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We present a Raman-scattering study of the metal-semiconductor transition ig HbB metal-
semiconductor(MS) transition in this compound manifests itself as a change from a diffusive electronic
scattering response in the high-temperature paramagnetic phase, to a flat continuum scattering response in the
low-temperature ferromagnetic metal phase which is characteristic of a strongly correlated metal. Most inter-
esting is evidence that the MS transition in EUB precipitated by the formation of bound magnetic polarons
involving carriers bound to defectsS0163-182607)02930-5

Recently there has been a resurgence of interest in “costudy is not only to clarify the nature of the MS transition in
lossal magnetoresistance” behavior exhibited by magneti€uBs, but also to use this structurally simple material to
semiconductors such as 13(Ca,Sr,BaMnO; (Ref. ) and  study “colossal magnetoresistance” behavior absent the di-
Eu-based compounds Eu®ef. 2 and EuR (Refs. 3,4. A verse structural phases that complicate analysis of the mag-
number of remarkable features are exhibited by these mataetic oxides. Among other results, our data provide direct
rials. At high temperatures, they are paramagn¢Ri) spectroscopic evidence that the metal-semiconductor transi-
semiconductors with activation energies Bf~0.1 eV in  tion in EuB; is precipitated by the formation of bound mag-
EuBs (Ref. 3, Eo~0.3 eV in EuO(Ref. 2, andE,~0.1 eV  netic polarons, i.e., ferromagnetic clusters of?Etons
in La; _,(Ca,Sr,BaMnO; (Ref. 1), while at low tempera- within the Bohr orbits of defect-bound carriers. This obser-
tures they develop short-range magnetic correlations beforgation provides insight into the origin of the MS transition in
becoming ferromagnetic metals &t;~12 K in EuB;, EuBg, and perhaps affords clues as to the nature of “colossal
T.~69 K in EuO, and T.~200-350 K in magnetoresistance” in highéf, magnetic semiconductors
La; _4(Ca,Sr,BaMnOs. Unfortunately, many details regard- such as EuO and La,(Ca,Sr,Ba,MnOs,.
ing the phase diagram of these magnetic semiconductors re- Raman-scattering measurements were  performed
main unresolved, including the nature of the short-rangen the (1000 surfaces of cubic (()ﬁ-PmSm), single-
magnetic correlations near the Curie temperature, and therystalline EuB prepared from an aluminum flux.
specific mechanisfs) causing the metal-semiconductor Some zero-field measurements were performed using
(MS) transition. For example, it is generally believed that thea Spex Triplemate spectrometer equipped with a nitrogen-
diverse properties exhibited by the Eu-based magnetic seméooled charge-coupled devicdCCD) array detector.
conductors derive primarily from the interaction between theThe magnetic-field measurements were performed in a
itinerantd electrons and the Eti 4f local moments, which true backscattering geometry using a modified subtractive
leads to a complex interplay between the digkdt exchange triple spectrometer with a Photometrics liquid nitrogen-
interaction[J4;~0.1 eV (Refs. 2,5] and the directf-f ex-  cooled CCD, while the sample was cooled to temperatures
change coupling between the moments. However, the natugs jow as 1.5 K in a pumped Oxford flow cryostat which
of the MS transition in these materials is controversial, andyas mounted in the bore of an Oxford superconducting
has been variously attributed 9 a trap level that crosses magnet. Spectra were obtained with the incident and
the conduction banfiii) exchange-induced splitting of an gcatered light polarized in the following configurations in

:21 dpu”ggé’ :\%gl tlrr;nasitToer;lIiz(\a/oT/(i)r?ffha;ngg\I/Ie)I:p?mz)l(wcthci‘nf%?r-o order to identify the symmetries of the excitations studied:
magnetic spin clusterémagnetic polarons>® Uncertainty (_Ei’ES)_(X’X)_ﬁngrlEEg’ (.I_Ei’I_ES)_(Xéy)I'ETZQ_JF Tlg’(E"ES_)
regarding the MS transition in the magnetic oxides is even_ Xty x+y)iAggtaBgt Togi i .S)—(x+y,x—y).
more profound, in part due to the complex structural phasedEq™t T1g; WhereE; and Es are the incident and scattered
present in these materials. electric-field polarizations, respectivelyandy are the 100]

In this paper we present temperature- and magnetic-fieldand [010] crystal directions, respectively, and where
dependent Raman-scattering measurements ofg BB~ Aig(I'y), Eg('3), and Toy /T4 (s /T';) are the singly,
which we have been able to study the different regimes ofloubly, and triply degenerate irreducible representations of
behavior in this system, and in particular, those regimes justhe EuB, space group (()ﬁ—PmSm), respectively. The
above and below the Curie temperatdte Our aim in this  magnetic-field spectra were obtained (hCP,LCP and
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; T . Awl
EuB6 .| 300K S(w)=[1-exp~ha/kgT)] ' ——7 | (6
where [1—exp(—fw/ksT)] 1=[1+n(w)] is the Bose-
Einstein thermal factor, anfl is the carrier scattering rate.
The strong, polarization-dependent scattering response in the
PM phase of EuB(inset of Fig. 3 can be best appreciated
by first noting that the scattering intensity of single-particle
excitations is expected to be unobservably small in metals
and degenerate semiconductors with spherical Fermi sur-
faces, since in such systems the associated density fluctua-
tions are screened by the long-range Coulomb interaction.
' ' On the other hand, systems with anisotropic Fermi surfaces
-200 0 200 exhibit neutral charge density fluctuations which are not

S(w) (arb. units)
X
=

65 K

“xy)

0 E Shift (cm™”
2 nergy Shift (cm™) screened by the Coulomb interaction; consequently, scatter-
c T>T ing from such fluctuations can be substantial. The electronic
3_ 25 K 0o Raman-scattering intensities associated with neutral charge
e ™ density fluctuations are given By,
g “'I‘\ ) ) ) 0 1 1 2

i . o
3 [0 “ Ioc< e W_<W>)'e' >
e
w whereeg and g are the polarization vectors of the scattered

and incident electric fields, respectively, ama* is the
effective-mass tensor. In the case of cubic EuBe neutral
charge-density fluctuation model, applied to a simple tight-
S pss binding description that incorporates only the transfer inte-
I grals of Eud orbitals between nearest-neighbor sites, pre-
18K (H=4T) —0 dicts the strongest scattering intensity in taggeometry, a
small scattering intensity in th&,; geometry, and zero in-
%WWWWWWWWMWM tensity in theT,y geometry. By contrast, the observed diffu-
sive electronic scattering in the PM phase of EliAs com-
T<T,(H) parableE, and A4 scattering intensities and a smdlh
0 | | | | intensity. We believe this symmetry dependence reflects the
0 50 100 150 200 250 substantial hybridization present between théEfd and
. 1 the sp bands from the boron octahedfaa more detailed
Energy Shift (Cm ) discussion of this is beyond the scope of this paper and will
be presented in a future publication. Figure 2 shows that the
scattering ratd’ associated with the simple-relaxational scat-
tering response decreases precipitously with temperature in
the high-temperature PM phase, but levels off, and then rises
again, upon entering the short-range magnetic of@BMO)
regime. Additionally, Fig. 3 shows that the simple-
relaxational scattering response exhibits a slight magnetic-

1, I
Yoy,

FIG. 1. Raman spectra of Eykn the (RCP,RCP polarization
geometry for various temperature regimes, showitgp) a diffu-
sive responsgEq. (1)] in the high-temperature, paramagnefivi)
regime,(middle) two inelastic peakspy; andwg,, in the interme-
diate temperature, short-range magnetic of&&MO) regime, and
(bottom a flat continuum response in the low-temperature, ferro-

magnetic(FM) regime. The dashed line in the top spectrum is a fit . .
to a simple relaxational response functipq. (1)], while the field dependence nedrp, presumably reflecting the devel-

dashed line in the middle spectrum is a fit to two simple Lorentz-OPment of a small field-dependent scattering fdq. (1)]
ians. Inset: Polarization dependence of the room-temperature difffdue to the increasing importance of spin scattering at these

sional scattering response. temperature_s._ _ _ _
The transition to the ferromagnetic met&M) regime in

. . EuB; is rather dramatically revealed in the Raman-scattering

(LCP,RCPH geometries, where RCP and LCP are right andgecira of Figs. 1 and 3 with the development of a flat elec-
left circularly polarized, respectively. tronic Raman continuum beloW,(H) (bottom spectra Un-

Figure 1 illustrates the low-frequency {Qv |ike the PM and SRMO regimes, this flat continuum is totally
<250 cn*) Raman-scattering spectrum of E¢i8s a func-  field independent, consistent with the complete saturation of
tion of temperature and symmetryinsed. The high-  the spins in the FM regime. Interestingly, the flat spectral
temperature scattering respon§e>(60 K) associated with  response in the FM phase of EyB typical of spectra ob-
the paramagnetic semiconductor phése spectrum and in- served in a number of strongly correlated metals, including
set of Fig. 1 is typical of that observed for single-particle the highT, cuprates and the doped titanates such as
excitations in degenerate or doped semiconducterg., La;_,SrTiOs.'! While the microscopic origin of this re-
n-type Sj,° and is well described by a simple relaxational sponse in strongly correlated metals is still the subject of
scattering responsgop dashed ling debate, it is generally believed to reflect the presence of a
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FIG. 2. (filled circles Carrier scattering ratd;, as a function of
temperature(zero field deduced from fits of Eq(1) to the E,
symmetry diffusional response in the PM and SRMO regimes. Also
plotted is the zero-field temperature dependence of the inelastic
peakswg, (filled diamond$ andw; (filled triangles, observed just

aboveT,. 0T
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strongly correlated metallic phase which is dominated by

inelastic scattering from some spectrum of excitations. In- 18 K

deed, the flat continua observed in strongly correlated metals

are commonly described phenomenologically using the 4T

simple relaxational form in Eq(l) with a frequency- and l | | |

temperature-dependent scattering fatéCherefore, while 0

specific details concerning the ferromagnetic metal state are 0 50 100 150 200 250

difficult to extract from the featureless continuum in EuB Energy Shift (cm‘1)

these Raman data suggest that the metal-insulator transition

in this compound is associated with a crossover from a high- FIG. 3. Field dependences of the Raman spectra ifttig: PM

temperature regime characterized by diffusive scattering ofegime,(middle) SRMO regime, andbotton) across the FM tran-

the carriers, to a strongly correlated metal regime in whictsition. Inset: The field dependences of the temperafggeat which

inelastic(spin scattering of the carriers predominates. the spin-flip Raman-scattering peaksaa$; and wg, are observed,
Perhaps the most interesting behavior is exhibited in th@nd of the Curie temperatuf®; at which the flat continuum re-

SRMO regime of Eug which is characterized in the Raman sponse is observed.

spectra by(i) an increase in the diffusive scattering rate with

decreasing temperatu¢see Fig. 2, and(ii) by the develop- magnetic exchange interactidg; between the bound carri-

ment just abovél (H) of two inelastic peaks which appear ers and the E&l spins in EuB.

exclusively in theE;L Eg scattering geometryT; symme- The field dependence of the Raman spectra provide the

try): (a) a field-independent peak aiy,; which persists to most compelling evidence that the inelastic peaks which ap-

some extent even into the FM phase, &nida strongly field-  pear just abovd; are associated with SFRS due to the for-

dependent peak aiy, (middle spectra, Figs. 1 and @hich  mation of magnetic polarons. In the presence of strdsig

disappears completely in the FM phase. Based upon the@gxchange, the energy shift associated with SFRS from the

symmetry, temperature, and field dependences, we can idebhound carriers is expected to be dominated by the Euag-

tify these excitations as spin-flip processes arising from thaetization according t3®

development of bound magnetic polarons, i.e., spin-polarized

clusters of E&" ions formed within the Bohr orbits of car- hwg=xaNy(S,), 2

riers bound to local “defects.” In particular, the strongly o

field-dependent peak ai,, is consistent with spin-flip tran- wherex is the concentration of “defects” contributing to the

sitions of the bound carriers, while the peakeg; can be  magnetization, aNg is the exchange constant(S,)

attributed to spin-flip transitions between adjacent levels of=(7/2)B;,/ gmgH/kg(T—T,)] is the thermal average of the

the EF" ground-state Zeeman multipfEtimportantly, the  EW?* spin, andB-, is the Brillouin functionB; for J=7/2.

large energy and field dependence of the spin-flip RamanEquation(2) ignores the Zeeman contribution to the spin-flip

scattering(SFRS peak atw, reflects the substantial ferro- energy, since the exchange field associated with the Eu
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150 | , low temperatures in magnetic semiconductors because the
impurity-bound carriers gain magnetic exchange energy
(J4¢S~0.35 eV in EuR and EuQ by spontaneously aligning
their spins parallel to the spins within their Bohr rafi*®
Indeed, the linear field dependencew, at 25 K indicates
that the net magnetization of Eu spins within the bound
carrier’'s Bohr radius is already fully saturatedrat 0, and
that the average size of the polarons increases with increas-
ing magnetic field, in agreement with theoretical
predictionst*1°

These results provide direct spectroscopic evidence for
magnetic polaron formation at the MS transition of a mag-
netic semiconductor, corroborating a possibility which has
been suggested previously for several “colossal magnetore-
sistance” compounds including EyBand EuQ*® Indeed,

0‘ | | , | our results strongly favor interpreting the MS transition in
0 o 4 6 8 EuBg as an “exchange-induced Mott transition” similar to
] ) that described previously for Eut.In this description, car-
Magnetic Field (T) riers become bound by the defect potential of thé Eva-

FIG. 4. Field dependence of the spin-flip Raman-scattering enganCIeS’ or some other defect, at temperatures bdlgw

. . nucleating small ferromagnetic clusters of’Ewspins via the
ergy of the bound carrie®, at various temperatures. The dashed . . -
lines for T=35 K are fits to Eq.(2), illustrating the functional strong(ferrqmagnetm:d—f exchange Interact!on between the
dependence of a Brillouin functid®, for J=7/2. The solid line for ~bound carriers and the defects. The formation of these ferro-
T=25K is a linear fit. Note the finite zero-field splitting for 18 and Magnetic clusters results in a spin splitting of the valence and
25 K, revealing the presence of bound magnetic polarons at thesgonduction bands, and a concomitant large increase in the
temperatures. carrier density which induces a Mott-type transition at
T.(H). Notably, zero-field Hall effect measurements of
EuBg confirm that there is a fivefold increase in the carrier
. ) ) o density between 77 and 4.2 ¥. Furthermore, in this de-
ions is substantially larger than the applied fieldle{cr>50  scription, transport in the SRMO regime involves activated
T) in EuBs. Figure 4 clearly shows that the field dependenceygpping of bound carriers between polaron sites, and the
of the SFRS peak abo, follows a Brillouinlike functional  §ramatic increase in conductivity with increasing field near

form By, for T>25 K (dashed lines confirming that the 1 efiects the increased size, and consequent increased over-
SFRS ene+rgy assogatgd with the .bound CaImers IS governgdl, ' f the polarons with field. Our observation thafH) in

by the E.& magnetization. Assgmmg thaly, is asso_mat_ed EuBg increases roughly linearly with fiel@nset, Fig. 3 sup-

with a single spin flipAmg=1, fits of the 35 K data in Fig. ports this interpretation.

3 (dashed linesgive very reasonable values gfy—10 and To summarize, we find that the MS transition in EuUB

XaNo=3.65 meV. The latter corresponds to an exCh—ang(%:haracterized by a transition from a diffusive regime at high

constant ofaNy~0.1 eV for defect concentrations of ¢ ¢ 0 af d dent scatteri ime b
~3%. Significantly, the nature of the defects which help emperatures 1o a irequency-dependent scatlering regime be-
low T. which is likely associated with strong inelastic spin

stabilize the BMP state by binding the carriers is uncertain. . i !
However, two possibilities are worth noting) E?* vacan- scattering of the carriers. Most importantly, we observe

cies, which may exist in concentrations as high as 10% ifirong evidence that the ferromagnetic transition in £is8
EuBs (see Refs. 4 and)7(ii) “dynamical defects” such as prgqpnated by the formation of bound magnetic polarons
local polaronic distortions. Two additional features of the fitsarising from the mutual ferromagnetic alignment of bound
to the data in Fig. 4 are also worth noting. First, the effectivecarries and Bt spins within their orbits. These results pro-
g factor deduced from these data is quite large, reflecting theide additional impetus to search for similar evidence for
enhanced field-dependent splitting of the carrier spin stategagnetic polarons near the MS transition of magnetic semi-
due to the magnetization of the Euions. Second, Fig. 4 conductors such as EuO and,;La(Ca,Sr,Ba)MnOs.

shows that the size of the splitting at high fields {S,)) ,

increases with decreasing temperature, suggesting that the 1his work was supported by the Department of Energy
average size of the magnetic clustéuslarong increases as Under Grant No. DEFG02-96ER4580.N., S.Y., M.K., and

T approached . This is consistent with theoretical calcula- S-L-C), by the National Science Foundatiof®.N. and
tions of magnetic polaron formation in magnetic S.L.C), and by the NHMFL through Grant No. NSF DMR

semiconductors®1® 90-16241(Z.F. and J.S. We acknowledge use of the MRL

Most significantly, Figs. 2—4 illustrate thatero-field Laser Lab Facility and we also thank Miles Klein, Girsh
SFRS excitations aby; and wy, develop just above the MS Blumberg, and Moonsoo Kang for the use of their magnetic-
transition [T,(H=0)<T=<25 K] in EuBg, revealing the field cryostat in portions of this work. Z.F. and J.S. also
spontaneous formation of bound magnetic polarons. Boundcknowledge support of the Japanese New Energy and In-
magnetic polarons are energetically favored at sufficientlydustrial Development Organization.
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