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Phase coexistence and magnetic anisotropy in La;_.Ca, MnO; (0 <x=<0.23) studied

via electron spin resonance
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We report an electron-spin-resonance (ESR) study of stoichiometric La;_,Ca,MnO3 for 0 <x<0.23. The
room-temperature ESR linewidth shows a marked decrease with x that is mainly due to the variation of the
magnetic susceptibility and a much slower evolution of spin relaxation, associated with the interplay of
crystal-field and superexchange interactions. In the canted antiferromagnetic regime, the ESR parameters show
initially an x-dependent ferromagnetic (FM) behavior that evolves to antiferromagnetic in the vicinity of Ty,
reflecting the development of spin canting. A weak ferromagnetic-resonance (FMR) mode is observed below
Ty that becomes enhanced near the phase boundary to the ferromagnetic insulating (FMI) phase. This mode
persists at higher doping levels (x<0.16) and is attributed to residual FM domains due to the release of crystal
strain near the structural transformation at 7<<100 K. In the FMI regime, FMR measurements show strong
uniaxial magnetic anisotropy up to x=0.16 with K=(1-2) X 10° erg/cm? at 100 K. The temperature depen-
dence of the magnetic anisotropy reveals power-law scaling with the magnetization, K(7) = M(T)?, indicative
of single-ion magnetocrystalline anisotropy and the persistence of orbital order in the FMI state. As the FM
metallic phase is approached, the magnetic anisotropy decreases significantly and an additional FMR mode
systematically emerges in the paramagnetic regime at 7<260 K for x=0.19-0.23. Its relative spectral weight
grows with x indicating an increase of the underlying FM fraction that correlates with the enhanced metallic

behavior.
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I. INTRODUCTION

Colossal magnetoresistive (CMR) manganites
R,_,AMnO; (R=lanthanide and A =alkaline-earth ions) have
attracted tremendous interest among the strongly correlated
electron systems due to their unique physical properties,
stemming from the close interplay of spin, charge, orbital,
and lattice degrees of freedom.! Extensive research efforts
have shown that depending on the doping concentration x
and the average ionic radius of the A cation site that control
the band filling and the e, electron transfer or the one-
electron bandwidth, respectively, competition between the
double exchange? (DE) with the Jahn-Teller coupling, charge
and/or orbital order, and superexchange (SE) interactions
leads to complicated phase diagrams with strong tendencies
toward phase separation at different length scales and in-
triguing magnetoresistive and magnetostructural
phenomena.>*” A common feature shared by most CMR
manganites that is still poorly understood is the appearance
at relatively low doping levels (0.1 <x<0.3) of a ferromag-
netic insulating (FMI) phase preceding the localized-to-
itinerant transition to the ferromagnetic metallic (FMM)
state, where ferromagnetism is mainly stabilized through the
DE mechanism that maximizes the kinetic energy of e, elec-
trons via the strong on-site Hund coupling. Orbital and/or
charge order, as well as phase separation into ferromagnetic
(FM) and antiferromagnetic (AFM) phases and charge seg-
regation, have been considered to explain this intriguing
state. 310

In particular, the parent LaMnO; compound undergoes a
cooperative Jahn-Teller (JT) transition at 7,;~750 K that
stabilizes the long-range antiferrodistortive ordering of the e,
orbitals,'" though local JT distortions have been recently
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found to persist at the length scale of 16 A even at 7> T/;.!2
This orbital order leads to the layered A-type antiferromag-
netic (A-AFM) spin structure at Ty~ 140 K,'3 through the
anisotropic SE interactions, FM in the ac planes, and AFM
along the b axis (Pnma notation).'* Such anisotropic SE cou-
pling was indeed found by neutron scattering,' in qualitative
agreement with the Goodenough-Kanamori-Anderson
rules,'® and theoretical predictions.'”'® A major contribution
from magnetocrystalline anisotropy, reflecting the orientation
of the e, orbitals, has also been predicted'” and experimen-
tally verified by neutron-scattering'> and antiferromagnetic-
resonance (AFMR) experiments'®?! accounting for the easy
magnetization axis and the weak canting of the Mn mo-
ments. Introduction of holes through A cation substitution in
LaMnOj; activates the DE interaction and the mobility of e,
electrons at neighboring Mn**#* sites. This has been origi-
nally proposed to result in the homogeneous canted antifer-
romagnetic (CAF) state,> though recent theoretical work
shows that the CAF structure is unstable against phase sepa-
ration into FM and AFM states.® Although magnetization and
AFMR results in lightly doped La;_.Sr,MnO5 are consistent
with a homogeneous CAF state,”>>* neutron-scattering ex-
periments on both Ca- and Sr-doped manganites at x<0.1
have shown an inhomogeneous ground state, namely, a spa-
tially modulated AFM structure with FM droplets embedded
in the CAF matrix.>>-28

Upon further doping, the CAF phase evolves to the un-
common FMI phase in the range of 0.125=<x<0.225 for
La;_,CaMnOs;, followed by the transition to the ferromag-
netic metallic state at x=0.225.2°32 In the FMI regime, the
cooperative JT effect weakens progressively with x and its
long-range character becomes suppressed at the FMI-FMM
boundary,?’333* though short-range lattice distortions may
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continue to exist in the FMM phase and correlate with the
transport  behavior.3>3  For the large bandwidth
La;_ . Sr,MnOj, the FMI phase is observed over a relatively
narrow doping range close to x=1/8 (0.10=x=<0.15), and
its origin has been related to a new type of orbital ordering
involving the formation of orbital polarons,”” whereas the
persistence of the staggered orbital order of the parent
PrMnO; with reduced lattice distortions and SE anisotropy
has been found in the narrow bandwidth Prg-5Cag,5MnO3,
where the FMI phase extends over the broad range of 0.15
= x=0.3.%38 For the intermediate bandwidth La,_,Ca,MnOj,
an inhomogeneous FMI state has been proposed, consisting
of “hole-rich” (Mn** rich) and “hole-poor” (containing
mostly Mn3*) orbitally ordered domains with anisotropic SE
coupling constants that tend to become isotropic at the FMM
state.>

High-resolution synchrotron x-ray experiments in sto-
ichiometric La,_,Ca,MnO5 (0.11=<x=<0.175) revealed that
below T, the crystal structure becomes monoclinic, with
increasing crystal strain that reaches a maximum at T..3*
Below Tym=60 K, a structural transformation occurs to a
less anisotropic structure involving a marked decrease of
orthorhombicity and the release of the crystal strain, as well
as distinct anomalies in the ac and dc magnetic responses
and current-induced metastable resistivity,3!3*49-42 where,
according to NMR experiments, freezing to an inhomoge-
neous orbitally ordered state embodying metallic hole-rich
walls has been suggested.*>** Very recently, ferromagnetic-
resonance (FMR) experiments in La;_,CaMnO; (0.125<x
<0.19) showed a strongly anisotropic FM phase with mag-
netic anisotropy that decreases considerably at x=0.19, close
to the metallic phase boundary, as well as a tendency toward
FM cluster formation in the paramagnetic regime for x
=0.175 and 0.19.%

In this work, we present a detailed electron-spin-
resonance (ESR) study of stoichiometric La;_,Ca,MnO; in
order to probe the evolution of spin dynamics and phase
coexistence in the compositional range of 0 <x=0.23, ex-
tending from the orbitally ordered AFM phase of LaMnO;
up to the FMM state. A strong reduction of the spin-
relaxation rate with Ca doping is derived from the room-
temperature ESR linewidth, related mostly to the increase of
the magnetic susceptibility and to a lesser extent to the re-
lease of crystal strain and the decrease of the SE coupling
anisotropy. The presence of local FM inhomogeneities is
identified at Ca concentrations straddling the CAF-FMI
phase boundary and most importantly at the localized-to-
itinerant transition regime (x=0.19-0.23), where an increas-
ing fraction of FM clusters coexisting with the paramagnetic
phase is systematically resolved above T.. Temperature-
dependent analysis of the magnetic anisotropy in the FMI
regime reveals power-law scaling with the magnetization,
suggestive of the magnetocrystalline origin of anisotropy and
the persistence of orbital order in the precursor phase of the
FMM state.

II. EXPERIMENTAL DETAILS

Stoichiometric La;_,Ca,MnO; samples with 0 <x=<0.23
were prepared following a particular solid-state reaction
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route with postannealing in He atmosphere in the final prepa-
ration stage, as previously described.’! In contrast to “air
prepared” samples, which are characterized by cation
nonstoichiometry,31-3446-48 these postannealed samples ex-
hibit all the features of the stoichiometric phase, especially
the cooperative JT distortion. The samples have been thor-
oughly studied by high-resolution synchrotron x-ray and
neutron-diffraction, ac and dc magnetometry, as well as re-
sistivity measurements,3'-3* which reveal a systematic varia-
tion of their structural and magnetic properties with x, con-
firming the preparation of different samples with varying
doping levels, even for the finest compositional step of dx
=0.005. The unit-cell parameters match closely those re-
ported by Dabrowski et al.,*’ for stoichiometric polycrystal-
line La;_,Ca,MnO; samples. Good agreement is also found
with the phase diagram reported by Biotteau et al.?’ using
single crystals, except for x=0.1. In that case, two successive
magnetic transitions were resolved by both neutron-
diffraction and magnetic-measurements,”’** a behavior that
appears at x=0.11-0.13 for the present samples.

ESR measurements were performed with a Bruker ER
200D spectrometer at the X band (v=9.41 GHz) using small
amounts (1-5 mg) of fine powdered specimens either fixed
in high-vacuum grease to avoid any texture in the FM state
by the applied magnetic field or in loose packed form to
improve spectral resolution through partial orientation by the
magnetic field in the case of measurements above T..>° The
magnetic field was scaled with an NMR gaussmeter, while
temperature-dependent measurements (4—300 K) were car-
ried out employing an Oxford flow cryostat.

III. RESULTS AND DISCUSSION

For all doping concentrations 0 <x=<0.23, a symmetric
exchange narrowed ESR line is observed at room tempera-
ture (RT). The resonance line can be accurately fitted to a
single Lorentzian line shape provided that the resonance ab-
sorption at negative field due to the linearly polarized micro-
wave field is taken into account.’! A nearly constant g value
at g=1.99(1) is derived, independent of x. Figure 1(a) shows
the x dependence of the peak-to-peak linewidth AH,,, that
decreases appreciably with x, following closely the evolution
of the La;_,Ca MnOj; phase diagram, shown for comparison
in Fig. 1(b). Systematic ESR studies in the paramagnetic
(PM) regime of both pure and lightly doped LaMnO5 (Refs.
52-56) have shown that the ESR linewidth can be described
by AH,,=[xo(T)/ x(T)]JAH,, where x,=C/T is the free-ion
susceptibility with C the Curie constant, y(7) is the dc mag-
netic susceptibility of the coupled system, and AH,, is deter-
mined by the contribution of anisotropic interactions to the
exchange narrowed ESR linewidth, mainly due to the
crystal-field (CF) interaction and the Dzyaloshinsky-Moriya
antisymmetric exchange and their temperature dependence
near the Jahn-Teller and the magnetic phase tran-
sitions. At temperatures well above T, Ty, and Ty, the latter
term can be identified as the high-temperature limit of
Apr. To explore the variation of Apr(x), we have calcu-
lated the thermodynamic factor y,/yx using the Curie con-
stant C=N,g2ua[xS,(S;+1)+(1-x)S5(S,+1)]=24-9x for
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FIG. 1. (Color online) (a) ESR linewidth AH,, AH,
=AH,,x/xp, and the ratio xo/x as a function of x for
La;_,Ca,MnOj at RT. (b) T—x phase diagram (0 <x<10.23) recon-
structed from Refs. 31 and 34. The symbol 0" denotes orthorhom-
bic Pnma symmetry with c=a=b/ 2, 0_/ corresponds to ortho-
rhombic Pnma symmetry with a>c¢>b/+2, while M’ (M") denote
monoclinic P2/c symmetry with a>c¢>b/ \2 and strong (interme-
diate) anisotropic bond lengths. The inset shows the x variation of
the orthorhombic unit-cell strain parameter s=2(a—c)/(a+c).

S;(Mn*)=3/2, S,(Mn**)=2, and g=2.0 and the measured
dc susceptibility y at RT [Fig. 1(a)]. Figure 1(a) shows the
corresponding x dependence of AHy=AH,,x/x,, which re-
veals a much slower decrease with x than the bare AH,(x).
This indicates that most of the doping dependence of AH,,,
arises from the decrease of the y,/x brought up by the strong
increase of the dc susceptibility with x, a consequence of the
strengthening of the DE interaction, as the FMM phase is
approached. On the other hand, the slow reduction of AH(x)
shows no pronounced effect of the DE mechanism, consis-
tent with Huber’s theoretical analysis of the infinite-
temperature ESR linewidth of La,_,Ca,MnO;.>* In that case,
the DE interaction has been suggested to cause relatively
slow charge motion that does not influence spin dynamics at
the time scale of 107!3 characterizing the decay of the corre-
lation function in the ESR linewidth.

Previous ESR studies of LaMnO;, s have shown that the
antisymmetric exchange remains constant through the JT
transition, indicating that its origin is mainly due to the tilt-
ing of the MnOg octahedra,’*>* which does not vary appre-
ciably with doping. The gradual reduction of AH(x) can
then be related to the weakening of the cooperative JT dis-
tortion and the release of crystal strain leading to the de-
crease of the CF contribution. This effect is depicted in the
inset of Fig. 1(b), which shows the decrease of the ortho-

PHYSICAL REVIEW B 76, 024422 (2007)

lsx (@rb. units)

0 50 100 150 200 250
Temperature (K)

FIG. 2. Temperature dependence of the resonance field H,,
peak-to-peak linewidth AH,,, and ESR intensity /ggg for x=0.05
and 0.10. The inset in the lower panel shows the temperature de-

pendence of the ESR spectra for x=0.05.

rhombic strain s=2(a—c)/(a+c) with x, calculated from the
structural data of the La,_,Ca,MnO; samples at RT.>! Recent
neutron-scattering experiments have shown that this struc-
tural variation is accompanied by a decrease of the SE cou-
pling anisotropy, as x increases toward the FMM phase.*
The latter effect leads to an increase of the average SE cou-
pling constant function (J?)=(2J2,+J3)/3 entering the fourth
spectral moment>* that would also promote exchange nar-
rowing of the ESR line with x. Moreover, no pronounced
change of AH,, is observed at x=0.15, where the Jahn-Teller
transition line intersects RT [7,7{x) <300 K]. On the other
hand, previous ESR results for lightly doped LaMnO5 have
shown that the JT transition to the pseudocubic O phase and
the accompanying decrease of the CF interaction reduce
drastically AH,,.>3%% The small decrease of AH, observed
for the present samples at x=0.15 suggests then a reduction
of the JT distortion near the metallic phase, which would
depress any significant narrowing of the ESR line. Further-
more, a nonmonotonous variation of AH, is observed at the
CAF-FMI boundary (x=0.125), which may be associated
with the concomitant reduction of crystal symmetry from
orthorhombic O’ to monoclinic M’,** and the canceling of the
AFM SE interplane coupling (J,=0).?’

A. CAF phase (0 <x<0.125)

Figure 2 summarizes the temperature dependence of the
resonance field H,, peak-to-peak linewidth AH,,,, and the in-
tegrated ESR intensity /zgg for x=0.05 and 0.10, where mag-
netic measurements have shown a transition to the CAF state
at Ty~ 130 K.3! Both compounds exhibit a quasilinear de-

024422-3



V. LIKODIMOS AND M. PISSAS

Absorption derivative (arb. units)

H (kG)

FIG. 3. Temperature dependence of the ESR spectra for
Lag goCag 1;MnOj5 at the X band (v=9.41 GHz).

crease of AH,, down to a minimum value at T}, = 150 and
160 K for x=0.05 and 0.10, respectively. At T<T,,, AH,,,
increases rapidly toward Ty, in agreement with the linewidth
broadening that was previously observed near the AFM tran-
sition in lightly doped LaMnO;.3>> The ESR intensity
reaches a maximum around Ty, while the resonance field
shifts rapidly to lower fields for both compounds. The varia-
tion of the ESR parameters is more pronounced for x=0.10,
reflecting the increase of the mean canting angle and the
growth of the FM spin component in the CAF structure at
this doping range.?” Although Isg does not disappear imme-
diately below Ty, a trace of a broad FM-like signal can be
discerned at low temperatures (inset of Fig. 2). The corre-
sponding resonance intensity amounts to =1% of the maxi-
mum Iggr(7) for both compounds, indicating that the con-
centration of any separate FM regions coexisting with the
CAF matrix at x<0.10 is rather small.

Figure 3 shows the temperature dependence of the ESR
spectra for x=0.11, which differs considerably from the or-
dinary AFM behavior. In the PM region, a single ESR line is
observed at H,, which shifts continuously to low fields at
T<150 K, accompanied by significant line-shape distortion,
including a small kink at Hy,, that shifts toward higher
fields. At T<<125 K, the resonance line splits into two com-
ponents, one that evolves from the main resonance and shifts
rapidly to zero field, while a minor component is disclosed at
H,,, =2 kG, which persists down to low temperatures. Fig-
ure 4 shows the corresponding temperature dependence of
the resonance fields and ESR intensity for x=0.11. The in-
tensity /g increases significantly upon cooling followed by
a sharp drop at 7<130 K, while in the same T range, the
main resonance at Hy, shifts toward zero field. This tempera-
ture variation resembles that of the uniform FMR mode ap-
pearing below T in polycrystalline ferromagnets. In that
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FIG. 4. Temperature dependence of the resonance fields and
ESR intensity Iggg for x=0.11. The inset shows the temperature
dependence of the orthorhombic strain parameter s=2(a—c)/(a
+c¢) for x=0.11.

case, the growth of magnetic anisotropy results in the shift of
the resonance line, while recent FMR simulations have
shown that it also leads to an increase of the resonance in-
tensity as the anisotropy field approaches Hy=w/7y.>’ Mag-
netic measurements have shown that the real part of the ac
susceptibility for the x=0.11 sample exhibits a double peak
structure, a shoulder at 7=~ 135 K followed by a sharper peak
at T=~120 K indicative of two successive magnetic transi-
tions, FM at higher 7 and AFM at lower T.3! Neutron dif-
fraction has shown that the ground state is the canted AFM
with a large FM spin component along the b axis and a
canting angle of the magnetic moment from the ac plane of
~48° (Pnma notation), which evolves directly from the
canting of the layered A-AFM spin structure of LaMnO5.3
Similar behavior with Tr, in the range of 130—138 K and
T4ry=112 K has been previously observed by neutron-
diffraction and magnetic measurements for single crystals
with x=0.1.274%38 The pronounced shift of H, and the fast
increase of Igggr can be accordingly explained by the ap-
proach to the FM transition and the subsequent increase of
the local anisotropy field in the FM phase. As magnetic an-
isotropy continues to grow upon cooling, it causes the shift
of spectral weight out of the X-band field range leading,
along with development of AFM order at lower tempera-
tures, to the wipe out of the resonance intensity. Recently, a
comparative ESR study of crushed micron sized single crys-
tals and a powder of nanometer sized crystals with x=0.1 in
the temperature range of 115=<7<600 K has shown a simi-
lar variation to the present data for the former specimens,
whereas FM behavior was inferred for the nanocrystals’
cores.”” This difference was attributed to the compositional
gradients of the Ca content in La;_,Ca ,MnQOj; single crystals
grown by the floating zone method and the presence of local
strains.®’ These structural imperfections have been suggested
to vary the spatial distribution of the DE interaction leading
to mesoscopic phase fluctuations that effectively shift the
transition to the FM state at higher doping levels,’® and may
also rationalize the differences between ceramic and single-
crystal data in the CAF regime.

On the other hand, the broad low-field line at H,,, re-
mains clearly resolved down to low temperatures (Fig. 3),
with weak but appreciable intensity, which is considerably
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larger than that observed for the x=0.05 and 0.10 samples.
The presence of such resonance mode suggests a separate
FM component of low magnetic anisotropy. Its origin may be
associated with the hole-rich FM clusters identified by neu-
tron scattering at x<0.1,2"28 provided that their coupling
with the CAF matrix is weak enough to allow the observa-
tion of a separate resonance line. In the CAF state, these FM
inhomogeneities have been found to be nanosized FM plate-
lets confined mostly within the ac plane and strongly
coupled with the surrounding AFM matrix, with little size
variation as x increases up to the CAF-FMI boundary, above
which they start to percolate. However, a similar FM reso-
nance is systematically detected in the FMI phase of the
present samples up to x=0.16, as will be shown below. This
implies that the observed FM signal may be related to a low
concentration of residual FM domains of weak anisotropy,
most pronounced at x>0.1, where ferromagnetism sets out.
The formation of such FM inhomogeneities could be trig-
gered by the large crystal strain that develops at 7<<7,7 . In
particular, the average crystal strain in the JT distorted phase
(0’ or M’) of La,_,CaMnO; reaches a maximum at the mag-
netic transition, below which it decreases down to the low-T'
structural transformation at 7,7, where a marked reduction
of the average orthorhombicity occurs, especially in the FMI
phase (x=0.125). The inset of Fig. 4 shows the temperature
variation of the orthorhombic strain s=2(a—c)/(a+c) calcu-
lated from the structural data of the x=0.11 sample.>* De-
spite its relatively weak temperature dependence, a continu-
ous release of the average crystal strain is observed down to
T=100 K, while at lower temperatures, s reaches a nearly
constant value, correlating with the appearance of the low-
field FMR line.

B. FMI phase (0.125<x=<0.19)

Figure 5 (upper panel) shows the temperature dependence
of the magnetic-resonance spectra for x=0.16, which shows
a transition to the FMI state at 7=~ 180 K. A single ex-
change narrowed ESR line is observed in the PM regime. At
T<T, the resonance spectrum evolves to a double-line pat-
tern consisting of a low-field peak and a derivative like line
at resonance fields designated by H,, and H,,, respectively.
These two singularities split continuously as temperature de-
creases down to =150 K, following approximately the rela-
tion |Hy,—Ho|=2(H,,—H,), where Hy=3.36 kG at the mi-
crowave frequency v=~9.41 GHz. This asymmetrical
spectrum is characteristic of the FMR line shape in polycrys-
talline ferromagnets with uniaxial magnetic anisotropy en-
ergy (MAE).3701:62 In the case of a positive anisotropy field
H,=2K,/M, where K, is the uniaxial anisotropy constant,
and weak anisotropy H,<<H,, the first derivative FMR pow-
der spectrum determined by the imaginary part of the scalar
susceptibility averaged over all orientations of H, with re-
spect to the applied magnetic field®' shows two well defined
singularities, a relatively weaker absorptionlike peak at low
fields H,=H,—H, (particles with their easy axis along H)
and a derivativelike line at higher fields H,, =Hy+H,/2
(particles with their easy axis perpendicular to H) satisfying
the relation |H,—Hy|=2(H,, —H,)~H,, whereas the re-
versed pattern is predicted for H,< 0.9
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FIG. 5. (Upper panel) Temperature dependence of the magnetic-
resonance spectra for Layg,Cap;sMnO3; at the X band (v
=9.41 GHz). (Lower panel) Temperature variation of the resonance
intensity I(7) in logarithmic scale and H,,,(7) in an expanded field
scale.

This type of spectral asymmetry corresponds exactly to
the observed FMR line shape down to T~ 150 K, where H,,
and H,, can be assigned to H, and H, ,, leading to the peak-
to-peak linewidth AH,,=H, —H,~3H,/2 that increases
upon cooling due to the increment of H,. At 7<<150 K, the
increase of the anisotropy field that becomes H,~ H|, shifts
the low-field peak to zero field, turning the corresponding
absorption to nonresonant. In this case, the quadratic reso-
nance condition for uniaxial MAE yields two resonance
modes, when the magnetic field is applied perpendicular to
the easy axis.®> These two lines occur at resonance fields
almost symmetrically displaced around H,, and shift to
higher fields as H, continues to increase.’’ This temperature
variation is indeed observed in the FMR spectra at T
<150 K, where H,, splits into two broad lines that merge
gradually into one at H,, which subsequently shifts toward
high magnetic fields. However, a broad line of weak inten-
sity, similar to that of the x=0.11 sample, appears at low
magnetic fields (H,,,) at T<130 K, as the high-field mode
(H,) of the uniaxial FMR spectra shifts out of the magnetic-
field range. The resonant intensity /(7), derived by double
integration of the derivative spectra (lower panel of Fig. 5),
rises from above T followed by a sharp decrease below
150 K, where the low-field peak at H,, crosses zero field.
This causes the loss of spectral weight out of the integrated
magnetic-field range, in agreement with recent FMR simula-
tions showing a maximum of I(T) when H,=< w/7y.”” On the
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FIG. 6. Temperature dependence of the magnetic anisotropy
constant K(7) for various x concentrations in the FMI regime of
La;_,Ca,MnOj3. Solid lines through the experimental points are
guides to the eyes.

other hand, a broad peak of I(T) is observed simultaneously
with Hy,,(T) at T=70 K, where the low-field FMR mode is
dominant in the FMR spectra. This peak occurs at the T,
transition line [Fig. 1(b)], indicating the close relation of the
weak anisotropy FMR mode with the crystal strain.

Qualitatively, similar FMR spectra of uniaxial anisotropy
have been observed in the FMI regime with Ca concentra-
tions 0.125<x=0.16. The main difference with x=0.16 is
the temperature variation of the high-field H, component at
T<110 K mainly for x=0.125,% and to a lesser extent for
x=0.13, which show a more complex behavior that is most
likely associated with the presence of a small A-AFM spin
component in the neutron diffraction patterns of these
samples.>* At x=0.175, a three-mode FMR spectrum is ob-
served, which has been attributed to a change toward nega-
tive cubiclike MAE, where three singularities along the
[100], [110], and [111] cubic axes are expected in the weak
anisotropy limit (|H,|<H,).* An asymmetric FMR spec-
trum with no clearly resolved structure is further observed at
x=0.19, which, however, preserves the characteristic asym-
metry of the FMR line shape for cubic polycrystalline
ferromagnets,®* with considerably reduced H,. It should be
noted that an alternative explanation based on the presence
of two separate FM spin systems has been put forward to
explain the three-line FMR spectra observed at 7> 100 K in
loose packed samples of sizable crystallites (5-20 wm) with
x=0.18 and 0.20,%% which, however, were subject to partial
orientation and demagnetizing effects.

The doping variation of the FMR line shape points to an
increase of the anisotropy field for 0.125<x=<0.175, which
decreases rapidly as x tends to the metallic phase. To esti-
mate quantitatively the anisotropy constant K(x,T) as a func-
tion of doping and temperature, we have employed the tem-
perature variation of H,=2K/M and of the magnetization
M 3* For 0.125<x=<0.16, H,(x,T) has been calculated by
the total width of the uniaxial FMR spectra as H,
=~ 2AHPP/ 3, down to temperatures, where all the components
of the FMR powder patterns are observable, while at lower
temperatures, the resonance position of the high-field com-
ponent at H,~ H, has been used. To obtain a more complete
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FIG. 7. (Color online) Magnetic anisotropy K(7) as a function
of the normalized magnetization M(T)/M(4 K) for x=0.125-0.16.
Solid lines show the power-law fits with a best-fit exponent m
=2.97(5) for x=0.15 and 0.16. The inset shows K vs
[M(T)/M(4 K)]? plots for x=0.15 and 0.16 following a linear
variation.

picture of the K(x,T) evolution, we have extended this cal-
culation to x=0.175 and 0.19, relying on the presence of
cubiclike MAE. For these concentrations, the anisotropy
field has been determined from H,~3AH,,/5 down to tem-
peratures, where the three-line FMR spectrum is observed,
while at lower temperatures, we have exploited the high-field
component, which in this case can be assigned to Hpj;
=Hy—H, that is least affected by higher-order anisotropy
terms.% For all samples, H,(x,T) has been calculated down
to T=90 K, which is higher than the Ty, transition line
(Fig. 1), where higher-field experiments would be needed to
resolve the FMR spectra variation.

Figure 6 shows the resulting K(7) curves as a function of
x in the FMI regime. A continuous increase of K(7) is de-
rived with decreasing temperature at 7<<T, which reaches
2% 10% erg/cm?® at 100 K for x=0.15 and 0.16, followed by
a drastic reduction for x=0.19. Such a pronounced K(7)
variation resembles the power-law 7' dependence expected
for single-ion magnetocrystalline anisotropy.®%” In particu-
lar, the temperature dependence of MAE determined by the
interplay of spin-orbit coupling and CF interaction is consid-
ered to have the same origin as that of the magnetization,
resulting in  the power-law variation K(7)/K(0)
o [M(T)/M(0)]*V2, where [ is the order of the spherical
harmonic that describes the angular dependence of the local
anisotropy.®®%” For a uniaxial system, where /=2, the corre-
sponding m=I(I+1)/2 exponent becomes m=3, while at
temperatures close to T, an [(I+1)=2 exponent is predicted.

Figure 7 shows plots of K(7) as a function of the normal-
ized magnetization M(T)/M(4 K) for x=0.125-0.16, where
uniaxial magnetic anisotropy has been deduced from the
FMR spectra. Fits of the experimental data to a power-law
dependence of the form Ko[M(T)/M(4 K)]" lead to an ex-
ponent m=2.97(5) for x=0.15 and 0.16 over the entire tem-
perature range. This value is very close to the m=3 exponent
expected for uniaxial single-ion MAE. This is further de-
picted in the inset of Fig. 7, which shows plots of K vs
[M(T)/M(4 K)J? that scale linearly for both x=0.15 and
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FIG. 8. (Upper panel) Temperature dependence of the resonance
field H, and peak-to-peak linewidth AH, for x=0.22. (Lower
panel) Temperature dependence of the resonant intensity I(7) com-
pared to the real part of the ac susceptibility x'(7).

0.16. On the other hand, a progressive deviation from the
m=3 power law is observed for x=0.13 and 0.125. This
variation occurs at 7<110 K and stems directly from the
relatively reduced temperature-dependent shift of the high-
field H, line for these samples. The presence of single-ion
MAE with magnitude of 10° erg/cm? and its close relation to
the orientation of the manganese e, orbitals"!” point to a
dominant orbitally ordered phase within the FMI regime,
with MAE that weakens appreciably as x increases toward
the FMM phase. Comparison with the magnetic anisotropy
derived from FMR or torque magnetometry for
La;_,Sr,MnO; compounds as well as CMR manganites near
optimal doping (x=1/3) in single crystal or thin-film
form%-7! shows that apart from shape anisotropy, MAE is
markedly reduced (over an order of magnitude) for those
compounds, reflecting mostly the enhanced e, one-electron
bandwidth for the Sr-doped manganites and the suppression
of lattice distortions for the metallic phase at x=1/3. Even
higher MAE would be accordingly anticipated by the en-
hanced JT distortion for narrow bandwidth manganites, as
indeed found for the magnetic anisotropy in the FMI state of
Pr, ¢Can,MnOj5 single crystals.”?

C. FMI-FMM phase boundary (0.19=<x=0.23)

For x=0.22 and 0.23 residing in the verge of the FMI-
FMM phase transition, a single FMR line with no apparent
structure is observed below T. Figure 8 summarizes the
temperature dependence of H, and AH,, for x=0.22, which
vary weakly below T~ down to low temperatures with a shal-
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FIG. 9. (Color online) Temperature variation of the magnetic-
resonance spectra for Lay;7Cap,3MnOs; at the X band (v
=9.41 GHz). The inset depicts the spectral decomposition into a
PM and an FM resonance line at 205 K.

low change at T=100 K, reminiscent of the T~ structural
transformation. Likewise, the resonance intensity /(7) shows
little 7' dependence at T<T and follows closely the real part
of the ac susceptibility x’(7) (lower panel of Fig. 8). This
behavior is characteristic of a soft polycrystalline FM mate-
rial and verifies the reduction of MAE near the metallic
phase boundary. On the other hand, the formation of a small
concentration of FM inhomogeneities has been traced in the
PM regime for x=0.175 and 0.19.* This effect appears much
more pronounced for the samples with x=0.22 and 0.23,
straddling the FMI-FMM transition. Figure 9 shows repre-
sentative ESR spectra for x=0.23. In this case, a low-field
FMR mode emerges gradually at 7<<260 K, coexisting with
the PM resonance line at g=2.0. As the temperature de-
creases toward T, the spectral intensity is continuously
transferred from the PM to the FMR line until the PM reso-
nance is diminished. To extract the relative spectral weight of
each component, we have fitted the central PM line to a
Lorentz line shape over the appropriate magnetic-field range
around g=2.0 plus a polynomial background to account for
the FMR contribution. Subsequently, the fitted PM line has
been subtracted from the total ESR spectrum to derive the
FMR component, as shown in the inset of Fig. 9. This pro-
cedure resulted in a fairly accurate decomposition of the ESR
spectra, especially for loose packed powder samples, where
the FMR line narrows and shifts to lower magnetic field due
to partial orientation effects that effectively increase the
splitting of the two signals.>

Figure 10 shows the resulting temperature variation of the
integrated intensity of the FMR component normalized to the
total resonant intensity Iin,"=Ipm/(Ipy+Ipy) for x=0.19,
0.22, and 0.23. The relative FM intensity Ii3,"(T) grows con-
siderably with x implying an increase of the underlying FM
fraction and shows a rapid increase upon lowering tempera-
ture through 7. This (x,7) evolution of Ifgf" correlates with
the enhancement of the metallic behavior below T, depicted
by the corresponding resistivity curves p(T)/p(300 K) in the
inset of Fig. 10. Moreover, the FM phase appears for all
samples at the same temperature of 7=260 K, which lies
close to the T,/(x) transition line, when extrapolated at
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FIG. 10. Temperature variation of the normalized FM intensity
It =Ien/ (Ipyp+ Ipyy) for x=0.19, 0.22, and 0.23. The inset shows
the corresponding temperature dependence of the normalized resis-
tivity p(7)/p(300 K).

higher x values [Fig. 1(b)]. This variation complies with re-
cent ESR results on a ceramic La, ;5Cag,sMnO; sample’? as
well as La,_,Sr,MnO; single crystals in the FMI regime,’
where the presence of FMR signals in an extended tempera-
ture range above T has been observed. On the other hand,
the coexistence of FMR and PM signals at 7> T~ has been
reported in a rather limited temperature interval (A7=3 K)
for a powder ceramic sample with x=0.33, attributed to a
narrow T distribution,> while magnetization and NMR ex-
periments on La,;;Ca;3MnO5 ceramics with different grain
sizes have shown a poorly conducting magnetic layer at the
grain surface with similar 7 as the bulk one that may ac-
count for the low-field magnetoresistance of CMR
manganites.”> Even though the presence of such extrinsic
inhomogeneities cannot be completely ruled out, the system-
atic evolution of the FMR signal with x suggests an intrinsic
effect involving the formation of FM clusters above T as the
FMI-FMM phase boundary is approached. The nucleation of
such FM inhomogeneities may be driven by short-range or-
bital correlations that persist in the metallic phase despite the
absence of a cooperative Jahn-Teller transition.”® Such an
effect can be of direct relevance to the heterogeneous elec-
tronic phase-separation approach of the CMR effect,”’ as
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well as to the suppression of a genuine FM phase transition
close to the FMI-FMM boundary, which is restored near op-
timal doping (x=1/3).78

IV. CONCLUSIONS

In summary, we have performed a systematic ESR study
in stoichiometric La;_,Ca,MnO; over an extended concen-
tration range (0<x<0.23) to probe the evolution of spin
dynamics and phase coexistence as a function of doping. The
room-temperature ESR linewidth decreases significantly
with x, a variation that is mainly due to the reduction of the
thermodynamic factor [Tx(x)]™' and to a lesser extent to a
much slower evolution of spin relaxation attributed to the
interplay of CF and SE interactions with no noticeable sig-
nature of the DE mechanism. In the CAF regime (0<x
<0.125), AFM behavior is observed in the vicinity of Ty
preceded by an x-dependent FM variation of the ESR param-
eters that reflects the growth of the FM spin component in
the canted spin structure. A minor contribution from a low-
field FMR mode is further observed below T that becomes
enhanced near the CAF-FMI phase boundary (x=0.11). This
mode persists at higher doping levels in the FMI phase, up to
x=0.16, and it is likely related to the release of crystal strain
near the low-temperature 7/, structural transformation that
may cause the appearance of residual FM domains with
weak magnetic anisotropy. In the FMI regime, FMR mea-
surements reveal uniaxial magnetic anisotropy that reaches
10% erg/cm? and follows an M(T)® temperature dependence
above Ty for x=0.15 and 0.16, pointing to the single-ion
magnetocrystalline origin of MAE and the presence of an
orbitally ordered ferromagnetic insulating state. The mag-
netic anisotropy decreases significantly as the FMI-FMM
phase boundary is approached, where the appearance of an
FMR mode coexisting with the PM resonance line is system-
atically observed at 7<260 K for x=0.19-0.23. The relative
intensity of that FMR line grows appreciably with x indicat-
ing an increase of the underlying FM fraction that correlates
with the enhancement of the metallic behavior of the sam-
ple’s resistivity.
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