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Gradual transition from insulator to semimetal of Ca;_,Eu,Bg with increasing Eu concentration
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The local environment of B (4f7,S=7/2) in Ca,_,EuBg (0.003<x=1.00 is investigated by means of
electron spin resonan¢ESR. Forx= 0.003 the spectra show resolviie andhyperfinestructures due to the
cubic crystaklectricfield and nucleahyperfinefield, respectively. The resonances have Lorentzian line shape,
indicating aninsulating environment for the E&f ions. For 0.00%x=<0.07, asx increases, the ESR lines
broaden due to local distortions caused by the Eu/Ca ions substitution. Fee 008.30, the lines broaden
further and the spectra gradually change from Lorentzian to Dysonian resonances, suggesting a coexistence of
bothinsulatingandmetallicenvironments for the Eii ions. In contrast to Ga,GdBg, thefinestructure is still
observable up ta=0.15. Forx=0.30 thefine andhyperfinestructures are no longer observed, the line width
increases, and the line shape is purely Dysonian, anticipatingetimémetalliccharacter of Eug This broad-
ening is attributed to a spin-flip scattering relaxation process due to the exchange interaction between conduc-
tion and E@* 4f electrons. High-field ESR measurements %z 0.15 reveal smaller and anisotropic line-
widths, which are attributed to magnetic polarons and Fermi surface effects, respectively.
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I. INTRODUCTION process in this compound leads to an inhomogeneous mate-

The system Ca,R B, (R=rare-earth metals, especially rial. Coexistence ofmnetallic and insulating local environ-
XWX ’ + .
La) has become the focus of extensive scientific investiga™ments for Gd" was observed for Gd concentrations of

tions since weak ferromagnetist/F) at high temperature 1000 ppn No evidence of WF was found in the &d
(T.~600-800 K has been reported in these materials byESR spectra of eithemetallic or |r)sulat|ng regions. None-
Younget alt Over the last few years, enormous efforts werell€/€ss, some of the crystals displayedy&2.00 narrow
devoted, both theoreticafly? and experimentally®"to es- (AH=~10 Og resonance, which disappeared after a gentle
tablish the origin of the WF in Ga,La,Bg and its relation- etching of the sqmple. These results suggest that tﬁé'ﬁd.
ship with the actual conducting nature Bfdoped CaR. electrons are shielded from the WF field; i.e., the WF might

However, the nature of the WF of the parent compoundGCaBg\?vgo?:gnmedtgg isrrr1n?J"ri:;gIgi?essozrfoa:jrlﬁtizwf?gf (g:; tgsniimple
is still controversial. Studies of the de Haas—van Alphe y P ' '

"rations=2000 intriguing coll f the cubi -
1011 ; . = ppm, an intriguing collapse of the cubic crys
effect; th.e plasmg gdge in optical spectroscépy, "’?”d tal field (CF) fine structure was observed in the ESR spectra
some electrical resistivity measureméfisupport a semime-

. of Gd®* ions in themetallic regions?
tallic character for Cag whereas Nl\/llgé,“ thermopower? In contrast to CaR EuB; is a well-establishedemime-
angle-resolved photoemissi6ARPES, ™ and a different set  (5jjic  material  that orders ferromagnetically  at
of resistivity measuremerits'” suggest that Cafis a well- 7 _< 15 K 17.2223 glthough recently Wiggert al2* inter-

defined semiconductor. High-resolution ARPES by Soeta preted their EuBdata in the framework of a small-gap semi-
al.!® revealed an energy gap of about 1 eV between the vaconductor. Recent theoretical attempts to understand the
lence and conduction bands and a carrier density of the ordefagnetic and transport properties of Eu@n be found in
of 5x 10" cm3 for their CaB; single crystals. Vonlantheet ~ Refs. 25-27. The electronic configuration of 2Etions
al.*? reported that, depending on the crystal growth method(4f”,S=7/2) is identical to that of the G ions. However,
undoped CaB can also show WF. They argue that self- the effect of G8* and E4* doping in CaR is quite different
doping attributed to defects might occur. Terashietall®  since E@* has the same valence as’Gavhile G delivers
reported that the data for ggyd-ag goBs are strongly sample an extra electron to the system, creating a hydrogenlike do-
dependent and, lately, doubts about the intrinsic nature of theor state with large Bohr radius. Thesulatorto metaltran-
WF in these systems are being raigedt has also been sition revealed by the change in the ESR line shape is then
argued that CaBis a~1-eV-gap semiconductor and that the reached when the Gd donor bound states overlap and start to
intrinsic WF could be hidden by the ferromagnetiéfM) of ~ form apercolativenetwork. Since not all Gd sites participate
Fe and Ni impurities at the surface of the crystals. in this network, a coexistence ofetallicandinsulatinglocal

The electron spin resonand&SR study of Gd* in  environments is observed for Gd concentrations of
Ca,_,GdBg by Urbanoet al®’ has shown that the doping ~1000 ppm.
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The substitution of C& by EW?* impurities does not yield T T— - 10000
a donor bound state. Instead, the broken translational invari- | C3EU0003Bs £ a0l -7 By = - 38.5(8) Oe
ance of the lattice introduces a localized split-off state from @ E 36l
the valence and conduction bands. The energy of such a stats X band 2 32l
lies in the gap of the semiconductor and its spatial extensior*g 205 K S 55
is of the order of one unit cell. Thus an impurity band for 2 24 R g o]
Ew* only forms at much higher concentrations than for o 10 0 10 20 30 40 50 60 70 80 90 100
Gd*, as is indeed observed in our experiments. H /1 [001] 8 (degree)

Therefore, an ESR study, probing the locaPEanviron-
ment in Ca_,EuBg, is of great interest to understand the

magnetic and nonmagnetic and metallic and nonmetallic‘g

properties of these materials. In this work we present a sys-g
1 1 1 1 1 1
2.7 3.0 33 36 39

ption Derivative (

tematic E4* ESR study of Ca,EuBg single crystals for
0.003<x=1.00. PreliminaryX-band data in some of these
samples were already presented previotlslFor EuB; 24
(x=1.00 Urbanoet al?® have recently attributed the broad

linewidth observed in their ESR experiments to a spin-flip £ 1 x-band ESR spectrum of Blin a Ca,g0El 0oBs

scattering relaxation process due to the exchange interactifgle crystal at roor with HI[001]. Inset:fine structure angular

quence, the observed field, temperature, and angular depeglane.
dence of the ESR linewidth could be associated with the
Fermi surface of the conduction states and the formation oluded in the simulation, which yielded the following values

1 1 1 L
42 4.5

H (kOe)

magnetic polarons. for the spin Hamiltonian parameters;g=1.9884),
b,=-38.55) Oe, andbgz=2(1) Oe. The hyperfine param-
Il. EXPERIMENTS eters®'A=35.24) Oe and'®*3A=15.84) Oe were obtained

) from simulations of 12 hyperfine resonances within the
Single crystals of CaEuBg (0.003<x<1.00 were 1,5, _1/2 spin transition of the spectrum feti[001].

grown as described in Ref. 1. The _struct_ure and phase purity Figure 2 presents th&-band ESR spectra of B in
were checked by_x—ray powder dlffraptlon _and the CryStaICai_xEuxBe single crystals with 0.008 x<1.00 at roomT
orientation determined by Laue x-ray diffraction. Most of the 5 1 [001]. The data show that the individual resonances
ESR experiments were done onl X 0.5x0.3 mn? single 54 the spectra, as a whole, become broaderiasreases.

crystals in a Bruker spectrometzr usibng daXrband Nonetheless, the Bttresolvedfine structure is still observed
(9.479 GH2 TEyq, room-T cavity and aQ-band (34.481 4, Ey concentrations of the order 0 0.15. This is in

GHz2) cool split-ring cavity, both coupled to @ controller oot to Gaf in Ca,_Gd,Be, Where a Gd concentration of
using a helium gas flux system for 4.2KT=300 .K' just ~0.1%—-0.2% is sufficient to collapse the entire spec-
M(T,H) measgrements for2 & ,TSSOO K Were takenin a trum into a singlametallicnarrow line? Thefinestructure for
Quantum Design superconducting quantum interference de-
vice (SQUID) RSO dc magnetometer. The £woncentra-

tion was obtained from Curie-Weiss fits of the susceptibility | Xband Ca, ,Eu.B,
data. x=1.00
w/_,_/ //‘\ e T

\ x =0.60
o x=ee
I1Il. EXPERIMENTAL RESULTS j/ _
\\ x=0.30
Figure 1 presents th¥-band ESR spectrum of Buin a N
Ca_EuBg single crystal forx=0.003 at roomT for x=0.15

HII[001]. The spectrum shows thHe and hyperfinestruc-
tures corresponding to 7 group$’,S=7/2) of 12 hyperfine
resonances due to tH&'EW’* (47.8%,1=5/2) and SEF*
(52.2%,1=5/2) isotopes. The line shape of the individual
resonances is Lorentzian as expected foimsulating envi-
ronment for the E2f ions, in agreement with the spectrum
reported forx=<0.001[see Fig. 2b) in Ref. 9]. The angular
dependence of théne structure(7 groups of 12 hyperfine
resonancesfor the field rotated in th€110) plane is shown
in the inset of Fig. 1. This angular dependence was simulate¢ +—t——rl——"d——l— o L o L
using the spin Hamiltoniatd=gBH -S+(b,/60)(03+50%) 1520 25 30 H g(ge) 40 45 50 55
+(bg/ 1260 (02-2103). The first term is the Zeeman inter-

action, and the second and third ones are the cubic CF FIG. 2. ESR spectra of Etiin Ca_,EuBg single crystals for
terms® The isotropic hyperfine couplind\l -S is not in-  0.003<x=1.00 at roomT for H|[001].

Absorption Derivative (arb. units)

H // [001]
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TABLE I. X-band room¥ spin Hamiltonian parameters. Tlge  the spectra. Although this method yields only a rough esti-
values were measured at the minimum linewidth. Bhparameters mate of AH, it provides an accurate account of the relative

were obtained foH|/[001]. changes imH.
The angular variation observed wi¥iband corresponds
X (%) g value b, (Oe) to a CF of cubic symmetr§t-33The solid lines are the fitting

of the data to AH=a+b|1-5sir(§)+3sir(6)| and

03 1.9884) ~38.55) AH=a+ b|1——sm2(20)| for the (110 and (100 planes,
70 1.9974) ~38.65) respecuvel)?’0 The fitting parameters ara=2765) Oe and
10.0 2.0015) -39.35) b=72(5) Oe. Forx=0.30 the spectra show a single Dyso-
15.0 2.00%5) -40.95) nian resonance with no resolvdihe structure. For these
30.0 2.032) - crystals the angular dependenceAdf presents a minimum
60.0 2.032) . at [111] when the field is rotated in th€l10 plane and a
100.0 2.083) i minimum along thg 110] direction when the field is rotated

in the (100) plane. This behavior is shown in FigsicBand
3(d) for x=0.30 and indicates that the origin of the linewidth

the crystals withx=0.07, 0.10, and 0.15 also shows the an- anlscl)trobpyh is not ?”e (;[c; ah CF Ofl cmosesyommetry.
gular dependence corresponding to a CF of cubic symmetry>Milar behavior was found for the samples (not

hown herg and x=1.00 (see Ref. 29 and Figs. 6 and 7
The corresponding spin Hamiltonian parameters are given i S .
Table |. P gsp P g @ low). The solid lines are the fitting of the data to

2 —

Figures 3a) and 3b) display the rooniF angular depen- AH (9',4’)'A+Bf4(0’¢)+Cf6(0’¢) for the ang.ular depen-
dence of thex-band ESR peak-to-peak linewidthH, for ~ dence in the110 and (100 planes. The function,(6, ¢)
the sample withk=0.15 for the field rotated in th€110 and gndf6(6,¢) are the'llnear comblngtlons of spherical harmon-
(100 planes, respectivelAH was estimated by fitting the ics of fourth and sixth order having cubic symmethyThe

spectra to a single Dysonian line thateragesthe shape of ParametersA, B, and C depend onH and T, and for the
present data we found=4232) kOe, B=2.35) kOe, and

360 F oy Xbana C=-0.032) kOe.
A Ca, EuB, Figures 4a)—4(c) display theQ-band spectra at roorfi
- 330 for the x=0.07, 0.10, and 0.15 samples of Fig. 2. Since the
e [ . fits in Figs. 3a) and 3b) using a single line are not com-
5 300 - pletely satisfactory, we simulate the experimental spectra in
F 295 K (110) x=0.15 Fig. 4 as the superposition of two different#&IESR spec-
@ pL oo e o o e tra: a spectrum with resolvefine structure of Lorentzian
:( ) - resonancegfSL) corresponding to E ions in insulating
. 330 © media and a DysoniafD) resonance associated to’Eions
<) [ in a metallicenvironment. Fox=0.30, however, the spectra
T 3001 are well fitted by a single Dysonian resonance with nearly
270k I (100) ¥ ¥ x=0.15 the samey value_ an_d in_creasing linewidth asincrea_lse$se_e
670 R Fig. 4(d)]. The fits in Figs. 4a)—4(c) are a crude simulation
[ () for the coexistence of two different local environments for
5 60 - ‘ the E#* ions in the region 0.0Zx=<0.15.
2 650 Figures %a) and 3b) present the angular dependence of
3 ea0l ) AH in the (110 plane for thex=0.10 and 0.15 samples at
630 |- (110) x=0.30 roomT measured witl)X andQ bands. The data are analyzed
R PR PR A B TP B as in Figs. 8a) and 3b) in terms of a single resonance. The
6701 () angular dependence indicates that, for these two samples,
5 660, there are two competing contributionsAdéd, one due to the
% 650 I . - unresolved CHinestructure of cubic symmetry and a second
< el one of lower symmetry which is more evident for the
ss0l  [001] (100) x = 0.30 Q band. The solid lines are fittings oAH using a
P I PRI RPN AP RPN EPRP AP | weighted superposition of these two contributions: i

<30 0 30 60 90 120 150 180 210

o {(degree) =3+Db|1-5 sirf() + lfsin“(e)| +[A+Bf4(0, $)+Cf(0, p)]V2.

The fitting parameters are given in Table Il. Within the ac-

FIG. 3. (Color online Angular dependence dfH at roomT for ~ curacy of the measurements, the samples wih0.07 did
x=0.15 and 0.30. An “averaged” single Dysonian line shape wagot show Significant differences in tHime structure spectra
used to determinAH. For (a) and(c) the angular dependence is in betweenX and Q bands.
the (110 plane, for(b) and(d) in the (001) plane. The solid lines The angular dependence afH measured aX and Q
are fittings to AH=a+b|1- 53|n’-(0)+ >sirf(6)| for (a), AH=a  bands in the(110), (100, and (001) planes is shown for
+b\1——sm2(2 6)| for (b), and AH?(#, ¢) A+Bf,(6,$)+Cfg(0, ¢) x=0.30 at 297 K and 50 K in Fig. 6 and fa=1.00 at 297 K
for (c) and(d) (see texk and 150 K in Fig. 7. Note thatl) AH becomes smaller and
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400
Q band
HII[001] Ca,xEu,Bg
x=0.30 r
AH 350
520(20) Os
— S 300
8L L I
'c AH < [
S fSL: 370(20) Oe 250 -
o D: 320(20) Oe
[~
‘(" L
® 200 -
:.% 400 ol § 1 1 1 1 1
g \ e [ (b) Bands
2 1] X
[ AH [
a fSL: 330(20) Oe 350 o Q
c D: 320(20) Oe ¢
O |y= _ r
g|x2 8 300}
2 |(b) E]
Q| P BT PP BETET T
< . N . AH
Simulation —3 fSL: 250(15) Oe
X = 0.07 D: 310(20) Oe
(a) "‘, ) 0 (degree)
PR R T TN T T TN TN WO U TN T TONT AT WY U WYl SNY TN (NN U WY ST OO NN
1.0 115 120 125 130 135 .
H (kOe) FIG. 5. (Color onling X- and Q-band angular dependence of

AH at roomT in the (110 plane:(a) for x=0.10 andb) x=0.15. An
FIG. 4. (Color onlin@ Q-band ESR spectra fdg) x=0.07, (b) “averaged” single Dysonian line shape~was used to determithe
x=0.10, (c) x=0.15, and(d) x=0.30 at roomT andHI|[001]. The ~ The solid lines are fittings usingH=a+b|1-5 sirf() + 3sinf(6)|
open symbols are the experimental dat8L corresponds to the +[A+Bf,(6,$)+Cfg(6, d)]Y? (see text
cubic fine structure spectrum of seven resonan@eld is the line- . .
width of each resonant@ndD to the Dysonian resonance. (a), Figures 10a) and 1@b) present, respectively, tiedepen-
(b), and(c), the simulations of the data are given by the superposidence ofAH and theg value measured at theband. HereH
tion of fSL andD. In (d) the simulation is given by a single Dyso- li€s in the (110 plane and is oriented along the angle of
nian resonance(see text The g values were found to be MiNimumAH:i.e., ~30° (~55°) away from the[001] di-
g=2.003) in all cases. rection for x<0.15 (x=0.30 and 0.60 Note that above
~50 K and forx=0.30 both,AH andg areT independent.
more anisotropic at high field€®) band, and(2) within the  There is a dramatic increase in baftandAH for x between
accuracy of the measurements, the narrowing and anisotrofgy15 and 0.30. The broadening of the resonance and the in-
are nearly independent of temperature Tez 100 K. crease of thg value forx=0.30 andT < 30 K indicate that
For the same samples of Fig. 2, Fig. 8 displays the roomthere are short-range ferromagnetic correlations already in
T X-band ESR spectra for the magnetic field in 1140  the paramagnetic phas€=T,).

plane along the angle of minimudH: i.e., ~30° (~55°) Theg values and CF parametdss measured for the low-
away from the[001] direction for x<0.15 (x=0.30. The  concentration crystals are listed in Table I. As usual for in-
data show the increase aH asx increases. Fox between  gyjators, we found a-dependenb,. For x=0.003 we mea-
0.07 and 0.15 the line shape can be approximated as an agyred a decrease of about 5%lig| when the temperature is
mixture of Lorentzian and Dysoniatsee Fig. 4 For  jiseq from~10 K to ~300 K. ThisT dependence is actu-
x=0.30 the line shape is purely Dysonian witthéB~2.3 51 aynected from the thermal expansion of the latfR#.38
ratio corresponding to a skin depth much smaller than thg,, % yition, within the accuracy of the measuremdngifor
size of the crystals: The Dysonian line shape suggests 8x=0.15 is about the same as for0.003. This is also not

metallic environment for the EAf ions, confirming an in- unexpected, since the lattice parameter does not significantl
creasingsemimetallicharacter of Ca,Eu,Bg asx increases. P ’ P 9 y

Figure 9a) displaysAH for the spectra of Fig. 8 measured change withx.

at X andQ bands. For the Eti ions in themetallic environ- TABLE Il. Room-T parameters obtained from the fittings of the
ment, AH becomes narrower at higher fieldQ band.  angular dependence of the ESR linewidth in Fig. 5.

Figure 9b) shows the linewidth anisotropy®*AH oy
—9*AH,,, which is larger for theQ band than for theX (o) Band (0 b(O¢ A©e B(©O8 C (08
band. Figure &) shows that the linewidth reduction
QAH,.,—*AH, .. is nearlyx independent in the metallic re- 10.0 X 245100 1105  10020) 8(3) 3(1)
gime (see Figs. 597 This behavior suggests that the 170100 60(6) 1400100 260200 1(1)
EW*-Ew?* dipolar interaction cannot be responsible for the 150 275100 50(5) 190200 50(5)  3(1)
concentration broadening of the Euresonance shown in 170100 30(3) 274030) 560(10) 8(2)
Figs. 2 and &

O X O
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FIG. 6. (Color online Angular dependence afH for X band

(open symbolsandQ band(solid symbol$in the (110), (001), and
(100 planes for Cg-Euy 3B at (a) room T and(b) 50 K.
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FIG. 7. (Color onling Angular dependence aiH at X band
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Ca, EuB, (110)

H Jf 55° from [001]
X= 1.(!(1 n

x=0.10
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x=0.07

H /1 30° from [001] x =0.003

L L 1 L
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H (kOe)

FIG. 8. ESR spectra of Etiin Ca,_EuBg single crystals at
roomT with H in the (110) plane. For 0.008:x<0.15,H is at 30°
from [001], while for 0.30<x=1.00,H is at 55° from[001].

IV. ANALYSIS AND DISCUSSION

The spectra of Eil in Ca_,Eu,Bg presented in this paper
can be classified into three different concentration regimes.
(1) For x<0.07 the resonance line shapes are Lorentzian
and, therefore, the local environment of the?Eugites is

1000 ko)l (110) Ca, EuBg, .o
600

400 .
200

AH (Oe)

300

200

100

3(AH (Oe))

-100

ol B I S — 1

300 L | Polaronic Effect |

0.0 0.2 0.4 0.6 0.8 1.0
X

FIG. 9. (Color online H andx dependence afH at roomT: (a)
XQAH for the spectra of Fig. 8(b) difference between the maxi-
mum and minimum linewidths?*AH;qo;~ **AH, ., and () dif-

ference between the minimum line widtH&AH,, —*AH ;. The

(open symbolsandQ band(solid symbol$in the (110, (001), and

(100 planes for EuB at (a) room T and(b) 150 K.

gradual transition region betweamsulatingandsemimetallicenvi-

ronments is shown as a shaded ai@4d0=<x=<0.20.
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1000:— : Ca _XEUXB
800 :-(a) Bl W B e B e e T B — -}Hll
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aoo b

200 |

FIG. 10. (Color onling X-bandT dependence
of (a) the linewidthAH and (b) the g value for
the crystals and orientations corresponding to
Fig. 8.

o - L
2.20
215F
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insulating As a consequence of the relatively slow spin-simultaneous tetragonal components along each of the three
lattice relaxation, thdine and hyperfinestructures are fully [001] axes, which average to a cubic symmetry. However,
resolved in this regime. From the isotrop value [  Wwithin the accuracy of our measurements, a weak trigonal
~1.9884)] and the anisotropy of théine structure it is in- ~ component cannot be excluded. This lower symmetry of the
ferred that the local symmetry is cubisee Fig. 1 (2) For ~ EW site is observed in the I|ne\+N|.dth.
0.07=x=0.15 the ESR spectra can be interpreted as a su- N the smallx limit, each E4" ion represents a charge
perposition of a resolvefine structure(fSL) and a Dysonian neutral substitution, which gives rise to a bound state in the
. gap of the semiconductor, as a consequence of the broken
(D) resonz_ance(_see Fig. 4. The angular dependc_a_nce of the translational invariance. The impurity states are localized
averagedlinewidth corresponds to a superposition of two

; buti d ved ithin the extension of about a unit cell. As the number of
competing contributions, one due to an unresolved CF 0mpurity states increases witk they start to overlap and

cubic symmetry and a second one with overall cubic Symyyentyally form apercolativenetwork. The critical concen-
metry due to three equivalent tetragonal contributions alongation for nearest-neighbor siteercolationon a simple cu-
the threq 001] axes(see Figs. 2-b Theg values are isotro-  pjc |attice is x,=0.307%° The percolation threshold is re-
pic, within the accuracy of our measurements. In this regimejuced tox,=0.137 if next-to-nearest neighbors are included,
the ESR line shape begins to show a Dysonian shape; i.e.,\jfhich correspond to neighbors in ti&10] directions. Third
starts to displaynetallic character(see Fig. 8 Here the mi-  nejghbors are along the diagonals of the cube, but this direc-
crowave skin depth became comparable to the size of oujon is blocked for the wave functions because of the large
crystals (~1x0.5X 0.3 mn¥). (3) For x=0.30 the E&" B2 anions. From our results, it is reasonable to assume that
ESR line shape is purely Dysonian; i.e., there is spin diffuthe transition frominsulator to metal occurs at an Eu con-
sion and the local environment isetallic Thefineandhy-  centration of about 14%. Hence, assuming a homogeneous
perfinestructures can no longer be resolved andghelue  distribution of Eu, forx<x, the system isnsulatingand the
andAH areT independent down te-30 K [see Figs. 1&  fine and hyperfinestructures could be resolved. The data at
and 1Qb)]. room T show a gradual broadening of the individual?Fu
The absence, or negligible, linedr broadening ofAH  resonances with increasing(see Figs. 2 and)4We argue
(Korringa relaxation) for x= 0.3 is a consequence of the very that this cannot be attributed to BvEW?* magnetic correla-
low carrier density in these systems. Also, a strordgpen-  tions because thg value andAH are T independen{see
dence of the exchange interactialig) (q=|k;—ki|, conduc-  Figs. 1Ga) and 1Gb) for x<x.]. Thus, the broadening for
tion electron momentum transjeteading to a small average x<0.15 may be attributed to site symmetry breaking due to
exchange interaction over the Fermi surfad(g))es, could  Ca/Eu substitution. This inhomogeneous broadening is prob-
in part be responsible for this behavior. The largeralues  ably responsible for hiding the Eufine andhyperfinestruc-
observed for the samples wik® 0.30 also suggest a strong tures asx increases. Weak or nd dependence is expected
q dependence of the exchange interacBbmt low T a  from this inhomogeneous broadening.
strong shift and broadening can be observed due to ferro- For x>Xx., on the other hand, the systemneetallic and
magnetic short-range BGEW?* correlationgsee Figs. 1() spin diffusion can take place, giving rise to a Dysonian line
and 1@b)]. The minimum inAH at ~55° when the field is shape. With increasing the impurity band gradually smears
rotated in thg110) plane and at 45° when it is rotated in the the semiconducting gap at tiepoints of the Brillouin zone
(100 plane[see Figs. &) and 3d)] suggests the presence of and the system evolves to semimetalfor x=1 (EuBg).'8
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EuB; orders FM afT,~ 15.3 K224l indicating the existence explains why there is a tetragonal dependence imtatallic
of short— and long-range EUEW* magnetic correlations regime but not in thénsulatingone. Finally, the mechanism
aroundT.. At T, EuBg; undergoes a transition intoraetallic ~ also applies to stoichiometric EgBFor EuB;, Urbano et
state at lowT with an increase of the number of carriers al.?® have attributed the broad ESR line to a homogeneous
and/or a decrease of their effective mas$>*°This transi- resonance, where the main contribution Al involves a
tion is believed to be associated with the formation of mag-spin-flip scattering relaxation process due to the exchange
netic polarons; i.e., the spin of a conduction electron polarinteraction between the conduction and*E4f electrons.
izes the E@*-spin in its neighborhood and drags this The exchangel of the order of 0.15 eV is much larger
polarization cloud as it moves. Note that due to seenime- than the thermal energy and locally binds the conduction
tallic character, there are many more’Espins than conduc- electrons to the Ed spins. The relaxation process is then
tion electrons. The magnetic correlations increaselds  essentiallyT independent foff>50 K. The exchangd(r)
reduced, so that the size of the polarization clouds increasestrongly decreases with the distance between the conduction
they eventually overlap and a FM state is obtained. The tranelectron and E&f ion. At lower T, the thermal energy is less
sition into a FM state is foreseen in the ESR spe(e® Fig. than the exchange with more distant Eu ions, thus allowing
10). Theg values and\H are independent of down to 50 K the formation of larger polarons, which eventually give rise
for all x. However, forx=0.30 andT=50 K there is a sig- to ferromagnetism. Thel, T and angular dependences of the
nificant T dependence. measuredAH and magnetoresistivity lead to the conclusion
The polarons start to grow in size which is the precursotthat magnetic polarons and Fermi surface effects dominate in
of the long-range ferromagnetic order beld@y. As T de- the spin-flip scattering of Eu®® The spin-flip relaxation
creases the Eti spins are stronger correlated and these FMrate decreases with increasiHgbecause the Zeeman energy
correlations give rise to an enhanagdalue. These correla- and correlations have to be overcome to flip the $pi@on-
tions (polarons and FM short-range orflerlearly increase sequently the linewidth for th& band is expected to be
with x and decreasind@. Magnetic excitationgmagnonlike ~ smaller than for theX band. This is seen in Figs(#® and
inside a polaron contribute to the linewiddH. As a conse- 9(c). The anisotropy in the angular dependenceAéf, a
guence of the short-range order inside a growing polarongonsequence of the Fermi surface geoméatgctron-hole
AH also increases since more low-energy excitations arpockets in theX point of the Brillouin zong, is also larger in
available for the relaxation process. the Q band, as shown in Fig.(8). This is an unusual effect,
For crystals withx=0.30 the angular dependence Aifl because a Korringa relaxation would be anisotropic. For
has an overall cubic symmetry that corresponds to a supeEuBg this angular dependence is also observed in the
position of three tetragonal environments. There are two posnagnetoresistencd.
sible scenarios to explain these findings. Within the first sce- Experimental support for the second scenario comes from
nario, the origin for the tetragonal symmetry may bethe ESR data and the magnetoresistance. Figures 5—7 show
associated with the Eu/Ca substitution. This scenario aghat the high-field ESR spectra present narrower and more
sumes that the CF of an Euion is determined by the anisotropic lines fox=0.30, indicating that\H is predomi-
nearest-neighbor cation ions. If an Eu ion is surrounded byantly determined by a spin-flip scattering process. This situ-
five Eu and one Ca, the local symmetry is tetragonal. Sincation is similar to EuB. Furthermore, the negative magne-
the Ca ion can be along any one of the axes, there is tresistance observed in CguBg for x=0.30 also
superposition of tetragonal symmetries along the three direcsupports the presence of magnetic polarons in these
tions. The overall symmetry is then cubic and the spectraystems32446 Moreover, even in the percolative region
inhomogeneously broadened by three tetragonal angular d&-10<x=<0.15, our data support this second scenario. The
pendence. Also, more than two Ca neighbors can give rise teesults of Fig. 5 clearly show that there are two competing
a trigonal component in the linewidth, which was not ob- contributions to the E&i ESR linewidth. One corresponds to
served. If such a component is present, its value is mucthe inhomogeneoubroadening of unresolved Clihe struc-
smaller than the tetragonal contribution. However, there is @ure of cubic symmetry and the other one is associated with
concern with this scenario. This mechanism does not accoutthe homogeneoubroadening caused by the spin-flip scatter-
for the angular dependence of stoichiometric EuBwould ing. The latter has components of tetragonal symmetry along
require a much larger number ofBacancies than claimed the three axes with an overall cubic dependeisee above
for these samples to explain the tetragonal dependence @éfs x increases, the homogeneous spin-flip scattering contri-
AH.A3 bution to AH starts to overcome the inhomogeneous broad-
In a second possible scenario, we consider the relaxatioaning due to CF effects. For=0.30, the mobility of the
of the E#* spins into the conduction electron bath and thecarriers increases with increasimga more connected net-
concomitant spin diffusion. The conduction electrons occupywork of impurity bound statgsenhances the spin-diffusion,
three small ellipsoidal pockets centered atXhgoints of the  and contributes to the homogeneous concentration broaden-
Brillouin zone: i.e., at(xw/a, 0, 0 (0, zw/a, 0), and ing of AH. In a recent electron microscopy study Wiggsr
(0, 0, +rr/a),** wherea is the lattice constant. The drift of the al.*6 found that theilx~0.27 sample presented separated re-
diffusion is then predominantly into the direction of the ma- gions rich in C&* (insulating and E¥* (semimetallig ions.
jor axis of the ellipsoids: i.e., along one of the axes of theAccording to these results, we may associate the two contri-
cube. Thus, each relaxation process gives rise to a tetragonaltions toAH with regions rich in C& and E&" ions, re-
angular dependence dfH. The superposition of the relax- spectively. In other words, we associate & in Fig. 4
ation into the three directions is then cubic. This mechanisnwith regions rich in C&" and theD resonance with regions
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rich in EL*, although in reality a distribution of resonances, line shape of the Ed ESR spectra. The gradual transition
rather than just two, should be considered. between these two regimes is estimated to occur at
The situation is actually quite similar to the case 0of0.10=x=0.20, indicating that a next-to-nearest-neighbor
Ca_,Gd.Bs, where coexistence ahsulating and metallic  site percolatiometwork of EG* bound states is the origin of
regions were inferred from the @UESR spectra, although at this evolution. In analogy to GaGdBe,° a coexistence of
much lower concentratiorfsTherefore, the collapse of the insulatingandmetallic regions was found for Eu concentra-
CFfinestructure found in Ca,GdBg is also observed in the tions in thepercolativetransition regime. However, the col-
Ca,_,EuBg system. lapse of the CHine structure is found at a much larger Eu
With respect to the controversial scenario of the conduceoncentration, because, in contrast to*GEW" does not
tivity of stoichiometric CaR, the Ed#* ESR results in provide donor carriers. The dramatic variationAdfl and the
Ca_EuBs for x<0.07 and those in GaRBs (R=Gd**, g value at the percolative transition revealed by our ESR data
Erd*), for x<0.001? reveal aninsulatinglocal environment s attributed to change in the electron mobility at these con-
for the dopants Eif, G, and EF*, supporting the conten- centrations. From the ESR data fo< 0.15 we extracted the
tion that pure CaBis a “wide-gap” semiconductor. Regard- EW?* spin Hamiltonian parameters.
ing the reported sample dependence Redoped CaB, we For crystals with Eu concentration above thercolative
would like to point out that in our study neither the¥&ESR  region (x=0.15 the linewidth showsi) a field narrowing,
spectra nor thévi(H) data in Ca_,EuBg were found to be which arises from magnetic polarofis(ii) an angular de-
sample dependent. However, there is a strong sample depgpendence that corresponds to the superposition of three te-
dence in the ESR spectra 6&d, Ep-doped CaB for con-  tragonal components along tfie01] axes and is related to
centrations of~0.1%—0.2%. This can probably be attributed the relaxation mechanism and the Fermi surffamnd iii ) a
to the donor states with a large extension provided by thdéroadening with the Eu concentration, which is attributed to
Ca/Gd and Ca/Er substitution. an enhanced spin-flip relaxation caused by the increased mo-
All  our crystals presented a WF componentbility of the carriers.(iv) For x=0.30 andT=<50 K, the
=0.5 emu/mol: i.e., smaller than those for La-doped gaB broadening and shift of the ESR spectra anticipate the onset
crystals grown using the same metHddFurthermore, for of FM correlations between the Euions due to magnetic
x=0.10, the WF component became difficult to measure dugolarons. All measured GgEu,Bg crystals presented a WF
to the largeM of EL?*. The above results suggest that the WFsmaller than~0.5 emu/mol: i.e., much smaller than that re-
is probably caused by self-doping or extrinsic impuritiesported by Younget al! for La doped CaB
which are inherent to the employed materials and crystal
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