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Electron magnetic resonance in La_,Ca,MnO 5 (x=0.18, 0.20, 0.2 Crossing through the
boundary between ferromagnetic insulating and metallic ground states
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Electron magnetic resonand&MR) measurements were employed for studying the magnetic state of
La; _,CaMnO; crystalline samples withx=0.18, 0.20, and 0.22. It is shown that EMR spectra of
Lag gLCa 1dMNO53 and Lg ¢Ca, ,MNO; become drastically different from those of -@Ca, ,dMnO; below the
Curie points of these compounds. Such spectra gfiCa, ;MNO; and Lg ¢Ca ,MnO; below T are con-
stituted of low-intensity doublet and relatively intense singlet signals attributed to ferromagnetic insulating and
ferromagnetic metallic phases, respectively. The spectra @f{a, ,,MnO; have a shape of a broad asym-
metric singlet signal similar to that observed in homogeneous ferromagnetic metallic manganites. The EMR
data obtained on La,CaMnO; were compared with the recent results on magnetic, conductive, and nuclear
magnetic resonance properties of these compounds and discussed in the context of transition from electroni-
cally separated phase to a homogeneous state with increasing Ca content.
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It is well established nowsee, for example, Refs. 1) 2 Prior EMR investigations of doped manganites were fo-
that substitution of La sites by Ca in parent LaMpn&m-  cused mainly on electron paramagnetic resondfR at
pound leads to a canted antiferromagnetic insulating groungt>T. (see, for example, Refs. 14, 150nly a few
state forx<0.1 (x being the concentration of Ca doppat  groupd®7 tried to analyze complicated ferromagnetic reso-
low temperatures(T). Further increase of Ca content in nance (FMR) spectra of PS manganites A< T, where
La;_CaMn0; (l.‘CMO) system results in a dominant ferro- e o types of FM ordering occur. Our recent EMR mea-
magnetic msulatlngFMI)_state for_0.15x<0.22(Refs. 3-5 surements on the LCMO compound wikk=0.18 (Ref. 12
gnzdzgﬁxof(l)y;e(r:rglrg ggaﬂergggrrrlliiilrléi:\gt'\;%cger%L;fgitSi;af)eb;ervepave also demonstrated a complex structure of resonant spec-
in the vicinity of the Curie pointT¢ in this concentration ra originating from the coexistence of FMI and FMM pha§es

below T, and the presence of FM clusters embedded into

interval? It must be mentioned here that the above FMI A : : . :
ground state in LCMO is basically nonhomogeneous. Neuth€ ParamagneticPM) matrix above this temperature. It is

tron scattering studiés® provide clear evidence for the pres- "€@sonable to expect that a change in Ca concentration up to
ence of FMM clusters embedded in a FMI matrix for com-Xc [resulting in transition from nonhomogeneous mixed
pounds with 0.&x=<0.2. Other investigations of th®Mn ~ FMI-FMM to mostly FMM ground state in LCMQRef. 3]

and 3%La zero filed nuclear magnetic resonafZENMR), ~ Must lead to notable changes in the EMR spectra of the sys-
as well as ac susceptibilty® also suggest that for the doping tem under consideration.

range 0..kx<0.2 a mixed ferromagnetic ground state com- In this connection EMR study was carried out for three
prising FMI and FMM regions exists, i.e., the phase separaCMO single crystals withk=0.18, 0.20, and 0.2@marked

tion (PS appears. It has been previously reported that the P&irther as Cgig, Ca oo, and Ca,,, respectively. It in-
state observed in a baLCa, ;dMNO; single crystal below cludes monitoring of both temperature and concentration
and aboveTl . manifests itself in electroresistance and mag-evolution of EMR spectra parametditte shapes, resonant
netoresistance effectd metastable conductivit},ac suscep- fieldsH,, peak-to-peak linewidthdH,, and double inte-
tibility, and magnetizatiot? Moreover, a very recent struc- grated intensitie$DIN)] that correspond to the change in the
tural study® of LCMO directly reveals the presence of PS ground state. These measurements are complementary to
orbitally ordered(©O) ground state in this system up to the a recent ZFNMR study on the LCMO syst&tf supplying
critical concentratiorx.~0.22. Such an OO state originating valuable information on the magnetic state Towell below

from FM superexchange is responsible for the FMI phaseTc, while EMR also covers the FM-PM transition region
while FM double exchange leads to the FMM phadéws, and PM state. The obtained results are compared with the
LCMO compounds withk<x. represent extremely compli- latest data on magnetic and conductive properties gf;&a
cated objects, which up to now has neither been described H9a, ,o, and Cg,, single crystals?!®

consistent phenomenological nor by quantitative theoretical EMR spectra were recorded using a Bruker EMX-220
models. Therefore, a supplementary experimental study of-band (#=9.4 GHz) spectrometer within the temperature
LCMO system with Ca content close 1@ is extremely im-  range 100 K T=<460 K. For a detailed description of mea-
portant. The main goal of this work is a detailed electronsurement techniquésee Ref. 18 The measurements were
magnetic resonand&MR) study of such a boundary region carried out on loose-packed micron-siz¢8—20 um)

on the LCMO phase diagram, which can give additional in-crushed crystals. The choice in favor of loose-packed
sight into the magnetically ordered PS state of this system.samples for EMR measurements has been argued in detail in
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FIG. 1. EMR spectra of three manganite samples at tempera- E &0 L
tures approaching ¢ from below. (a) Ca 15 (¥=9.27 GHz), (b) "—'f400_ * % . 1
Cay 20 (v=9.44 GHz), (¢) Cay,, (v=9.43 GHz). In both(a) and ) Foa (c)
(b) the low-temperature spectra were recorded at higher receiver £ 200 ® N ;
gains that also revealed sharp signalklat0.16 T originating from I ol " o % |
the samples’ holder. For all of the spectra the gain coefficients are

marked at the left. The star ift) marks a signal of the impurity 130 140 T‘5° 160 170 13;’( 190 200
ferromagnetic phase. emperature (K)

FIG. 2. Temperature dependence of the resonance figlds$a)
& ,,, Circles: main phase, FMM signal; diamonds: main phase,
PM signal; triangles: impurity phase, PM signé)) Ca, 45 (closed

Ref. 20. The crystals studied were grown by a floating zone.
method using radiative heatifgThe x-ray data of the crys-
tals were compatible with an orthorhombic unit cell of 8 symbolg and Cg », (0pen symbals circles: low field FMI signal;
perovskite structure. The cell parametaysh, andc change triangles up: high field FMI signal; triangles down: FMM-like sig-
in the intervals 5.5062-5.4951 A, 7.7774-7.7814 A, antha|: diamonds: PM signakc) splitting between two lines of the
5.5144-5.4947 A, respectively, wichanging from 0.18 10 FmI doublet spectrum, closed stars:(Gg open stars: Gao.

0.22. TheT values for Cgqg, Ca& 59, and Cg o Crystals are
180+1, 183+1, and 18& 1K, respectively. It should be
noted that the temperature dependences of the resistp)ity
upon cooling demonstrate semiconductorlike behaviorF at for t t hiffo. f bova fit for C
>T¢, sharp maxima in the vicinity of ¢, followed by a or tempera ure_sdﬁpproac MGhin TrOM above Tt Tor L2 22
resistivity decrease and upturn after passing local minim l,JS'ng the equati
observed at about 150, 140, and 135 K for, Ga Ca, 5,
and Cg,, crystals, respectively. AT=<60 K Cag », shows
metal-like conductivity, while Cgg and Cg ,q crystals re-
main insulator$2*8Thus, dc conductivity of the investigated

dences for these samples much better than the model of Hu-
beret al!® The dashed line in Fig.(8) shows a perfedieven

AHo(T)=AHo+ (A/T)exp — Eo/kgT). )

crystals demonstrates a transition from predominantly non- [* | (al) 'I(c) ]

homogeneous FMI ground state to FMM one with increasing £ 2

of Ca content from 0.18 to 0.22. ik ,f, i _ o
Analysis of the EMR spectréFig. 1) and temperature Fi % = i og® 1

dependences of EMR parametéfigs. 2, 3 reveals signifi- a ‘3’ 0. Zf

cant differences between £g, Ca oo, and Cg », already at § % E N 88,' i

PM temperatures. Within the PM region DIN valugsg. Sol e 2 ot

3(a)] for all samples obey the Arrhenius & £ 3 £ 2 é’?

2|z g -
DIN(T) =1, exp(E,/KgT) (1) §<‘§ @
as shown in Fig. ). However, the activation enerdy, in " [ L]

Ca, ,,Was found to be considerably higher, than i, Gand 100 200 300 400 2 3 4 B 200 300 40

Cay.00, S€e Table I. It is worth noting, that a similar anomaly: ~ emeerature () 1000T (K5 Temperature (K)

a jumplike change of the spin-wave stiffness coefficiBnt g 3. Temperature dependences of EMR spectra parameters,
has already been observed in LCMO system on the crossingamonds: Caug; circles: Caao; stars: Cagp: (@) double inte-
FMI-FMM boundary by Ca doping’ The linewidthAH,,  grated intensity DINib) Arrhenius plots of DIN, each line repre-
for all crystals has a pronounced minimumTati,~225 K,  sent the best linear fit for the corresponding pl@} linewidth

see Fig. &). It was found that the “bottleneck” model pro- AH,,, dashed lines represent the best fit for the Saample,
posed by Shengelayet al.** describes theé\H,,,(T) depen-  using the model proposed by Shengelayal. (Ref. 14.
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TABLE |. Activation energies ) obtained by a linear fit of and the another is FM withTc~265 K. Both impurity
In DIN vs 10007 plots andAH,, vs T dependences using Edd)  phases may be due to the local nonstoichiometry of the
and (2) within the paramagnetic temperature region. crystal24

To establish a correlation between EMR signals observed
and magnetic data obtained by another techniques here we

Parameter of EMR

spectra used for Ca g Ca 20 Ca2n o . .
fitting E,(meV) E,(meV) E, (meV) follow only a qualitative analysis based on analogies and
resemblances of the EMR signals to the ones observed in
DIN 984 97+2 132+2 well understood homogeneous systems. Indeed, such an ap-
AHpp 90=6 875 110-6 proach significantly concedes the analysis using quantitative

spectra simulations based on both spin Hamiltonians and
The E,, values obtained by fitting Ed2) are also presented phenomenological models. However, the extreme complexity

in Table 1. In general, the activation energies obtained by twd’ (e PS systems under study and the lack of satisfactory

independent methods somehow reflect short-range correld12gnetic resonance models for both PM and FM regions
tions of a double-exchange origin in mixed-valent must be taken into account. The relative content of different

Mn3*-Mn** clusters abov@ ¢ .>!° One can conclude there- Magnetic phases in our case may vary with changiagdH

fore, that such intracluster interactions in Gaare much making the quantitative simulations questionable. Neverthe-

stronger than those in gg; and Cg 5. less, the qualitative analysis done still may be useful for a
It is not surprising that EMR in the FM region also re- better understanding of the phase separated magnetic state in

veals striking differences between (Ga, Cay .0, and Cg,, the boundary region of the LCMO phase diagram.
samples. Both Gagand Ca o demonstrate complex EMR ~ The temperature dependent EMR spectra of {gand
spectra below their Curie points. Namely, starting Tat Ca g Samples clearly demonstrate that two different mag-
~100 K two broad lines are observed at low and high magnetic phases are observed beldw. Following the sugges-
netic fields(H). The low field EMR signal is revealed as a tions of Ref. 12 and observaslvs T dependences we may
resonant tail of some nonresonant microwave absorptioattribute the two component EMR signal observedTat
(H,=0), whereas the high field signal shows a clear maxi->100 K [Figs. Xa), 1(b), lower spectrato the FMI phase
mum with H, locating above the upper limit of the actudl  characterized by strong nonuniaxial magnetocrystalline an-
scan[see lower spectra in Figs(a), 1(b)]. Upon heating isotropy which is a characteristic feature of OO FMI
these lines become narrower and converge towkirdsor-  systems: Strong anisotropy in the OO FMI phase has been
responding tog~2 [see Figs. (@), 1(b), and 2Zb)]. At T  also observed by the rf-enhancement technique in recent
>165K a third EMR line, centered at zero fields, appears**3La ZFNMR experiment$® Another FMR signal, which
With increasing temperature this EMR signal growths, nargrows with increasingl’ and becomes evident at>165 K
rows, and shifts to thg~2 position, see upper spectra in resembles the EMR signal seen in homogeneous FMM man-
Figs. 1@, 1(b) and theH,(T) plot in Fig. 2b). All lines  ganites(see, e.g., Ref. 23This is a reason why we attribute
merge to a single one in the vicinity df., but the second this signal to the FMM-like phase. In a contrast, the FMR
derivative of the EMR spectra enables one to distinguistspectra of Cgy, (excluding impurity regionsshow only the
them up toT~205 K. Moreover, the discussed line con- signal of that FMM type. The magnetic state ofsGaabove
verges into a Lorentzian-shaped one only at temperaturek)0 K may be therefore characterized as being mostly homo-
aboveT=220 K. geneous and metallic one. The latter result is consistent with
The EMR spectra of Ga, samples belowlTc may be the phase diagrams of the LCMO system drawn on the basis
represented as a superposition of an intensive broad asyrmf neutron diffractior?, magnetic, and®Mn ZF NMR data®
metric line, shifted to lower fields, and a weak symmetriclt is worth mentioning here that EMR reveals the presence of
line with g~2 [see lower spectrum in Fig.(d]. With in-  phase separatetFMI- and FMM-like) and homogeneous
creasingT the former line gradually narrows and shifts to a FMM states in the relevant samples at temperatures up to
g~ 2 position, while the latter weakly depends on tempera-l.1T¢. Asymmetry of the PM signals resulting from the ad-
ture. The signals merge at about 190 K and further on onlynixture of magnetically ordered phases, disappearS at
the singlet line, turning to a symmetric Lorentzian-like PM ~1.2Tc. Only above this temperature the magnetic state
signal aboveT =230 K, is observed, see Fig(cl. Another ~may be considered as pure PM polaronic liquidlike &he.
broad asymmetric sign@inarked by a star in Fig.(&)] was The DIN values for all samples exhibit clear maxima in
found on the low field wing of the main signal &  the vicinity of T¢, see Fig. 8), T,,=175, 175, and 200 K
>175K. This signal disappears af~265K. Several for Ca g, Ca,o and Cg,,, respectively. BelowT .
samples, taken from different parts of the samg Gaingle  DIN values for Cg gand Caobehave in similar way. They
crystal were tested. It was found that the relative contributiorboth show a sharp drop of about two orders of magnitude
of the additional signals is most pronounced for the samplewhen the temperature decreases towards 10€ek Fig. 8a)
originating from the edges of the crystal. This allows us toand spectra in Figs.(@, 1(b)]. In a marked difference the
conclude that these signals result from impurity phases. Onimtensity of the EMR signal in Ga, decreases slowly and
of them is PM afT=100 K, see the lower spectrum in Fig. the line remains observable over the entire temperature range
1(c) (a similar PM signal has been observed indown to 100 K[see Fig. {c)]. Double integration of the FMI
Lag -Siy.sMnO;5 single crystals grown by the same metfidd  lines in the EMR spectra of Gagand Cg o, recorded af
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slightly below T [T=180 K, upper spectra in Figs.(d, justification of applying the CGLS m.odel to.FMM-Iike phase
1(b)], allows a rough estimation of the relative volume of in low-doped LCMO &<x.~0.22) is provided by the re-
FMI- and FMM-like phases. For Gagand Ca@_othe FMM- suljts of _complex stud!ésof_ the x=0.1 compound. It is
like phase occupies 90 and 95 % of the entire magnetic pha%am:jeg,\'ﬂnMF\)lf' 5|that in this co?%%ur&q therl\;\:)rt-rangeTgr-
volumes, respectively. The above estimation provides on up-.ere q th_l elct_usters areterr; € heFI\l/rl]lv?l'k matrix. | €
per limit for the FMM-like phase content due to relatively > ~¢ and he reiative amount ot suc ~IK€ nonpercoia-
\ . . tive clusters were found to be 3 nm and 30%, respectively.
large integration error. The phase content obtained correlat

. e corresponding parameters fo=0.18 and 0.20 were
well with the data extracted from thé®La ZFNMR spectrd, 207 0c 10 nifRefs. 12, 18 and 8090 % just below

where t_he upper limit of the FMM phase content _ino-@@ T¢ (this work and Ref. Y. Coexistence of FMM and FMI
was estimated to be of about 80%. In agreement with Ref. 7yases in a natural prerequisite for manifestations of various

we have also observed a decrease in the FMM phase contefihssyiike state effects enhancing, together with the nonreso-
with decreasing Ca doping. All magnetic resonance data argant absorption, the reduction of DIN & T,y in Céh1g

also consistent with recent results of neutron diffraction andynq Ca.0-

SANS measurements on 4 4C& ;MnO; in which the FMM Temperature dependence of resonance fidldsvidently
phase content at low temperatures was close to 30%s  reflects the changes in the magnetic anisotropy. For the FMI
worth emphasizing here that the high content of FMM-like phase splitting between two doublet signfiiég. 2(c)] is
phase, found in Gag and Ca,q, causes the metalliclike proportional to the ratio of the effective magnetocrystalline
conductivity only within a narrow temperature interval be- anisotropy constant to the magnetization. Since the magneti-
low Tc, where the percolation of those FMM-like clusters zation in the field cooled route remains practically un-
occurst?8 At low T, the absence of percolation of above changed belowl ¢ (Refs. 12, 18 one may conclude that the
FMM-like clusters in the FMI matrix results in the FMI magnetic anisotropy of the FMI phase increases with de-
ground state of Gggand Ca ,oas is generally accepted for creasing temperature. The shift of the EMR line to lower
0.1=x<0.22%° observed for the FMM-like phase with decreasingsee Fig.

Let us discuss the unusual sharp drop of DIN belgyy,  2(0)], reflects the same change of the uniaxial magnetic an-
(Fig. 3. DIN is proportional to the relative amount of the isotropy. The above conclusions qualitatively agree with the
corresponding magnetic phase. On the other hand, it is pr@nes drawn in Refs. 5, 26 for bgCa ;MnO; but contradict
portional to the frequency dependent magnetic susceptibilitjo the data on temperature dependence of the magnetic an-
of a sample. There are several possible explanations for iaotropy obtained for Ggo by the rf-enhancement
sharp reduction of DIN with decreasifg(a) decrease of the techniqué® This contradiction may be due to misinterpreta-
actual amount of magnetic phagb) shift of the EMR signal tion of the averaged rf-enhancement factor that, in fact, must
to zero field (due to the increase of internal anisotropy include both domain and domain wall contributions. The
fields), i.e., appearance of nonresonant microwave absorgormer directly relates to the hyperfine anisotropy field while
tion (natural FMR,?>?®and (c) appearance of so-called clus- the latter one strongly depends on the domain wall structure
ter glasslike statéCGLS), where some magnetic moments undergoing significant changes in Ggwhen T decreases
become “frozen” and “invisible” at higher frequencies, as from 170 to 50 K due to angular shift of the easy magneti-
has been earlier observed in ac susceptibility experinfénts.zation axist®
Magnetization daf&8for the investigated samples demon-  In summary, EMR experiments, carried out on loose
strate that for all temperaturds< T the total volume of FM  packed samples originating from {aCaMnO; single
phasegFMI- and FMM-like) remains practically unchanged. crystals ¢=0.18, 0.20, and 0.22show significant differ-
Thus, only possibl¢b) and(c) scenarios should be taken into ences in the spectra of gg, Ca) o, and Cg»,. In the PM
account. Let us consider the FMM-like phase for nonhomo+egion (T>T¢) the activation energy for the dissociation of
geneous (FMFMM-like) Cay 15, Cayo0 and FMM phase FM spin clusters is higher in Ga, (see Table )l indicating
for mainly homogeneougabove 100 K FMM Ca,,,. The  stronger intracluster double-exchange interaction in Jga
above phases are the main sources of the total EMR signéten those in Ggg and Ca 9. EMR spectra of Cgyg and
for these compounds. The relevant EMR signals simultaCa, 5o below T are constituted of low-intensity doublet and
neously sharply decrease in intensity and rapidly shift towardelatively intense singlet signal attributed to FMI and FMM-
zero H with decreasingT. It is possible that a part of the like phases, respectively. The spectra of &dave a shape
resonant EMR absorption turns to the nonresonant one witbf a broad asymmetric singlet signal similar to that observed
decreasing temperature. Previously, this effect was found tim homogeneous FMM manganites. The sharp reduction of
be responsible for a sharp drop in low temperature microDIN below T, is ascribed to the combined effects of FM
wave losses in powdered homogeneous FMMresonant absorption changes to a non-resonant one and
Lag ¢Cay.3MNn05.2° Evidently, the nonresonant absorption cluster-glass-like effects in Ggg and Cg . In the case of
significantly reduces the integral FMM signal intensity andCa, ,, the nonresonant effects are the dominant ones. The
may be considered as a main factor responsible for thellow-magnetic anisotropy of FMI and FMM phase in Ggand
DIN behavior in Cg,,. However, in the case of Gggand  Ca,,, increases withT decreasing towards 100 K. These
Ca 50, the CGLS effects may not be ruled out. The existencdeatures of EMR spectra are very consistent with the model
of such effects is strongly supported by the observation obf PS ground state of Gagand Cg ,,, Which includes or-
frequency dependent ac susceptibilityTat 180 K228 The bitally ordered FMI phase and FMM-like clusters of nano-
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