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Faraday and magneto-optical Kerr effect has been used for the investigation of the band alignment as well
as of the magnetic properties of epitaxial layers of the ternary alloy systemPlpTe (O<x=<1) grown on
BaF, substrates. Due to the wide range of transition energies (0.£3gW 2.25 eV) the experiments had to
be performed in the spectral range from midinfrared to visible light. Data were collected at temperatures
between 1.8 and 250 K and in magnetic fields up to 7 T. Concomitant magnetization measureBnents (
=1T) were performed with a superconducting quantum interference déSiQ&JID) magnetometer and
compared with measurements of thelependence of the Verdet constant. The variation of the fundamental
absorption gap with Eu content can be understood in terms of the relative energetic position of PbTe-related
band edges and Euf4and & levels: AE;/Ax=4.48 eV forx<0.06; AE,/Ax=2.03 eV for 0.06:x<0.6.
For x>0.8, the electronic transitions are identified to be EuTe-like. The most striking feature is a sign reversal
of Verdet's constant around=0.15, which is attributed to a crossover of Faraday rotation caused by band
electrons(hole9 and interacting pairs of magnetic ions and a metal-insulator transition. An antiferromagnetic
phase transition is observed for-0.8 in magneto-optics as well as in SQUID magnetometry.
[S0163-182699)03235-X

[. INTRODUCTION fact, EuTe is one of the most prominent representatives of a
Heisenberg antiferromagriét? with a very local-magnetic
The ternary system Rb,Eu Te (Refs. 1 and Ris a semi- moment and short-range Eu-Eu exchange interaction.
conductor whose alloy constituent Europiufu) tunes the Only little information about the band and magnetic prop-
fundamental absorption gap over a wide-energy range frorfirties is available in the intermediate concentration range
E,=0.334eV (T=300K) for PbTe toE,=2.25eV for (0.1<x<0.9) of the alloy system Rb,EuTe. Since the
EuTe. Both PbTe and EuTe crystallize in the NaCl latticeP@nd arrangements are quite different for low and high-Eu
structure and aréas bulk crystalscompletely miscible over Ccontents(@as known from the binaries PbTe, EyTenagne-
the entire concentration range. It is a common property of th&P0Ptical investigations are of particular importance in the
magnetic elements Eu and Mn that they provide a large tunl_ntermedlate concentration range. In addition, the magnetic
ability of the energy gaps even for low concentrations inordermg of this alloy system is al_sp influenced by the chang_e
PbTe, which has been used in midinfrared Iaserof baqd structure, and the transition from the paramagnetic
applications behawor for the dllqte alloy to the. long-range aqtﬁerrqmag-
. . . netic order for the high concentrations has to be investigated.
, Pb;_.EuTe has be'en investigated by7 magnetooptllcs only In the present paper, we shall concentrate ourselves on the
in the low gorltlzce):ntratlon rangex£:0.06).” The analysis of o\ a1uation of magnetooptic Faraday rotation and magnetoop-
magnetizatiofi '° (x<0.32) and of magnetization St€ps tic kerr effect (MOKE) spectra of Ph ,Eu.Te in the ab-
(x<0.06) in high-magnetic fields has given information sorbing regime kw=E=E,) as well as below the funda-
about the distribution of Eu atoms and their mutual magnetignental band gap(w=E< E,). Since Faraday rotation and
exchange interaction. The electronic band structure and thg|OKE are inherent differential techniquébey measure the
magnetooptical properties of the binary material PbTe arg¢hase differencesf right- and left-hand circularly polarized
well known*~'* For EuTe the magnetization and band transmission or reflection, respectivetiie dynamic range of
structure near the fundamental absorption has been detahe measurement is substantially increased. Magnetotrans-
mined long time agd®!° Detailed band-structure calcula- mission or magnetoreflection are alternative techniques that
tions are only available for the related Eu chalcogenidegllow an accurate determination of tfiendamentalenergy
(EuO, EuS, EuSe?® gap (the energetically lowest absorbing transijiohhey are
In EuTe, the uncompensated 4pins of the Eu atoms less suitable to recover absorption features far above the fun-
(total spinS=%) form a three-dimensional Heisenberg spin damental absorption, unless modulation methods like photo-,
lattice with antiferromagnetic ordering beloly=9.6 K. In  electro-, or piezomodulated reflectance are used.
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_In mixed systems as in Pb,Eu,Te (x being the interme-  field B=(0,0B) is applied along the propagation direction of
diate concentration range@bsorption features may originate the electromagnetic wave of frequeney(photon energye

from PbTe-like as well EuTe-like transitions. The system=#,), the Faraday rotation anglé-(E) for an optically
with the lower absorption enerd¥bTe could mask the ab-  jsotropic medium of thickness is given by®

sorption of the higher transition enerduTe. However,
EuTe is a magnetic semiconductor, thus, we expect an en- wd od 5
hanced Faraday rotation in the strongly absorbing regime ?F(E)= 5 [n+(E)=n_(E)]~ 7=[n%(E)—n=(E)]
under the presence of magnetized Eu ions. Hence, the mag-
netooptical method could be superior to the cited conven- wa .
tional techniques. = ancle+(BE)—e-(B)]. @)

Concomitant magnetization measurements using a super- _ ] ) ]
conducting quantum interference devi@QUID) are com- N EQ. (1), ¢ is the velocity of light in vacuum, and..
pared with the(linean Faraday- and MOKE experiments, to = Véxx*iexy are the refractive indices for the two counter-
prove the question whether the specific angle-rotatihe  rotating circular polarizations of light, induced by off-
so-called Verdet constanscales with magnetization, mea- diagonal terms,, = —&y, of the dielectric tensor. An opti-
sured by the SQUID. Indeed, it will be shown that the mag-cally inactive medium is described by diagonal terms of this
netization state of a sample as probed by Faraday rotatiof€nsor, which gets nondiagonal only in the presence of an
can be different from the one measured by magnetometngXternal magnetic field, or due to a symmetry break from
To sustain the original magnetic structure during the invesspontaneous magnetization of the medium. In general, the
tigations a rather low-magnetic field is appliégi=0.5T for ~ refractive indices are complex, and the rotation angle pos-
Faraday and Kerr rotatio8=1 T for SQUID). In addition, ~S€sses also an imaginary part: This means that the polariza-
Faraday rotation experiments were performed for a magnetion of light gets not only rotated, but becomes also elliptic.
field towards the saturation fiét{(7.2 T at 1.8 K of EuTeto ~ The latter reflects an unbalanced absorption of right- and
demonstrate the crossover from the antiferromagnetic to thgft-hand circularly polarized lightcircular dichroism). In
paramagnetic phase. Eq. (1) we used the approximation

After the introduction(Sec. ), Sec. Il of the paper pre- s 2 >
sents the theory of interband Faraday rotation to an extent (N+—N-)=(N%—nZ)/(n.+n_)~(n%—nZ)/2n,

that is important for discussing the results. Section Il giveSyhere it is assumed that the mean index of refractiorfor

information about the experiments. Sample preparation i polarizations corresponds to the case without magnetic
also described in Sec. Ill. Faraday rotation and MOKE specCtie|d or magnetization. From selection rules of electronic

tra are presented in Sec. IV together with magnetization datgyansitions between orbital or band states it is well known
Since the mixed system Pb,Eu,Te covers a wide spectral hat electric dipole allowed transitions connect states of dif-
range, optical investigations to identify the magnetic interacerent parity, and circularly polarized excitations are gov-
tions have to be performed from the midinfrared to the Vvis-g g by thes. =z, +iz,, contributions to the dielectric
ible. The narrow-gap semiconductors 7exh12|t a relativelysynction. Thus, the rotation angle of Eq) reflects the non-
high concentration of free carriers mol cm™), whereas  giagonal part of the dielectric function, which in turn is non-
the wide-gap materials are semi-insulating. In the formetqrg in a nonvanishing magnetic field or magnetization. We
class the carrier-/magnetic-ion exchange interaction will b&gtice that by this relationship the magnetization state of a
dom_lnant, and the char_acterlstlcs of the nonmagnetic ho%tample can be probed by examining optically induced elec-
semiconductor electronic band structure governs the eXyonic transitions, but the mechanism of coupling between
change mechanism. At higher concentrations-0.1) the  glectrons and magnetic centers must be known in advance.
indirect exchange interaction between the magnetic centeSy, an interband transition between a valene} &nd con-
themselves comes into play. So far, thealue required for  gyction (c) band the standard expression of the imaginary
the onset of a cooperative phase transition was still undegart of the dielectric function for dipole allowed transitions is

question to the best of our knowledge. given by’
An observed sign change of the Verdet constant as a func-
tion of Eu content is discussed in terms of magnetic interac- . mwe?h? . .
tions between magnetic ions and a recently discovered Im o gQEV(E)KPEMZ- 2

metal-insulator transitiotMIT) in Pb,_,Eu,Te.?® In Sec. V,
we shall discuss the resonant and nonresonant interband Fatke constants in the prefactor of E@) are the charge and
aday and MOKE rotation spectra in the context with magnemass €,m;) of an electron, Planck’s constant € h/2)
tization data measured by the SQUID. Section VI presentand the permittivity of vacuums(y). The selection rule for
the conclusions of our work. circularly polarized excitatiori=) manifests itself in a non-
vanishing momentum matrix eleme(y,,) ={(c|p-e~|v) for
a light-polarization unit vectoE:=(eX,tiey,O)/\/§. The
joint density of stateg,(E) is the number of possible tran-
sition channels per spin-split state-) for a given photon

In the following, a general expression for the specific Far-energyE within unit energy interval. Since we are interested
aday rotation angléVerdet's constantis derived and con- in the rotation angle, the real part of the dielectric function is
nected with the magnetization of a diluted magnetic semiof importance for evaluating-(E) according to Eq(1). We
conductor. In Faraday configuration in which the magneticobtain Re¢) by a Kramers-Kronig transformation of l&)(

Il. THEORY OF RESONANT AND NONRESONANT
INTERBAND FARADAY ROTATION
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2 (=E'Im[e(E")] _ . wd R R
Rqs(E)]—;fo?z_—Ez—dE . (3) Rotation: (9|:(E)—def+8+(E)—f,8,(E)]
(8a)
The most prominent feature of 18)(is related with the fun-
damental absorption. For PbTe the direct energy Baps o wd ~ ~
located at the. point of the Brillouin zone with a consider-  Ellipticity:  #e(E)=Z——Im[f. &, (E)~f_&_(E)].
able anisotropy of effective masskk,, M, parallel(ll) and (8b)

perpendiculafl) to the[111] direction of thel-point wave

vector. For Ph_,EuTe (x<0.1), we treat the nonparabolic We supplement Eq(8) by the occupation factorsfor the
band structure of the IV-VI host semiconducté®PbTe corresponding valence- and conduction-band states, which
within a simple two-band model taking into account only theparticipate to the transitions ™

L -conduction and thé ¢ -valence band including far-band

corrections to the effective band-edge maddes M, . We fo=fr —f. (93
obtain for the joint density of states in zero-magnetic
fie|d27,28 f_:f:;_,—f(;_f . (gb)
. |\/|L\/|\/|_H ) The sign and magnitude of the Faraday rotation depends on
9o (E)= WE(EZ— ES)Y2 (4)  band-structure propertie$i) on the joint density of states,

(i) on selection rules for both polarization statés) on the
resonance of photon energy with allowed transition energies,
and (iv) on the occupation of the participating bands. The
rotation spectra can be studied far below the fundamental
transition gap E<E_-+) with a strong reduction of the rota-
tion angle(nonresonant Faraday rotationor near the tran-
sition energies E=E_ =) with a resonant enhancement of
the rotation(resonant Faraday rotation The latter should

Equation(4) holds for a single valley at thk point of the
Brillouin zone. E_: are the spin-split interband gap ener-
gies for the carrier spins aligned parallel) and antiparallel
(—) to the magnetic field. The spin-splittingE of the tran-
sition energy gafk, is

AE=E,+—E_ -
ot mem be used to recover spectral features beyond the fundamental
E .—E +AE/2 absorption edge with a much higher sensitivity than conven-
ot =g ' 5 tional magnetotransmission or reflection experiments. Espe-

cially for the nonresonant Faraday efféct E,, Eq.(6) can

To get the total joint density of stat€dDOS over all val-
d ] y ¢ S be further evaluated for photon energiesiot too close to

leys, Eq.(4) has to be multiplied by the valley degeneracy . L F
factorg,=4. Following the procedure of Ref. JEqgs.(20— g USing the approximationsE,I'<E,—E. A Taylor se-
(25)] we calculate the real part of the dielectric function us-1€S €xpansion in terms oAE,I" yields the following ap-
ing the Kramers-Kronig transformation E@) and the JDOS proximate expression for the complex dielectric function:
of Eq. (4) to obtain

AE
Rd&.(E)]=C(y)*D(y) —, 10
A ME-ELE €7.(E)]=C)TDO) ¢ (109
RGCSAE)]:SOO—??tanh (EZ——Eit)l’Z} . )
(6) IMM8.(E)]~— — ——|1—
mie-(8)] Eg 7y 2yJ1-y?

The dimensionless paramet@ris interpreted as the near-
band-gap oscillator strengtlusing the transverse and longi- 2y\1—y?
tudinal interband momentum-matrix elemefs, P, at the Xarcta 1-2vZ

2y . (10b)
L point of the Brillouin zong

The short notations in Eq10g are

(7) E

y:E_g

_ 9,62 M, M, 2P7+P}
e oMah Ei’z 3 '

In order to estimate the magnetic dichroigmhich is re-
flected by the ellipticity of Faraday rotatipmne has to in- AVI—y? 2
clude a line broadening for the energy levels, which is as- C(y)=g.,— arctar( 5 ) (12)
sumed to be independent on the spin-splitting in first order my 1-2
(I'=T',~TI'_). Formally, line broadening is introduced to

Eq. (6) by transforminge—E+iI", a procedure already de- 2A 1 2y\1-y?

scribed in Ref. 27, which in turn transforms [Re(E)] into D(y)= yVI—y? 5 arcta 1-2y? —yvl-y7.
the complext .. (E) by analytic continuation to the complex (12)
E frame.

Then, Faraday rotation and ellipticity are simultaneouslyFrom these solutions both the Faraday rotation and ellipticity
calculated using Eq1) and the expressions for the complex can be calculated, just by taking the differences of the dielec-
dielectric functionse .. (E) for both spin-states, respectively tric functions
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2 conduction band, respectively. In a diluted magnetic semi-
conductor(e.g., Ph_,EuTe) this splitting is mainly caused
by the temperature and field-dependent magnetization
M (T,B) of the magnetic ions that can be modeled by a phe-

] nomenological modified Brillouin function according to Gaj,

Planel, and Fishmaf'.

exact

e approx. !

=

S |

£ o

— c'

&J N'+ :g* B‘f’& g S)<(1—X)12N B(gL)]

> ‘%‘ HEET gug | 71 07 kg(T+Tg)/ |

O -_—

= . (14)

< = . . .

5 ) g* is the effective Lande factor of band electrons in the

x ©° E absence of magnetic ions. The Eu ions enhance the energy
= splitting by carrier-ion exchange couplirag;. In a first step,
o we impose onxg; to be independent on the concentration

| an assumption that has to be revisited later on. In most cases
i the expression in parenthesis of EG4) (asiNg~0.02eV
for electrons~0.1 eV for hole$ (Ref. 30 overwhelmes the
first (diamagnetit part of band electrons. The density of cat-
9 L . L 1 ion sites (PB-Eu) in Ph_,EuTe isNg, of which the por-
0.9 1.0 tion Xe¢ =X(1—X)*? is occupied byparamagneticEu-ions (
REDUCED PHOTON ENERGY (E/E,) 12=coordination number of nearest neighbors in a fcc lat-
tice). Due to an antiferromagnetic compensation of Eu spins,
FIG. 1. Interband Faraday rotation and ellipticity as a functionth® uncoupled active ions;No) become more and more
of reduced photon energy near the band gap) (of a narrow-gap ~ diminished for |aneaS|n9 concentration Bg(x) is the
semiconductor like PbTe. Full lines: Exact calculation for nonpara-Brillouin function for S=£, ug and kg denote the Bohr
bolic mirrorlike conduction and valence bands, dashed lines: apmagneton and the Boltzmann constant, respectively. The
proximations according to Eq$13a), and (13b) valid for E/E;  temperature parametdi, depends in the high-temperature
<1 and small spin splittings and spin-independent level broadenlimit ( T>T,) linearly on the Eu content (Ref. 9

ing.

2 2
wd E T0=§S(S+ 1)XZk—=63k—X, (15
Or(B)= 70c {(f —f)C(y)—(f +f_ )D(y)—] B B
(138 J'f is the antiferromagnetic Eu-Eu exchange interaction be-
tween nearest neighbors in a fcc lattia=(12). In the limit

far below saturatiorti.e., for low-magnetic fields the Bril-

wd 2A 1 2y\1—y?

7e(B)=70¢ -y 2y\/—a retan —— 2y louin function of Eq.(14) can be expanded for small argu-

ments into the well-known Curie-Weiss law. Hence, the Far-
f,Ot—f_I" aday rotation is linear iB, and the specific rotatiofVerdet
X——pg—=~0. (13D constantis derived as
[¢]
Since most of the following magnetooptical experiments _} r9_9F _v Vm (16)
are performed for near-band-gap absorptigr=0.95), we ~d ¢B 5 O_ O kg(T+To)

compare in Fig. 1 the Faraday rotation with ellipticity by

plotting Re(ﬁ—nz,)zRe(?a+—é,)oc0F(y) and Im(ﬁ—n"l) V, and V), are constants reflecting tHdiamagnetig back-
=Im(g, —&_)xne(y) as a function ofy=E/Ey<1. For pho-  ground signal and the proportionality between the Faraday
ton energiesE not too closeEy, the analytical expressions rotation and the magnetization, respectively. AlE in the

Eq. (13) are shown as dashed lines in comparison with theCurie-Weiss limit of Eq(14) is inserted into the expression
exact solutions(full lines) of Eq. (8). If we neglect spin-  g(E) of Eq. (13a, we find (f .~f_)

dependent level-broadening’ €T, ~T" ), ellipticity is al-

ways an order of magnitude smaller than Faraday rotation, fo+f

even fory=0.95, wherezng(0.95)~0.20r. This statement Vo=~ Zna Y D(y)g* ug (179
has to be revised, if a spin-dependent imbalance of level
broadening is taken into account. _—

Hence, from inspection of Eq13a, the nonresonant Far- _ +t gu 12
aday rotation at low-magnetic field$ (~f ) is linear with Vm= 4nch yBy)assNoz = 3kg (S+ Dx(1=x)

AE, which is the combined spin splitting in the valence and (A7b
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Apart from the constant Faraday rotatidiy, Eqg. (17b de-  equipped with effusion cells for PbTe, Te, and Eu. Prior to
livers the x dependence of the Verdet constant in the ranthe growth of the proper structures, the PbTe and Eu fluxes
domly disordered Ph,EuTe within the Curie-Weiss ap- were calibrated by a quartz crystal microbalance moved to
proximation(S=%, g=2). the substrate position. The substrates were preheated in two
steps: first at 440 °C for 15 min in the preparation chamber,
and then at 580 °C for 30 min in the main chamber. The
Pb,_ EuTe samples were grown at a growth rate of 1.1
A. Setup pm/h and a Te/Eu beam-flux ratio of 2. The substrate tem-
g Perature was kept at 340 °C and continuous azimuthal rota-
tion during growth ensured a high-lateral homogeneity of
both the Eu composition and layer thickness. The growth

IIl. EXPERIMENT

The detection of very small Faraday rotation angle
(=~10"* rad) can be achieved by using differential methods

In our experimental hotoelastic moduld@EM . e A .
our experimental setup a photoelastic modulaREN) was monitored byn situ reflection high-energy electron dif-

with a Cak head(transmission range from 200 nm to 8.5 : ;
um) is used to switch the linear polarization of the incident?craCtlon (RHEED) employing a 35 keV electron beam at an

beam between 0° and 90° at a frequency of 114.4 kHz Ir5ncidence angle of 0.3°. The RHEED patterns demonstrate

front of the detector an analyzer is adjusted to 45° with re—that Ph_,EuTe nucleates in the form of three dimensional

spect to the incident polarizations. In addition, the light in-(3D) islands on the substrate, and as the growth proceeds, the

tensity is chopped at about 500 Hz. Due to the large frejslands start to coalesce and merge together to form a smooth

; ; 2D surface after about 500-nm layer deposition.
quency difference of the PEM and of the light chopper, the After deposition, the samples were characterized by high-

signal from the detector can be fed into two lock-in amplifi- esolution x-ray diffraction in bottw/# and w/26 directions.

ers, which are locked at the reference frequencies of th pen detector and triple-axis modes were used for scans of
PEM and light chopper, respectively. I the light reflected Orthe [222] Bragg reflection. The diffraction patterns exhibit

transmitted by the sample remains perfectly linearly polar- : . . .
ized, but becgmes rotatgd, from the (E)utput o¥the twglgck-inonly a ?mr?m(zz? layer peak_ With a_fuII fW'dth ?)t half mai-
amplifiers the rotation angle is obtained. For small rotation UM © the rocking curves increasing from about 65_arcsec

pir I ge ! ! : or x=0.02 to 260 arcsec for=0.92. All samples are single

angles and only small ellipticities, the signal depends linearl : .
g y P g P phase, except from the one with nominal content xof

on the rotation angle and quadratically on the ellipticity, so™ . - :
the detection system is rather insensitive to ellipticity. _h%s?j Already, the sample with=92 was definitely single

The magnetic field- and temperature-dependent magné’- Th | f the E . by the fi i
tooptical experiments were carried out using a split-coil su- | N€ values of the Eu contertas given by the flux call-

perconducting magnet €@B=<7 T) equipped with a variable :Jr_atl?jnbwerﬁ co_mﬁ)aredl af‘d fqund tto e_lgree.wfch thosetob—
temperature insert (1.6KT<300K). In order to cover the ‘&!N€d Dy cheémical analysis using alomic émission Spectros-

rather wide spectral range for near-band-gap radiation opy. The free-carrier concentration and mobility have been

0
determined by Hall effect measurements. The conduction is

PbTe(0.190 eVf and EuTg2.25 e\) we used a 250-W tung- . i

sten halogen lamp for the visible to the near infrared parf‘ type in the range of 1>$1017 o 4'4.X 107cm ™, ‘and the

(=500 nm to 2.5um) of the spectrum, and a SiC globar for reduc'upn of mob.|I|ty for Incréasing 1 governed by alloy

the midinfrared part\ =2.5 to 8.5um) in combination with scattering of carriers in the disordered system.

a single-pass monochromator in front of the polarizer and the

PEM. IV. EXPERIMENTAL RESULTS

The magnetization of the epitaxial samples is quantita-

tively determined by a Quantum Design MPMS-2 SQUID In Fig. 2 the Faraday spectra of PREWTe epitaxial

magnetometer in the temperature range of spontaneous anfyers grown on Bajsubstrate are presented for the concen-

ferromagnetic orderingT<TN:9.6 K) and in the paramag- tration range x<0.52 atT=1.8K and forB=6.8T. The

netic regime T>Ty). Since in the latter case all magnetic oscillatory part of the Faraday rotation indicates a Fabry-

ions are released from antiferromagnetic Coup"ng' their abperot'”ke interference caused by mU|t|p|e reflections at the

solute concentration can be evaluated using the Curie-Weigg/rface and the BaFsubstrate interface of the PhEuTe

law, as already adopted for the evaluation of the Verdet conepitaxial layers. From the envelope of the interference pat-

stant of Eq.(17b). Due to the strong diagmagnetic back- tern the fundamental absorption edge can be deduced, where

ground signal from the substrate (B@Fonly a careful the strong asymmetric line shagdue to an increase of the

(M,T) fit to the observed magnetization data and an accuratllipticity for excitation above the energy gaindicates that

determination of the magnetic sample’s volume provides dhe position of the fundamental energy gap is not located at

reliable evaluation of the concentration of the magnéfig ~ the maximum, but rather at the high-energy side of the spec-

ions. The magnetic moment resolution of the magnetometéfa. With increaSing Eu content an increase of the ||neW|dth,

is 2% 10”8 emu, which corresponds tox3L0* saturated Eu  Possibly due to the onset of a spin-dependent level-
spins. broadening [ . #1"_), and a flattening of the Faraday spec-

tra are observed. For samples with an Eu content between
0.6<x<0.82, we were not able to resolve clear signatures
for identifying an energy gap. However, samples with an Eu
Pb, _,EuTe epilayers with Eu contents in the entire con- content ofx>0.8 showed two resonances in the magnetoop-
centration range (&€x<1) and thicknesses between 3 andtic Kerr reflection(MOKE), see Fig. 8). The resonance at
4.6 um were deposited on freshly cleaved BdE11) sub-  2.25 eV(shown with magnified scale in the inse) tloes not
strates in a RIBER 1000 molecular-beam epitaxy systencthange their energetic position for a varying Eu content be-

B. Samples
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FIG. 2. Experimental traces for Faraday rotation versus photon 1 lf Pby 1oEuy g, Te
energy for samples with different Eu-contents. B=0
8x1076 ] _
tween 0.8k x<1, which indicates that this signature can be ' ‘ ‘ ‘ T‘}OK ‘
attributed to the atomiclike intra-Europium transition be- 10 12 14 16 18 20 22 24 26
tween Eu-4 and Eu-3l levels. The se'cond transition energy ENERGY (eV)
at 1.42 eV for thex=0.81 sampldsee insert)lis manifested 0.8y .
by a stop of the interference pattern and a point of inflection s (©)
in the averaged curve, respectively. The appearance of a sec 06
ond transition energy could also be related to the presenceo ¥
a second phase in this particular samipl&? For comparison, 5
Fig. 3(b) shows a photoreflectand®R) spectrum with a E oa}
photometric accurach R/R~10 6. The fundamental band- & sk
gap transition at 1.42 eV is clearly resolved, but this method ﬁ 02
failed to detect the EuTe-like transition at 2.25 eV in contrast &
to the MOKE rotation. The broad structure of PR around 1.8 Pb, o Euyg Te  1.42eV
eV is not explained up to now. The occurrence of a signature 0,3000 0(')00 (')0 (')O q;m e 0
1 11000 12000 13 14 1

at 2.25 eV in the MOKE spectrum arises from the enhanced
magnetic splitting of a EuTe-related transition, which con-
tributes stronger to MOKE than to reflectance. For compari-
Sonam'eas'ured transmittance spectrum of the same sampl t|> and transmittancgc) as a function of photon energy for
Shovv_n_ in Fig. &) for two temperaturess K, 295. K). The %szEuxTe with x=0.ei(31). The arrows denotepzthe main abg())/rption
tranSItlo.n between the transparent an_d abso_rb”_‘g frequenqgatures. Inserts: regions around resonances in a magnified scale
regime is not sharp and does not outll_ne a significant SUUCster subtraction of the average slope. The second EuTe resonance
ture at 1.42 eV(see the arroyv We attribute the lack of @ 44 5 55 ev(inset II) could not be resolved in the photoreflectance
sharp absorption edge to a considerable damping of the iRgectrum, in which only the transition at 1.43 eV is observed. The
terband transition due to alloy scattering, which is spin indetransmission specti@) show a rather broad transition region due to
pendent. In MOKE this spin-independent parts are cancellegioy scattering, which also obscures the temperature shift of the
out for the counterrotating waves, and the spectral features @fpsorption edge with temperature.

the interband transition are more precisely resolved.

The results on the dependence of the fundamental absorpeversal of the nonresonant Faraday rotation is observed for
tion edge on the Eu content are summarized in Fig. 4. Eu contents betweex= 0.1 andx=0.367 in the temperature
Three regions with different behavior are characterized byange below 10 K. This sign reversal is influenced by a re-
respective linear regression fits. sidual Faraday rotation of the band electrons of the diamag-

Figure 5 shows the temperature dependence of the nometic crystal according to Eq173a neglecting the magneti-
resonant Faraday rotation for light excitation below the fun-zation of magnetic ions. Therefore, a high-temperature
damental energy gap and at a low-magnetic f@l0.5T.  evaluation of the Verdet constant according to Bd) does
In the top panel of Fig. 5 the nonresonant Faraday rotation isot lead to unambiguous results for the parametgysand
plotted for EuTe x=1) and Ph_,EuTe (x=0.92) as a T,. A fit to the modified Brillouin function Eq(14) down to
function of temperature. As demonstrated in the figure, thehe lowest temperatures gives more reliable results.
cooperative antiferromagnetic phase transition is clearly ob- Due to the presence of a magnetic field perpendicular to
served. A series of paramagnetic samples (0026 the sample, spins originally aligned in plane are canted out of
=<0.367) is shown in the bottom panel of Fig. 5. A sign plane, which causes an increase of the Verdet constant below

WAVE NUMBER (1/cm)

FIG. 3. MOKE rotation(a), photomodulated reflectancdeR/R
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FIG. 4. Experimentally determined transition energies as a func- % 100
tion of Eu content with linear regression fits. There are three con- >
centration regimesii) 4: PbTe-like transitionsX<0.06), (ii) @: 0
Eu 4f —PbTe conduction band transitions (0<06<0.80), (iii)
Hl: EuTe transitions,¥: transitions from lower valence bands to
4f Eu levels. The insert shows the opening of the gap between L —
PbTe-like bands as a function of Eu content and theEaTe ref- 0 5 10 15 20
erence level. TEMPERATURE (K)

the Neel point(see Fig. 6. From the figure it is seen, thatthe g 5, Temperature dependence of the Verdet's constant at
Faraday rotation tends to saturate above 6 T, in agreemefjiy-magnetic field with photon energies below the fundamental ab-
with published datd' which quote for bulk materiaBsy,  sorption. Upper panel: Antiferromagnetic phase transition for EuTe
=7.2T. and Ph_,Eu,Te (x=0.092). Lower panel: For Rh,EuTe with

We also performed temperature-dependent Hall effectarious concentrations in the paramagnetic regie:x=0.026,
measurements for samples with Eu contents varying fxom T,=0.615K; B: x=0.046, T,=1.98K; ¥: x=0.1, T;=2.87K;
=0 tox=0.3. Figures ) and 71b) show the results of these V: x=0.192, T;=5.48K; X: x=0.287, To=11.21K, +: X
investigations where the electron concentratiéig. 7(a)] =0.367,To=31K. Symbols: experimental data; full curves: modi-
and mobility[Fig. 7(b)] are plotted as a function of tempera- fied Brillouin function fits according to Eq(14).
ture in a magnetic field oB=0.35T. Samples witx>0.4
could not be measured because of their high-electrical resiserromagnetic coupling in Rbh,EuTe coincides with the
tivity caused by the metal-insulator transitioMIT) nearx percolation threshold concentrationyof 0.19 for a fcc-spin
=0.15 in these samplés.As indicated by the plot of Fig. lattice. Figure 9 shows the reciprocal susceptibility in the
7(a) the electron concentration does not vary appreciably omigh-temperature limitT>T,) with a temperature scanning
the metallic side of the MIT up t&=0.15. Abovex=0.15a range from 15 up to 250 K and for the same in-plane field of
dramatic decrease of electron concentration, particularly at T. As indicated by the insert plot of Fig. 9, the linear fits
low temperatures, is observed. It is anticipated that théntersect each other quite close the ordinate axis in a more or
change of both the carrier concentration and of the mobilityess well-defined crossing point. Following the treatment
in the region of the MIT has also an influence on the mag-given by Spalelet al,>3 this means thaincoupledEu atoms
netooptic spectra. keep their random distribution even for the highest concen-

Figure 8 shows SQUID measurements of the magnetitration. This fact is further stressed by the observation, that
moment per single Eu atom as a function of temperature fothe paramagnetic Curie temperatifeé,~Ty, in the high-
the entire range of Eu contents for an in-plane field of 1 T.temperature expansiprscales linearly with concentration:
The x=0.01 sample follows a Curie-Weiss law down to the ©(x) =0,x. We remark that the low-field ac susceptibility
lowest temperatur& K). Forx>0.2 a long-range antiferro- is independent of frequency of the alternating magnetic field,
magnetic coupling sets in which tends to a cooperative antiso that the shoulder observed in the magnetizatitg. 8
ferromagnetic phase transition with a well-defined Nmeént ~ for x>0.2 cannot be interpreted as resulting from a spin-
for the samples witlx>0.8, as it is marked by the arrows in glass freezing transition at least for temperatures2.2 K.
the inset of the figure. The magnetization of EuTe is not
shown in the figure, but practically coincides with the plot
for x=0.90. The slightly higher Na& point of epitaxial
samples Ty~10K) with respect toTy=9.6 K of a bulk The transition energies extracted from the resonant Fara-
EuTe crystaP is caused by residual stresses in the EuTeday and MOKE rotation spectra of Figs. 2 and 3 are depicted
layer from the Bak substrate. The onset of long-range anti-in Fig. 4 as a function of the Eu content for the

V. DISCUSSION
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FIG. 8. Magnetic moment per single magnetic ion of
TEMPERATURE (K) Pb,_Eu.Te as a function of temperature for an in-plane magnetic
field of 1 T and various concentrations, measured by SQUID mag-
FIG. 6. Verdet's constant of EuTe versus temperature for varinetometry. Insert: Magnified scale showing the antiferromagnetic
ous perpendicular magnetic fields showing the transition from theohase transition(arrows for the samplesx=0.8. The plot for
antiferromagnetic to the spin-canted phallk: B=0.5T; V: B EuTe (=1) is indistinguishible from thex=0.9) sample.
=3T, @ B=4T; A:B=5T; V:B=6T.
=4.2K), and the slopedEy/dx=4.48 reproduces the
Pb,_,EuTe-system. In the lowest concentration rar@e Published results of _earller works™*% _ .
<x<0.08, full diamonds in Fig. #Pb, _,Eu,Te has a PbTe- _ In the concentration range O.@§<<0.6 (fu!l cwc]es in
like band structure, and the fundamental transition energy i§i9. 4) the energy gap varies in a linear fashion with the Eu
derived from the PbTe conduction- and valence-band edge§ontent, andhe slope of the x dependenisereduced by a

which are located at the points of the Brillouin zone. A factor of twowith respect to Eq(18). Consequently, we
linear regression fit to the data yiefds assume that these resonance energies are uniquely associated

with a transition from Eu 4 levels to the conduction band

. at theL point of the Brillouin zone of the mixed semicon-
Eq(x)=(0.19+4.48x) [eV], (0<x<0.08. (18 ductor Ph_,Eu,Te. This fact is explained by the emerging
of 4f states above the valence-band level of PbTe, i.e., the
valence-band edge at thepoint of the Brillouin zone is now
energetically below the position of the localized Efi-Hév-
els, which are the initial states of interband transitions. In-
deed, since the energetically fixed 4evels take over the
role of initial states and the final states of interband transi-
tions remain the 5 -conduction-band states of PbTe near the

The intercept on the energy axis=0) represents the low-
temperature absorption edge of PbT6.19 eV atT

=)
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FIG. 9. Reciprocal magnetic susceptibility versus temperature,
FIG. 7. Carrier concentratiof@ and mobility (b) as a function  measured by SQUID magnetometry. Insert: Linear extrapolation to
of temperature for Ph ,Eu,Te with various concentrations, show- zero and negative temperatures to determine the paramagnetic Curie
ing a metal-insulator transition for 0<1x<<0.2. temperature.
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L point of the Brillouin zone, the slop#E/x is half of that T ' T ' T
which originally comes from transitions between quasisym- 500 -  Pb. Eu Te |
metric valence and conduction bandg andLg , both lo- I

cated at thé. point of the Brillouin zone. A linear regression T=18K
to the data yields B<1T
400 |- EE =095 .

Ey(X)=(0.34+2.03x) [eV], (0.06<x=<0.6). (19)

without sf-exchange correction _|
From the constant part in EG19) the energetic position of 300 1=

the Eu-4 levels relative to the valence-band edge of the
binary PbTe at theL point can be estimatedAE=
0.34-0.19eV=0.15eV. It means that thefdlevel of an
isolated paramagnetic Eu ion in the PbTe host lies 0.15 eV%
below the PbTe valence-band edge. For this estimate we taki®
the 4f level of Eu as a reference level. The fixed energetic
position of Eu-4 is easily justified by the strong localisation
of 4f-core levels, which are not affected by the delocaliza-
tion of holes in the PbTe host. For concentratians0.6 the 0
resonant interband Faraday rotation due to transitions from
the 4f-Eu levels to the conduction band is no longer ob-
served. 100 ! s L . I ;
For x=0.81 two kinds of resonances are observed. The 0.0 0.2 0.4 0.6
resonance at 2.25 eVfull square$ corresponds to the Eu CONTENT (x)
atomiclike %6 internal  transiton  47(%S;,)
—AfS('F ;)5dtyq of EuTe. The simultaneously observed FIG. 10. Theoretical and experimental values of Verdet's con-
second transition could be related to electronic transitionstant of Ph_,EuTe in the concentration range<x<0.6 for be-
from lower Ph_,Eu,Te valence bands to empty states abovedow band-gap excitationH/Ey=0.95). Note the sign reversal at
the occupied Eu- levels. A second phase of precipitated low (x=.0.01) and highx=0.2) concer.ltration.. The full curves are
EuTe as observed by x-ray diffraction could be also takerpalculatlon_s taknn_g ths, p-f exchgnge interaction between carriers
into account, but the phase separation is not as complef'd Eu-spins a% independen("without stexchange correctiory”
(<1%) as to form a well-established diffraction peak from and asx dependen{“with sfexchange correction’according to
EuTe precipitates. Furthermore, the small line width of the® (21).

diffraction peak can only be caused by a perfectly organized L .
mixed crystal. In addition, the temperature-dependent ma inal states for excitations from lower-lying valence bands of

netization datdFig. 8) does not show any discontinuous de- b, -.Ey,Te, which cause the second resonance below 2.25

crease of the magnetic moment per Eu atom for increasinﬁV f_gr sampl+es withc>0.8. ) )
Eu content. (iii) TheLg valence-band maximum of PbTe is also low-

From the experiments we draw the following conclusions:€red with respect of thefdreference level in dependgncia on

() The internal EuTe transitions f4(5S,y,) the alloy concentratlon. The crossover of the PbTe-likg
H4f6(7FJ)5dtzg as observed at 2.25 eV in the concentra-Va|_e”C_e band with the fAreference level occurs at=0.06, _
tion range 0.8&x<1 are independent from the host crystal which is reflected by the change of the slope from 4.48 in
PbTe, which means that the onset of a stréaghybridiza- ~ EQ- (18) to 2.03 in Eq.(19). If we assume that theg con-
tion of Eu-like orbitals mediates a coupling between adjacengluction band of PbTe remains the final state for the photo-
Eu atoms3® Thus, thesex-independent signatures are tran- €xcitation processx<0.06), the opening of the energy gap
sitions between localized f4Eu levels and the &ty reflects thex dependence of the positions of the top of the
conduction-band states of EuTe, which are delocalized overalence banand of the bottom of the conduction band. Be-
the full crystal(x>0.8 is well beyond the percolation thresh- yond the crossover of thieg valence band with the f4Eu
old of p,=0.19. Interestingly, such a delocalization with a levels (for x>0.06 the initial states of photoexcitation are
corresponding formation of the EuTe conduction band trigthe 4f levels, and the final states remain the Pbdg
gers the onset of a cooperative antiferromagnetic phase tranenduction-band levels. The fact that the slope of xtae-
sition (see Fig. 8 pendence of the energy gap is reduced by a factor of almost

(i) The 4f® levels of Eu atoms are no longetike (as the  two for x>0.06, as it is observed in the experiment, could be
4f7 levels and experience a strong crystal-field and spin-explained that both ¢ conduction and valence bands open as
orbit splitting. The Fermi level is pinned within these split a function ofx symmetrically with respect to the reference
states with partially occupied levels, but also unoccupiecEu 4f states.
ones above the pinned Fermi level. This level acts as a ref- We turn to the analysis of the nonresonant Faraday rota-
erence level independent of the Eu concentration. Since thon to relate the magnetooptical data with magnetization de-
4f levels forx<<0.8 are highly localized, the carrier transport tected by the SQUID measurements. In Fig. 10, the Verdet
between them is inhibitedinsulator-side of the metal- constant is plotted as a function of the Eu contert (
insulator transition in PliEw, _,Te, see Fig. @®]. The empty  <0.6). The photon energy is always kept below the funda-
4f° levels above the # reference energy are possibly the mental energy gapH~0.95,,y=0.95), and the magnetic

/ with sf-exchange correction

STANT (deg/T/cm)

200 -

100 -

VERDET
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efF '
14+
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10| . .
L FIG. 11. Paramagnetic Curie temperature de-
g termined from a fit to a modified Brillouin func-
tion (magneto-optigsand to a Curie-Weiss law
(SQUID), respectively. Note the different depen-
dences of MOKE and SQUID data which are re-

lated to the metal-insulator transition in
. Pb,_,EuTe atx~0.15.

T, 6 (K
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0x)=17x

N 1 . ] L 1 . 1 . 1 L 1 L
0.0 0.1 0.2 0.3 0.4 0.5 0.6 0.7
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field was chosen to be small enough5 T) to justify the In the cited figure of Ref. 25 a second characteristic tempera-
linear expansion Eq(13a. In this figure, we compare the ture for the onset of spin-dependent scatterin at 2 K is
experimental Verdet constafiilack squargswith the Curie-  quoted. In this regime the exchange interaction between mo-
Weiss approximation given by E@L6) taking into account pijle and localized spins is the dominant phase-breaking
the explicitx dependenc&(x), as given by Eq(17b). In mechanism. Hence, the paramefey/T¥=T,/T governs
one curve(“without stexchange correction”we keep the  the modification of the carrier-ion exchange; due to back-
s,p-f exchange constant,s constant, in the second calcu- scattering of electrons, as long as the concentration of disor-
lated curve(“with sf—exphange correcti_orj”we introd_uce & dered centers lies in the range of the dirty limitx,). We
x-dependentrs;(x). Various concentration ranges with char- gp4)| gemonstrate in the following, that the anticipated for-
acterlstlc features are observed. Up(t@O._lS Verdgt's con-  nula Eq.(21) is consistent with the observation of the
stant increases more or less monotonically with & corregenendence of the paramagnetic Curie temperature, given in
sponding increase of the spin splitting with Such a spin g5 11 Thex-dependenta,; plays a crucial role for the
splitting is caused b.y an increase .Of the magnetization felicate guestion why magnetization determined by SQUID
random paramagnetic centers in a fixed magnetic field 5y he different from the one from magnetooptics. Recalling
SB Fig. 10, we can fit the experimental data of the Verdet con-
_9keSb stant much better by introducings(x) from Eq. (21). The
kg(T+To) curve “with stfexchange correction” is calculated by taking
12 Xc=0.15,T=1.8K, andT,=1.6 K.

rasX(1=x)™ 20 For x<x. we used the electronic band scheme of PbTe.
Due to an enhancement of antiferromagnetic coupling beTherefore, the observed irregularity yat0.06 is not repro-
tween Eu spins the effective number of paramagnetic spinduced by our approximate theory. It arises from a change of
decreases. If the antiferromagnetic coupling is predominanihitial states due to the emergence of Europiufmstates at
between nearest neighbors=12), we calculate a Verdet this critical concentration. A sign reversal of the Verdet con-
constant x>0.15) which is larger than that observed in the stant appears at lowkE&0.01) and high x=0.2) concentra-
experiment(curve “without sfexchange correction” If we  tions. We attribute this behavior to a crossover of Faraday
take into account the metal-insulator transitiMiT) at x  rotation between the diamagnetic backgroung)(of band
>0.15, as demonstrated by Figayaccording to which the carriers ¢* =g.+9,) and the magnetization-induced rota-
electron mobility is decreased by orders of magnitude, theion due to localized paramagnetic cente¥s,). Since the
stronger deflection of the Verdet constant abr¥€0.15 can  Lande factors of electrorng, and holesy,, differ in sign, we

AE*agM(T,B) = agsix(1—X)"NogusS Bs[

be attributed to a-dependent exchange constank(x) could fit the data of Fig. 10 according to Ed4.7a,b with
the following set of parametersy=0.95, g*=—12, f,
asf(Xx—0) ~f_=0.05,a,(0)Ng=0.1eV, T+ Ty=4 K. The values of

00 = T Mix) ATl T) 2D

the Verdet constant in the range 0s8%<1 conincide with
those of EuTe and do not depend:oanymore(they are not
The critical concentratiom.=0.15 is related to the MIT. shown in Fig. 10.

In Fig. 8 of Ref. 25 the temperature dependence of the phase In the composition range 0s2x<0.50 the Verdet con-
coherence length, in the dirty limit (kel ,<1) of the me-  stant keeps more or less a constant small negative value
tallic phase of Ph_,Eu,Te is demonstrated, which is a char- (V,). From magnetization datdig. 8 a corresponding re-
acteristic length for the backscattering of electrons in theduction of the magnetic moment per Eu atom is observed,
weak-localization limit. If electron-phonon interaction is as- which demonstrates an increasing antiferromagnetic cou-
sumed to be the phase-breaking scattering mechanism, wing between individual Eu spins. In the composition range

getl ,=9.36% 10"’ T *close to a reciprocal dependence. between 0.6 x<0.8 there is no evidence for a Faraday ro-
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tation. A possible explanation is the onset of transitions beTherefore, the paramagnetic Curie temperature determined
tween lower valence bands of PbTe into the unoccupied 4 by MOKE differs by an additive quadratic term xfx; from
states above the Fermi level, or just the structural deteriorag(x) determined by the SQUID. Using the data=0.15,

tion of samples with higher Eu content. If one takes into®,=17 K, andT.=1.6 K from the fit to the Verdet constant
account such a transition arising from lower PbTe-like va-(Fig. 10 we could indeed verify the experimentaldepen-
lence bands, then the Faraday rotation of this new transitiodence of the paramagnetic Cufig(x) as can be seen from
channel is the reverse of the rotation due to the former tranthe solid line in Fig. 11 fitted to the triangles. The experi-
sitions from the occupiedfalevel up to conduction band, if mental SQUID dat® (x) also shav a a slight change of the
mirrorlike bands with comparable matrix elements and jointslope ®, nearx=0.2. Again we attribute this effect to the
density of states are assumed. Formally, this reverse symmenset of MIT for Ph_,Eu,Te due to a change of exchange
try is taken into account for the calculation of the Faradayconstants between nearest neighbors of Eu spins. The alter-
rotation by interchanging the role of final and initial statesation of electron concentration in the conduction band modi-
(or just by takingAE— — AE): This transformation reverses fies the nearest-neighbor exchange interaction between Eu
the sign of Faraday rotation of the new transition channekpins due to a change of the band-mediatédk.,

with respect to the former with a corresponding cancellatiork-dependentexchange-polarizatidh between Eu spins. The

of the total Faraday rotation. A third alternative interpreta-details of the exchange polarization in,PhEuTe are not

tion could stem from the assumption that>at0.6 long- investigated up to date.

range antiferromagnetic order sets in. However, this assump-
tion contradicts the magnetization measurements as well as
the temperature dependence of Verdet's constant, where the

spontaneous ordering is observed onlyer0.8 (see insert The alloy system Pp Eu,Te has been investigated in the
to Fig. 8. entire concentration range from=0 to x=1 by Faraday-
From modified-Brillouin-function fits to the data pre- and magnetooptical Kerr effect as well as by SQUID mag-
sented in the lower panel of Fig. 5 we find a nonlinear denetometry. The magnetooptical methods provide information
pendence of the paramagnetic Curie temperally(&) on  on band-structure properties as well as on the magnetic or-
the concentration (see Fig. 11, trianglesn contradiction to  der. Due to the smaller exchange integrals between free car-
magnetization dat®(x) from the SQUID. A simple linear riers and magnetic ions Faraday rotation is not as giant as in
fit to the MOKE datatriangles yields according to Eq15)  Mn-based 11-VI semiconductors. The resonant magnetoopti-
an overestimate for the antiferromagnetic Eu-Eu exchanggal effects have proven that there are three concentration
interaction 2'/kg~0.5K. In the same figure, the paramag- ranges with different types of interband transitiofisband-
netic Curie temperatur® as obtained from SQUID experi- to-band transitions at thie point of the Brillouin zone, rep-
ments is plotted as a function f(open squares in Fig. 11  resentative for the narrow-gap IV-VI semiconductor PhTe
Evidently the SQUID data fit quite close to a linear depen-(x<0.06); (ii) transitions from the localized Euf4evels to
dence onx. Using Eg.(15) one finds for the ion-ion ex- the PbTe-like conduction band (08&<0.8); (i) transi-
change integral 2/kg=0.27 K from SQUID data, which is  tions from localized Eu # levels to the EuTe-like & con-
in good agreement with previously published dat&'*As  duction band as well as a second observed transition, which
quoted in Ref. 11, a model that takes into account a singlegp to now could not be identified unambiguously, but may be
exchange constant J% between next-nearestneighbors  due to transitions from lower-lying valence bands up to the
could explain an increase of¥ from 0.264 to 0.5 K. How- 4f level, or due to electronic transitions in alebEuxTe
ever, observations from magnetization steps in highmatrix with a lower effective Eu concentration in the case of
magnetic field as well as susceptibility measurements contragyTe precipitates. The variation of the band edges with
dict this theoretical assumption. ThUS, in order to cIarify theWas obtained from the data as well as the extrap0|ated posi-
discrepancy, we introduce our concept of maependent tion of the Eu 4 levels 150 meV below the PbTe valence-
s, p-f exchange interactions¢(x) from Eq.(21) and make pand edge at thé point. At x=0.06 a crossover between
an attempt to find a correlation between the paramagnetigoth states takes place.
Curie temperatures determined by MOKE and SQUID. To probe the magnetic state, nonresonant Faraday, and
Whereas SQUID measures solely the Brillouin functionkerr rotation, respectively, have been measured using photon
Bs(y) of Eqg. (20), magnetooptics is coupled to the product energies about 5% below the fundamental absorption edge.
asi(X)Bs(y). In the Curie-Weiss limitBs(y)—const/T  The observed sign reversal of Verdet's constant between
+00x) we can calculate =0.1 andx=0.2 was explained in terms of a competition
between the Faraday rotation of free carriers of the PbTe-like

VI. CONCLUSIONS

const host and that of localized Eu spins. Transport experiments
asi(X)Bs(y)— 2 . L
s demonstrated a metal-insulator transition in the same con-
1+ % T [T+©0x] centration range.

The temperature dependence of Verdet's constant can be

_ const 22 well described by a modified Brillouin function up to
- X |2’ (22) < 0.4, which implies a paramagnetic state, in agreement with
T+Ox+Ts X SQUID magnetometry. Deviations of the paramagnetic Curie

C

Since the Curie-Weiss approximation holds only for
>0,, we neglect in Eq(22) terms of the ordex®@,/T.

temperatures between both experimental methods could be
clarified by the postulate that the carrier-ion exchange inter-
action isx dependent by itself, which governs the magne-
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tooptic interactions, but does not primarily influence theexchange interaction between free carriers and localized
magnetization measured by a SQUID. The metal-insulatospins.

transition atx=0.15 is responsible for the reduction of the
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