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The spin-flip scatteringSFS between conduction and4Ew?* (887,2) electrons in the paramagnetic phase
of EuBg (T=2T.=30 K) is studied by means of electron spin resonaii®R) at three frequencies. The single
Dysonian resonance observed in all cases suggestallic environment for the Eif ions. The ESR at high
field, H=12.05 kG(»=33.9 GH2, has an anisotropic linewidth with cubic symmetry. The low-field, 1.46 kG
(4.1 Ghz and 3.35 kG(9.5 GH2, ESR linewidths are unexpectedly broader and have a smaller anisotropy
than at the higher field. The unconventional narrowing and anisotropy of the linewidth at higher fields are
indicative of a homogeneous resonance and microscopic evidence for a strong reduction in spin-flip scattering
between the spins of Etiand the states in thelectronandhole pockets at théX points of the Brillouin zone
by magnetic polarons.
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EuBg crystallizes in a simple cubic lattice with the  Our main result is an unusual narrowing of the ESR peak-
Bg-octahedra at the corners and theé*Eions (887,2 Hund's  to-peak linewidth(AH) at highH having cubic anisotropy.
rule ground stateat the body center of the unit cells. At high The cubic anisotropy itself is a surprising result, because the
temperaturesT), EuB; is a low carrier density semimetal Korringa relaxation is usually isotropic. A comparison with
that is intrinsically uncompensate@nore electrons than the anisotropy of the MR, allowed us to infer via ESR the
holeg.'* With decreasingT, EuBs undergoes a two-step symmetry of the Fermi surface of a compound. The effect of
transition from the paramagneti®M) to a ferromagnetic the magnetic polarons on the SFS rate of the conduction
(FM) phase withT~15.3 K and T~12.6K.>" This  glectrons clearly manifests itself in thedependence akH.
magnetic transition is accompanied by a dramatic reduction Magnetic polarons are also invoked for other compounds
in the resistivity and attributed to the spontaneous formatior&iisplaying a large negative MR, e.g., EuO, manganites, and
of magnetic polaron&,.e., the spins of the carriers polarize manganese pyrochloré&Here EuO is a semiconductor, re-

fhe spifns of t?ﬁ SP‘JJOL;]nding E*uions._Th_e r_lr_lz_iglnetic pc?' quiring some doping, while for the manganese compounds
arons form n the phase and grow In sizetas lowere the Mn ground state has orbital cont¢nbt anS statg and

and H is increased, giving rise to electronic and magnetic R - )
phase separation abovie, 57 At T, the polarons form a strongly couples to phonorf§ahn-Teller effect or lattice po

percolative network with the concomitant transition from larong. Hence, in manganites magnetic and lattice polarons

semimetal to metal. Homogeneous FM is only establishe(ﬁ)Iay a role. Eug, o.n.the Oth‘?f hand, is distinct from .other
belowT,,.89 The effective mass of the carriers decredsis, SYStems, because it is a semimetal ané'EuanSstate, i.e.,
and the carrier concentration increases across the transitiofjdas @ carrier density that is low, yet sufficiently large for
whenT is lowered! the formation of magnetic polarons without coupling to
The microscopic mechanisms responsible for the earliePhonons. The nonmagnetic isoelectronic analog to 5B
properties are, however, unclear. In particular, the exchange@Bs, Which is a controversial higiic FM with very small
interaction between the Bliand the conduction states is ordered magnetic momeht.
crucial for the lowT magnetic and transport propertiés-3 Single crystals of EuB(cubic, space group 22B2m3m,
From band structure calculations it is known that thé*Eu CsCI typg were grown as described in Ref. 17. The phase
spins ferromagnetically couple predominantly to states in thgpurity and orientation of the crystals were determined by
electron pockets at thé points of the Brillouin zoné.Thus, ~ powder and Laue x-ray diffraction, respectively. All ESR ex-
Eu-site magnetic spectroscopy techniques such as ESR cagriments were performed on &1x1x0.3 mn? single
provide very useful insight. Two previous reports on ESR incrystal in a BrukerS, X, andQ band spectromete#.1, 9.5,
poli-1* and single-crystallin® EuBs only partially described and 33.9 GHwith resonators coupled to a helium gas flux
the features observed in the ESR spectra of EdMreover,  T-controller system for 4.2 T=300 K. M(T,H) was mea-
neither focused in probing details of the microscopic mag-sured for 2<T=<300 K in a QD MPMS-5 superconducting
netic interaction nor on the influence of magnetic polarongjuantum interference device-RSO direct current magnetome-
on the SFS in the PM regime. The aim of the present work iger. p(T,H, 6) and c,(T,H) were obtained in a QD PPMS-9
to further explore ESR in EyRusing various magnetic fields platform. For thep(T,H) measurements, the four contact
(H) (frequenciesand as a function of. The ESR linewidth method and a QD-horizontal rotator were used ithper-
is related to the SFS, which is then correlated to the electricgbendicular to the current lines wheth was rotated in the
magnetoresistivit{MR). (100) plane, while if rotated in th€110) plane the angle
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L #/100] i.e., the skin depth is less than the size of the crysfasom
| e L the single metallicresonance observed in the PM phase we
005 10 15 20 25 30 conclude that there are no distinct resonances for the conduc-
T(K) tion and E@*-4f electrons. This is expected because the ex-

change coupling between thé dnd conduction electrons is

FIG. 1. (@ cy(T)/T vs T for the EuB; sample used in the ESR
experiments. The inset shows tit¢ dependence oty (T,H)/T

and(c) H evolution of the two transitions revealed by(T,H)/JT.
The continuous lines are guides to the eyes.

strong(J=0.2 e\).®

The T dependence oAH for T=2T.~30 K is shown in
Fig. 3 for the three frequencies used and fo{001] and
SI’-|||[111]. Above T=150 K, AH and its anisotropy are al-
most T independent for each frequency. This suggests
the spin-lattice relaxation either via the Fwconduction

betweenH and the current varies from 90° to 45°. The re- electron exchange interactigiorringa mechanismor via

laxation method was employed to measgg€r, H).

Figures 1a) and Xb) show c,(T,H)/T and p(T,H), re-
spectively. The entropy at high saturates aR In(8) (not
shown), which corresponds to the localized half-filled shell
of El?* ions. OurM(T,H) measurements are in agreement
with those reported in Ref. 5. The high quality of our crystals
is evidenced by the two magnetic transitions seen in
dp(T,H)/ 4T [Fig. 1(c)] at T,;~15.3 K andT,~12.6 K>/
and the resistivity ratio,p(298 K)/p(2 K)=100. The re-
sidual resistivityp(2 K) =17 u{) cm shows that our EuB
crystal has low carrier concentratigs 10?° cm3).4

All ESR spectra consist of a single unresolved resonanc
with a g value ~2.0, withoutfine and hyperfinestructures,
but with ananisotropicAH. Figures 2a) and 2b) display the
anisotropy ofAH for EuBg at roomT at three different mi-
crowave frequencies foH rotated in the(100) and (110
planes, respectivelAH becomes narrower and more aniso-
tropic asH increases. In all cases the angular variatiod f
follows the cubic symmetry of the crystal. The spectraHor
along the[111] direction, whereAH is minimum, are shown
in Fig. 2c). The line shapes are clearly Dysoni&ifor all
three frequencies, indicating that the’Eions in EuB; ex-
perience a metallic environment and tAéB ratio is =2.3,
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the spin-phonon(spin-orbit coupling are both negligible.
This is not unexpected, because EuB a semimetallow
carrier densityand E@* is an'S state ion.
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FIG. 3. T dependence ofAH for T=T, with HI[[001] (open
symbolg andH|I[111] (solid symbols for the three ESR frequen-
cies. The continuous lines are guides for the eyes.
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R.00 3) ) positiveand proportional t¢d.>*¢This contrasts the negative

(VR /- S ‘-'—"% g MR observed in the PM phase.

o0.70- 1 ] The T dependence gb in the PM phase has been attrib-

- 1 1% 50K ] uted to the formation of magnetic polarons. In a magnetic

' (100) ; 50 K (110) ; 50 K b polaron the spin of a conduction electron polarizes th&" Eu
Eo.eo- : (1)2k(k)ge r B 2;3& T o o Hi[oo1] ] spins in its neighborhood and drags the polarization cloud as
50-55- o 30kOe ] 4 30kOe T ° (LH) | it moves. Hall effect data showed that the number of carriers
Eosr 7 S0KOs 1 7 HEe o . increases ag is lowered!! which is a consequence of the
*0.48) p— ; . 2 ] growth of the polarization clouds and the increase of mag-

anh 1 % ] netic correlations. The polarization clouds eventually perco-

1 o, late atT.; and clear metallic behavior is obtained & T;.

. o] Long-range FM correlations are established belbw and

0.301 ] EuBs is driven into a metallic FM phas¥’ This increase of

0.25 gL 9'-0 s 2‘;0 sy bbb the magnetic correlations and the negative MR found in the

o (degree) 0 (degree) H (kOe) PM phase, suggest the scenario_ o_f decreasing conduction
electron SFS a3 is lowered andH is increased.
FIG. 4. (a) and(b) Anisotropy of the MR aff =50 K for several We argue that the reportédl and T dependence akH in

H in the (100 and(110) planes, respectivelyg: angle betweer EuB; is a microscopic evidence for the earlier scenario. At
and[001] axis; the current flows along tfj&0Q] direction); (c) MR,  high-T (T=150 K) asH increases the SFS is reduced giving
p(H), at T=50 K. rise to a reduction idH and to anegativeMR (see Figs. 3
and 4. Also, the reduction of thé\H with T observed for

In contrast to the dilute Eu case, C&UBg (X  T=<150K in the lowH (S and X bands ESR experiments
=0.0003, no fine and hyperfinesplittings were observed in (see Fig. 3 can be explained by the decrease in the SFS rate
our spectrd® Notice that the anisotropy ofdH cannot be due to the increase in size of magnetic polarons. Note that
attributed to an unresolved cubic crystal field of &state  the exchangel>T so that the spins of the electrons are
ion which predicts a minimum\H at #=30° from the[001]  always strongly correlated with the neighboring?Espins.
direction in the(110 plane!® In addition, as far as the line- Furthermore, the broadening afH found at lowT (T
width is concerned, the ESR data of [EiCaBg (0=<x =50 K) and higherH (Q band (see Fig. 3 suggests that
=0.70 give similar results to those presented in FigZ®2. short-range magnetic correlations between polarons are
This allows us to exclude the dipolar interaction as thepresent abové,,. These short-range correlations may over-
source of the line narrowing and anisotropy at highin come the narrowing effect produced by the magnetic po-
EuBg.?! The data in Figs. (B)—1(c) warrant the good quality larons by either generating a distribution of resonance fields
of our crystals. The small amount of defects that may b&inhomogeneous broadeningr by relaxation into magnon-
present in the hexaboridgs<0.1% of B; vacanciey? are like excitations.
not sufficient to produce significant strain distribution in the  The anisotropy ofAH at roomT [Figs. 2a) and 2b)] has
samples. As shown in Figs. 2 and 3, unexpectedly, is  cubic symmetry and increases at higkkerA similar result is
strongly reduced at highét (Q band. All these results sug- observed for 50 KK T=297 K. AH as a function of the
gest that the resonance is homogeneous in the PM phase. Targle betweeir and thg001] crystal axes for fixed andH
earlier arguments allow us to postulate that the main contriis given byAH?(6, ¢)=A+Bf,(8, ¢)+Cfs(6, ). The param-
bution toAH arises from a SFS mechanism via the exchangetersA, B, andC are coefficients depending ¢handT. The
coupling, JS;-s.., between the spins of the Eu4f elec-  functionsf,(6, ¢) andfg(6, ¢) are the linear combinations of
trons, S4;, and conduction electrons,. spherical harmonics of fourth and sixth order having cubic

In Figs. 4a) and 4b) we present the anisotropy of the MR symmetry?® The solid lines for theQ-band data are fittings
(current along the[100] direction at T=50 K and H  to this equation givingA=5952), B=17.65), and C
=0,1.2,3,5, and 9 Twith H rotated in the(100) and (110 =0.1(1)kOe.
planes, respectively. The Fermi surface of E@&nall ellip- These results suggest that both, the hithesistivity and
tical pockets at theX pointg allows no open orbits that AH, are sensitive to the EyBrermi surface? According to
would complicate the analysis of the MR. Fdr<3 T, the  band structure calculations, de Haas-van Alphen and
MR is similar for both planes and has very small anisotropy.Shubnikov-de Haas measureméntsEuB; has hole and
However, forH=3 T, the anisotropy of the resistivity in- electronpockets at theX points of the Brillouin zone. The
creases as the field increases. The anisotropies are differesisotropy ofAH is only weaklyT dependentsee, e.g., the
for both planes, increase with, and follow the cubic sym- Q-band data in Fig. 8 This indicates that once the system
metry of the crystal. Similar anisotropies are obtained forbehaves metallic at high fieldsH becomes sensitive to the
T>50 K, although with a decreasing amplitude &sin-  Fermi surface. The higher sensitivity AH compared to the
creases. At roonT- the amplitude is very small.The MR at MR to reveal the symmetry of the Fermi surface at high-
50 K andH|I[001] is presented in Fig.(4). Note that in the may be due to the fact that in EyBhe main contribution to
metallic FM phase af=2 K, we found similar anisotropic AH comes from SFS with the conduction stat&syhile
behavior forp(H, 6), but already for much lowet. The low-  there are also other mechanisms contributing to the resistiv-
T (T=15K) and highH (H=0.5T) MR is metallic, i.e., ity (e.g., electron-phonon scatterjng
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From the ESR and MR measurements in EuBported low carrier concentration is twofoldirst, it helps the forma-
here we conclude thatH reveals the symmetry of the Fermi tion of magnetic polarons clouds, thus reducing the SFS, and
surface throughout the anisotropy in the SFS. Our resultsecond it suppresses the spin-lattice relaxation via the Kor-
strongly suggest that the relaxation mechanism for th& Eu ringa mechanisri®
spins involves magnetic polarons. Small size polal@nzar-
rier correlating only the neighboring Eusping probably The work at UNICAMP is supported by FAPESP and
exist even at roont- (noteJ> T). This observation was only CNPq, and the work at the NHMFL by NSF Cooperative
possible due to the semimetallic character of EuR., the  Agreement No. DMR-9527035 and the State of Florida. The
low carrier concentration, and the large exchange cougling support by NSF(Grant Nos. DMR-0102235 and DMR-
giving rise to a homogeneous resonance with a linewidttD105433) and DOE (Grant No. DE-FG02-98ER45791s
dominated by SFS with the conduction states. The benefit adlso acknowledged.
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