PHYSICAL REVIEW B 73, 115123 (2006)

ESR study of the Eu** g-value in the metallic phase of cubic hexaboride
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The angular, magnetic field, and temperature dependence of the Eu?*(4f7,5=7/2) g-value in
Ca;_Eu,B¢(0.15=x=<1.00) is measured by means of electron spin resonance at two microwave frequencies,
9.4 and 34.4 GHz. The g-value is found to be anisotropic and magnetic-field-dependent. The reduction with
field of the positive g-shift is interpreted in terms of the exchange interaction between the localized Eu?*4f7
electrons with the conduction Eu?* 5d-like electrons and B 2p-like holes. The angular, temperature, and x
dependence of the anisotropy of the g-value can be attributed to demagnetization effects due to the platelet-like
shape of the samples. High-resolution synchrotron x-ray diffraction experiments show the absence of distor-
tions larger than da/a~ 107*. However, a mechanism for the anisotropy based on a weak tetragonal lattice
distortion arising from the crystal surface cannot be excluded.
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I. INTRODUCTION

Over the past decades, the cubic hexaboride compounds
RBg (R=rare/alkaline earths, space group 221, Pm3m) have
been the subject of intensive studies, both experimental and
theoretical, due to their variety of exotic effects and interest-
ing physical properties such as ferromagnetism, weak ferro-
magnetism, metal-insulator transition, large negative magne-
toresistance, quadrupolar ordering, Jahn-Teller effect,
superconductivity, heavy fermion, fluctuating-valence, and
Kondo lattice behaviors.'~!'*> Among them, EuBy is particu-
larly interesting because of the formation of magnetic
polarons, changing the magnetic and transport properties,
and the two transitions observed at 7,.,=15.3 and T,
=12.7 K.4%14 The one at T, is believed to correspond to the
percolation transition of the polarons and is accompanied by
a semimetal to metal transition, while below 7., all Eu**
spins participate in the ferromagnetic (FM) long-range order.

In previous reports,>!® we have studied the evolution
from insulator (x=0) to semimetal (x=1.00) in Ca;_,Eu,Bg
by measuring the Eu**(4f7,5=7/2) electron spin resonance
(ESR) linewidth (AH). Due to the broken translational in-
variance, in an alloy each Eu?* ion introduces a bound state
in the gap of the insulator CaBg. Our results indicate that at
x=0.15, the bound states percolate leading to a metallic en-
vironment with a spin-flip relaxation process involving mag-
netic polarons and the symmetries of the Fermi surface. x
~().15 corresponds to a site percolation of random nearest
and next-to-nearest neighbor bonds. Note that the next-to-
next-to-nearest neighbor bonds ([111] direction) are blocked
by the large B¢ anions for the propagation of the electron
wave functions.

In the present work, we report on the field dependence of
the Eu’*(4f7,5=7/2) ESR g-shift and its angular depen-
dence. We explain the field dependence of the g-shift in
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terms of the exchange interaction between the localized
Eu>*4f7 electrons with the conduction Eu>*5d-like electrons
and Bé‘ 2p-like holes. The angular dependence of the
g-value and its T dependence can be attributed to demagne-
tizing effects associated to the platelet shape of the crystals.
High-resolution synchroton x-ray diffraction rules out the
presence of a significant lattice distortion. However, an an-
isotropy of g based on a tetragonal lattice distortion below
the x-ray resolution arising from the crystal surface cannot
be ruled out.

II. EXPERIMENTAL

Single crystals of Ca;_,Eu,B4(0.003=<x<1.00) were
grown as described in Ref. 2. The structure and phase purity
were checked by x-ray powder diffraction and the crystal
orientation determined by Laue x-ray diffraction. The faces
of natural growth of the crystals are called (001) planes.
Most of the ESR experiments were done in platelet-like
(~1.2X0.9X0.2 mm?) single crystals, except for one crys-
tal with a nearly cubic shape (~1.0<0.8X0.7 mm?). The
latter is used to investigate the origin of the g-value aniso-
tropy. The ESR experiments were performed in a Bruker
spectrometer using an X-band (9.48 GHz) TE,y, room-T
cavity and a Q-band (34.48 GHz) cool split-ring cavity, both
coupled to a T-controller using a helium gas flux system for
4.2=T=300 K. The ESR spectra were analyzed in terms of
Dyson’s theory for the resonance line shape.!” In the perti-
nent range of 7, the resistivity of our crystals changes from
~0.2 to ~1 m{) cm, which corresponds to microwave (X
and Q bands) penetration skin depths of about 5—10 wm.
M(T,H) measurements for 2<T=<300 K were taken in a
Quantum Design SQUID-RSO dc-magnetometer. The Eu?*
concentration in our crystals was determined from Curie-
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FIG. 1. (Color online) Angular dependence of the X- and
Q-band ESR g-value for Eu?* in a Ca,_,Eu,Bg platelet-like single
crystal for x=0.30 at room temperature and 55 K. The magnetic
field H was rotated in the (001), (110), and (100) planes. 6=0
corresponds to HII[001] in the planes (110) and (100) and to
HI[100] in the plane (001).

Weiss fits of the susceptibility data. The ESR data presented
in this work were obtained on the same samples used in
our previous work.!>!® The high quality of the crystals
is guaranteed by magnetoresistance and heat capacity
measurements.'>16

High-resolution synchrotron x-ray diffraction measure-
ments were performed on the XRD-2 beamline'® at Labo-
ratério Nacional de Luz Sincrotron (LNLS), Campinas, Bra-
zil. An x-ray energy of 11999 eV was selected by a double-
bounce Si(111) monochromator with water-refrigeration in
the first crystal. In order to optimize angular and energy reso-
lution, the beam was vertically collimated by a bent Rh-
coated mirror placed before the monochromator. The energy
resolution for this setup was 2.5 eV full width at half maxi-
mum. The sample was mounted on the cold finger of a com-
mercial closed-cycle He cryostat (10=<T7=<300 K) with a cy-
lindrical Be window, which was fixed onto the Eulerian
cradle of a commercial 4+2 circle diffractometer. The true
20 diffraction angle of selected Bragg reflections was mea-
sured by a scintillation detector placed after a Ge(111) ana-
lyzer crystal.

III. RESULTS AND DISCUSSION

Figures 1 and 2 present the angular dependence of the
g-value for the platelet-like crystals measured at X and Q
bands in the (110), (100), and (001) planes at ~297 and
~55 K for x=0.30 and 1.00, respectively. Similar results
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FIG. 2. (Color online) Angular dependence of the X- and
Q-band ESR g-value for Eu?* in an EuBg platelet-like single crystal
at room temperature and 55 K. The magnetic field H was rotated in
the (001), (110), and (100) planes. §=0 corresponds to H|[[001] in
the planes (110) and (100) and to HII[100] in the plane (001).

were obtained for the x=0.60 crystal (not shown here). The
(001) plane coincides with the largest crystal face. The data
show the following features: (i) The angular dependence of
the g-value displays a tetragonal symmetry with the twofold
axis being perpendicular to the largest crystal face,'® in spite
of the overall cubic symmetry found for the anisotropy of the
linewidth (see Figs. 6 and 7 in Ref. 16), (ii) the amplitude of
the g-value anisotropy, g,—g;, is nearly H- and
x-independent, (iii) this amplitude increases at low-7, and
(iv) the g-value decreases with H.

For the platelet-like crystals, Fig. 3(a) presents the room-
T X- and Q-band ESR g-values for Ca,_,Eu,B4 measured at
the angle of minimum linewidth, i.e., along [111] for x
=0.15 and 30° from [001] in the (110) plane for x<0.10
(see Ref. 16). Notice the increase of the g-value (positive
g-shift) with increasing x at the percolation threshold of the
impurity bound states (x=~0.15),'® and the reduction of the
g-value at higher field (Q-band) as compared to the lower
field (X-band) for x=0.15. Figure 3(b) shows the g-shift
(6g=g—1.988) and Fig. 3(c) displays the amplitude of the
g-value angular variation (g, —g). Within the experimental
accuracy, the g-value, oJg, and g,-—g;, are weakly
x-dependent for x=0.15, i.e., the metallic phase above the
percolation threshold of the bound states.'® We should men-
tion that for x=<0.10, i.e., for an insulating local environment
of the Eu’* ions, the g-value is isotropic within the experi-
mental accuracy, but H-dependent (see Refs. 15, 16, and 20).
The g-shift anisotropy is then to be associated with the me-
tallic local environment (Dysonian line shape).
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FIG. 3. (a) Room-temperature X- and Q-band g-values for
platelet-like Ca;_,Eu,Bg crystals measured at the angle of minimum
linewidth (see text); (b) g-shift (5g=g—1.988) corresponding to the
data of (a); (c) amplitude of the g-value angular dependence
(g1-g))- g, and g correspond to the g-values for H1 and HIl to
[001], respectively.

The reduction in the positive g-shift at high fields (see
Q-band data in Figs. 1 and 2) may be understood in terms of
a two-band model?!' involving the exchange interaction be-
tween the localized Eu2+4 f’-electrons with (i) the conduction
Eu”*5d-like electrons and (ii) the B 2p-like holes.?> The ex-
change interaction with the 5d-like electrons is assumed to
be of atomic type, J;, >0, and that with the B 2p-like holes
of covalent origin, J/Clv<0. The magnitudes of the exchange
constants have been estimated in Ref. 22 to be |Jg]
~100 meV and |J" | =5 meV. The latter is expected to be
small because of the almost ionic bond nature of the crystal,
which locates the electrons close to the Eu?* and the holes
farther away in the neighborhood of the Bé". Thus, the
g-shift can be written as dg=0Jg,+ 5gh=[J§[(0)<s§>+Ji‘v(O)
X(si’)]/(,u,BH), where J¢(0) and J”(0) are the g=0 compo-
nents (zero-momentum transfer between electrons),?® and
(s?) and (si') are the spin-polarizations of the electrons and
holes, respectively. The semimetal is not compensated, since
it contains more electrons in the conduction band than holes
in the valence band (B4 deficiency). Since |J¢|>|J% ], the
g-shift is dominated by the electrons and necessarily posi-
tive. For low fields the g-shift is then given by &g
=J¢(0) 7 +J" (0) 7t = J¢,(0) 775, where 775 and 7- are the car-
rier densities of electrons and holes at the Fermi level, re-
spectively. As the field increases, the atomic-like
S5d-electrons spin-polarize and g~ J(0)(s5)/(upH) de-
creases with H, as observed in Figs. 3(a) and 3(b). Note that
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FIG. 4. (Color online) Angular dependence of the X- and
Q-band ESR g-value for Eu?* in an EuBg4 cube-shape single crystal
at room temperature and 100 K. The magnetic field H was rotated
in the (001), (110), and (100) planes. §=0 corresponds to H|[[001]
in the planes (110) and (100) and to HI[[100] in the plane (001).

actually only the 5d-electrons are needed to explain the
g-shift.

Within the accuracy of our experiments, the unexpected
tetragonal symmetry revealed by the angular dependence of
the g-value, shown in Figs. 1 and 2 for x=0.15, has an
amplitude that for (T>T,,) only slightly increases with x
and is nearly H-independent. Hence, it cannot be attributed
to magnetic exchange or magnetic short-range-order effects.
Below, we provide two plausible explanations for this sym-
metry reduction: (i) A lattice distortion, which might take
place over the whole sample volume or just in the near-
surface region, and (ii) the existence of significant angular-
dependent demagnetizing fields arising from the platelet-like
shape of the crystal. We elaborate on these mechanisms be-
low.

Since the ESR signal in platelet-like crystals mainly arises
from the Eu”* ions within the microwave skin depth of the
two largest crystal faces, data were also taken in a EuBg
crystal with a nearly cubic-shape (~1.0X0.8X0.7 mm?),
rather than platelet-shaped. The total area of the lateral faces
of the nearly cubic sample is slightly larger than the sum of
the two largest faces of the platelet-shaped crystals. The an-
gular dependence of the g-value for this crystal is presented
in Fig. 4. For the quasicubic crystal, the angular dependence
of the linewidth shows the same anisotropy with overall cu-
bic symmetry found for the platelet-like crystals (see Refs.
15 and 16). The data in Fig. 4 show that the twofold sym-
metry observed for the g-value in the (100) plane of the
platelet-like crystal (see Fig. 2) now displays a tendency
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TABLE I. Measured values of a"=dVh>+k*+1> for different
(h,k,l) Bragg reflections, at 10 and 300 K. The x-ray penetration
depth (z) for each reflection is also given.

a* (A) a'(A)
(h,k,l) 10 K 300 K 2 (um)
(003) 4.1809(2) 4.1841(3) 32
004 4.1811(2) 4.1842(2) 43
005) 4.1813(2) 4.1844(2) 5.4
(305) 4.1809(2) 4.1844(2) 3.6
(304) 4.1808(2) 4.1840(2) 0.4
(405) 4.1811(2) 4.1844(2) 33
(033) 4.1810(2) 4.1841(2) 3.3
(043) 4.1809(2) 4.1842(2) 3.4
032 4.1808(2) 4.1841(2) 2.1
042) 4.1808(2) 4.1841(2) 2.3

toward a fourfold symmetry. The results suggest that there
are actually three orthogonal axes of twofold symmetry,
along each of the [001] crystal directions. This is the conse-
quence of the six faces contributing approximately equally to
the resonance shift. Also, the amplitude of the g-value aniso-
tropy in the (110) plane was found to be smaller. Thus, the
twofold symmetry observed in the (100) planes of Figs. 1
and 2 appears to be just a consequence of the platelet-like
shape of the crystals. This appears to dismiss the hypothesis
of a cooperative bulk lattice distortion in the compound.

A. Possibility of a surface induced lattice distortion

In an attempt to detect any near-surface tetragonal distor-
tion, high-resolution synchrotron x-ray diffraction measure-
ments were performed for EuBg at 10 and 300 K. A
paralelepipid-shaped crystal with dimensions 3.0X 1.5
X 1.2 mm® was taken from the same batch as the quasi-
cubic-shaped EuB4 sample studied by ESR. Table I shows
a"=d\Vh*+k*+1? for a set of (00/), (h0l), and (Okl) Bragg
reflections measured with the incident beam reaching the sur-
face with the largest area, where d is the interplanar distance
obtained from each diffraction angle 26. The crystal orienta-
tion is defined such that the c-direction is the normal to the
sample surface irradiated by the x rays. The ~12 keV x-ray
penetration depth z is also given for each reflection, being
calculated using the relation z=[u/sin(y)+u/sin(B)]™",
where u is the absorption coefficient of the material®* and y
and B are the angles of incidence and emergence, respec-
tively, of the x-ray beam with respect to the sample surface.
For a homogeneous cubic material, ais independent of £, k,
[, and z, and defines the cubic lattice parameter a. Instead, for
cubic samples with depth-dependent strain and/or noncubic
materials, a” is expected to show variations for different re-
flections. The data in Table I indicate that a* does not show
any systematic variation with either z or (4,k,[), within the
experimental errors (~2X10™* A), revealing a homoge-
neous and cubic crystal structure for EuBg4. Since a” is found
to be z-independent, the a, b, and ¢ lattice parameters could
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be extracted using the reflections shown in Table 1. We
thus obtain a=4.1808(3) A, »=4.1807(4) A, and ¢
=4.181112) A (T=10K), and a=4.1842(4) A, b
=4.1840(4) A, and c=4.1842(2) A (T=300 K). We empha-
size that the x-ray and microwave penetration depths are
comparable in this case, indicating that the clear tetragonal
symmetry found for the g-value (see above) takes place in a
nearly cubic and homogeneous crystalline environment, in
which the tetragonal distortion of the unit cell is below
dala~ 1074,

Within the skin depth of the microwaves, the g-value an-
isotropy may be caused by a distortion of the lattice, too
small to be observable by our x-ray diffraction experiment.
There are numerous ESR uniaxial stresses studies on Gd**
and Eu?* impurities in cubic crystals. The most appropriate
comparison with the present case is insulating hosts with
ionic bonding, e.g., CaF, or Ca0.%> A tetragonal uniaxial
stress deforms the crystal and induces angular-dependent line
shifts in the ESR spectra via the spin-lattice coefficients. The
shifts are proportional to the applied pressure. Uniaxial pres-
sures of the order of 10° dyn/cm? are already close to the
rupture limit for the crystal and lead to barely perceptible
line shifts for the S-state impurities, Gd** and Eu®*. This
corresponds to a crystal deformation da/a in the range of
4% 107, where a is the lattice constant. The g-value aniso-
tropy observed in Ca,_,Eu B¢ is much larger and of the order
of that found for Gd** in crystals with tetragonal symmetry.?
Furthermore, should this tetragonal deformation be much
larger than 107#, then it would be detectable via diffraction
experiments, but this has not been observed (see above and
Ref. 7). Hence, the g-value anisotropy of Eu?* cannot be
induced by a tetragonal deformation through the Eu®* spin-
lattice coefficients. The spin-lattice coefficients are too small
because Eu’* is an S-state ion.

To conclude our discussion on a lattice deformation as the
origin for the anisotropy of the g-value observed via ESR,
we will briefly speculate on a mechanism capable of enhanc-
ing the effect of a small distortion. The spin-exchange of the
4f electrons with the 5d conduction electrons can lead to a
substantial anisotropy, because even a small tetragonal crys-
talline field significantly affects the 5d levels. The 5d elec-
trons in cubic symmetry split into e, and f,, orbitals. In
eightfold coordination, the e, is the ground doublet and the
energy separation (10Dgq) to the t,, is large, so that only the
e, doublet needs to be considered. The tetragonal distortion
lifts the degeneracy of the e, doublet. In the absence of spin-
orbit coupling, this splitting has no effect on the Eu®*
g-value. However, the spin-orbit coupling of the 5d electron,
which competes with the quenching of the 5d orbits, induces
the tetragonal symmetry in the Eu**g-value via the exchange
coupling J;,. At high T, EuBg4 has only few conduction elec-
trons and the number of electrons increases at low 7. We
then expect the anisotropy to be larger at low 7. Further-
more, the magnetic field has no effect on the e, doublet, so
that the amplitude of the anisotropy should be independent of
the field, and in the metallic phase of Ca,_Eu,B¢ there
should be no dramatic variation of the number of carriers
with x at a given 7, so that this effect should only depend
weakly on x. The above trends are in agreement with the
experimental findings.
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The open question is the origin of the deformation. The
binding energy of the crystal is predominantly ionic and
given by the Madelung sum of the Coulomb interaction be-
tween all the ions. For the bulk, choosing an Eu?* as the
origin, this sum can be viewed as a sum over shells of equi-
distant (measured from the origin) ions. These shells have
alternating charges, thus leading to effective (radial) dipolar
contributions. Since the Coulomb interaction falls off only as
the inverse of the distance, a very large number of shell pairs
will contribute to the binding energy. At a distance z from the
surface of the crystal, only spherical shells of radius less than
z are complete. Shells of radius larger than z are incomplete
in the direction of the surface and the dipoles contributing to
the binding energy are missing. This imbalance introduces an
axial symmetry and has as a consequence an elongation of
the lattice spacing in the [001] direction. For z of the order of
the microwave penetration skin depth, the tetragonal distor-
tion should be of the order of 10~ of the lattice parameter.
Hence, the crystal could have an effective tetragonal symme-
try with [001] being the fourfold axis.

B. Demagnetization effects

We now turn to investigate the possibility of demagnetiz-
ing effects causing the tetragonal symmetry of the g-value in
the platelet-like samples. Although the ESR experiments
were taken well above 7., due to the small dimensions of
the crystals, the demagnetization factors may still be the ori-
gin of the observed g-value anisotropy.

As shown in Ref. 27, the resonance frequency in the pres-
ence of demagnetizing effects is given by

a)%: ’yZ[H+(Ny—NZ)M:”:H+(Nx_Nz)M]’ (1)

where N,, N,, and N are the components of the demagnetiz-
ion tensor, y=e/mc is the gyromagnetic ratio for spins, and
H and M are the magnetic field and the magnetization, both
pointing in the z direction. For a paramagnet, M =yH, ex-
pression (1) reduces to

wp= Y1+ N, - N)x][1+ (N - NIxJH?,  (2)

i.e., the resonance frequency is proportional to the field and
hence the g-value is field independent.

The amplitude of the anisotropy is given by the difference
between the g-values for H perpendicular and parallel to the
plane of the platelet. Assuming an infinite thin plane and the
field perpendicular to the plane, we have N,=N,=0 and N,
=417, so that wﬂ,=‘y(1—477)()H. On the other hand, for the
field in the plane of the platelet, we have N =47 and N,
=N.=0, so that wy =y(1+4my)">H. Assuming that 4my is
small compared to 1, the amplitude of the anisotropy is then
approximately dw,/H=7y6my. The temperature dependence
of the anisotropy arises from the magnetic susceptibility, y,
which increases as the temperature is lowered.

The susceptibility has been studied in detail in Ref. 6. It
displays a Curie-Weiss-like behavior consistent with the
magnetic moment of Eu?* and the ferromagnetic ordering
temperature T,,. The high-temperature Curie constant (and
the effective magnetic moment) depends slightly on the di-
rection of the field with respect to the crystal axis. This de-
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pendence could arise from a small orbital contribution in-
duced from excited states of Eu®* via spin-orbit interaction
and is consistent with the fine-structure observed in the ESR
spectra. It does not necessarily imply a presence of demag-
netization effects.

We now insert an average value of the susceptibility from
Fig. 6 of Ref. 6 into the amplitude of the anisotropy for room
temperature and 55 K, to compare with the experimental val-
ues shown in Fig. 2. We choose X;,,=0.029 emu/mole at
297 K and x;;,0=0.20 emu/mole for 55 K. Using the mass
density (4.92 g/cm?) and the molar mass (217 g/mol) for
EuBg, the molar susceptibility is transformed into the mag-
netic susceptibility, i.e., x=0.00066 at 297 K and y
=0.00453 at 55 K. This leads to an anisotropy of g, i.e.,
g1 —8=12my, of 0.025 at room temperature and 0.171 at
55 K.

These calculated values are considerably larger than the
observed ones, i.e., by a factor 2.5 and 4, respectively. A
possible reason for the overestimate is that the platelets are
not infinitesimally thin and infinite in the x and y direction.
More realistic values for the components of the demagneti-
zation tensor tend to reduce the amplitude of the anisotropy.
The results also reproduce the magnetic field independence
of the anisotropy of g. The x dependence of the anisotropy
has a large experimental uncertainty, but the correct trends
can be explained as well. Assuming that the paramagnetic
susceptibility is proportional to x, then also g, — g is propor-
tional to x. The experimental findings indicate that this is
roughly the case.

IV. CONCLUSIONS

In summary, we have reported the field and angular de-
pendence of the g-value in the ESR of Ca,_Eu,B¢ for 0.30
=x=1.00. It was found that the g-shift is reduced with the
field. This is explained in terms of an exchange interaction
between the localized Eu>*4f” -electrons with 5d-like elec-
trons, which are rapidly polarized by the magnetic field,
since Ca;_,Eu By is a low carrier density system. The B
2p-like holes do not play a major role in this context.

Two mechanisms for the surprising tetragonal angular de-
pendence of the g-value found even at temperatures well
above T,; =15 K have been proposed. (i) A tetragonal crys-
tal distortion of the lattice within or beyond the microwave
skin depth could induce such g-anisotropy. High-resolution
synchrotron x-ray diffraction measurements exclude the pos-
sibility of distortions larger than da/a~ 107*. This, however,
does not eliminate a distortion-based anisotropy, but makes
this venue less plausible. (ii) The existence of significant
angular-dependent demagnetizing fields arising from the
platelet-like shape of the crystal can give rise to such an
anisotropy. Although quantitative estimates are difficult, an
idealized thin plane of infinite dimensions yields values for
g | —g that are compatible in magnitude and in trends as a
function of x, H, and T with the experiments.
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