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Temperature dependence of the ESR linewidth in the paramagnetic phas@ >T )
of R,_,B,MnO,, s (R=La,Pr; B=Ca,Sr)

C. Rettori, D. Rao, J. Singley, D. Kidwell, and S. B. Oseroff
San Diego State University, San Diego, California 92182

M. T. Causa
Centro Afanico Bariloche and Instituto Balseiro 8400, San Carlos de Bariloche, Argentina

J. J. Neumeier and K. J. McClellan
Los Alamos National Laboratory, Los Alamos, New Mexico 87545

S-W. Cheong
AT&T Bell Laboratories, Murray Hill, New Jersey 07974

S. Schultz
University of California, San Diego, California 92037
(Received 6 June 1996

Electron spin resonanc€ESR experiments in the paramagnetic phaseRaf ,B,MnO;, s (R=La,Pr;
B=Ca,S) show, for 1.1To.<T=<2T., a linearT increase of the resonance linewidthH, in powders,
ceramic pellets, and single crystals. Abov@T . a slowdown in theT increase ofAH is observed. The data
resemble the results found in other ferromagnetic insulators where the spin-lattice relaxation involves a single-
phonon process. We find that the one-phonon process may account for thd lshe@endence of the linewidth
observed up to- 2T . A largeT dependence of the resonance intensity abiqvevas found in all the samples
studied, suggesting the existence gfin clustersin these compounds over a wide range of temperature.
[S0163-18207)05805-0

[. INTRODUCTION to explain the experimental resuftd But the true nature of
the semiconducting-paramagnetic phase and the metallic-FM
The discovery of huge negative magnetoresistadivMie), phase is still a subject under intense investigafion.

now termed colossal magnetoresistaf€MR), in the doped We have previously reportédhat these systems have a
manganiteR; _,B,MnO;, s (R=La, Pr, Nd, etc.B=Ca, Sr,  strong ESR line in the paramagnetic pha$e-T¢). In par-
Ba, Ph with a perovskite structure has recently become ajcular, for those compounds that undergo a FM transition,
SubjeCt of intense intereét.The increased intereSt in the the intensity of the resonance grOWS approximate'y exponen_
study of these systems arises from the high correlation founga"y as one approache. from above. The increase in
between their s_tructural, transport, and magnv_atic properties "fﬁtensity is much more rapid than tie * Curie-like behav-
Tc, the Curie temperatufe. The proximity of the o expected for a single-ion excitatioteither Mr#*or

paramagnetic-ferromagnetiEM) phase transitiod,and the Mn**), and it does not follow a{—®)~* Curie-Weiss law

semiconductor-metal phase transition lead to giant MR ef- . .
fects atT¢.>? Further improvements in the MR sensitivity, which is commonly observed for FM coupled ions. We have

particularly at low magnetic fields and room temperaturessuggeSted.that thanomalousncrl\e/:ﬁajfse |n4|£1tenfs|ty IS duzto
may make these systems suitable for commercial magnet?ge formation of a .compl.ex' of —Mn™ spin cluster
sensing applicatiors® Thg average effective s.pﬁ increases as we approach .

The structure and basic behavior of the doped manganite§"iS growth reflects the increase of the number of Bohr mag-
has been established long dya.model for the transition to  N€tONSs mtle(?sured indc-magnetization experiment Tas
a FM-metallic phase was postulated by Zénand refined decreases:
later by deGennes using the double-excha(id€) mecha- In this paper we have extended our previous Wdtka
nism. In this model the conductivity is established by anlarger number of systems of th& _,B,MnO;3, s (R=La,Pr;
itinerant Mn d-electron hopping between Mh and Mrf*  B=Ca,Sr; Gsx=<0.5 family in the form of powders, ceramic
ey states. The carriers are strongly exchange coupled to theellets, and single crystals. We have studied Theepen-
localized electrongFM aligned in the d-coret,, states ac-  dence of the linewidthAH, for T=1.1T¢. We find that, for
cording to Hund's rulgS=3). However, recent calculatiohs 1.1Tc<T=<2T., AH increases linearly witfl over a large
indicated that the DE model alone cannot quantitatively acrange ofx. Such behavior is unusual for materials that, as in
count for the measured CMR values. The formation of aour case, are semiconductors or insulators. Abe\&T - a
spin-polaronic band in the paramagnetic phase arising frorslowdown in the slope ofAH is found. We attempt to de-
Jahn-Teller splitting of the outegystates, has been invoked scribe our results in terms of a single-phonon spin-lattice
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FIG. 1. X-band, 9.2 GHz, ESR spectra taken at 320(aK
P1o.625510.370MNO3,. 5 single crystali(b) Lag 76C2MnO;.; single FIG. 2. X-band, 9.2 GHz, ESR linewidth for powder samples of

crystal; (C) Lags£2sMnOs,; ceramic pellet; and (d) Pro.s7Ca.3MN03. s and Lg ¢Ca 3gMnOs, 5 The solid lines are the
ITaO-67069-3NnO3+5 powder from ceramic pellet ic). The S_Ol'd best fit toAH=a+bT, for 1.ITc<T=<2T.. The values ob are
lines are the best fit of the experimental spectra to Dysof{@r given in Tables I and II.

(c)] and Lorentzian line shapéd).

a:ion) with A/B~2.3 were observed over the temperature
range reportedA and B are the heights of the low- and
high-field Dysonian resonance peaks, respectiVél{These
values correspond to the diffusionless limit in Dyson’s
Il. EXPERIMENTAL DETAILS theory!? Therefore, our resonances are similar to those of
fgcalized magnetic moments in conducting hosts. For pow-
ered samples, with particle size smaller than the skin depth,

relaxation mechanism. The data are well fit over the studie
T range, provided we use the experimental susceptibility.

Ceramic samples were prepared by standard ceram
methods, heating stoichiometric mixtures of the correspond: :
ing oxides as described in Ref. 9. The oxygen content wa € resonance ?hOWS the normal expe_cted Lorent2|a_1n shape.
modified by subsequent annealing in oxygen or argon atmol Ne solid lines in Fig. 1 are the k_Jest_flt of the experimental
spheres. Fox=0.33 the oxidation was accomplished by an-Spectra to Dysonian and Lorentzu_an line shapes.
nealing in a flowing @ atmosphere for 24 h between 900 °c __Figures 2 and 3 show, respectively, tedependence of
and 1400 °C. The reduction was achieved by annealing th& for powdered R,_,CaMnOs. ; and single crystal
samples in a flowing Ar atmosphetasing Zr or Ti as get- Rl—xsernO3+(? (R=Pr,La samples for 1_'ICS,T52TC'
ters between 800 °C and 1000 °C for 24 h. The change " @ll cases a lineal dependence of the linewidtdH=a
oxygen content, fox=0 and 0.33, was determined by ther- +bT, was observeq. Within the accuracy pf the experiments,
mogravimetry with an accuracy 0f0.02. Single crystals of the g values areT independent and consistent at 9 and 35
Lap gsSro.1MNOs,. s and L& 76C& .MNOs. s were grown by
the optical float zone method. Typical rotation rates for both 9 T 1.2
the seed crystal and feed rod were 50 rpm and the crystals
were grown at a rate of 6 mm/h. TheyRssSty 37MN0O3, 5
single crystal was also grown by the floating zone method, 0.8
using a lamp-image furnac¢éThe structure and phase purity
were checked by x-ray diffraction. The resonance measure-g
ments were performed in conventional ESR spectrometersg
locked to the cavity and using field modulation. The spec- ~
trometers operate at 9.2 GHz between 100 and 800 K and aﬁ 0.4
35 GHz between 77 and 300 K. The samples used in our
ESR measurements were single crystals and ceramic pellets
of about X2X2 mn¥, or particles of about %um in diam- 0.2
eter, obtained by filing and sieving the ceramic pellets.

—o P r.ezss r_375M n 03

—e— L a'sas r'17M n O3

0.6 0.8
0.6

0.4

e b b N

D S L B B

0 il PP B N RN IV A
lll. EXPERIMENTAL RESULTS 300 400 500
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Figure 1 shows the ESR lines measured attheand(9.2 ()
GHz) and T=1.1T for four of the roughly 100 samples  F|G. 3. X-band, 9.2 GHz, ESR linewidth for single crystals of
studied in this work. For single crystals and ceramic pelletspy, ¢,.Sr, 3,¢MnO,. s and La St ;MnOs, 5. The solid lines are the
with dimensions larger than the skin deptk100 um),  best fit toAH=a+bT, for 1.ITc<T=<2T.. The values ob are
Dysonian line shape&@dmixture of absorption and disper- given in Tables | and II.
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TABLE I. ESR parameters for La,(Ca,SiMnO;, 5. b was 1.6 7 T T
g_tl)_tamed from the linear increase AH between about 1Tl and ‘4 _ A La,Ca,MnO, 0.38
C- F
12 0.36
Te AH (T~1.1T() b fo b :
X (K) g (Og) (Oe/K) S o - 0.34 3
0.0%° 2505) 2.012) 330(40) 2.6(3) = 06 _ o 5
0.02Ca® 27010 2.024) 70080) 2.73) al: 0%z =
0.10CaP 270100 2.024) 720(80) 2.83) 0.4 - 0.30
0.22Ca)° 200(5) 1.992) 250(30) 2.9 0.2 |- AT '
—a oL
0.25Ca° 27010 2.002) 300(30) 2.43) P T 0.28
0.33Ca" 2855  2.012) 260(30) 3.23) 200 300 400 500 600 700
0.45Ca° 27010 2.012) 280(30) 2.93) T &
0.50Ca° 230100 2.002) 300(30) 3.2(3) . L
0.17S1° 2755 2.002) 280(30) 2.73) FIG. 4. Experimental ESR linewidtrAH(T), for a powder

sample of Lg gCa 3qMn0O;, s (open circlesat 9.2 GHz. The values
ag~0.1. of AH(T)Tx(T) (open triangleswere obtained using the experi-
mental x(T) for the same sample.

Powder.
‘Single crystal.
Moriya antisymmetric exchange interaction between super-
GHz. The ESR parameters for the single-crystal and ceramiexchange AFM coupled ions leads toTadependent ESR
pellet samples are presented in Tables | and Il for represerinewidth in the paramagnetic region. In particular, a linear
tative samples. term was predicted for the one-phonon process. Huber and
None of the studied samples showed thermal hysteresiSeehrd® reported that, for a FM compound afg> T, it
Note that most of the data presented in this paper were takanay also be expected an asymptotic lin€adependence of
in the paramagnetic region, witic determined from mag- AH associated to a one-phonon process. They expressed the
netization data. FoT=<1.1T. the interaction between the linewidth, in the case of isotropic behavior, as
localized magnetic moments and the increasing demagneti-
zation effects become significant. There are field shifts, in-
creased broadenings, and sometimes even splittings of the
resonance lines. For example, beldw=1.1T., the single
crystals showed anisotropig values, linewidths, and\/B
ratios. However, forT=1.1T;, no anisotropies were ob- ) ] o
served in any of the samples studied. Complimen@yand whereC is the Qurle constant angl(T) the susceptlblllty._
(35.5 GH2 measurements on the same samples showed b&(T)andf(e), with e=(T—T¢)/Tc, represent the noncriti-
sically the same line shape with no more than a 20% increasgd! and critical contributions ta\H(T), respectively. As
in the linewidth. This assured us that the observed resof(€) is only important in the neighborhood df; it is ex-
nances are basically homogeneous. If a distributiog wal- ~ Pected that, fof>Tc, AH(T) follows the T dependence

ues does exist, its contribution toH is small. of K(T). When only spin-spin interaction is present,
AH(T) approaches a constant value fdr—oo[K(T)

=const andT y(T)—C].131

In Fig. 4 we present, for one of our }gCa 3MnO,

As mentioned above, it is surprising that in semiconductoisamples, the experimentalH(T) in an extended tempera-
compounds the ESR linewidth increases linearly withup ~ ture range. The low-temperature linewidth shows a fast
to such high temperatures. Seehetal’® have already broadening below ~300 K. AboveT~560 K, a decrease in
pointed out that a phonon modulation of the Dzialoshinsky-the thermal broadening rate is observed. For the analysis of

these data, in Fig. 4 we also shavH(T)Tx(T) as a func-

TABLE Il. ESR parameters for Pr,(Ca,SrMnOs, 5 b was  tion of T. AH(T) and x(T) are the measured linewidth and
obtained from the linear increase AH between about 1T and magnetic susceptibility, respectively. From this plot and Eq.
2Tc. (1) we suggest that the low-temperature increase of
AH(T)Tx(T) is due to the critical contribution nedg., and

C
AH(T)=W[K(T)H(6)], ()

IV. ANALYSIS AND DISCUSSION

Tc AH (T~1.1Tc) b the linear term between It and 2T the noncritical con-
X (K) 9 Q¢ (/K tribution due to the one-phonon relaxation process. The de-
0.0*b 2.038) 1400150 14(3) crease in the thermal broadening rate at temperatures above
0.33CaP 12020) 2.028) 1400150 7.57) T~560 K may be associ?sted with the Debye temperature of
033s)® 30510 2.029) 420650) 555  these systemsjp~500 K _
0.375S)° 30510 2.033) 280(30) 5.7(5) Although the analysis given above accounts for the linear

T dependence oAH(T), we want to point out that the

85~0.1. mechanism, as formulated by Huber and Seehra, may not be
Powder. the complete explanation for the manganites. Similar calcu-

‘Single crystal. lations for the spin-lattice relaxation, involving the DE inter-
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action between the M and Mrf" ions being modulated by tion, tfle one-phonon process calculated by Huber and
a dynamic Jahn-Teller effééf may be more appropriate for Seehra’ may account for the lineaf dependence of the
our case. measured linewidth. We feel that a mechanism involving a
The data given in Tables | and Il shagvvalues close to phonon-modulated DE interaction via dynamic Jahn-Teller
that of the free electrof2.0023 suggesting that the orbital fluctuations® may be more appropriate for the manganite
contribution to the ground-state wave function is relativelycompounds. We suggest that a calculation involving these
small. Systematic largey values are found for the Pr-based mechanisms is needed at this stage. o
compounds. That may indicate that extra lifetime broaden- Finally, the strength and thermally activated—like increase
ings are present in these compounds. Exchange, dipola®f the resonance intensity observed in these samples agrees
larger lattice distortions, and/or Jahn-Teller fluctuations maywvith our previous work Therefore, a complex of
couple the ¥ and Mr#*-Mn*" spin systems to allow for Mn®*"-Mn** spin clustersof increasing total average spih
the largerb values found in the Pr-based compouh®y’ as T approachesT¢ in the paramagnetic phase should be
For the powdered samples studied in this work, we foundesponsible for the observed resonance in these systems. It
an activation energy AE=<0.2 e\) for the increase in the has been recently suggested in zero-field muon-spin relax-
resonance line intensity, & decreases. This behavior is in ation experiments that thespin systenmay develop in a
agreement with the increase of the Curie constant found ifiglass state” near and belowW¢. However, for the ESR

magnetization measurements whErapproached ¢ in the  data presented here, we did not find any significant differ-
paramagnetic phase. ences between zero-field cooling and field cooling.
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