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The s-d and p-d exchange interaction in Zn,_,Fe,Te
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The exciton splitting induced by the-d and p-d exchange interaction in Zn,Fe, Te (x<0.005) was
studied by polarized magnetoreflectance. Data were tak2itKan magnetic fields up to 5 T. Combining these
results with magnetization data, a vallé,ex—NyB) = 2.1+0.4 eV was obtained for the difference between
the s-d and p-d exchange constants. Assuming tinga= + 0.2 eV, thep-d exchange is antiferromagnetic,
with a magnitudeN,8=—1.9 eV.

l. INTRODUCTION induced, splittings:}* Free-exciton spectroscopy, which
studies optical transitions directly affected by the band split-
One of the most interesting features of diluted magnetidings, is a powerful tool for measuring ttsed and p-d ex-

semiconductor§DMS’s) is the strong exchange interaction change interactions. In the Faraday configurat®rmparallel
between localized electrongl (or f) and delocalized elec- to the light wave vectgrfour exciton lines are visible: two of
trons (s-like) or holes p-like). This interaction leads to large them in theo™ polarization(lines A and B) and the other
conduction- and valence-band splittings in the presence of &awo in the ¢~ polarization (lines C and D). Assuming a
magnetic field, which result in spectacular magneto-opticaHeisenberg form for the-d and p-d exchange interactions,
effects such as giant Faraday rotatiofhe available data for the energies of the exciton lines in a cubic crystal are given
thes-d exchange show that in 1I-VI DMS's this interaction is by'*
largely independent of the host lattice or the magnetiction.

On the other hand, thp-d exchange varies strongly with Ep=Egt+3b—3a, Eg=Ey+b+3a,
both host lattice and magnetic ion. In particular for all
DMS’s with Mn, Fe, and Co th@-d exchange is antiferro- Ec=Eo—b—3a, Ep=E,—3b+3a, (1)

magnetic, whereas for Cr-based DMS's it s

ferromagneti¢™* The strong variation of th@-d exchange where Eo is the zero-field exciton energy,
results from the fact that this interaction is due to the kinetica= (1/6)Noax(—(S)), b=(1/6)NoBx(—(S)), Noa and
exchange, which strongly depends on the energy separatidt,8 are exchange integrals for conduction and valence
between thg andd levels as well as on the overlap of the  bands, respectively, af@®) is the average component of the

andd wave functionghybridization.>~® spin of the magnetic ion alonB. LinesA andD are three
During recent years substantial progress has been made times more intense tha® andC. The splitting of the strong
understanding the microscopic origins of teal and p-d lines A and D provides a direct measure of the difference

exchangé~8In particular, both the sign and the form®d  between the exchange constants
and p-d exchange Hamiltonian for Mn-, Co-, and Fe-based
DMS's were reproduced by theoretical calculatiGridow- Ep—Ea=(Nga—NgB)x(—(S)). )
ever, a detailed analysis of the chemical trends is still to be
done. Moreover, for DMS systems with magnetic ions othefThe average spigS) is obtained experimentally from the
than Mn the experimental data too are rather limited. Formacroscopic magnetizatioWl (per unit mass
Fe-based DMS'’s, exchange parameters were reported only
for zn,_,Fe,Se? Cd,_,FeSel’1? and Cd,_,FeTe®® UB weX (—(S))
More complete data will be needed for testing future theo- M=-— W“—J“ZS): m Kk )
retical models. Here we report on a study of #d andp-d
exchange in Zp_,Fe,Te crystals using free-exciton spec- wherek=(S)/(L+2S), ug is the Bohr magneton, and is
troscopy. Crystals of Zp_,Fe,Te were grown only recently. the average mass of the ZnFe, Te molecule. The param-
eterk is equal to 1/2 for a spin-only magnetic moment, but
k< 1/2 for the Fé" ion due to the contribution of the orbital
angular momentum to the magnetic momettCombining

In the presence of an external magnetic fiBlthoth con-  Egs.(2) and(3), the difference between the exchange param-
duction and valence bands undergo strong, exchangeters is given by

Il. THEORETICAL BACKGROUND
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which is independent of Fe concentratiort® In the case of

a strong exciton splitting all four lines are resolved and the
Noa,NgB parameters can be obtained individually using the
ratio of the strong and the weak exciton-line splittings
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This procedure cannot be used when the exciton splitting is
small compared with the exciton linewidth, because lines
with the same polarizationAandB or C and D) are not
resolved. In this case it is usually assumed that the excitonic 236
structure observed with a certain polarization consists only E (V)
of the strong exciton lineA or D) since the other lineR or
O ol o S mallr I L (0 Rectane seca o 0,77 x- 0003,
e . f polarizatiory” of the reflect , Eq3), and th -
Ep—E, splitting by 10-20 % When the weak lines are egree of polarization” of the reflectance, Eq3), and the spec

. trum for —0.5AEJInl(E)/JE. All the results are foif= 2 K andB
neglected, Eq(5) cannot be used. The two exchange inte-_ 5 T. The data for”” were obtained by modulating the reflected

grals can then be obtained individually only if one of them iSignt The data ira) are from a different experiment, with two fixed
determined by other means. Typically, spin-flip Raman scatyg|arizations.

tering is used to obtaifya.’

Polarization (%)
s

larger than|a|. Assuming this to be the case heMyS is
lll. RESULTS AND DISCUSSION negative, i.e., antiferromagnetizd exchangée:'*
o Because the splitting between thé ando~ components
The Zn, _,Fe,Te crystals used in this work were grown \yas small, a direct determination of the magnitude of this
by the modified Bridgman method. Single-phase CrySt""'%plitting from thes" and o~ spectra was of rather poor

were obtained only for rather low Fe concentrations,ccyracy. This was particularly true at low fields. A more
x=<0.005. Attempts to grow crystals with higherresulted  ,recise determination of the magnitude of the splitting was

in ferromagnetic precipitatespresumably iron telluride  ypiained by measuring the degree of polarizatiérof the
which manifested themselves as hysteresis loops in the magsfiected light

netization curves. For the present study we selected two crys-

tals with the smallest content of such precipitates. The Fe  oe)=1(oh)

concentration wag=0.003 and 0.004. For such lowthe = (o) +1(a")’ (6)
usual methods of concentration determinafiery., electron

microprobe or wet chemical analysisould not provide a wherel(o™) is the light intensity at a given polarization.
satisfactory accuracy. Instead, we estimatdtbm the mag- Values of7”” were obtained by modulating the polarization of
netization of the samplésee Ref. 9 for detailsAs pointed  the reflected light®3 The exciton splittingA E was obtained
out above, in connection with E@4), the exact value ok by combining the polarization and reflectance spectra using
does not enter into the determination of the exchange corthe equatioff

stants.

The exciton splitting induced by the-d and p-d ex- AE~ 2AE) -
change was studied 8 K by measuring the reflectance in a T ' ™
magnetic field up to 5 T. Typical reflectance spectra for the - E'”' (E)

ot ando~ polarizations at 5 T are shown in Fig(al. The

exciton splitting is clearly visible, although even at this high-wherel (E)=3[1(c")+1(c)].

est field the splitting is smaller than the excitonic-structure Figure Xb) shows the spectrum of versusk. The fact
width. Because of the small splittings, the two lines for eachthat this spectrum exhibits a peak, rather than a dip, in the
polarization(lines A andB or C and D) are not resolved. middle of the excition energy range indicates that
Following the usual practice in such a situation, we ascribe&E(a*)<E(o~). Of course this conclusion can be reached
the observed splitting between the and ¢~ components more directly from the spectra in Fig(a.

to the energy differenc&p—E, between the two strong Equation(7) is valid only when thes™ and o~ spectra
lines (see Sec. )l Figure Xa) shows that ther™ structure have the same shape and when the energy splitting is small,
(ascribed to lined) is at a lower energy than the™ stucture  roughly no larger than the structure width. In such a situation
(predominantly lineD). The observed sign of the splitting the shapes of the spectra for” versus E and
between thes* and o~ components is typical for all Fe-, —AE (d/JE)[InI(E)] versusE should be the same. The
Mn-, and Co-based DMS'’s. It corresponds to a positivesplitting AE is then obtained from Ed7). If the forms of the
(Noa—NgppB). In all DMS’s studied thus far|g8| is much o* ando~ spectra are different, the polarization spectrum
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FIG. 2. Exciton splitting E(c")—E(c") of Zn,_,FeTe,
x=0.003 and 0.004, versus magnetic fi@d These results were
derived from data for” and for — dInl(E)/¢JE using Eq.(7).

FIG. 3. Magnetization of Zp_,Fe,Te,x=0.003 and 0.004, ver-
sus magnetic fiel® at T=2 K.

: : ... . the same polarization could not be resolved, the integrals
cannot be reproduced by a simple scaling of the logarithmics P 9

derivative spectrum. The procedure based on @.can Noa andNgB could not be determined individually. Also, we
then lead to substantial errors. In the present case both sp are notaware of any other data for Zne, Te that give the

e&ira i : -

. T xtra information needed for determining these exchange
tra are of the same shape, as shown in Fi{g), which jus- . .

tifies the use of the method for Zn,Fe,Te. The exciton constants separately. On the other hand, as mentioned in Sec.

splitting was actually determined as the ratio of the heightﬁll’ the conduction-band integralya is fairly independent of
of the peaks for both spectra. To obtain the peak height, he magnetic ion and of the host lattice. In fact, the reported

X . alues of Nga in II-VI DMS’s are all in the range
linear background was assumed and subtracted. This bacgjz_ 0.25 eVt We therefore assumedloa=0.2 eV for

ground correction was rather small. At the highest fields theZn Fe,Te, which led to the estimathlo8=— 1.9+ 0.45
splitting AE obtained directly from the energy separation eV.l_'IZ(hisX va,lue forNof is comparableoto but. r)_robably

between thes” and o~ spectra agrees with that derived
from the polarization spectrum, within the experimental ac—Sllghtly larger than, those reported3for other Fe-based
’ DMS's: —1.27 eV for Cd_.FeTe® —1.60 eV for

curacy. To obtain the exchange contributiom\tg, the split- Cdl_xFeXSe,lO'lz and—1.76 eV for an_xFeXSe:C’ Al these

ting in pure ZnTe(Ref. 19 was subtracted. Figure 2 shows . ; i .
thegexc‘;lange exi(iton spﬁtting for the two Z.ry(lge Te crys- values are negative, as is the case of Mn-based DMS's but in
X contrast to the positivély8 for Cr-based DMS's. The value

tals as a function of magnetic field at 2 K. The error bars f Nof3 in Zn,_.Cr,Te is unusually large compared to the
indicate the estimated overall accuracy. The field variation of! No 17X X y larg P

the exchange exciton splitting in Fig. 2 is similar to that other Cr-based DMSS.The present results show that this

observed for other Fe-based DM$%. anomaly” does not occur for Zg_,Fe,Te.

In order to estimate the exchange constants usind4g.
the magnetization of the very same samples was measured at 10
2 K using a superconducting quantum interference device
magnetometer. The dafeorrected for diamagnetic suscepti-
bility of pure ZnTe: xq=—3.0x10 7 emu/g(Ref. 21] are
shown in Fig. 3. The observed field variation is typical for
Fe-based DMS'¢?

The exciton splitting as a function of magnetization is
displayed in Fig. 4. There is no difference between the datazs
for the two samples, within the experimental error, indicating § 4
that the samples were reasonably homogen&dire data
points seem to show a slight bending with increasing mag-~
netization. However, the accuracy of the results is insuffi- 2 b
cient for concluding that this bending is significant. There-
fore, the data were fit by a straight line, following Ed).
From the slope of this lineAE/M = 32.5+ 7.3 meV(emu/g, 0 0.1 0.2 03
the valueNya—NyB=2.1+0.4 eV was obtained. Here we
used the valuek=0.447% The present result for
Noa—NpB is comparable to those reported for other Fe- FIG. 4. Exciton spliting E(c™)—E(c") of Zn,_.FeTe,
based DMS'S™13 x=0.003 and 0.004, versus magnetization. The straight line corre-

Since in the present experiment the two exciton lines forsponds to Noa—NyB) = 2.1 eV.

n splitting (meV)

Xcit

Magnetization (emu/g)
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Finally, we comment about possible spin-disorderCd;_,Mn,S the expected decrease di,8 between
effects?*? Such effects are known to affect strongly the ex-x=0.003 and 0.004 is only about 6%. Such a decrease, if
citon splitting in crystals with lowx and may lead to an true for Zn,_,Fe,Te, is below present experimental accu-
overestimate oNy3.%° This problem results from the varia- racy, which precludes pertinent conclusions about spin-
tion of AE/(x(S)) with magnetic ion concentration. For in- disorder effects. Therefore appropriate calculations for Zn
stance, in the case of ¢d,Mn,SNog determined fromthe | Fe Te are necessary to judge about possible spin-

ratio AE/(x(S)) decreases about 40% from=0.001 to  gisorder correction for the evaluatéth3 parameter.
0.012425 Whether a similar situation occurs in the present

work is not entirely certain at the present stage, since no

appropriate calculations were done for ZnFe,Te. For the
present data no decrease WfB was observed whemnx
changed from 0.003 to 0.004ig. 4), which could suggest
that either spin-disorder effects are small for,ZpFe, Te or
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