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Magneto-optical investigations of Eu-based diluted magnetic lead chalcogenides

F. Geist, W. Herbst, C. Mg+Garca, H. Pascher, and R. Rupprecht
Experimentalphysik |, UniversitdBayreuth, D-95440 Bayreuth, Germany

Y. Ueta, G. Springholz, and G. Bauer
Semiconductor Physics Group, Universitanz, A-4040 Linz, Austria

M. Tacke
Fraunhofer Institut fu Physikalische MeRtechnik, D-79110 Freiburg, Germany
(Received 2 January 1997; revised manuscript received 6 Augusj 1997

MBE grown Ph_,EuTe and Ph_,EusSe films with Eu contents up to 7% were investigated by various
magneto-optical methods as interband absorption, photomodulated reflectivity, photoluminescence, and coher-
ent anti-Stokes Raman scatterif@ARS) in the midinfrared. The observed interband and intraband transition
energies were interpreted in the framework of the Mitchell and Wallis band-structure model with the exchange
interaction taken into account in mean-field approximation. The interband matrix elements of the selenide are
independent of the Eu concentration upxte 0.07, whereas in the telluride they are reduced by about a factor
of 2 betweenx=0 and 0.05. The signs and the magnitudes of the exchange parameters for the exchange
interaction between the free carriers in the conduction and valence band, respectively, and the localized
magnetic moments of the Eu ions are similar in Ph,EuTe and Ph_,EuSe. This implies that in
Pb,_,Eu,Te the exchange interaction decreases the spin splitting of the valence band as it is known from
Pb,_,Eu,Se. The sign and magnitude of the exchange parameters are different from the Mn-based compounds
indicating that the effect is dominated by the hybridization of the band states with the localized wave functions
of the 4f or 3d electrons, respectively. The minima of the magnetoabsorption spectra exhibit a strong line
broadening with increasing Eu concentration. Weaker transitions are no longer observable. Thus for higher Eu
contents CARS turned out to be important not only for the determination of exchange parameters but also for
the precise determination of the anisotropy of the interband matrix elements. With increasirgjrong
decrease of the matrix elements is observed in the telluride, whereas the matrix elements in the selenide are less
influenced [S0163-18287)01044-9

I. INTRODUCTION Il. BAND MODEL
A. Nonmagnetic host material

Alloying lead chalcogenides with Eu strongly opens the ~The band structure of PbTe and PbSe is characterized by
energy gap. Quantum wells composed of these alloys witgmall direct energy gaps at thepoints of the Brillouin zone,
the respective binary compounds are of type | in contrast tovhich results in a many-valley structure with a strong anisot-
e.g., Mn-based systems. This fact makes the Eu alloys pafoPy of about 10 of the effective masses of valence and con-
ticularly interesting for laser diodes emitting in the duction band in PbTe and lesapproximately 2 in PbSe.
midinfrared’~ For a systematic control of the device param- 1 h€ Landau-level energies can be calculated withinktie

eters a detailed knowledge of the band structure is importanp.and mode_l accord_lng to M'tChe" and Walf§This treat- .
Moreover the diluted magnetic compounds are interestin ent describes the interaction between the lowest conduction

due to the exchange interaction between free carriers and e d the highest valence band exactly taking into account the

localized maanetic moments of the paramadnetié Bans two higher conduction and two lower valence bands in per-
9 : P gne ©__turbation up to ordek?. This approximation is justified, be-
For rather low Eu contents, in the past precise band an

h h b btainda . h ause the energy difference between the so-called far bands
exchange parameters have been obtained.oncerning the - 5 the |owest conduction band and highest valence band is

interband matrix elements Olfl PhEuTe there was some  gpoyt 2 eV(Ref. 13 and the energy gaps of the investigated
controversy in the literaturt: samples are smaller than 400 meV.

In the present investigation the range of Eu concentrations peviations from this model are expected for energies
in Pby_,EuTe and Ph_,EuSe is up to 7%. A combination which are much higher than the energy gaps. Such discrep-
of a variety of experimental methods as interband magnetaancies are indeed observed in intraband magnetoabsorption
absorption, photomodulated reflectivity, photoluminescencein PbTe and PbSéRefs. 14 and 1Bat very high magnetic
and coherent anti-Stokes Raman scattering is used to obserfields and temperatures up to 300 K and from photomodu-
inter as well as intraband transitions. This allows a precisdated reflectivity measurements in PbTe fow> 2Eg.16 In
characterization of the band structure. this respect the analysis of our experiments within the Mitch-
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ell and Wallis model is restricted to lower energies within 2.5 K in the Mn-based lead chalcogenides and about 0.25 K
the energy bands and not too high Eu contents. Then thi Pb,_,EuTe (Ref. 23 and in Ph_,Eu,Se?* According to
Landau level energies can be obtained by diagonalization of statistical distribution of the paramagnetic ions in the host
a 4x 4-matrix Hamiltoniant’ lattice, about (1 x)*? of the ions are located in pairs and do,
With higher Eu concentrations the gap is opened that fafn the case of MA", not contribute to the macroscopic mag-
that the 4 levels of the E&" ions are no longer within the netization taking into account their strong antiferromagnetic
valence band but are located in the forbidden'gaidrasti-  coupling?2¢ For this reason a strong decrease of the effec-

caI_Iy _changing the observed inte_r- _and intraband transitions;e spin S, with increasingx is observed in magnetization
This is another reason why we limited ourselves to Eu con- 2327280

. . ) ~'measurements in Rb,Mn,Se and Ph_,Mn,Te.
tents smaller than 5% in the telluride and 7% in the selemdem the much smallel,?r éougling constgLn)t(s inxthe Eu-based lead

chalcogenides with concentrations up to 5% no significant
decrease ofS, is found in magnetization experimerfts>°
The band structure of the diluted magnetic semiconducThe coupling between interacting magnetic ions is consid-
tors Ph_,Eu Te and Ph_,Eu,Se can be calculated in the ered by a second paramet€p in the modified Brillouin
vicinity of the direct gaps by a modified- p band model, function. After Spalelet al3! this characteristic temperature
which takes into account the exchange interaction betweesgcales linearly withk and depends on the coupling constant
the free carriers and the magnetic moments of the electrong,, .
of the half-filled 4 shell in the EG" ions. This effect was For the band-structure calculations the energy Bapand
studied by several authéfs* and the results are reviewed the interband matrix elementsP2 /mZ and 2P, /my are fit-
by Bauer, Pascher, and ZawadZkn a mean-field approxi- ted to magneto-optical interband and coherent anti-Stokes
mation the exchange matrfsee Ref. 7: Eq(35) multiplied  Raman scatteringCARS) data. The far band parameters are
with the Brillouin function Eq.(42)] is added to the &4 taken from PbTe and PbSe, respectively. Due to the small
Hamiltonian of the diamagnetic host Crystal. The eXChang%oup”ng Constanj]NN inthe Eu Compounds we assumed that
interaction is proportional to a modified Brillouin function the effective Sp"SO is unchanged_ The effective tempera‘[ure
describing the magnetization of the semimagnetic semiconT0 can be fitted to the CARS data &t= 1.8 K, but only for
ductor and an exchange matrix with the elememtd, c, x>5% T, is significantly larger than 0 K.
and d defined in Refs. 7 and 21. The matrix elements are cgalculated Landau levels for Pb.EuSe are shown in
functions of the four exchange parametérsa; (valence  Fig. 4 of Ref. 7. The primary effect of the exchange interac-
band andB, b, (conduction band(see Ref. J. tion between the localized magnetic moments of thé"Eu
The off-diagonal exchange ternasandd are responsible jons and the free carriers is the modification of the spin split-
for a strong coupling of Landau states with different quan-ings in the valence and conduction band. Because of this
tum numbers ford#0° (angle between magnetic-field di- exchange interaction the Landau levels exhibit a Brillouin
rection and valley axjs For this reason the ¥4 matrix  function like bending, especially in the valence band. The
must be extended to an infinite Hamiltonian which one has tand structure of Bh,EuTe is rather similar, except the

truncate in order to calculate the eigenenergies of a limitegarger anisotropy of the telluride compared to the selenide.
number of Landau levels. The exact Hamiltonian is taken |n contrast to Ph_,Mn,Te or Ph_,Mn,Se the spin split-
from Bauer, Pascher, and ZawadZki. ting in the Eu compound§see full lines in Fig. ®)] is
From the exchange parameters and the spin-orbit mixingeduced in the valence band, so that in samples with higher
parameters the four exchange integrals can be calcilaféd. Ey contents the spin splitting even changes its sign in the
In the telluridesthe exchange integrals are defined as investigated range of the applied magnetic fields. The step
occurring for the spin-flip transition b =35° valley in the

B. Exchange interaction in diluted magnetic alloys

i RIJIR) = g= —ot valence band is due to a strong mixing and anticrossing of
O < | | > a S’Z@+! . .
0 co states. This occurs in PbEu,Se too, however, forx
=0.042 in a magnetic-field range of about 3.4See Fig.
1 S 131S. )= 5= a 8(a)]. For a comparable Eu content the effect is more pro-
Q_o< +J[Ss)=06= sirf® ' nounced in the telluride. Due to the larger gap of the telluride

the hostg factor is smaller and the relative strength of the
1 1 exchange interaction is stronger. Since the exchange inte-
o <Z|J|Z>:BL:W1 grals are smaller in the Eu-based lead chalcogenides than in
0 the Mn-based compound$®? samples with higher Eu con-
1 b, tent than in the case of Mh have to be investigated to
— <Xi|J|Xi>:BH:T' (1)  obtain reliable exchange parameters. On the other hand, a
Qo cos® higher Eu content strongly opens the energy gap and affects

In PbSe and PbTe the conduction band shows a differerff® interband matrix elements.
band-edge symmetry:**> Hence in the definition of3, and
B, in the case of the selenides ¥ has to be replaced by
cog®~ and vice versa.

With increasing Mn or Eu content an antiferromagnetic If the line broadening due to scattering is small, then in-
coupling between neighboring magnetic ions can occur. Théerband transition energies between Landau levels are ob-
coupling constandyy for this exchange interaction is about tained straight forward from the transmission minima. With

C. Calculation of the magnetotransmission
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TABLE I. Sample parameters of Pb,EuSe.

E X d NC7K) w779

g n.p

Identification (meV) (from Eg) (um) (10t cm™3) (cmPIV s)

| 181.1 0.012 2

I 189.1 0.014 2 ~+1 5.101C°

11 219.0 0.024 2

v 264.3 0.039 6

\% 273.4 0.042 10 +0.48 4620

VI 354.5 0.069 11 +0.37 979
increasing Eu content the relaxation timés decreased, re- . EXPERIMENT

sulting in a strong level broadening. Then a model calcula-

tion of the transmission is necessary to understand the ex-

perimental interband absorption spectra. The samples were grown by molecular-beam epitaxy on
The dependence of the transmitted intensity at fixed phocleaved Baksubstrates with111] direction perpendicular to

ton energy as a function of the magnetic field is calculated byhe sample surface. The Eu contents, film thicknesses, carrier

the following procedure: densities, and Hall mobilities are listed in Tables | and II.
(i) Calculation of interband transition energies for an ar-The Eu concentrations in the PhEu,Se samples were de-

ray of magnetic fields by diagonalization of the Mitchell and termined from the energy gaps using the dependendg, of

Wallis k- p Hamiltonian. onx:®
(ii) For each of the magnetic fields the imaginary part of

the dielectric function is calculated according to Roth

A. Samples

Eq(meV)=146.3+300x for Pb_,EuSe. 4

et al 334 In the case of Ph ,Eu Te the Eu content was determined by
B x-ray scattering and a chemical analysis based on atom ab-
AD) — VML D) | Pu(d)|2 sorption spectroscopy. For the dependencdEgfon x for
SZ(w)M%: (@) w? 5 (P)[Ps(®) T—0 an expression similar to E¢4) is obtained which is in

L\ 12 12 agreement with published data of Ishiginal *°

w—wn+((w—wn)2+ =

Eq(MmeV)=189.7+448 for Pb_,EuTe.  (5)

X2

n

. (2

The factorsdEg/dx are only valid forx up to 0.05 in
Pb,_,EuTe and forx<0.07 in PhR_,Eu,Se due to the

above-mentioned location of thef 4evels of the E&" ions.

where X4A(P) symbolizes the sum over all valleys.
msY(®) denotes the reduced effective mass of conduction B. Magneto-optical interband transitions

and valence band with mg®VE(®)=mCBVBcodd The interband transit _ determined b
CBVEGi2Q) and Py(®) is the interband matrix element e interband transition energies are determined by mag-

+m . oL .
for tihe respective angle between the valley axis and the di@etoabsorpnon of the epitaxial films in Faraday [ 111))

rection of the magnetic field, and Voigt geometry K| Bll[110]). Because of the wide
range of energy gaps we used a CO-laser, a frequency
2p? doubled CQ-laser, a dye laser together with a Raman-shifter
(—) Jeogd + (P, /P))~2siP®. (3)  or a globar as light sources. In Faraday configuration with
Mo circularly polarized light, interband transitions from the con-

The last term in Eq(2) denotes the combined density of duction to the valence band withn=0 andAs=*1 are
states with the interband transition energfes,, and the
linewidth characterized by the relaxation timefor these
transitions. The Dingle temperature is then definedTgs
= (h/2mkg7).>*

(iii) Calculation of the real part;(w) from e,(w) by

2 (w—wn)z-i— s

My
2

|PB(CI))|2:

TABLE Il. Sample parameters of Pb,Eu,Te.

E, X d Ng; K) w771
Identification (meV) (from Eg) (um) (10" cm %) (cn?/V s)

Kramers Kronig transformation for eadB value. s}(w) A 207.7 0.0040 4.0 ntype
=g1(0w)+&w), with £2%w) being a phenomenological B 2220 0.0072 34 -—13 21000
background to the total real part of the dielectric constant. C 228.2 0.0086 4.6 -4.4 15000
(iv) £}(w) ande,(w) yield the transmission and the re- D 252.6 0.0140 3.03 +14 3190
flectivity of the epitaxial film taking into account multiple E 267.8 0.017 3.8 -1.0 9000
reflections at the film surfaces including interference effectsr 309.4 0.027 429 -0.11 3080
These calculations are performed as a functiom éfr at G 343.8 0.034 4.8 +0.59 1790
least 100 magnetic field values between 0 and 7 T. From thg 3452 0.035 4.2 -1.6
array of results the transmission at fixedas a function of 395.9 0.046 401 —2.45 1997

the magnetic fieldB| can be extracted.
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FIG. 1. Experimental setup of the CRS with the Raman shifter in the midinffased= w1,2—3><4155(cm’1) according to Ref. 3p BS
coated beam splitteP: suprasil prism; PC: pockels cell; PM: plane mirror; PBS: polarizing beam spi@&€QG, prism); L1: suprasil lens
(f=300 mm); WL1: suprasil window; CAP: glass capillaty=0.7 mm; =700 mmn); W2: Cak-window; L2: Cak, lens (f=300 mm);
F1: Siand/or Ge filterL. 3: Bak-lens (f =300 mm);S: sample T=1.7...300 K); SCM: superconducting magnBt(7 T); L4: BaF, lens
(f=100 mm);M: double monochromator; CM: concave mirrdr=200 mm);F2: Si-, Ge-, or InAs filterD: photovoltaic InSb detector.

the strongest allowed transitions. Because of the many-valley From the interband magneto-optical data mainly the two-
structure, transitions in one valley with=0° and in three  band parameter§, 2P?/mq, andP, /P, are fitted. How-
valleys with®=70.53° can be observed. In Voigt configu- ever, in the cases where due to a broad linewidth interband
ration with anEIlB interband transitions wittAkn=0 and absorption is only observed with one valley orientation,
As=0 are observed for two valleys witth=35.26° and CARS data are important for the determination of matrix
90°, respectively. From the differences of the transition enelements, too. Exchange parameters can only be found ex-
ergies in Faraday and Voigt geometry the spin splittingsactly from spin flip transitions observed by CARS. The far
could be determined, in principle, but the experimental errordband parameters are assumed to be the same as in PbSe and
are rather large because the spin splittings and the influendebTe, respectively, an assumption justified by the small

of the exchange interaction are much smaller than interbandalues of less than 7%.

transition energies.

In homogeneous PbSe as well as PbTe ghiactors of
valence and conduction bands are almost identical. Conse-
quentlyc* and o~ polarized interband transitions occur at  Spin resonances of electrons and holes in semiconductors
the same magnetic field. Due to the difference of the exare Raman allowed transitions. Due to the small penetration
change interaction in valence and conduction bands, the delepths of visible light in narrow gap semiconductors conven-
generacy ofs* and o~ transitions is lifted in Pp_,EuSe tional Raman-scattering experiments do not work. Since in-
[see Fig. &) of Ref. 7]. From the polarization selection rules frared detectors are much less sensitive than photomultipliers
and the fact that the™ polarized transitions occur at smaller or CCD (charge coupled devigeletectors, spontaneous Ra-
magnetic fields it can be deduced that the spin splitting in thenan scattering in the mid- infrared is only observable under
valence band is smaller than in the conduction band. In thisery special condition¥’ Coherent Raman methods like
way the interband transitions are important for CARS experi-CARS, however, turned out to be very powerful and univer-
ments, which very exactly determine the absolute value o$ally applicable to the observation of spin-flip transitidha>
the effectiveg factor but not the sign. In order to measure directly the temperature and magnetic-

C. Coherent Raman scattering
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FIG. 2. CARS intensity of Ph ,EuSe withx=0.042(a) and
x=0.069 (b) as a function of the magnetic field fdr=1.7 K for
constant frequency differenced”. () CSRS intensity of
Pb, _,EuSe withx=0.069 vs the frequency differencev for T
=1.7K at a fixed magnetic fieldB=1.97 T). The arrows in(b)
and(c) denote the resonance positions obtained by line-shape fittin
(dashed lines

FREQUENCY DIFFERENCE (cm™)

responding to the energy gaps of the investigated materials.
The method yields signals with signal to noise ratios consid-
erably improved with respect to nonresonant CARS applied
in previous investigationge.g., Ref. 7. This results in a
larger number of observable transitions entering the band-
and exchange parameter fits and consequently more precise
results. In order to take advantage of band-gap resonances of
the CARS signal in samples with rather different energy gaps
we used alternatively two CQlaseré® or their second
harmonic®® or two visible dye lasers together with one
H,-Raman shiftél' to generate infrared radiation with fre-
guenciesw, and wg, respectively(see Fig. 1 Due to the
700-mm-long waveguide the beams with the two frequencies
are exactly collinear. They are focused onto the sample
which is held in Voigt configuration in a variable tempera-
ture cryostat in a superconducting magnet. The double
monochromator serves as a broadband filter which sup-
presses the laser light. The beams with frequeneiggnd

wg generate in the sample radiation with new frequencies by
optical four wave mixing. Among these, the frequenagys
=2w —wg corresponds to the anti-Stokes frequency
(CARY andwgs=2ws— w, to the second Stokes frequency
(CSRS of a conventional Raman-scattering experiment with
pump laser atv, and Raman shifto, — wg. The spectra at
was and wgg are almost similar and yield the same informa-
tion on the Raman allowed transitions. But in the case of
resonant CARS withiw =Ey, the generated anti-Stokes
intensity (was™> wsg is reduced more by one-photon absorp-
tion. On the other hand, the radiation with the frequengy

may be superposed by a strong photoluminescence, so that
only CARS will be applicable.

The intensity atwag Or wsgis monitored either as a func-
tion of magnetic field B| for several fixed combinations,
and wg or alternatively as a function ab, — wg with fixed
|B|. The latter method is particularly important for the ob-
servation of transitions which do not exhibit a significant
dependence on the magnetic fig¢kke, e.g., the spin reso-
nance in the valence band in Figbgfor B>2 T or valence-
band resonances arouBd=1 T in Fig. §3a)].

The intensityl o5 at wag IS proportional to the square of
the nonlinear susceptibility®), which is resonantly en-
hanced wheneve®, — wg corresponds to the transition en-
ergy of a Raman allowed transition. In a magnetic field with
orientationBLk, i.e., in Voigt geometry, the strongest one is
a spin-flip resonance if

hi(w —wg)=hAw=0" ugBes, (6)

whereg* is the effectiveg factor for the particular orienta-
tion of B.

In the CRS experiments complicated line shapes occur
due to the interference of the resonant and nonresonant parts
of the nonlinear susceptibilit*° Therefore either intensity
maxima or points of inflection correspond to the resonant
magnetic fieldB,.s. Whether extrema or points of inflection
pave to be evaluated, depends on the relative strengths of the

esonant in comparison to the nonresonant contributions.
Further details of the line-shape analysis of the CARS reso-

field dependence of the electron and hgléactors, a setup nances are given in Refs. 32 and 42. If more transitions are
for CARS experiments operating in the infrared was used. close together, the exact resonance positions have to be

In the experiments described in the present article resdfound by a line-shape fitting taking into account real and
nance CARS was used with the laser frequencies nearly coimaginary parts of(®.
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FIG. 3. (a) Interband magnetoabsorption @f polarized radiation in three RPb,Eu,Te samples with different Eu content vs magnetic
field for T=1.8K. x=0.007: Eq=221.2 meV, hw=260.4 meV; x=0.014: Ey=252.6 meV, hw=285.2 meV; x=0.034: =
=345.2 meV,iw=375.1 meV.(b) Calculated interband magnetoabsorption vs magnetic field for three different Dingle tempeifzdnks
parameters from PbTé&;=189.7 meV,/iw=236.2 meV.

Figures 2a) and 2Zb) show experimental CARS record-
ings with fixed Aw for small magnetic fields, where the
valence-band spin splitting strongly depends on the magnetic ————— 77—
field. In Fig. 2a) a small splitting between the valleys with Pb, FuTe
®=35.26° and 90.0° is observed; in the;PREU,Se sample | x=0.035: T=1.7K
with higher Eu content in Fig. (®) the splitting is not re- P 52925 0crm-"
solved due to the broader lines. Figung)2shows a record-
ing at fixed magnetic field in the range where the spin reso-
nance is almost field independeai,. is held fixed andvg is '
tuned. The coherent Raman intensity is plotted vs the fre-
quency differenceAv. A pronounced peak due to the
valence-band spin resonance is observed at about 26 cm
For small frequency differences an increase of the nonreso-
nant susceptibili®~*> occurs which is considered in the
line-shape fitting procedure.

units)

o*—polarization

(arb

TRANSMISSION

IV. EXPERIMENTAL RESULTS

A. Magneto-optical interband transitions 0

In Fig. 3a) recordings of the transmitted intensities vs the MAGNETIC FIELD (T)

m.agne.tlc field are compared for threelEkEu.’(Te samples FIG. 4. Interband transmission of " polarized radiation in
with different x values. The photpn energies are choser‘bbl_XEuxTe with x=0.035 as a function oB (Faraday configura-
a_bout 35 me\_/ above the respectlye band gaps to aIIov_v flon, T=18 K). Full lower trace: Experiment; full upper trace: cal-
direct comparison of the curves. It is clearly seen that withyjateq withT, =10 K; dotted trace: calculated wiff, =3 K (cor-
increasing Eu content the linewidth is increased and th@esponding to the Dingle temperature in PhTEhe transitions are
modulation is less pronounced. In FigbBtheoretical traces igentified as 1: VB 2—CB 2", ®=0.0° and VB 5 —-CB 5", ®
are shown for comparison, calculated by the method outlined: 79 53°: 2: vB 4 —CB 4", ®=70.53°: 3: VB T —-CB 1", ®

in Sec. Il C. The agreement of the shapes of calculated and 0.0° and VB3 —CB 3', ®=70.53°; 4: VB2 —=CB2", ®
experimental curves demonstrates that with increagitite =70.53°; 5: VB T —-CB 1", $=70.53°; 6: VB0 —CB 0", ®
Dingle temperature is strongly enhanced due to alloy=0.0°.
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FIG. 5. Fan chart for magneto-optical transitions in Faraday geomiktBfl[111]) for two Pb _,Eu Te samples witbk=0.014(a) and
x=0.046 (b). T=1.7 K. A: experimental results fos" polarized radiation®: experimental results fos~ polarized radiation; —, ---:
calculated with parameters according to Table IV. Identification of the transitions: 1:*\V8B0~ ,®=70.53°; 2: VBO —CB0",®
=70.53°; 3: VBO'—CBO ,®=0.0°; 4: VBO —CBO0*,®=0.0°; 5: VB1'—CB1 ,#=70.53°; 6: VBT —-CB1",&=70.53°,

7: VB2"—CB2,#=70.53°; 8: VBZ —CB2",&=70.53°; 9: VBI'-CB1 ,®=0.0°; 10: VBT —CB1*,®=0.0°.

scatterind’®4’ Weaker transition¢see, e.g., between 4 and 5 Similar results, which are not shown here, are obtained for
T) are no longer observable with higher Eu contents. the selenide3®The corresponding parameters are given in

Figure 4 shows that this line broadening can cause onlyrable Ill.
transmission minima remaining, where transitions with two
valley orientations accidentally coincidgansition 3 at 4 T
in Fig. 4) or relatively widely split transitions resulting in
one broad minimunmbetween 4 ath 6 T in Fig. 4). Conse- Experimental recordings of the CARS intensity vs. mag-
quently, from interband transmission the anisotropy of thenetic field are reproduced in Figs(a and Gb) for p-type
matrixelements can no longer be deduced. Later we wilPb,_,Eu,Te with different Eu contents. lp-type material
show that CARS will provide this information. In samples hole resonances are observed as well as resonances due to
where magnetotransmission does not at all show pronouncegzhotoexcited electrons. Again a considerable line broadening
minima the energy gaps have been obtained by photolumiwith increasingx is seen, however, even in the sample with
nescence. Xx=10.046 spin-flip transitions in valleys witf = 35.26° and

Fan charts of the dependence of interband transition ene®0.0° are well resolved. To get exact resonance positions a
gies as a function of the magnetic field are shown in Fig. &areful line-shape analysis must be perforntdte arrows
for Pb,_,Eu,Te with different Eu contents. It is seen that give the resulting resonance positigns
with small x [Fig. 5@)] all allowed transitions are resolved. Figure §a) demonstrates that the valence-band spin reso-
For this sampleE,, P, , andP; can be fitted to interband nances show a pronounced temperature dependence, whereas
data. As already mentioned above and seen from Kig.. 5 the conduction band factor remains constant. There is al-
this is no longer true fox>4%. Transmission minima are most no exchange interaction between electrons arfd Eu
only observed where transitions wit=0.0° and ® ions® The exchange interaction between holes and"Hs
=70.53° are close together. The spin splitting betwe€n antiferromagnetic, which means with decreasing temperature
and o~ transitions caused by the exchange interaction ighe resonant magnetic field is enhanced—the spin splitting is
more pronounced than with small&r[compare Figs. @) diminished (higher resonant magnetic fields for constant
and §b)]. Aw).

The full and broken lines are calculated with band and In Fig. 7 the spin splittings are plotted as a function of the
exchange parameters given in Table IV. The agreement benagnetic field. The full lines are calculated with the band
tween theory and experimental data is rather satisfactorynodel outlined in Sec. Il with band and exchange parameters

B. Coherent Raman scattering
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with x=0.014(a) andx=0.034(b) for T=1.7 K. @: experimental

FIG. 6. CRS-intensity op-type Ph_Eu,Te with x=0.014(3) results; —: calculated with the parameters from Table IV.

andx=0.034(b) as a function of the magnetic field for fixed fre-
quency differences. The recordings fb=1.8 K andT=20 K ex-

hibit a strong temperature dependence of the hole resonance in cogpf/mozo_55 eV, which is the PbTe value andD?/mo

trast to the electron resonances. The arrows(dn denote the =8.23 eV. This means an increase of the anisotropy. Yuan
resonance positions obtained by a line-shape fittingise free o 535 gequced from cyclotron resonances with electrons in
trace. the ®=0° valley a decrease ofFZ/mO with increasing Eu

. . content from P?/my=5.3eV for x=1.3% to P?/m,
fitted to interband and CARS datsee Table IY. The good — 406V for x=3.4%. Yuan's results are obtained with

agreement between calculated and experimentally observed

spin splittings demonstrate the reliability of the exch(:mge‘c""lmples which were also investigated by interband magne-

parameters totransmission. Thus the energy gaps of the samples are

; . known very precisely. Since the conduction band is almost

Experlmenta! CARS recordings . for PQ‘EL&SG. ar®  not affected by the exchange interaction, the anisotropy of

shown already in Fig. 2. Corresponding dependencies of th e matrixelements is directly observed in the CARS spectra
spin splittings as a function of the magnetic field are plotte y P

. 'g . .
in Fig. 8. Due to the weak magnetic-field dependence of th f n-type material:® There is no doubt, that the anisotropy

valence-band spin splitting in the sample with 6.9% eu-T;t/)IF;” I\;ﬂ)ecreases with increasing Eu concentratisee
ropium, with fixed frequency lasers no results can be ob- =" : . : .
Figure 9 gives a survey on the matrixelements in

tained between 1.5 T and 6 T. It is necessary to take th . >
spectra at fixed magnetic field by tunings. The fitting %Q—XEWTe and Ph_.EuSe. In the telluride B}/m, as

procedure yielded forx=0.042 T,~0, whereas forx well as 2PZ/m; are reduced with respect to PbTe by a factor
—0.069T,=1.2 K, demonstrating the onset of an antiferro- of @pproximately 2 fox=0.05, the effect being more pro-

magnetic coupling between the Euions at this concentra- nounced forP, which leads to a decrease of the anisotropy
tion (see also Refs. 24 and B0 with increasingx. In contrast, in the selenide there is just a

very weak reduction of the matrixelements with increasing

(see Fig. 9 and Table )l Incidentally it should be noted that

the same tendencies are found in PtMn, Te (Refs. 48 and
There is some controversy in literature concerning the in7) and Ph_,Mn,Se3? respectively.

terband matrix elements in Ph EuTe. Krostet al° found The different behavior of tellurides and selenides may be

a decrease of the anisotropy with increasing Eu contentaused by the band alignment of the far bands. The energy

Karczewskiet al!! published for one sample witk=0.02  differences between the far bands and the lowest conduction

C. Discussion of band and exchange parameters
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with x=0.042(a) andx=0.069(b) for T=1.7 K. @: experimental FIG. 9. Interband matrix eIemenFsPé/mo and Pj/mq of
results; —: calculated with the parameters from Table IIl. Pb _«EuTe and Ph_,EuSe as a function of the Eu contentFull

lines: guides for the eye. Data for PREu,Se,x<<0.025 from Ref.

and the highest valence band are smaller in PAF.5 eV

than in PbSe1.5-2 eV and the conduction band shows a the same exchange parametésse Table IV. T, is treated

different band-edge symmetty.Especially in Ph_,EuTe  as an adjustable parameter but remained equal to zero up to

the energy gap opens quite drastically, so that this may causke highest Eu concentrations investigated. This points out

the strong decrease of the matrix elements. that a considerable antiferromagnetic coupling between the
In the Mn-based diluted magnetic lead chalcogenides @agnetic moments of the Euions does not occur. There-

dependence of some of the exchange parameters la@s  fore we assumed the effective spin to p#or all samples in

been observe#. Such deviations of the molecular-field ap- agreement with published magnetization At

proximation are not found in the Eu compounds. All In the selenide the data suggest a small decrease of ex-

Pb,_4Eu, Te samples yielded within the experimental errorschange parameters with increasing Eu conteate Table

TABLE lll. Band and exchange parameters of, PfEu,Se forT=1.8 K. Far band parameters of PbSe

from Ref. 51.
PbSe(Ref. 51 I Il ] v \% Vi
Eg (meV) 146.3 181.1 189.1 219.0 264.3 273.4 354.5
+0.3
X 0.0 0.012 0.014 0.024 0.039 0.042 0.069
2Pf/m0 3.6 3.6 3.6 3.6 3.6 3.5 3.3
(eV) +0.1
P, /P, 1.35 1.4 1.4 1.4 1.4 1.4
+0.02
A (meV) 34+5 26+5 26+5 24+5 25+5
a; (meV) 32+5 22+5 20+5 20+5 23+5
B (meV) 7+5 20+5 8+5 12+5
b; (meV) 8+5 19+5 1+5 3+5
To (K) 0.0 0.0 0.0 0.0 0.1 1.2

Sy 3.5 3.5 3.5 3.5 3.5 3.5
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TABLE IV. Band and exchange parameters of, PlEu, Te for T=1.8 K. Far band parameters of PbTe from Ref. 40.

PbTe(Ref. 40 A B C D E F G H J
Eq (meV) 189.7 207.7 222.0 228.2 252.6 267.8 309.4 343.8 345.2 395.9
+0.2
X 0.0 0.0040 0.0070 0.0086 0.014 0.017 0.027 0.034 0.035 0.046
2Pf/mo 6.02 5.65 5.30 5.25 5.05 5.0 4.1 3.9 3.9 2.9
(eV) +0.05
P, /P, 3.42 3.42 3.35 3.33 3.18 3.15 3.25 3.15 3.15
+0.05
A (meV) 265 26+5
a; (meV) 24*5 24+5
B (meV) 5+5 5+5
b; (meV) 0+3 —25+3
Ty (K) 0.0
So 3.5

1), but the deviations are hardly bigger than the estimatedarriers with the screenedf Zlectrons of the E&i ions is
experimental errorsT, remains zero up ta=0.04 and in-  yych weaker than with Mit 3d electrons. This trend is also
creases above 4%ee Table lll. At x=0.069 an antiferro- - gptained by Dietlet al® in ab initio calculations using a
magnetic coupling of the Eii ions manifests itself ifTy  microscopic tight-binding model of the spin-dependent cou-
=1.2K. Nevertheless we assum&=; even with 6.9% pling of free carriers and localized spins in the diluted mag-
europium. There may be some reductiorSgin the samples  npetic alloys. The resulting exchange parameters are approxi-
with the highest Eu concentrations, which would cause amnately a factor of 3 larger than the experimentally observed
increase of the exchange paramefsee Eqs(35) and(42)  values, but the theoretical calculations confirm the signs and

in Ref. 7]. To elucidate this point a comparison of our data tothe relation between the exchange interaction in the valence
magnetization measurements performed at the same samplg$d conduction band.

would be necessary, which are not available up to now.

A comparison of the exchange parameters of Se vs. Te
compoundgTables Ill and IV} shows that the effect of the
Eu ions on the valence-band spin splittings is practically The magneto-optical interband absorption and coherent
identical in both systems. In the conduction band, howeverRaman-scattering experiments reported in this paper for
there is a difference. The conduction band of the selenide iPb,_,Eu Se and Pp_,EuTe extend previous investigations
affected by the exchange interactifsee also the Brillouin to considerably higher Eu concentrations. These extensions
function like bending of the CB 35° curve in Fig(a8]. In  as well as the large number of experiments carried out allow
contrast, in the telluride the exchange parameBi@ndb, reliable statements on the dependence of both interband ma-
are vanishing within the experimental accuracy. AccordinglytrixelementsP;, and P, on the Eu content up to more than
in Fig. 7(a) the curves CB 35° and CB 90° are linear despite5%. In the investigated range of Eu contents; REu, Te
a small bending due to nonparabolicity. These differencesetains the band symmetries at thepoint of the Brillouin
between selenide and telluride most probably stem from theone of PbTe and Rb,EuSe that of the corresponding
different band-edge symmetries of the conduction bands ifevel ordering of PbSe. The interband matrixelements de-
both materials(PbSe:Lg,; PbTe:Lg; in the notation after crease considerably with increasingin the telluride and
Ref. 13 resulting in different spin-orbit mixing parameters remain almost constant in the selenide based system. The
entering the conduction-band staisee Eqs(9) and(10) of  difference is most probably due to the different symmetry of
Ref. 7 and Eq(1) and the following sentences of the presentthe conduction-band states in the selenide in comparison to
article]. the telluride system.

Compared to Mn-based alloys the exchange integrals in Due to the large increase of the energy gap with increas-
the Eu compoundgsee Table Y are a factor 10 smaller ing Eu content, in both systems alloy scattering is quite im-
(compare to Ref. 49 The exchange interaction of the free portant and influences the line broadening of both interband

V. CONCLUSIONS

TABLE V. Exchange integrals of Rb,Eu Te and Ph_,EuSe forT=1.8 K.

a=(RPIRY Qo 6=(S.|J[S:)/Qq B, =(Z-[IZ:)IQ  B=(X:[I[X:)/Qq

Material (meV) (meV) (meV) (meV)
Pb, _EuSe 33 —105 12 3
x=0.014

Pb,_,EuTe 25 —-48 0 -7

x=0.014/0.017
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and also to a somewhat lesser extent of the CARS spectréght-binding model of the spin-dependent coupling between
The calculation of the interband transmission as a function ofhe mobile carriers and the localized spins in the_REu,Se

the magnetic field from the band and exchange parameteend Ph_,Eu,Te compounds compare well in their trends
and its comparison with experimental recordings yields anwith our experimental results.

increase of the Dingle temperature frdfg~3 K in PbTe to Up to the highest Eu concentrations investigated here, the
approximatelyTp~20 K in Pl _,EuTe with 5% europium.  parameters describing the exchange interaction between lo-
For this reason the anisotropy of the matrix elements fokalized magnetic moments and free carriers remain constant.
higher Eu concentrations have to be determined by CAR&bove x=0.05 the onset of an antiferromagnetic coupling
measurements. between the EiI ions is suggested as evidenced from CARS

~ The exchange parameters in the Eu compounds are almogta, namelyT,, the effective temperature entering the Bril-
identical and about one order of magnitude smaller than ifouin function.

Pb,_,Mn,Se and Ph ,Mn,Te. In contrast to the Mn-based

lead chalcogenides the exchange interaction decreases the

valence-band spin splitting in Pb,Eu,Se and Ph_,Eu,Te. ACKNOWLEDGMENTS
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