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Cavity measurements of a high frequency (60 GHz) electron spin resonance (ESR) have been carried our for
a single crystal of EuBg at temperatures 4.2-50 K in magnetic field up to 7 T, which has been aligned along
[001] crystallographic direction. It is found that in the case of homogeneous magnetic field in the sample the
ESR spectrum of EuBg is formed by a single line at all temperatures including the ferromagnetic ordering
region, whereas the gradient of magnetic field in the samples induces double peak ESR structure at low
temperatures. For the quantitative description of the ESR line shape we suggested an analytical approach
applicable for the cavity measurements of a metal with an arbitrary value of magnetic permeability including
strongly magnetic case and obtained full set of the ESR parameters, namely oscillating magnetization M, g
factor, and linewidth. Our analysis has explained the visible resonance line shift and revealed the coincidence
of the oscillating magnetization defining the resonance amplitude with the static magnetization. The anomalous
growth of the linewidth below Curie temperature 7= 15 K is observed. We argue that ESR in EuBg is not
considerably affected by either interaction with the spin polarons or the magnetic phase separation and reflects
merely the oscillation of the Eu?* localized magnetic moments, which can be well understood within mean-

field approximation.
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I. INTRODUCTION

EuBg is a ferromagnetic strongly correlated metal with
Curie temperature To~15 K.!> Magnetic properties of
EuBg¢ are supposed to originate mostly from the localized
Eu?* ions having the effective magnetic moment
~79up(S=7/2).! This material also attracts attention as
possessing a complicated magnetic transition structure!? to-
gether with the “colossal” magnetoresistive effect,! which is
presumably caused by strong interaction of the itinerant car-
riers to the localized magnetic moments. However, neither
the mechanism of the ferromagnetic interaction (see the dis-
cussion in Ref. 3) nor the origin of strong negative magne-
toresistance in the vicinity of the magnetic transition is com-
pletely clarified up to now.

As long as electron spin resonance (ESR) may serve as a
powerful tool for examining of the interaction between the
magnetic moments and the itinerant carriers,* numerous at-
tempts have been performed to utilize this technique for
EuBg.> 1% The results of these studies look very controver-
sial, e.g., the linewidth values measured in Refs. 5-10 ex-
hibit considerable discrepancy even at high temperatures and
the difference in the observed linewidth reaches several
times at helium temperatures. Additionally, some authors re-
port a splitting of the resonance line below 7, which may be
a consequence of the magnetically inhomogeneous ground
state.>®!0 Thus, the low temperature ESR spectrum structure
is not completely clear both on qualitative and quantitative
levels.

The present work is aimed on shedding more light on
ESR problem in EuB4. We argue that the aforementioned
difficulties result from (i) the inhomogeneity of the magnetic
field in the sample, which may vary in different experiments,
and (ii) the methodological problem of quantitative descrip-
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tion of the ESR line shape in strongly magnetic material. A
procedure of the ESR data analysis, which allows finding the
microscopic magnetic permeability parameters, is suggested.
The results are discussed in the framework of the existing
models of magnetic ordering in EuBg.

II. EXPERIMENTAL DETAILS

In our experiments we used high quality single crystals of
EuBg. The structure of the samples and absence of the tech-
nological impurities were controlled by x-ray diffraction and
microchemical analytical methods. The crystals studied by
ESR were also examined in detail by means of the galvano-
magnetic, thermoelectric, and magnetic measurements.'! The
results of this investigation are in good agreement with the
data available in literature for high quality single crystals,
including the observation of the complex magnetic transition
structure consisting of two consequent transitions at T¢;
~15.6 K and T,=13.9 K in the resistivity temperature
dependence. High residual resistivity ratio
p(300 K)/p(2 K)>30 and good agreement of transition
temperatures T, and T, with reported values® provide a
convincing evidence for the high quality of EuBg4 crystal
studied in our work. More details about the mentioned physi-
cal properties of the samples can be found elsewhere.!!

Magnetic resonance measurements were carried out with
the help of original cavity magneto-optical spectrometer. In
our setup the cylindrical transmitting cavities operating at
TE,,, modes (n=1,2,4) and covering the frequency range
40-100 GHz were located in the cryostat with the supercon-
ducting magnet. The magnetic field H was parallel to the
cavity axis and varied in the experiment up to 7 T. The con-
struction of the setup allowed providing experiments in the
temperature range 1.8-300 K with the accuracy of tempera-
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FIG. 1. Experimental geometries for ESR measurements of
EuBg. (a) Standard scheme of ESR experiment. (b) The scheme,
which allows avoiding the effect of magnetic field inhomogeneity.

ture stabilization for 7<<50 K better than 0.01 K. A set of
backward wave oscillators was used as the sources of micro-
wave radiation. Additional information about spectrometer
can be found in Ref. 12. In the present paper we describe
experiments carried out in 60 GHz TE,;; cavity having the
quality factor Q = 6000. The external magnetic field has been
aligned along the [001] crystallographic direction of the
EuBg single crystal. In order to obtain good electric contact
between the metallic EuB¢ sample and the cavity the sample
was fixed by a highly conducting glue. To apply the proce-
dure of the baseline subtraction and absolute calibration of
the ESR absorption line (see Sec. V) as well as to account
correctly the demagnetization effect the temperature depen-
dence of the loaded cavity quality factor together with the
temperature and field dependences of dc resistivity and mag-
netization have been studied on the same crystal. The tech-
nique used for the galvanomagnetic and magnetic measure-
ments was identical to the one applied in Ref. 11.

II1. INFLUENCE OF THE INHOMOGENEITY
OF THE MAGNETIC FIELD ON THE ESR
SPECTRUM IN EuBg

High value of the magnetization of EuBg at low tempera-
tures (Mo, =7ug) (Ref. 11) suggests strong demagnetization
effect and related magnetic field inhomogeneity in the
sample. To test the influence of the magnetic field inhomo-
geneity on the ESR spectrum we have first used the experi-
mental geometry shown in Fig. 1(a). Several plate samples of
different shape characterized by the length / and the height &
have been studied. It is found that the change in the ratio //h
strongly affects the measured ESR line (Fig. 2). When the
sample shape was close to cube (I/h~ 1) the ESR spectrum
consisting of two lines A and B is observed (curves 1 in Fig.
2). The reduction in the ratio I/h to I[/h=5 damps the am-
plitude of the line B (curve 2 in Fig. 2). However, the ESR
line remains considerably broadened (curve 3 in Fig. 2) even
for the value //h=9 corresponding to a single resonance.

Importantly, that in the case //h~1 the line B appears at
temperatures much higher than T (Fig. 2) so its origin is not
related to the onset of the ferromagnetic order. It is worth
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FIG. 2. ESR measurements for different geometries of experi-
ment in EuBg at f=60 GHz. Curves 1-3 correspond to the standard
scheme. Curve 1—Almost cubic sample (/~h). Curve 2—Plate
sample (I=5h). Curve 3—Plate sample (/=9h). Curve 4 corre-
sponds to the geometry with excluded magnetic field
inhomogeneity.

noting that EuB¢ possesses metallic conductivity and thus the
possible effects of electric field for the studied geometry
(Fig. 1) should be weak as in usual metals.* The absence of
the macroscopic technological inhomogeneities at the sur-
face of the studied sample has been checked by means of
microchemical analysis. This method has not revealed any
macroscopic inhomogeneities confirming high quality of the
sample. Moreover, various kinds of the sample surface
preparations have been checked, including several rough-
nesses of mechanical polishing as well as different regimes
of the chemical etchings. All experiments with different sur-
face treatments have provided results identical to those pre-
sented above. Therefore it is possible to conclude that the
difference in ESR spectra shown in Fig. 2 is caused by the
change in the sample shape. It was established previously
that the difference of the resonance fields for the modes A
and B scales with the sample magnetization.'> This fact to-
gether with the observed shape effect (Fig. 2) favors the
explanation of the complex ESR spectrum structure in EuBg¢
just by the presence of the gradient of magnetic field in the
sample. In addition, the magnitude of the splitting of the
lines A and B is close to the value of the demagnetization
field for a thin plate (for example, the demagnetization field
is about =1 T at T=4.2 K). This fact may be considered as
an additional argument supporting the suggested explanation
of the double peak ESR structure by macroscopic gradient of
magnetic field in the sample. The detailed study of this phe-
nomenon in EuBg is the subject of the separate work and will
be published elsewhere.

The above consideration shows that for correct ESR
analysis it is crucial to exclude the influence of the magnetic
field inhomogeneity in the sample. For this purpose we have
applied the following measuring procedure. A thin copper
foil with a hole located at the maximal oscillating magnetic
field position is used as the endplate of the cavity. The plate
of EuBy crystal with the ratio //h=7(h=~0.5 mm) is at-
tached to the foil from the outside so the central part of the
sample closes the hole with the diameter d=~ 1.5 mm [Fig.
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1(b)]. In this case only the resonance from the central part of
the sample can be measured and therefore it is sufficient to
consider the homogeneous demagnetization field similar to
the case of an infinite plate: H=H,—47M, where H, is ex-
ternal magnetic field. The demagnetization effect from the
oscillating part of magnetization is negligible because the
skin depth (6=1.4 um at T=42 K and 6=7.2 um at
room 7) is much smaller than the hole size.'> It is worth
noting that analogous methods were applied earlier'*!> for
the “large” samples, in which sizes are comparable to or
exceed the cavity size. For example, in Ref. 14 a thin ferro-
magnetic foil was used as a cavity endplate, and in Ref. 15 a
ferromagnetic rod with gold covered ends was put along the
cylindrical coaxial cavity axis. However, to our best knowl-
edge, the experimental geometry with a sample having size
much smaller than the cavity dimension [Fig. 1(b)] has not
been used up to now. The result of the application of the
described experimental scheme [Fig. 1(b)] is illustrated by
curve 4 in Fig. 2. It is visible that the absorption line be-
comes considerably narrower having different shapes and
positions as compared to the geometry shown in Fig. 1(a).
The same experiment done with different hole size
(d=1 mm) gave the same line shape and linewidth although
the losses in the resonance maximum were more than twice
lower than in the previous case. In our opinion the presented
experiments explain the aforementioned discrepancy in the
linewidth values reported earlier.’~

As we will show in Sec. IV, for the homogeneous demag-
netization effect it is possible to suggest the correct proce-
dure of the ESR line shape analysis. Therefore in the present
work we will report results corresponding to the experimen-
tal geometry shown in Fig. 1(b).

IV. ANALYSIS OF THE MAGNETIC RESONANCE LINE
SHAPE

The fundamental approach to the analysis of the magnetic
resonance in metals was developed more than 50 years
ago.'1617 Tt is known that the cavity losses caused by a
metallic sample may be described using equation'®

. 12

O = %Re(ﬂ> [Hof* ~Re(=iuR)"™, (1)

o
where o and R are the conductivity and the sample resis-
tance, respectively, u=pu;—iu, is the complex magnetic per-
meability, w denotes the frequency of microwave radiation,
OQgample 18 a contribution from the sample to the cavity Q
factor and H,, is for oscillating magnetic field at the sample
surface. The interaction of microwaves with the magnetic
moments may be described by Bloch-Bloembergen (BB) or
Landau-Lifshitz (LL) phenomenological equations. General
solution of these equations is a matrix of the magnetic per-
meability coefficients,'3 which has the following fundamen-
tal structure:

Mgy O
—ipe p Of. ()
0 0 1

However, there is no general agreement about the best rep-
resentation of the matrix coefficients  and u, and several
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phenomenological models may be used to find these quanti-
ties. In the BB case the permeability matrix coefficients ac-
quire the form!”

m=py =iy =1+4mx —4mix,

dmy*MH
=1+ SRS 5 (3a)
YH? +[iow+ (1/T,)]
Ma= Ma1 — ilua2 = 477)((11 - 47TiXa2
dayMoliow+ (1/T
14 77’); 0[.10’ ( 2)]2’ (3b)
YH? +[io+ (1/T,)]

where v is the gyromagnetic ratio, T, is the transverse relax-
ation time, M| stands for the oscillating part of the sample
magnetization, and H is static magnetic field in the sample,
which in the case of a thin plate equals H=H,—47M.,,
where M., is static magnetization and H, is the external
magnetic field. The analogs LL expression is given by!’

m=py =i =1+4my, —4mix,
47yM| yH + a(io + ayH)]

=1+ , (4
VH? +[io + ayH] (42)

Ma= Mol — ilu’aZ = 477)(011 - 47TiXa2
4mywM,

=1+ ,
VH* +[io+ ayH]?

(4b)

where « is the dissipation parameter. The fundamental sym-
metry of the considered problem demands the inclusion of
the negative part of the spectra into expressions [Egs. (3) and
(4)] so thus the susceptibility x;(x,) in Egs. (3) and (4)
should be an odd (even) function of the frequency w. In
order to obtain such functions it is necessary to add to the
initial susceptibilities of Egs. (3) and (4) antisymmetric
(symmetric) functions, respectively. This transformation
changes the expressions for the coefficients of the permeabil-
ity matrix, so the corresponding equations are denoted below
as modified Bloch-Bloembergen (mBB) and Landau-Lifshitz
(mLL) expressions.

Another type of symmetric formula for the diagonal com-

ponent u was suggested by Garstens!®-2
M=y =iy =1 +4my, —4mix,, (5a)
wy T
I+ ———>—5
(1 + wy? + w*7)
X1=Xo 2 2.4 ’ (Sb)
(1 22 2.2) 4wy T
to P+ 0P - —————
0 1+ w%72 + )

1

1 1
=— +
X2 2X0wT< 1+ (wg— 0’7 1+ (wy+ w)*7

), (5¢)

where yx, is the magnetic susceptibility, 7 is the relaxation
time, and wy=yB is the resonant frequency. It is visible that
Garstens (G) expression corresponds to the known Debye
formula in the limit of zero magnetic field.!>?
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Unfortunately, the off-diagonal matrix element wu, was
not obtained in the original works.!?2° Therefore, in order to
test the applicability of this approach we have followed an
analogy with the mBB and mLL cases, which implies x,
~ x for physically reasonable parameters. Thus we use for
Ma=4TxX 1 —47X,» 10 the G case the expressions: X,i=Xi
and x,»=x»2, Where y; and y, are identical to those in Eq.
5).

In order to apply the above microscopic expressions for
the magnetic permeability to the calculation of the cavity
losses it is essential to make one more step, which is often
missed. Our speculation is based on the ideas initially sug-
gested by Young and Uehling.!” In the case of electromag-
netic wave propagation in an isotropic system (e.g., in free
space) the incident wave may be considered as a sum of the
two circularly polarized waves. The losses of each of these
waves can be calculated independently using Eq. (1) with the
values of the permeability for two opposite circular polariza-
tions, w,=u+pu, and wu_=pu—pu,,'* and the total losses are
the sum of the losses of these two waves. However, in the
case of the cylindrical cavity, which is used in our experi-
ment, one should take into account that the oscillating mag-
netic field vectors H,, in the eigenmode are parallel to the
radii of the cavity endplate. The oscillating magnetic field
causes the oscillating magnetic induction in the sample in the
perpendicular to H,, direction due to the hydrotropic effect
represented by the permeability tensor [Eq. (2)]. In the other
words, if an incident wave is linearly polarized, the reflected
wave in free space must contain an oscillating orthogonal
component. For example, this effect may induce a consider-
able radiation damping in a high frequency coil measure-
ments of a magnetic sample.21 However, in contrast to Ref.
21 the modes with the oscillating magnetic field perpendicu-
lar to the oscillating magnetic field of the cavity eigenmode
are forbidden and the appropriate oscillating field should be
zero at the sample surface. This circumstance can be taken
into account by additional boundary condition. Denoting the
direction of the oscillating magnetic field along the radius of
the cavity endplate as x and perpendicular direction in the
endplate plane as y [see Fig. 1(b)] and using expression (2)
for the permeability matrix it is possible to find the oscillat-
ing components of the magnetic induction in the sample,

B = pH y +ipH,,y, (6a)

Ba)y:_ iMan)C-'_MHLUy’ (6b)

where H,, and H,, are the microwave magnetic fields of
TE(;; mode near the sample surface (here we assume that the
sample size is sufficiently small so the magnetic field near
the sample surface may be considered as homogeneous). Ac-
cording to the above consideration the value of the magnetic
induction in the sample should be zero B,,=0 at the sample
surface. Then Eq. (5) gives H,,,=iu,H,,/u and hence B,
=(u—p>/ wH,,, and finally the effective permeability in x
direction may be obtained,

et = 10— Mol 2. (7)

The functions u and w, in Eq. (7) are defined by any of
the microscopic expressions considered above. We wish to
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emphasize that the permeability w.; should be used in the
Eq. (1) to calculate the cavity losses caused by the magnetic
metallic sample. It is interesting that the expression for g
coincides with the one obtained for the case of propagation
of the electromagnetic wave in the direction perpendicular to
magnetization.!® If the magnetic susceptibility appearing in
Egs. (3)-(6) is small, x;, x»<<I, the effective permeability
Mer teduces with the high accuracy to the ordinary perme-
ability u that is often assumed a priori in the analysis of the
ESR line shape. However, when y; > 1, the second term in
Eq. (7) dominates, and amplitude, shape, and position of the
resonance are changed considerably. The elementary estima-
tions show that the accounting of the second term in Eq. (7)
may be important not only for strongly magnetic systems
such as ferromagnets but also for the case of the paramagnets
with a narrow resonance line. Remarkably, that for the sus-
ceptibility satisfying condition y;>1 the spin resonance po-
sition becomes very close to the point, where the denomina-
tor of the second term in Eq. (7) becomes minimal, i.e., to
the point of the first zero x;=0. This condition is known to
correspond to the so-called antiresonance point.'3

Summarizing the results of this section we see that Eq. (1)
where w is replaced by u.¢ [Eq. (7)] together with a particu-
lar choice of the magnetic permeabilities in the Landau-
Lifshitz, Bloch-Bloembergen, or Garstens forms [Egs.
(3)—(6)] provides correct description of the ESR in cavity
experiment for the metallic samples with the arbitrary mag-
netization and relaxation parameters. The derived formulae
are valid for the nondegenerate cavity modes such as TE,,
and for the experimental geometries eliminating the inhomo-
geneity of the magnetic induction in the sample [Fig. 1(b)].
In Sec. V the developed approach will be applied to the
quantitative analysis of the ESR in EuBg.

V. ELECTRON SPIN RESONANCE IN EuBg

A. Baseline subtraction and absolute calibration
of the ESR data

As long as the effective magnetic permeability at zero
magnetic field is expected to be very close to unity at high
frequencies, the losses of the cavity caused by the sample
should be proportional to the square root of the resistance
R'? taken at frequency  [see Eq. (1)]. Moreover the micro-
wave parameters in EuBg are defined at the studied fre-
quency w,/27=~60 GHz by Drude-type behavior,?>?* and
due to the plasma frequency ), is much higher than w,*>*
the deviation of microwave resistance appearing in Eq. (1)
from dc resistance is negligible: R(w,) = R(w=0). Therefore,
in order to find the part of the cavity losses caused by the
sample it is sufficient to compare the zero magnetic field
temperature dependencies of the full losses of the cavity with
temperature dependence of dc sample resistance.

On the other hand, full losses of the cavity loaded with the
sample 1/Q; are the sum of the losses of the empty cavity
1/Q, and the losses caused by the sample 1/Qmpies 1/0y
=1/00+ 1/ Qgample» Where O, Qp, and Ogymple are correspond-
ing quality factors. Consequently, if the quality factor Q, of
the empty cavity does not depend on temperature the losses
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FIG. 3. Fitting of the experimental temperature dependence of
R(T)"? in zero magnetic field with the function f=aQ;1 +b. Open
circles denote the square root of EuBg sample resistance. Triangles
mark the best fit by the linear function with the parameters a
=1.54 Q"2 b=-0.581 Q2

related to the sample 1/Qg,ypie should be a linear function of
the full losses of the cavity 1/0;.

The fitting of experimental temperature dependence
R(T)"? with the function f(T):aQ;1+b is shown in Fig. 3.
The data Q(T) were obtained as described in Sec. II. The use
of the coefficients a=1.54 Q"2 and »b=-0.581 Q2 pro-
vides a remarkable coincidence of f(7) and R(T)"? for T
<25 K, showing that in our experiments the temperature
dependence of Q) may be neglected at sufficiently low tem-
peratures. Thus in the range 7<<25 K the known linear func-
tion f(7) together with the field dependence of the dc resis-
tivity allows finding the sample response from the field
dependences of full cavity losses and therefore experimental
R(H) data may serve for the correct subtraction of the back-
ground in experimental ESR spectra. Another way for find-
ing losses related to the sample may be based simply on the
fact that the magnetic permeability is close to unity far from
the resonance [Egs. (3)—(6)]. Thus, if the resonance is narrow
enough and (or) measuring frequency is sufficiently high the
field dependence of the resistivity alone may be used for the
subtraction procedure.

Both aforementioned methods are aimed on the establish-
ing of the relation between nonresonant part of the cavity
losses caused by the sample and the field dependence of the
resistance at corresponding temperatures and therefore
should provide identical results. This really meets the case
for T<25 K, but for higher temperatures the condition
Qo(T)=const fails. Therefore the value of the coefficient b
changes and only the second procedure may by applied. The
examples of the experimental ESR spectra together with the
baselines obtained from the R'?(H) dependences are shown
in Fig. 4. These data clearly demonstrate that the sample
losses are well described by the square root of the field de-
pendence of dc resistance except the area of the resonance
line. The considered procedure provides not only the exact
method of the baseline subtraction but also gives a way for
the absolute calibration of the ESR spectra. According to Eq.
(1) the magnetic permeability can be easily found from the
ratio of the sample losses to the square root of the resistance
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10K

FIG. 4. Microwave sample losses in the unity of resistivity
(curves 1, magnetic resonance) and dc magnetoresistance (curves 2,
baseline) at various temperatures. All data are corrected to the de-
magnetization effect.

thus giving the ESR absorption in the units of u. The final
result of this kind of the ESR data processing is represented
in Fig. 5. It is visible that ESR in EuBg consists of a single
resonance line, which is observed at all temperatures above
and below ferromagnetic transition. The value of the reso-
nant field defined as the maximum of u!? decreases when
temperature is lowered and the resonance becomes visually
broadened for 7<<10 K. When the external magnetic field is
corrected to the demagnetization effect by accounting of the
corresponding static magnetization data the curves u(B)'?
can be directly compared with the analytical models de-
scribed in Sec. IV.

B. Simulation and fitting of the ESR line shape

We have carried out numerical simulation of the w(B)
experimental data with the help of the theoretical expressions
for u.(B) (see Sec. IV). The oscillating magnetization M,
and the gyromagnetic ratio y together with the parameters
describing damping (1/7,, 7, and «, for the BB, G and LL
expressions, respectively) were used as free parameters in
the fitting procedure. The value of the gyromagnetic ratio has

k 50K

FIG. 5. Field dependencies of the magnetic permeability in
EuBg at various temperatures. All data are corrected to the demag-
netization effect. For convenience the curves are shifted consecu-
tively along u!? axis with respect to the curve for 4.2 K by
Aup'?=1.1.
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B(T) B (T)

FIG. 6. Simulation of the experimental magnetic permeability
curves with p.g. Solid lines—experimental data, dotted lines—fits
with Garstens function. The scale of magnetic field is corrected to
the demagnetization effect.

been used for further calculation of g factor while the damp-
ing parameters have been used for the evaluation of the line-
width W in the particular models. The errors of the fitting
procedure applied in the vicinity of the resonance line and in
high field region do not exceed 3% and reach their maximum
values at lowest temperatures studied. It is found that the
calculated u.; curves obtained for the different u and w,
functions have very similar shapes at all temperatures al-
though the corresponding fitting parameters may vary con-
siderably. The fitting procedure with the G function [Eq. (5)],
which in our opinion provides the best representation of the
line shape in the vicinity of T, is illustrated by Fig. 6. At
temperatures 7>20 K all theoretical expressions for u and
M, result in good coincidence of the simulated ¢ functions
with the experimental curves (Fig. 6). In the range T
<20 K the considered approximations for w.; give good
description of the experimental curves in the area close to the
maximum of wu(B) as well as at higher magnetic fields. At the
same time there is a considerable discrepancy between the
simulated and observed w(B) curves in the low field region
and these deviations tend to increase with lowering tempera-
ture (Fig. 6).

The comparison of the experimental and simulated w(B)
data shows that the BB and LL functions give very similar
line shapes and resonance parameters at all temperatures.
The same is valid for the pair of mBB and mLL functions.
That is why below we will compare fitting results for the
mLL, LL, and G functions.

The temperature dependence of the parameter M, ob-
tained with the use of the G, mLL, and LL functions together
with the static magnetization taken at the resonance fields at
each particular temperature is presented in Fig. 7. It is worth
noting that the M|, values corresponding to the G and mLL
functions almost coincide with each other in the whole stud-
ied temperature interval. At temperatures 7>30 K all ap-
proximations demonstrate good agreement of the calculated
and measured magnetization data (Fig. 7). However upon
lowering temperature the LL equation results in considerable
deviation from the static magnetization dependence, while
the G and mLL functions allow reproducing the static mag-
netization dependence in the whole temperature range.
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FIG. 7. Temperature dependence of the oscillating magnetiza-
tion. Triangles correspond to Garstens and modified Landau-
Lifshitz approaches, crosses denote Landau-Lifshitz approach.
Open squares mark the static magnetization of EuB taken at reso-
nance field. Dashed lines are guides for the eyes.

Figure 8 displays the resultant g factor. In addition to the
g(T) values, which are defined from the u.; model, the “vis-
ible” g factor calculated from the maxima of the resonant
curves in Fig. 5 is presented. Interesting that while the vis-
ible g factor changes in the temperature range 4.2-50 K by
~20%, the g factors obtained for the LL, mLL, and G func-
tions vary only by ~3%, which is comparable with the cal-
culation error for this parameter. Therefore the correct ac-
counting of the cavity absorption by implying u.s [Eq. (7)]
instead of u almost eliminates the visible shift of the reso-
nant field (Fig. 5). We wish to emphasize that accounting of
the w.g is of crucial importance as long as even after the
correction to the demagnetization effect the visible maxi-
mum of the u(B) curve does not correspond to the resonance
condition w=yB, and naive use of the “experimental reso-
nance filed” for the g-factor calculation in EuBg may be mis-
leading.

All approximations for the functions u and u,, show simi-
lar temperature behavior of the linewidth although giving the

24}
A G
23l ™. o mLL
[ | .
= = "visual" g-factor
L 22t = + LL
@] |
© N
S o9t =
o) Tc‘ l\-
20F + *s
T 44 T <
0 Oa+ } -
191 008 & SR -- =B -
A-AdpA A4
0 10 20 30 40 50

FIG. 8. Temperature dependencies of g factor. Triangles, open
circles, and crosses denote the calculation results for G, mLL, LL
formulae in the u.; model, respectively. Solid squares represent
visible g factor calculated from the magnetic fields corresponding to
Mefr maxima in Fig. 5.
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FIG. 9. Temperature dependencies of the linewidth. The legend
is the same as in Fig. 8.

somewhat different values of W(T) (Fig. 9). Upon lowering
temperature the decrease in the linewidth is observed and the
minimal value is reached in the vicinity of the Curie tem-
perature. Further temperature decrease leads to onset of the
growth of the linewidth which persists down to the lowest
temperature studied (Fig. 9).

C. Discussion

In current literature it is recognized that a set of the un-
usual physical properties of EuBg originates from spin po-
larons, although the particular scenario of their formation
may vary considerably (see Refs. 1, 2, 10, 11, and 24-27 and
references cited therein). It is worth noting that the most
pronounced effects of the spin polarons formation are ob-
served in the transport properties; for example, the strong
temperature-dependent transport effective-mass
renormalization!! may be mentioned as a remarkable conse-
quence of this physical mechanism. Another widely dis-
cussed characteristic feature of EuBg, namely, magnetic
phase separation, is also explained by spin polarons.?>”

In the case of ESR it was supposed that the double peak
structure of the spectrum, which develops at low tempera-
tures under certain experimental conditions (Fig. 2), reflects
the magnetic phase separation effect.!®>* The strong shift of
the visible g factor (Fig. 8) was also considered as caused by
polaronic effect.”* Later the positions of two ESR lines have
been explained by so-called Kondo and anti-Kondo effects.!?
It is worth noting that the considered interpretation is essen-
tially based on the observation of two ESR peaks with com-
parable magnitudes.'?* The results of the present work un-
ambiguously show that the double peak structure is most
likely a consequence of the macroscopic gradient of the mag-
netic induction in the sample thus putting into question the
explanation based on the microscopic effect of magnetic
phase separation. Indeed in all experimental situations where
ESR in EuBg occurred in condition of homogeneous mag-
netic field in the sample the spectrum consisted of a single
line having width noticeably less than in the case of inhomo-
geneous magnetic field (Figs. 3-6).

Another circumstance, which may lead to wrong interpre-
tation, consists of the direct association of the observed reso-
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nance curves with the microscopic magnetic permeability
u(w,B) as it is done in Refs. 10 and 24. We see that the
subtraction of the microscopic information from the ESR
spectra in EuByg is not so straightforward, and it is essential
to use u. instead of w and imply the proper absolute cali-
bration. Therefore, when the correct procedure of the data
analysis is used the strong “experimentally observed” g fac-
tor shift greatly reduces (Fig. 8). As long as strong tempera-
ture dependence of g factor is expected for Kondo and anti-
Kondo effects!” the results of the present work make this
interpretation doubtful.

Another source of the artifacts may be incorrect choice of
the magnetic permeability functions in the asymmetrical
form [Egs. (3) and (4)]. It is visible from Figs. 7-9 that both
symmetrical and asymmetrical expressions for wu(w,B),
which are used to find u.g, give very similar results for the g
factor and the linewidth (Figs. 8 and 9), whereas the agree-
ment of the M, temperature dependence with the static mag-
netization data is possible only for the symmetrical cases
mLL and G (Fig. 7). Consequently assuming, for example,
the LL form for u(w,B), which does not satisfy the general
symmetry of the problem, it is possible to “find” at least two
comparable contributions in magnetization of EuBg below
~25 K, where temperature dependence of the static magne-
tization and calculated My(T) start to diverge (Fig. 7). In-
deed, this “discrepancy” should mean that only part of the
sample magnetization contributes to the magnetic resonance,
and this “fact” will demand proper interpretation. On the
other hand, it is well known that the magnetism of EuBg is
the magnetism of the Eu* localized magnetic moments,” as
long as the concentration of the charge carriers according to
Hall effect measurements'!?® is about ~1072—103 electrons
per Eu ion so their contribution to magnetization is small.
Good agreement between the oscillating magnetization pa-
rameter M, deduced from the experiment and static magne-
tization M., in the frame of the model with symmetric
w(w,B) functions (Fig. 7) demonstrates that all Eu** mag-
netic moments participate homogeneously in the resonance
motion at all temperatures.

The coincidence between M, and M., indicates that the
elimination of the experimental and computational artifacts
is very important for the correct interpretation of the ESR
data in EuBg. As the result it is obviously established that the
general picture of the magnetic resonance in this material
may be adequately described on the quantitative level within
the mean-field approximation and corresponding semiclassi-
cal equations of motion for the localized magnetic moments.
Summarizing results of our analysis of the ESR data it is
possible to conclude that the picture of the magnetic reso-
nance in this material may be adequately described quantita-
tively using the semiclassical equations of motion for the
localized magnetic moments within mean-field approxima-
tion. The obtained ESR parameters should be then re-
examined in view of magnetic ordering and possible spin-
polaronic effects.

Let us consider first the magnetic ordering effects. In
EuB¢ the magnetization at the resonant field is a smooth
function of temperature and hence there are no abrupt
changes in the magnetic resonance amplitude M|, in the vi-
cinity of the Curie temperature (Fig. 7). Apparently the mag-
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netization data itself may include effects of interaction of the
Eu?* localized magnetic moments with charge carriers, but
as long as My(T) practically coincides with the static mag-
netization M.y, this parameter of the magnetic resonance
does not give any new information. Probably more important
is the obtained temperature dependence of the g factor (Fig.
8). If the magnitude of the oscillating magnetic moments
does not change, any noticeable variation in the resonant
field in the mean-field approximation is impossible. This is
valid even at the magnetic transition as long as the transfor-
mation of the uncorrelated spin rotation in the paramagnetic
phase into coherent motion of spins in the ferromagnetic
phase is described by the same gyromagnetic ratio 7y, which
does not depend on the type of spin motion.' Interesting,
that the small changes in the g factor persist after accounting
of the demagnetization effect and applying of the . model,
although these changes are comparable with the computa-
tional errors. Namely, this parameter starts to decrease below
T*~25 K for all model choices of u(w,B) (Fig. 8) similar
to the Hall coefficient behavior Ry(T).!! In the magnetically
ordered state T<<T the calculated g factor saturates for the
G function or starts to increase for the LL. and mLL functions
(Fig. 8). Thus the weak temperature variation in the g factor
in the vicinity of the magnetic transition demonstrates a sys-
tematic character and therefore may reflect a real physical
effect. The possible explanation of the g(7) dependence is
the change in the Eu?* localized magnetic moments magni-
tude due to the screening and interaction with the free charge
carriers. As long as the variation in the g factor starts at 7™
> T, the obtained data may favor the scenario suggested in
Ref. 25 where the formation of the spin polarons precedes
the ferromagnetic transition. At the same time it is not pos-
sible to exclude some violation of the used mean-field ap-
proximation in the strongly interacting system such as EuBg
and therefore the problem of the temperature dependence of
the g factor in this material requires further theoretical treat-
ments.

The obtained ESR linewidth W(T) first decreases with
lowering temperature and starts to increase below T (Fig.
9). The narrowing of the resonance observed with tempera-
ture lowering for 7> T, may be induced by the decrease in
the spin-flip scattering rate when magnetic correlations in
EuBg become stronger. However the analogous W(T) depen-
dence is typical for ESR in normal metals with other known
mechanisms of spin relaxation such as spin-electron or spin-
phonon interaction.* In this respect it is difficult to make a
definite conclusion about the origin of this effect. Both inter-
actions of the localized magnetic moments with conduction
electrons and magnon processes may contribute to observed
anomaly below Curie temperature.

Transport’!! and optical®>?} experiments show that the
sharp transformation of carrier properties just below T, oc-
curs only in zero magnetic field whereas for the finite field
where ESR is observed the magnetic phase transition is
smooth and the distinct critical temperature is not observed
(see data for B=2 T in Fig. 2 of Ref. 11). Although these
experiments do not give the exact information about carrier
relaxation time 7 dependence one can expect that 7 depends
monotonously on temperature in the transition area. More-
over, the estimation of 7 obtained from transport measure-
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ments [7,~(4—6.5) X 107'? s] (Ref. 11) is of the order of
magnitude lower than the relaxation time of ESR experiment
[Tes=(0.5-1.2) X 10710 s] derived from the resonance line-
width (Fig. 9). Therefore the interaction of the magnetic mo-
ments participating in the resonance with the itinerant elec-
trons cannot be definitely treated as the only or dominating
mechanism of spin relaxation. More probable that the ob-
served low temperature increase in the W(T) is governed by
the establishing of the ferromagnetic order in the system and
thus may be caused by the interaction of the oscillating mag-
netic moments with the magnons in the skin layer. Indeed,
numerous observations of the ESR in metals, which undergo
magnetic ordering, show that the ESR linewidth often in-
creases below the critical temperature (see Ref. 4 and refer-
ences cited therein). Although the aforementioned feature of
W(T) has been found in the systems where the spin polaron
mechanism was not discussed” it is not possible to exclude
that in EuBg the interaction with spin polarons may contrib-
ute to the observed temperature dependence of the ESR line-
width. The checking of this opportunity requires a calcula-
tion of this parameter in the framework of appropriate
electron-polaron model, which has not been carried out up to
now.

Before we discussed the parameters of ESR in the vicinity
of maximal absorption, i.e., in a relatively high field region.
Our ESR analysis shows that in the considered case of EuBg
there is not so much space for the spin polaron effects al-
though some minor features may reflect the interaction of the
Eu?* localized magnetic moments with these quasiparticles,
which are considered as a main “driving force” of the numer-
ous anomalies of magnetic and transport properties of this
material. Another possible area where the presence of the
spin polarons may affect ESR in EuBy is the low field region,
where a systematic discrepancy between the calculated and
observed line shape has been found at low temperatures (Fig.
6). This difficulty may be apparently overcome by consider-
ing an additional contribution to magnetic resonance absorp-
tion in the fitting equations. However, we wish to emphasize
that in the cases of interaction with polarons or magnons the
additional contribution should be introduced to the initial
coefficient of permeability tensor w and w, [Eq. (2)] and
only after that the experimental permeability w.; may be
calculated. The lack of the knowledge about the type of mi-
crowave response of magnetic polarons together with a num-
ber of fitting parameters in this case have prevented us from
obtaining ambiguous results. Moreover, good reproducibility
of the temperature dependence of calculated magnetization
M(T) for a single resonance line (Fig. 7) does not favor the
accounting of the second hypothetical magnetic contribution.
More likely that the used analytical expressions for the
u(w,B) functions are oversimplified to be exact apart of the
magnetic resonance. The calculation of the expressions for
u(w,B), which may be suitable for the correct description of
the ESR line shape in the low magnetic field area, is a real
challenge for the spin polaron approach and can be consid-
ered as a prospective problem to be solved in the future
theoretical studies.

VI. CONCLUSIONS

In conclusion we have shown that in conditions of a ho-
mogeneous magnetic field in the sample the electron spin
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resonance in EuBg is formed by a single resonance line at all
temperatures in the range 4.2-50 K studied including the
ferromagnetic ordering region. The developed procedure of
the baseline subtraction and absolute calibration of the ESR
data in the cavity experiments has allowed obtaining reso-
nant magnetoabsorption in the units of the magnetic perme-
ability. For the quantitative description of the ESR line shape
we suggest an analytical approach appropriate for the cavity
measurements of a metal with an arbitrary magnetic perme-
ability including strongly magnetic case. The checking of the
suggested method has demonstrated good quality approxima-
tion of the observed ESR line shapes by the calculated ones
in the resonance area. Our analysis has explained the visible
resonance line shift and revealed a coincidence of the dy-
namical magnetization defined by the resonance amplitude
with the static magnetization. The anomaly consisting in the
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low temperature increase in the linewidth below Curie tem-
perature is observed. Qualitative analysis of the experimental
data shows that the ESR in EuBg reflects the oscillation of
the Eu?* localized magnetic moments, which can be well
understood within mean-field approximation. However some
features of the g-factor temperature dependence may be defi-
nitely attributed to the presence of the spin polarons.
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