taken and thus the signal inten-

In order to take advantage of band-gap resonances of tHty at the frequenciedcars Or wcsrsas a function olw is
CARS signal, we have done resonance CRS experiment§corded. More specifically, the procedure for discovering a
with tunable laser sources, opening the possibility to enhanceARS (CSRS resonance consists of recording CCD images

the output signal intensity by several orders of magnitude. in the range ofwcars (wcsrg for successive values of
(w.—wg), w_ being held fixed andvg tuned(in steps as

small as 0.03 cm for the sharp Raman-EPR sighalhe
lll. EXPERIMENT absolute intensity of CARSCSRS resonances reaches a

Our samples of Cd ,Mn,Te were grown by a modified Maximum forfiw ~energy gapas can be seen from Eq.
vertical Bridgman method. Small slabs with a thickness of(1)]- Thus the choice o varies withx.
about 1 mm were cut and the faces polished to optical qual-
ity. In the composition range€9x=<0.7, the DMS alloy crys- IV. RESULTS AND DISCUSSION
tal Cd,_,Mn,Te is known to crystallize in the cubic zinc-
blende structure. Samples in the range0.05 to 0.7 A typical CSRS spectrum of bulk Gd,Mn,Te is shown
(nomina) were investigated in the present work. in Fig. 1 forx=0.2, recorded at a magnetic fiel#) of 6.85

To excite the coherent Raman spectra, we use two dy& and a temperatur@) of 40 K. A very sharp resonance, but
lasers(CONTINUUM, TDL 60) which are simultaneously With full width at half maximum(FWHM) of 0.4 cmi * in
pumped by the second harmonic of a 50 Bzswitched excess of the instrumental width, occurs with a Raman shift
Nd:YAG laser(CONTINUUM YG 681-5Q. A special opti- of 6.4 cm L. The linear shift withB yields an effectiveg
cal layout of the dye laser cavities, the so-called Moyafactor (@gy)~2, consistent with the origin of the line being
design?! ensures a low background fluorescence. Using twalue to theAm,= =1 transitions within the Zeeman multiplet
gratings under grazing incidence, one obtains a spectral lasef the 3d° shell of Mr?* (L=0, S=3). We therefore label
linewidth down to 0.05 cm' without etalons in the cavity. this Raman-electron paramagnetic transition as “PM.”
These specifications are of particular interest doing CRS ex- Figure 1 also displays a linre62.5 cm * labeled “CSF,”
periments, because in this case the spectral resolution obtaidrastically different from that of the PM line. This is to be
able depends only on the linewidths of the exciting lasercontrasted with the spin-flip Raman shift &5 cm ! at B
light. =6.85 T expected for conduction-band free electrons of bulk

In order to fulfill the selection rules for spin-flip Raman CdTe with their intrinsicg factor (@*) of —1.6 (Ref. 22.
resonances, the polarization of the radiation of one of th&he magnetic-field dependence of the CSF Raman line is
exciting lasers has to be rotated by 90°, which we achieveshown in Fig. 2a) for x=0.10 and 0.20. Note that for both
using a KBxP pockels cell in dc operation. The dye lasersamples, as shown in Fig(l) on an expanded scale, the
beams are then made collinear to each other by means ofRaman shift is zero at zero fieldee the discussion belpw

N
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T

CSRS INTENSITY (1oscounts per sec)
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CSRS INTENSITY (10°counts per sec)
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200 R e e in the conduction band in the presence of an external mag-
netic field, the shift being givéfi by

150 B mn vy
mm v’ v ﬁwo=XaN0<S¥|n>+g*,uBB. (4)

100 v 1
Here a=exchange integral of thedstates of MA" and
"y Cd. Mn.Te conduction electrons¢=fraction of Cd* ions replaced with
[ " ' %=0.10 | 2+. (SM) is the average value of the Mhspin alongB
. mx=0.10 | Mn="; (S,7) is t g . P 9B
f T=1.7K V¥x=0.20 given by (5/2)35,_2[gMBB/l_<B(T+ Tae)] in the paramagnetic
Lt phase;Ny=density of cationsug=Bohr magneton.
012345 67 The CRS is attributed to the spin flip of free electrons in
MAGNETIC FIELD (T) the conduction band, photoexcited by the high power of the
30 : : : lasers in adequate density for the Raman signal to be de-
tected; even with photon energies smaller than the band gap,
two-photon absorption can generate such carriers in suffi-
cient number$2 In contrast to spontaneous spin-flip Raman
scattering from Cgd_,Mn,Te intentionally doped with do-
nors, e.g., Cd ,Mn,Te(Ga),* where one observed bound
magnetic polaron$BMP), we can explore here “free mag-
«020 | netic polaron”(FMP) effects. A signature of the BMP effect
is the occurrence of a zero-field spin-flip Raman line. Ac-
cording to Dietl and Spale®:?®“the electron localized on a
L ‘ L L donor in a DMS polarizes the magnetic ions within its orbit,
00 01 02 03 04 05 creating a spin cloud that exhibits a new magnetic moment.
MAGNETIC FIELD (T) An additional effect on the binding energy of the electron
FIG. 2. (a) Raman shift due to the conduction-band free-electronﬁggg%ft?h;h;g;:gtriz(;rtligl:ztﬁj tfk:gTeglliznmgogzi?laerpﬁgn]?rzjgg:?)-f
spin resonance d&t=1.7 K as a function of the magnetic field for th tici d the d " . ts th
Cd;_yMn,Te, x=0.10 (upper tracg and x=0.20 (lower tra- € magnetic lons around the donor.” in our expenments the
co. (b) The CSF Raman shifts ife) are shown here on an ex- sp!n-fl|p Raman shift extrapolgte; to zero Bnt_o. In order
panded scale: the figure emphasizes that the Raman sht=f@r tc_J illustrate clearly th.at the _spln-fhp Rgman shift of photoex-
is, within experimental errors, zero. The straight lines are leastcited free electrons, i.ehwg in Eq. (4), is zero forB=0, we
squares fits to the data up B=1T for x=0.1 andB=3T forx ~ display in Fig. 2b) fiwy for x=0.1 in the range &B
=0.2, respectively. <0.5T; a linear least-squares fit for the lowest six values of

fiwg (including the two abov®=0.5 T) extrapolates te~1
The Raman shift fox=0.10 is consistently higher than that cm™*. This is to be contrasted with 5 crh for
for x=0.20. A saturation of the Raman shift as a function ofCd; _,Mn,Te(Ga), x=0.1, obtained by Petersat all* The
magnetic field is observed for both samples. We ascribe thigesults forx=0.2 extrapolate te=0.3 cm * using%w, val-
Raman line to the spin flip of the photoexcited free electronsies up tdBB=3 T. A separate measurement in the range up to
5 cm ! also did not show a spin-flip Raman line Bt=0,
supporting the inference that the CSF resonances are not as-

[41]
o

CSF RAMAN SHIFT (cm™)
«

20
Cd,_MnTe

10

CSF RAMAN SHIFT (cm™)

0

Cd, ;Mn, Te sociated with magnetic polaron effects. The absence of a

-*“é BMP feature testifies to the high structural quality and

> chemical purity of our samples, on the one hand, and the lack

% of magnetically self-trapped carriers is consistent with the

g calculations of Benoit da Guillaumé® on the other. The

'cT—) smaller Raman shift fok=0.2 than forx=0.1 noted above

z arises from the larger number of antiferromagnetically

wl . . .

E coupled, nearest-neighbor Kihions in the former, thus

p eliminating their contribution.

o As mentioned in the Introduction, II-VI DMS’s become

9] T=1.7K ; o

5] B=0 /Y magnetically ordered at low temperatures and for suffici-

AFMR ently large concentration of the magnetic ion. For bulk

0 2 4 6 8 1012 14 16 Cd,_,Mn,Te, such a magnetically ordered phase was dis-

covered by Galazkat al?’ for x>0.17. The magnetic order-
ing is a consequence of thd-d interaction which is
. . '28

FIG. 3. CSRS spectra of GgMnyTe. Lower trace: Raman antiferromagnetic: - o
antiferromagnetic resonan¢dFMR) at B=0 andT=1.7 K. Sec- The coordinates describing the elementary excitations of a
ond trace: AFMR af=1.7 K andB=6.13 T. Upper trace: para- System of interacting magnetic dipoles—the magnons—can
magnetic resonanc®M) at B=6.13 T andT=100 K. Successive be regarded as the Fourier components of the magnetization
spectra have been shifted upwards for clarity. M(r,t), i.e., the coefficientdd in the expansion

RAMAN SHIFT (cm™)
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100 ! ' ! ! ! ! — 9'0 L} T L} T T
o~ ) Cd,Mn, Te I £ Cd,(Mn,,Te
' < 1 < 80 B=6.0T
§ 8or T=1.7K i E '
L 6o} ] Z7or
& § z
<z( 4.0 | T=100K i <§t 6.0
<§( 20} OAFMR - & 5.0 P ——
T 207 o 0 20 40 60 80 10

oo LK TEMPERATURE (K)

"0 1 2 3 45 6 7
MAGNETIC FIELD (T) FIG. 6. Resonance frequency of the AFMR and PM features as

a function of temperature for Ggvin,,Je atB=6.0T. In the
rangeT=17 K, the solid line corresponds to an effectiyéctor of
2 (PM). ForT=<17 K, the solid line is a guide for the eyes and does

FIG. 4. Raman shift as a function of magnetic field for
CdygMng 4Te. Upper trace al =1.7 K: AFMR. Lower trace afl

=100K: PM. not correspond to a theoretical model.
_ : . The CSRS linewidths as a function of temperature are
M(r,t)—}q‘, Mg expiqr —iwqt). (5) quantitatively compared in Fig. 5 for=0.1, 0.2, and 0.4.

The decrease in linewidth at the higher temperature is pro-
In first-order Raman scattering, only the long-wavelengthnounced forx=0.2 and 0.4, whereas it is the smallest %or
magnons can be excited. The description of such an excita= 0.1 and remains constant throughout the entire temperature
tion as it pertains to Cd ,Mn, Te and the selection rules and range. The increase in linewidth and Raman shift with de-
polarization features to be expected for its appearance ioreasing temperature, clearly observed herextef.2, sig-
spontaneous Raman scatteriftaman-AFMR are given by  nals the onset of at least a short-range antiferromagnetic or-
Ramdas and Rodrigué?.In the CSRS spectrum of a dering, although they factor does not show a noticeable
Cdy gMng 4Te bulk specimen, indeed, the Raman-AFMR fea-increase over 2 throughout the temperature range. As dis-
ture appears at 1.7 K in the magnetically ordered low-cussed in Ref. 2, for low or below the percolation limi°
temperature phase, as can be seen in the lowest trace of Fihe “antiferromagnetic locking” would occur at consider-
3. Absent in the paramagnetic phase, the AFMR featurebly lower temperatures, consistent with the lower values of
makes its appearance at the lower temperature and highthte exchange integrals for neighbors farther removed.xFor
manganese concentration. The Raman shift increases with0.1, such a “locking” process occurs, if at all, well below
increasing field. From the2,.x, term in Eq.(3), the CSRS 1.7 K. In this context, it is interesting to compare the Raman
line shape given by the real part of the susceptibility occursshift in thex=0.4 sample as a function of temperat(Fég.
As can be seen in the figure, the AFMR signature transform§) with the temperature dependence displayed in Fig. 5.
into that of PM as the temperature increases and the systefihe increase in shift below the Nedemperature Ty
is driven into the paramagnetic phase. The PM signature is-(17+3) K and its constant value above it withf,,= 2.0
significantly narrower, with a much smaller Raman shift forare the striking featuregThese are very strongly remines-
the same magnetic field; as noted earlier, it is characterizegent of the spontaneous Raman-AFMR displayed in Fig. 11
by giu=2. The AFMR feature also exhibits a linear depen-of Ref. 8 forx=0.7) It is clear that, with decreasing tem-
dence of the Raman shift above tBe-0 value—it extrapo- perature, the linewidth indicates the onset of thé inter-
lates precisely to it as the magnetic field is reduced, as can kaction effects well ahead of the establishment of the fully

seen in Fig. 4. ordered phase.
The first term on the right-hand side of E¢) is propor-
4.0 T r r r T tional to the magnetization of the sample. Thus for figd
,TA 30 TE 45 F T T T T ]
§ S e Cd, Mn, e |
T i B=6.0T
E 20 T3
a) n
= =z
i 25 .
Z 1.0 <§(
| <
T 5l ]
— - L LI— A 'l 1 'l 1 1
0.0 = " e an 1c S 0 20 40 60 80 100
0 20 40 60 80 10 o

TEMPERATURE (K) TEMPERATURE (K)

FIG. 5. Temperature dependence of the Raman linewidths for FIG. 7. CSF frequencies &=6 T as a function of temperature
Cd;, _,Mn,Te, x=0.40, 0.20, and 0.10, respectivelirom top to  for Cdy¢Mng,Te. Full line: fit to a Curie-Weiss law with®
bottom). Solid lines are guides for the eyes. =—-65K.
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and variable temperaturgiwy—g* ugB (fwg being the magnetic field shows at high fields the Brillouin-function-
free-electron spin splittingreflects the temperature depen- like behavior identical to that of the corresponding spontane-
dence of the magnetic susceptibiligy,. For an antiferro- ous Raman line im-doped crystals. At low field this depen-
magnet in its paramagnetic phase, the temperature depedence extrapolates to zero for vanishing magnetic field.

dence ofy,, is given by the Curie-Weiss law: Since our CRS apparatus can detect Raman shifts as small as
2 cm 1, we can state that no finite Raman shift is observed at
(T)= C ©) B=0, i.e., no free magnetic polaron exists, at least not with
Xm T-0 an energy bigger than 2 crh

with Curie constanC and paramagnetic Curie temperature The phase transition between paramagnetic and ordered
. i =~ spin glass phase can be deduced from the transition ener
0. In Fig. 7, the Raman shift due to the free-electron spin bin g P 9y

; . e )
resonance is plotted versus temperature for a fixed magnet?cf the intra-Mn spin resonance witliy =2 for paramag

. . . )
field of 6 T. The full line is a fit of Eq(6) to the experimen- NetC aNdJaeyr>2 for antiferromagnetic resonance, or from
tal data forT=20 K, resulting in® = — 65 K. For T<20 K the increased I|.nevy|dth of the tran.smor.] in the ordered phase.
the experimental results are constant, lying below thé: or thg determination of the PM I|neW|dth', the h.'gh spectral
Curie-Weiss curve. This behavior indicates the onset of a esolution of the coherent Raman experiment is necessary.

antiferromagnetic coupling between 15 and 20 K, in excel- hile the transition energy as a function of temperature

lent agreement with the data shown in Fig. 6. In a homoge-ShOWS a well pronounced transition temperature, the line-

neous antiferromagnet, from the Néemperature an®, the width gradually decreases with increasing temperature. Crys-

exchange integrals for nearest- and next-nearest-neighbor iff!S Withx=0.2 exhibit broader PM lines even at rather high
teractions can be calculatdtiHowever, in the alloy investi- (€MPeratures compared to those wits0.1.

gated here, the number of nearest- and next-nearest-neighbor
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