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Magneto-optical investigations of Eu-based diluted magnetic lead chalcogenides
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MBE grown Pb12xEuxTe and Pb12xEuxSe 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 scattering~CARS! 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 up tox50.07, whereas in the telluride they are reduced by about a factor
of 2 betweenx50 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 Eu21 ions are similar in Pb12xEuxTe and Pb12xEuxSe. This implies that in
Pb12xEuxTe the exchange interaction decreases the spin splitting of the valence band as it is known from
Pb12xEuxSe. 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 increasingx a strong
decrease of the matrix elements is observed in the telluride, whereas the matrix elements in the selenide are less
influenced.@S0163-1829~97!01044-8#
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I. INTRODUCTION

Alloying lead chalcogenides with Eu strongly opens t
energy gap. Quantum wells composed of these alloys w
the respective binary compounds are of type I in contras
e.g., Mn-based systems. This fact makes the Eu alloys
ticularly interesting for laser diodes emitting in th
midinfrared.1–4 For a systematic control of the device para
eters a detailed knowledge of the band structure is import

Moreover the diluted magnetic compounds are interes
due to the exchange interaction between free carriers and
localized magnetic moments of the paramagnetic Eu21 ions.
For rather low Eu contents, in the past precise band
exchange parameters have been obtained.5–9 Concerning the
interband matrix elements of Pb12xEuxTe there was some
controversy in the literature.10,11

In the present investigation the range of Eu concentrati
in Pb12xEuxTe and Pb12xEuxSe is up to 7%. A combination
of a variety of experimental methods as interband magn
absorption, photomodulated reflectivity, photoluminescen
and coherent anti-Stokes Raman scattering is used to obs
inter as well as intraband transitions. This allows a prec
characterization of the band structure.
560163-1829/97/56~20!/13042~12!/$10.00
th
o,
r-

-
t.
g

the

d

s

o-
e,
rve
e

II. BAND MODEL

A. Nonmagnetic host material

The band structure of PbTe and PbSe is characterize
small direct energy gaps at theL points of the Brillouin zone,
which results in a many-valley structure with a strong anis
ropy of about 10 of the effective masses of valence and c
duction band in PbTe and less~approximately 2! in PbSe.
The Landau-level energies can be calculated within thek•p
band model according to Mitchell and Wallis.12 This treat-
ment describes the interaction between the lowest conduc
and the highest valence band exactly taking into account
two higher conduction and two lower valence bands in p
turbation up to orderk2. This approximation is justified, be
cause the energy difference between the so-called far b
and the lowest conduction band and highest valence ban
about 2 eV~Ref. 13! and the energy gaps of the investigat
samples are smaller than 400 meV.

Deviations from this model are expected for energ
which are much higher than the energy gaps. Such disc
ancies are indeed observed in intraband magnetoabsor
in PbTe and PbSe~Refs. 14 and 15! at very high magnetic
fields and temperatures up to 300 K and from photomo
lated reflectivity measurements in PbTe for\v.2Eg .16 In
this respect the analysis of our experiments within the Mit
13 042 © 1997 The American Physical Society
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56 13 043MAGNETO-OPTICAL INVESTIGATIONS OF Eu-BASED . . .
ell and Wallis model is restricted to lower energies with
the energy bands and not too high Eu contents. Then
Landau level energies can be obtained by diagonalizatio
a 434-matrix Hamiltonian.17

With higher Eu concentrations the gap is opened that
that the 4f levels of the Eu21 ions are no longer within the
valence band but are located in the forbidden gap18,19 drasti-
cally changing the observed inter- and intraband transitio
This is another reason why we limited ourselves to Eu c
tents smaller than 5% in the telluride and 7% in the selen

B. Exchange interaction in diluted magnetic alloys

The band structure of the diluted magnetic semicond
tors Pb12xEuxTe and Pb12xEuxSe can be calculated in th
vicinity of the direct gaps by a modifiedk•p band model,
which takes into account the exchange interaction betw
the free carriers and the magnetic moments of the elect
of the half-filled 4f shell in the Eu21 ions. This effect was
studied by several authors20,21 and the results are reviewe
by Bauer, Pascher, and Zawadzki.7 In a mean-field approxi-
mation the exchange matrix@see Ref. 7: Eq.~35! multiplied
with the Brillouin function Eq.~42!# is added to the 434
Hamiltonian of the diamagnetic host crystal. The exchan
interaction is proportional to a modified Brillouin functio
describing the magnetization of the semimagnetic semic
ductor and an exchange matrix with the elementsa, b, c,
and d defined in Refs. 7 and 21. The matrix elements
functions of the four exchange parametersA, a1 ~valence
band! andB, b1 ~conduction band! ~see Ref. 7!.

The off-diagonal exchange termsc andd are responsible
for a strong coupling of Landau states with different qua
tum numbers forFÞ0° ~angle between magnetic-field d
rection and valley axis!. For this reason the 434 matrix
must be extended to an infinite Hamiltonian which one ha
truncate in order to calculate the eigenenergies of a lim
number of Landau levels. The exact Hamiltonian is tak
from Bauer, Pascher, and Zawadzki.7

From the exchange parameters and the spin-orbit mix
parameters the four exchange integrals can be calculated21,22

In the tellurides the exchange integrals are defined as

1

V0
^RuJuR&5a5

a1

cos2Q1 ,

1

V0
^S6uJuS6&5d5

a2

sin2Q1 ,

1

V0
^ZuJuZ&5b'5

b1

sin2Q2 ,

1

V0
^X6uJuX6&5b i5

b2

cos2Q2 . ~1!

In PbSe and PbTe the conduction band shows a diffe
band-edge symmetry.12,13 Hence in the definition ofb' and
b i in the case of the selenides sin2Q2 has to be replaced b
cos2Q2 and vice versa.

With increasing Mn or Eu content an antiferromagne
coupling between neighboring magnetic ions can occur.
coupling constantJNN for this exchange interaction is abo
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2.5 K in the Mn-based lead chalcogenides and about 0.2
in Pb12xEuxTe ~Ref. 23! and in Pb12xEuxSe.24 According to
a statistical distribution of the paramagnetic ions in the h
lattice, about (12x)12 of the ions are located in pairs and d
in the case of Mn21, not contribute to the macroscopic ma
netization taking into account their strong antiferromagne
coupling.25,26 For this reason a strong decrease of the eff
tive spin S0 with increasingx is observed in magnetizatio
measurements in Pb12xMnxSe and Pb12xMnxTe.23,27,28Due
to the much smaller coupling constants in the Eu-based
chalcogenides with concentrations up to 5% no signific
decrease ofS0 is found in magnetization experiments.29,30

The coupling between interacting magnetic ions is cons
ered by a second parameterT0 in the modified Brillouin
function. After Spaleket al.31 this characteristic temperatur
scales linearly withx and depends on the coupling consta
JNN .

For the band-structure calculations the energy gapEg and
the interband matrix elements 2P' /m0

2 and 2Pi /m0
2 are fit-

ted to magneto-optical interband and coherent anti-Sto
Raman scattering~CARS! data. The far band parameters a
taken from PbTe and PbSe, respectively. Due to the sm
coupling constantJNN in the Eu compounds we assumed th
the effective spinS0 is unchanged. The effective temperatu
T0 can be fitted to the CARS data atT51.8 K, but only for
x.5% T0 is significantly larger than 0 K.

Calculated Landau levels for Pb12xEuxSe are shown in
Fig. 4 of Ref. 7. The primary effect of the exchange intera
tion between the localized magnetic moments of the E21

ions and the free carriers is the modification of the spin sp
tings in the valence and conduction band. Because of
exchange interaction the Landau levels exhibit a Brillou
function like bending, especially in the valence band. T
band structure of Pb12xEuxTe is rather similar, except the
larger anisotropy of the telluride compared to the selenid

In contrast to Pb12xMnxTe or Pb12xMnxSe the spin split-
ting in the Eu compounds@see full lines in Fig. 7~b!# is
reduced in the valence band, so that in samples with hig
Eu contents the spin splitting even changes its sign in
investigated range of the applied magnetic fields. The s
occurring for the spin-flip transition ofF535° valley in the
valence band is due to a strong mixing and anticrossing
states. This occurs in Pb12xEuxSe too, however, forx
50.042 in a magnetic-field range of about 3.4 T@see Fig.
8~a!#. For a comparable Eu content the effect is more p
nounced in the telluride. Due to the larger gap of the tellur
the hostg factor is smaller and the relative strength of t
exchange interaction is stronger. Since the exchange i
grals are smaller in the Eu-based lead chalcogenides tha
the Mn-based compounds,22,32 samples with higher Eu con
tent than in the case of Mn21 have to be investigated to
obtain reliable exchange parameters. On the other han
higher Eu content strongly opens the energy gap and aff
the interband matrix elements.

C. Calculation of the magnetotransmission

If the line broadening due to scattering is small, then
terband transition energies between Landau levels are
tained straight forward from the transmission minima. W
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TABLE I. Sample parameters of Pb12xEuxSe.

Identification
Eg

~meV!
x

~from Eg!
d

~mm!
Nn,p

(77 K)

(1017 cm23)
m (77 K)

(cm2/V s)

I 181.1 0.012 2
II 189.1 0.014 2 ;11 5..10•103

III 219.0 0.024 2
IV 264.3 0.039 6
V 273.4 0.042 10 10.48 4620
VI 354.5 0.069 11 10.37 979
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increasing Eu content the relaxation timet is decreased, re
sulting in a strong level broadening. Then a model calcu
tion of the transmission is necessary to understand the
perimental interband absorption spectra.

The dependence of the transmitted intensity at fixed p
ton energy as a function of the magnetic field is calculated
the following procedure:

~i! Calculation of interband transition energies for an
ray of magnetic fields by diagonalization of the Mitchell a
Wallis k•p Hamiltonian.

~ii ! For each of the magnetic fields the imaginary part
the dielectric function is calculated according to Ro
et al.33,34

«2~v!}(
F

A~F!
B

v2 AmB
red~F!uPB~F!u2

3(
n F v2vn1S ~v2vn!21

1

t2D 1/2

2S ~v2vn!21
1

t2D G 1/2

, ~2!

where (FA(F) symbolizes the sum over all valleys
mB

red(F) denotes the reduced effective mass of conduc
and valence band with mB

CB,VB(F)5mi
CB,VBcos2F

1m'
CB,VBsin2F and PB(F) is the interband matrix elemen

for the respective angle between the valley axis and the
rection of the magnetic field,

uPB~F!u25
m0

2 S 2P'
2

m0
DAcos2F1~P' /Pi!

22sin2F. ~3!

The last term in Eq.~2! denotes the combined density
states with the interband transition energies\vn and the
linewidth characterized by the relaxation timet for these
transitions. The Dingle temperature is then defined asTD
5(\/2pkBt).34

~iii ! Calculation of the real part«1(v) from «2(v) by
Kramers Kronig transformation for eachB value. «1

t (v)
5«1(v)1«1

bg(v), with «1
bg(v) being a phenomenologica

background to the total real part of the dielectric constan35

~iv! «1
t (v) and «2(v) yield the transmission and the re

flectivity of the epitaxial film taking into account multipl
reflections at the film surfaces including interference effe

These calculations are performed as a function ofv for at
least 100 magnetic field values between 0 and 7 T. From
array of results the transmission at fixedv as a function of
the magnetic fielduBu can be extracted.
-
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III. EXPERIMENT

A. Samples

The samples were grown by molecular-beam epitaxy
cleaved BaF2 substrates with@111# direction perpendicular to
the sample surface. The Eu contents, film thicknesses, ca
densities, and Hall mobilities are listed in Tables I and
The Eu concentrations in the Pb12xEuxSe samples were de
termined from the energy gaps using the dependence oEg
on x:3

Eg~meV!5146.313000x for Pb12xEuxSe. ~4!

In the case of Pb12xEuxTe the Eu content was determined b
x-ray scattering and a chemical analysis based on atom
sorption spectroscopy. For the dependence ofEg on x for
T→0 an expression similar to Eq.~4! is obtained which is in
agreement with published data of Ishidaet al.36

Eg~meV!5189.714480x for Pb12xEuxTe. ~5!

The factorsdEg /dx are only valid for x up to 0.05 in
Pb12xEuxTe and for x,0.07 in Pb12xEuxSe due to the
above-mentioned location of the 4f levels of the Eu21 ions.

B. Magneto-optical interband transitions

The interband transition energies are determined by m
netoabsorption of the epitaxial films in Faraday (kiBi@111#)
and Voigt geometry (k'Bi@11̄0#). Because of the wide
range of energy gaps we used a CO-laser, a freque
doubled CO2-laser, a dye laser together with a Raman-shif
or a globar as light sources. In Faraday configuration w
circularly polarized light, interband transitions from the co
duction to the valence band withDn50 andDs561 are

TABLE II. Sample parameters of Pb12xEuxTe.

Identification
Eg

~meV!
x

~from Eg!
d

~mm!
Nn,p

(77 K)

(1017 cm23)
m (77 K)

(cm2/V s)

A 207.7 0.0040 4.0 n type
B 222.0 0.0072 3.4 21.3 21000
C 228.2 0.0086 4.6 24.4 15000
D 252.6 0.0140 3.03 11.4 3190
E 267.8 0.017 3.8 21.0 9000
F 309.4 0.027 4.29 20.11 3080
G 343.8 0.034 4.8 10.59 1790
H 345.2 0.035 4.2 21.6
J 395.9 0.046 4.01 22.45 1997
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FIG. 1. Experimental setup of the CRS with the Raman shifter in the midinfrared@vL,S5v1,22334155~cm21! according to Ref. 39#. BS
coated beam splitter;P: suprasil prism; PC: pockels cell; PM: plane mirror; PBS: polarizing beam splitter~CaCO3 prism!; L1: suprasil lens
( f 5300 mm); W1: suprasil window; CAP: glass capillary~B50.7 mm; l 5700 mm!; W2: CaF2-window; L2: CaF2 lens (f 5300 mm);
F1: Si and/or Ge filter;L3: BaF2-lens (f 5300 mm);S: sample (T51.7...300 K); SCM: superconducting magnet (B,7 T); L4: BaF2 lens
( f 5100 mm);M : double monochromator; CM: concave mirror (f 5200 mm);F2: Si-, Ge-, or InAs filter;D: photovoltaic InSb detector
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the strongest allowed transitions. Because of the many-va
structure, transitions in one valley withF50° and in three
valleys withF570.53° can be observed. In Voigt config
ration with anEiB interband transitions withDn50 and
Ds50 are observed for two valleys withF535.26° and
90°, respectively. From the differences of the transition
ergies in Faraday and Voigt geometry the spin splittin
could be determined, in principle, but the experimental err
are rather large because the spin splittings and the influe
of the exchange interaction are much smaller than interb
transition energies.

In homogeneous PbSe as well as PbTe theg factors of
valence and conduction bands are almost identical. Co
quentlys1 ands2 polarized interband transitions occur
the same magnetic field. Due to the difference of the
change interaction in valence and conduction bands, the
generacy ofs1 and s2 transitions is lifted in Pb12xEuxSe
@see Fig. 8~c! of Ref. 7#. From the polarization selection rule
and the fact that thes1 polarized transitions occur at smalle
magnetic fields it can be deduced that the spin splitting in
valence band is smaller than in the conduction band. In
way the interband transitions are important for CARS exp
ments, which very exactly determine the absolute value
the effectiveg factor but not the sign.
ey
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From the interband magneto-optical data mainly the tw
band parametersEg , 2P'

2 /m0 , andP' /Pi are fitted. How-
ever, in the cases where due to a broad linewidth interb
absorption is only observed with one valley orientatio
CARS data are important for the determination of mat
elements, too. Exchange parameters can only be found
actly from spin flip transitions observed by CARS. The f
band parameters are assumed to be the same as in PbS
PbTe, respectively, an assumption justified by the smax
values of less than 7%.

C. Coherent Raman scattering

Spin resonances of electrons and holes in semiconduc
are Raman allowed transitions. Due to the small penetra
depths of visible light in narrow gap semiconductors conv
tional Raman-scattering experiments do not work. Since
frared detectors are much less sensitive than photomultip
or CCD ~charge coupled device! detectors, spontaneous R
man scattering in the mid- infrared is only observable un
very special conditions.37 Coherent Raman methods lik
CARS, however, turned out to be very powerful and univ
sally applicable to the observation of spin-flip transitions.38,39

In order to measure directly the temperature and magne
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13 046 56F. GEISTet al.
field dependence of the electron and holeg factors, a setup
for CARS experiments operating in the infrared was use

In the experiments described in the present article re
nance CARS was used with the laser frequencies nearly

FIG. 2. CARS intensity of Pb12xEuxSe with x50.042 ~a! and
x50.069 ~b! as a function of the magnetic field forT51.7 K for
constant frequency differencesDñ. ~c! CSRS intensity of
Pb12xEuxSe with x50.069 vs the frequency differenceDñ for T
51.7 K at a fixed magnetic field (B51.97 T). The arrows in~b!
and~c! denote the resonance positions obtained by line-shape fi
~dashed lines!.
o-
r-

responding to the energy gaps of the investigated mater
The method yields signals with signal to noise ratios cons
erably improved with respect to nonresonant CARS app
in previous investigations~e.g., Ref. 7!. This results in a
larger number of observable transitions entering the ba
and exchange parameter fits and consequently more pre
results. In order to take advantage of band-gap resonanc
the CARS signal in samples with rather different energy g
we used alternatively two CO2 lasers40 or their second
harmonic,39 or two visible dye lasers together with on
H2-Raman shifter41 to generate infrared radiation with fre
quenciesvL and vS , respectively~see Fig. 1!. Due to the
700-mm-long waveguide the beams with the two frequenc
are exactly collinear. They are focused onto the sam
which is held in Voigt configuration in a variable temper
ture cryostat in a superconducting magnet. The dou
monochromator serves as a broadband filter which s
presses the laser light. The beams with frequenciesvL and
vS generate in the sample radiation with new frequencies
optical four wave mixing. Among these, the frequencyvAS
52vL2vS corresponds to the anti-Stokes frequen
~CARS! andvSS52vS2vL to the second Stokes frequenc
~CSRS! of a conventional Raman-scattering experiment w
pump laser atvL and Raman shiftvL2vS . The spectra at
vAS andvSS are almost similar and yield the same inform
tion on the Raman allowed transitions. But in the case
resonant CARS with\vL>Eg , the generated anti-Stoke
intensity (vAS.vSS) is reduced more by one-photon absor
tion. On the other hand, the radiation with the frequencyvSS
may be superposed by a strong photoluminescence, so
only CARS will be applicable.

The intensity atvAS or vSS is monitored either as a func
tion of magnetic fielduBu for several fixed combinationsvL
and vS or alternatively as a function ofvL2vS with fixed
uBu. The latter method is particularly important for the o
servation of transitions which do not exhibit a significa
dependence on the magnetic field@see, e.g., the spin reso
nance in the valence band in Fig. 8~b! for B.2 T or valence-
band resonances aroundB51 T in Fig. 8~a!#.

The intensityI AS at vAS is proportional to the square o
the nonlinear susceptibilityx (3), which is resonantly en-
hanced whenevervL2vS corresponds to the transition en
ergy of a Raman allowed transition. In a magnetic field w
orientationB'k, i.e., in Voigt geometry, the strongest one
a spin-flip resonance if

\~vL2vS!5\Dv5g* mBBres, ~6!

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

In the CRS experiments complicated line shapes oc
due to the interference of the resonant and nonresonant
of the nonlinear susceptibility.32,40 Therefore either intensity
maxima or points of inflection correspond to the reson
magnetic fieldsBres. Whether extrema or points of inflectio
have to be evaluated, depends on the relative strengths o
resonant in comparison to the nonresonant contributio
Further details of the line-shape analysis of the CARS re
nances are given in Refs. 32 and 42. If more transitions
close together, the exact resonance positions have to
found by a line-shape fitting taking into account real a
imaginary parts ofx (3).

g
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FIG. 3. ~a! Interband magnetoabsorption ofs2 polarized radiation in three Pb12xEuxTe samples with different Eu content vs magne
field for T51.8 K. x50.007: Eg5221.2 meV, \v5260.4 meV; x50.014: Eg5252.6 meV, \v5285.2 meV; x50.034: Eg

5345.2 meV,\v5375.1 meV.~b! Calculated interband magnetoabsorption vs magnetic field for three different Dingle temperatures~band
parameters from PbTe:Eg5189.7 meV,\v5236.2 meV!.
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Figures 2~a! and 2~b! show experimental CARS record
ings with fixed Dv for small magnetic fields, where th
valence-band spin splitting strongly depends on the magn
field. In Fig. 2~a! a small splitting between the valleys wit
F535.26° and 90.0° is observed; in the Pb12xEuxSe sample
with higher Eu content in Fig. 2~b! the splitting is not re-
solved due to the broader lines. Figure 2~c! shows a record-
ing at fixed magnetic field in the range where the spin re
nance is almost field independent.vL is held fixed andvS is
tuned. The coherent Raman intensity is plotted vs the
quency differenceDñ. A pronounced peak due to th
valence-band spin resonance is observed at about 26 c21.
For small frequency differences an increase of the nonre
nant susceptibility43–45 occurs which is considered in th
line-shape fitting procedure.

IV. EXPERIMENTAL RESULTS

A. Magneto-optical interband transitions

In Fig. 3~a! recordings of the transmitted intensities vs t
magnetic field are compared for three Pb12xEuxTe samples
with different x values. The photon energies are chos
about 35 meV above the respective band gaps to allo
direct comparison of the curves. It is clearly seen that w
increasing Eu content the linewidth is increased and
modulation is less pronounced. In Fig. 3~b! theoretical traces
are shown for comparison, calculated by the method outli
in Sec. II C. The agreement of the shapes of calculated
experimental curves demonstrates that with increasingx the
Dingle temperature is strongly enhanced due to al
tic
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FIG. 4. Interband transmission ofs1 polarized radiation in
Pb12xEuxTe with x50.035 as a function ofB ~Faraday configura-
tion, T51.8 K!. Full lower trace: Experiment; full upper trace: ca
culated withTD510 K; dotted trace: calculated withTD53 K ~cor-
responding to the Dingle temperature in PbTe!. The transitions are
identified as 1: VB 22→CB 21, F50.0° and VB 52→CB 51, F
570.53°; 2: VB 42→CB 41, F570.53°; 3: VB 12→CB 11, F
50.0° and VB 32→CB 31, F570.53°; 4: VB 22→CB 21, F
570.53°; 5: VB 12→CB 11, F570.53°; 6: VB 02→CB 01, F
50.0°.
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FIG. 5. Fan chart for magneto-optical transitions in Faraday geometry (kiBi@111#) for two Pb12xEuxTe samples withx50.014~a! and
x50.046 ~b!. T51.7 K. m: experimental results fors1 polarized radiation;j: experimental results fors2 polarized radiation; —, ---:
calculated with parameters according to Table IV. Identification of the transitions: 1: VB01→CB02,F570.53°; 2: VB02→CB01,F
570.53°; 3: VB01→CB02,F50.0°; 4: VB02→CB01,F50.0°; 5: VB11→CB12,F570.53°; 6: VB12→CB11,F570.53°;
7: VB21→CB22,F570.53°; 8: VB22→CB21,F570.53°; 9: VB11→CB12,F50.0°; 10: VB12→CB11,F50.0°.
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scattering.46,47Weaker transitions~see, e.g., between 4 and
T! are no longer observable with higher Eu contents.

Figure 4 shows that this line broadening can cause o
transmission minima remaining, where transitions with t
valley orientations accidentally coincide~transition 3 at 4 T
in Fig. 4! or relatively widely split transitions resulting in
one broad minimum~between 4 and 6 T in Fig. 4!. Conse-
quently, from interband transmission the anisotropy of
matrixelements can no longer be deduced. Later we
show that CARS will provide this information. In sample
where magnetotransmission does not at all show pronoun
minima the energy gaps have been obtained by photolu
nescence.

Fan charts of the dependence of interband transition e
gies as a function of the magnetic field are shown in Fig
for Pb12xEuxTe with different Eu contents. It is seen th
with small x @Fig. 5~a!# all allowed transitions are resolved
For this sampleEg , P' , and Pi can be fitted to interband
data. As already mentioned above and seen from Fig.~b!
this is no longer true forx.4%. Transmission minima ar
only observed where transitions withF50.0° and F
570.53° are close together. The spin splitting betweens1

and s2 transitions caused by the exchange interaction
more pronounced than with smallerx @compare Figs. 5~a!
and 5~b!#.

The full and broken lines are calculated with band a
exchange parameters given in Table IV. The agreement
tween theory and experimental data is rather satisfact
ly

e
ill

ed
i-

r-
5

is
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e-
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Similar results, which are not shown here, are obtained
the selenides.5,6,16The corresponding parameters are given
Table III.

B. Coherent Raman scattering

Experimental recordings of the CARS intensity vs. ma
netic field are reproduced in Figs. 6~a! and 6~b! for p-type
Pb12xEuxTe with different Eu contents. Inp-type material
hole resonances are observed as well as resonances d
photoexcited electrons. Again a considerable line broaden
with increasingx is seen, however, even in the sample w
x50.046 spin-flip transitions in valleys withF535.26° and
90.0° are well resolved. To get exact resonance position
careful line-shape analysis must be performed~the arrows
give the resulting resonance positions!.

Figure 6~a! demonstrates that the valence-band spin re
nances show a pronounced temperature dependence, wh
the conduction bandg factor remains constant. There is a
most no exchange interaction between electrons and E21

ions.8 The exchange interaction between holes and Eu21 is
antiferromagnetic, which means with decreasing tempera
the resonant magnetic field is enhanced—the spin splittin
diminished ~higher resonant magnetic fields for consta
Dv!.

In Fig. 7 the spin splittings are plotted as a function of t
magnetic field. The full lines are calculated with the ba
model outlined in Sec. II with band and exchange parame
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fitted to interband and CARS data~see Table IV!. The good
agreement between calculated and experimentally obse
spin splittings demonstrate the reliability of the exchan
parameters.

Experimental CARS recordings for Pb12xEuxSe are
shown already in Fig. 2. Corresponding dependencies of
spin splittings as a function of the magnetic field are plot
in Fig. 8. Due to the weak magnetic-field dependence of
valence-band spin splitting in the sample with 6.9% e
ropium, with fixed frequency lasers no results can be
tained between 1.5 T and 6 T. It is necessary to take
spectra at fixed magnetic field by tuningvS . The fitting
procedure yielded forx50.042 T0'0, whereas for x
50.069T051.2 K, demonstrating the onset of an antiferr
magnetic coupling between the Eu21 ions at this concentra
tion ~see also Refs. 24 and 30!.

C. Discussion of band and exchange parameters

There is some controversy in literature concerning the
terband matrix elements in Pb12xEuxTe. Krostet al.10 found
a decrease of the anisotropy with increasing Eu cont
Karczewskiet al.11 published for one sample withx50.02

FIG. 6. CRS-intensity ofp-type Pb12xEuxTe with x50.014~a!
andx50.034 ~b! as a function of the magnetic field for fixed fre
quency differences. The recordings forT51.8 K andT520 K ex-
hibit a strong temperature dependence of the hole resonance in
trast to the electron resonances. The arrows in~b! denote the
resonance positions obtained by a line-shape fitting~noise free
trace!.
ed
e

e
d
e
-
-
e

-

t.

2Pi
2/m050.55 eV, which is the PbTe value and 2P'

2 /m0

58.23 eV. This means an increase of the anisotropy. Y
et al.35 deduced from cyclotron resonances with electrons
the F50° valley a decrease of 2P'

2 /m0 with increasing Eu
content from 2P'

2 /m055.3 eV for x51.3% to 2P'
2 /m0

54.0 eV for x53.4%. Yuan’s results are obtained wit
samples which were also investigated by interband mag
totransmission. Thus the energy gaps of the samples
known very precisely. Since the conduction band is alm
not affected by the exchange interaction, the anisotropy
the matrixelements is directly observed in the CARS spe
of n-type material.8,9 There is no doubt, that the anisotrop
P' /Pi decreases with increasing Eu concentration~see
Table IV!.

Figure 9 gives a survey on the matrixelements
Pb12xEuxTe and Pb12xEuxSe. In the telluride 2P'

2 /m0 as
well as 2Pi

2/m0 are reduced with respect to PbTe by a fac
of approximately 2 forx50.05, the effect being more pro
nounced forP' which leads to a decrease of the anisotro
with increasingx. In contrast, in the selenide there is just
very weak reduction of the matrixelements with increasingx
~see Fig. 9 and Table III!. Incidentally it should be noted tha
the same tendencies are found in Pb12xMnxTe ~Refs. 48 and
7! and Pb12xMnxSe,32 respectively.

The different behavior of tellurides and selenides may
caused by the band alignment of the far bands. The ene
differences between the far bands and the lowest conduc

on-

FIG. 7. Spin splittings vs magnetic field forp-type Pb12xEuxTe
with x50.014~a! andx50.034~b! for T51.7 K. d: experimental
results; —: calculated with the parameters from Table IV.
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and the highest valence band are smaller in PbTe~1–1.5 eV!
than in PbSe~1.5–2 eV! and the conduction band shows
different band-edge symmetry.13 Especially in Pb12xEuxTe
the energy gap opens quite drastically, so that this may ca
the strong decrease of the matrix elements.

In the Mn-based diluted magnetic lead chalcogenide
dependence of some of the exchange parameters onx has
been observed.22 Such deviations of the molecular-field a
proximation are not found in the Eu compounds. A
Pb12xEuxTe samples yielded within the experimental erro

FIG. 8. Spin splittings vs magnetic field forp-type Pb12xEuxSe
with x50.042~a! andx50.069~b! for T51.7 K. d: experimental
results; —: calculated with the parameters from Table III.
se

a

the same exchange parameters~see Table IV!. T0 is treated
as an adjustable parameter but remained equal to zero u
the highest Eu concentrations investigated. This points
that a considerable antiferromagnetic coupling between
magnetic moments of the Eu21 ions does not occur. There
fore we assumed the effective spin to be7

2 for all samples in
agreement with published magnetization data.29,30

In the selenide the data suggest a small decrease o
change parameters with increasing Eu content~see Table

FIG. 9. Interband matrix elements 2P'
2 /m0 and 2Pi

2/m0 of
Pb12xEuxTe and Pb12xEuxSe as a function of the Eu contentx. Full
lines: guides for the eye. Data for Pb12xEuxSe,x,0.025 from Ref.
7.
e
TABLE III. Band and exchange parameters of Pb12xEuxSe forT51.8 K. Far band parameters of PbS
from Ref. 51.

PbSe~Ref. 51! I II III IV V VI

Eg ~meV! 146.3 181.1 189.1 219.0 264.3 273.4 354.5
60.3

x 0.0 0.012 0.014 0.024 0.039 0.042 0.069
2P'

2 /m0 3.6 3.6 3.6 3.6 3.6 3.5 3.3
~eV! 60.1
P' /Pi 1.35 1.4 1.4 1.4 1.4 1.4

60.02
A ~meV! 3465 2665 2665 2465 2565
a1 ~meV! 3265 2265 2065 2065 2365
B ~meV! 765 2065 865 1265
b1 ~meV! 865 1965 165 365
T0 ~K! 0.0 0.0 0.0 0.0 0.1 1.2
S0 3.5 3.5 3.5 3.5 3.5 3.5
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TABLE IV. Band and exchange parameters of Pb12xEuxTe for T51.8 K. Far band parameters of PbTe from Ref. 40.

PbTe~Ref. 40! A B C D E F G H J

Eg ~meV! 189.7 207.7 222.0 228.2 252.6 267.8 309.4 343.8 345.2 395
60.2

x 0.0 0.0040 0.0070 0.0086 0.014 0.017 0.027 0.034 0.035 0
2P'

2 /m0 6.02 5.65 5.30 5.25 5.05 5.0 4.1 3.9 3.9 2.9
~eV! 60.05
P' /Pi 3.42 3.42 3.35 3.33 3.18 3.15 3.25 3.15 3.15

60.05
A ~meV! 2665 2665
a1 ~meV! 2465 2465
B ~meV! 565 565
b1 ~meV! 063 22.563
T0 ~K! 0.0
S0 3.5
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III !, but the deviations are hardly bigger than the estima
experimental errors.T0 remains zero up tox50.04 and in-
creases above 4%~see Table III!. At x50.069 an antiferro-
magnetic coupling of the Eu21 ions manifests itself inT0
51.2 K. Nevertheless we assumedS05 7

2 even with 6.9%
europium. There may be some reduction ofS0 in the samples
with the highest Eu concentrations, which would cause
increase of the exchange parameters@see Eqs.~35! and ~42!
in Ref. 7#. To elucidate this point a comparison of our data
magnetization measurements performed at the same sam
would be necessary, which are not available up to now.

A comparison of the exchange parameters of Se vs.
compounds~Tables III and IV! shows that the effect of the
Eu ions on the valence-band spin splittings is practica
identical in both systems. In the conduction band, howev
there is a difference. The conduction band of the selenid
affected by the exchange interaction@see also the Brillouin
function like bending of the CB 35° curve in Fig. 8~a!#. In
contrast, in the telluride the exchange parametersB and b1
are vanishing within the experimental accuracy. Accordin
in Fig. 7~a! the curves CB 35° and CB 90° are linear desp
a small bending due to nonparabolicity. These differen
between selenide and telluride most probably stem from
different band-edge symmetries of the conduction band
both materials~PbSe:L62

2 ; PbTe: L63
2 in the notation after

Ref. 13! resulting in different spin-orbit mixing paramete
entering the conduction-band states@see Eqs.~9! and~10! of
Ref. 7 and Eq.~1! and the following sentences of the prese
article#.

Compared to Mn-based alloys the exchange integral
the Eu compounds~see Table V! are a factor 10 smalle
~compare to Ref. 49!. The exchange interaction of the fre
d

n

les

e

y
r,
is

y

s
e

in

t

in

carriers with the screened 4f electrons of the Eu21 ions is
much weaker than with Mn21 3d electrons. This trend is also
obtained by Dietlet al.50 in ab initio calculations using a
microscopic tight-binding model of the spin-dependent co
pling of free carriers and localized spins in the diluted ma
netic alloys. The resulting exchange parameters are appr
mately a factor of 3 larger than the experimentally observ
values, but the theoretical calculations confirm the signs
the relation between the exchange interaction in the vale
and conduction band.

V. CONCLUSIONS

The magneto-optical interband absorption and cohe
Raman-scattering experiments reported in this paper
Pb12xEuxSe and Pb12xEuxTe extend previous investigation
to considerably higher Eu concentrations. These extens
as well as the large number of experiments carried out al
reliable statements on the dependence of both interband
trixelementsPi and P' on the Eu content up to more tha
5%. In the investigated range of Eu contents, Pb12xEuxTe
retains the band symmetries at theL point of the Brillouin
zone of PbTe and Pb12xEuxSe that of the correspondin
level ordering of PbSe. The interband matrixelements
crease considerably with increasingx in the telluride and
remain almost constant in the selenide based system.
difference is most probably due to the different symmetry
the conduction-band states in the selenide in compariso
the telluride system.

Due to the large increase of the energy gap with incre
ing Eu content, in both systems alloy scattering is quite i
portant and influences the line broadening of both interb
TABLE V. Exchange integrals of Pb12xEuxTe and Pb12xEuxSe forT51.8 K.

Material
a5^RuJuR&/V0

~meV!
d5^S6uJuS6&/V0

~meV!
b'5^Z6uJuZ6&/V0

~meV!
b i5^X6uJuX6&/V0

~meV!

Pb12xEuxSe
x50.014

33 2105 12 3

Pb12xEuxTe
x50.014/0.017

25 248 0 27
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and also to a somewhat lesser extent of the CARS spe
The calculation of the interband transmission as a function
the magnetic field from the band and exchange parame
and its comparison with experimental recordings yields
increase of the Dingle temperature fromTD'3 K in PbTe to
approximatelyTD'20 K in Pb12xEuxTe with 5% europium.
For this reason the anisotropy of the matrix elements
higher Eu concentrations have to be determined by CA
measurements.

The exchange parameters in the Eu compounds are al
identical and about one order of magnitude smaller than
Pb12xMnxSe and Pb12xMnxTe. In contrast to the Mn-base
lead chalcogenides the exchange interaction decrease
valence-band spin splitting in Pb12xEuxSe and Pb12xEuxTe.
The conduction-band spin splitting in the telluride is not s
nificantly affected by the exchange interaction with E
whereas there is a small effect in the selenide. The me
nism of the exchange interaction is discussed by Dietlet al.50

and their theoretical calculations based on a microsco
ce
r,
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tight-binding model of the spin-dependent coupling betwe
the mobile carriers and the localized spins in the Pb12xEuxSe
and Pb12xEuxTe compounds compare well in their trend
with our experimental results.

Up to the highest Eu concentrations investigated here,
parameters describing the exchange interaction between
calized magnetic moments and free carriers remain cons
Above x50.05 the onset of an antiferromagnetic coupli
between the Eu21 ions is suggested as evidenced from CAR
data, namelyT0 , the effective temperature entering the Br
louin function.
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