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Critical slowing down of longitudinal spin relaxation in La ;_,Ca,MnO
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Using original modulation technique, the longitudinal electron spin-relaxation Tileas been measured
directly in the paramagnetic state of threg LgCaMnO; samples x=0.2, 0.25, and 0.33 Well above the
phase-transition temperatufe, the longitudinal relaxation times are found to be equal to the transversal ones
(T,) as determined from the electron-paramagnetic-reson@f® linewidth, whereas a steep slowing down
of T, with a critical exponentv=0.5 was observed &% was approached in all the materials. Various models
are discussed, including extremely slow internal dynamics, formation of magnetic clusters, and inhomogeneous
EPR broadening nedr, .
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Recently, there is a growing interest in properties of thepolaron hopping conductivity in lgCa, ,MnOg: in both
La;_xMe,MnO; (where Me=Ca,Sr,Ba, ...)manganites cases, thel ! exp(E,/ksT) law is apparently obeyed, with
with the perovskite structure. These compounds reveal verglose values of the activation enerfy (herekg is the Bolt-
unusual magnetic and transport features, the most strikingmann constant an is the temperatuje
among them being the colossal magnetoresistd@¢R) Another mechanism is suggested in Refs. 10 and 13. Ac-
effect found in the vicinity of the paramagnetic insulator to cording to this, the EPR linewidth in a wide variety of the
ferromagnetic metal transition temperatdrge. At present it perovskite manganites is determined by spin-¢pithangg
is found that the CMR effect, as well as an extremely richinteractions between the Mh (effective spinS=2) and
and peculiar magnetic phase diagram of these compoundgin** (S=%) ions and so is unrelated to any spin-lattice
are due to specific interactions between the three- and fouprocesses. This model was ustm calculate the appropriate
charged Mn ions. The Mn ions interact with mobile carriersexchange integrals, with the Dzialoshinsky-Moriya terms
according to the “double exchange” mechanism with ac-taken into account. The main support for this interpretation is
count made for the Jahn-Teller effect and related formatiorprovided by a good agreement of the experimental data with
of magnetic polarons both above and beldw(see, for ex- the theoretical relation deduced in Ref. 13:
ample, the review articlé$). The whole physical picture is
still far from clear, thus promoting a large number of theo- 1
retical and experimental studies. AB« T ()

The magnetic-resonance methodboth NMR and
electron-paramagnetic-resonan@&PR)] are powerful tools wherey(T) is the temperature-dependent magnetic suscepti-
to study internal dynamics of the manganifsge, for ex- bility. In any case, the nature of the EPR broadening is de-
ample, Refs. 3-15 In the case of EPRRefs. 8-1% a termined by the mechanism of the electron-spin relaxation
single intense line witlg~2 is commonly observed above that is closely related to the internal field dynamics in man-
T.. The linewidth AB is temperature dependent: it has aganites and so is of substantial interest for CMR physics. It
minimum slightly aboveT. and increases monotonically should be stressed that the measuring of the EPR linewidth
with heating in the paramagnetic region. While approachingllows determination of only transverse relaxation tifme
T., a huge broadening is normally foulfithe broadening is For Lorentzian line shape, it is related to the peak-to-peak
absent in high-quality single crystafs followed by trans-  linewidth A, as follows:
formation to ferromagnetic resonance beldw.

Two different models describing the observed tempera- 1 \/§
ture dependence adfB have been discussed. In Refs. 8, 9, Ty = o YApp, @
and 14 the EPR linewidth in the CMR manganites was sup-
posed to be caused by spin-lattice relaxation of the entirvherey is the gyromagnetic ratio. As to the tinTg of the
exchange-coupled Mri-Mn** spin system under the condi- longitudinal electron-spin relaxation, it was never measured
tion of a strong relaxation bottleneck. According to the last,directly in the CMR manganites. The obvious reason is that
more refined versiol{' the energy transfer at the most nar- accounting for the expected relaxation rates (10
row section of the relaxation path is provided by thermoac-—10'° s~ 1), the standard pulse or cw saturation methods are
tivated hopping of small polarons related with jumpsegf  inapplicable, since the requested values of the saturation fac-
electrons from the Jahn-Teller M ions to the MA™ ones.  tor s~1 could be achieved at quite an unacceptable micro-
The main argument advanced in Ref. 14 is based on similawave power leve(as high as 1d W). At the same time, the
ity of the temperature dependency 4B and that of the longitudinal relaxation rateT;*, being proportional to
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the spectral density of the fluctuating internal fields at the x=0.20

EPR frequency ¢~ 10'* s™1), does not coincide necessar- 260
ily with the Tz_1 value that is determined mostly by the static 215
component of the random internal field. So measuring the a 202
temperature dependence™f in manganites can yield infor- 187

mation on internal dynamics, especially n&ar. This is just 1
the aim of the present study, where we have employed an —_ 1 L

original version®’ of the modulation techniqd&®® en- X = 0.25

abling one to measure directly the, values as short as 291

10—9_ 10—10 s. 261
Ceramic samples of La,CaMnO; with x=0.2, 0.25, b 242

and 0.33 were prepared in the Laboratory for Neutron Scat- ZG

tering, ETH Zurich and PSI, by a solid-state reaction proce- /\/'L
dure using dried high-purity L®;, CaCQ, and MnG _
starting materials. The well-ground mixture was heated in air
at 1000 °C for 12 h, 1100 °C for 12 h, and 1200 °C for 20 h

with intermediate grindings. The samples are clean single
phase as checked by x-ray diffraction.

The EPR spectra were registered at 9.7 GMzband c
with an ER-200 Bruker spectrometer from 170 to 300 K. o
Temperature was controlled by means of the Oxford system 0 1000 2000 3000' 4000 5000 6000
with an accuracy of 1 K. Powder samples of sufficiently Magnetic field [G]
small volume were used to avoid distortions caused by too-
large resonance absorption ndar.X’ No signs of the Dyso- FIG. 1. EPR spectréabsorption derivativesf La; -,CaMnO;

nian line shape were observed in the whole temperatur#ith x=0.2(a), 0.25(b), and 0.33(c) at various temperaturean-
range, thus indicating that the powder grain dimensions arélicated at the curves in degrees Kejvinithin paramagnetic re-
much less than the skin depth. gions. The narrow signal in the panel is due to the reference
The measurements of the longitudinal electron-spin relax(PPPH-
ation timeT,; were performed by means of the modulation
technique described in Refs. 16 and 17. The microwaveritical ones. The latter is clearly seen in Fig. 2, whereThe
power (wo=2w-9.4 GHz, 250 mW) was modulated at values as determined from E) are plotted.
the frequency)=27-1.6 MHz, providing the in-phase lon- The T, data obtained by the above-described modulation
gitudinal magnetization response received with a specianethod are also shown in Fig. 2. It can be seen that for all
pickup coil. To determinerl,, the following relation was the samplesX=0.2, 0.25, and 0.33) at high-enough tem-
used'® peratures(well aboveT.), the transverse and longitudinal
relaxation times practically coincide. Approachiiig from
U the high values leads to a steep riselinwith simultaneous
QT =A——, ©) decreasing off,, so theT, /T, ratio increases by more than
Pepr 1 order of magnitude within a temperature range of a few
degrees Kelvin.
whereU is the amplitude of the longitudinal magnetization It is well known that approaching.. in the paramagnetic
responsePepr is the value of EPR absorption measured onregion results in a steep increase of susceptibility approxi-
the same sample and under the same conditionsAds@&n  mately obeying the Curie-Weiss lajgee the inset in Fig.
instrumental coefficient to be determined by using a refer2(c); more detailed data for various manganites are reported,
ence sample with a knowh; value. We used diphenylpic- for instance, in Refs. 9, 10, and )13 his can lead to system-
rylhydrazyl (DPPH) as a standard reference; it has a narrowatic errors in measuringgpg due to overloading of the mi-
EPR line and temperature-independent value Bf  crowave cavity!’ Besides, an increase in the sample suscep-
=5.10"8 s. The reference was placed as close as possiblgbility can result in redistribution of the radio-frequency
to the investigated sample and served for normalization ofield in the pickup coil that, in turn, could lead to an error in
both theU and Pgpg signals. Note that the employed tech- calibration by the reference probe. In order to determine
nique is in fact equivalent to the cw saturation one, with thethese errors, the experiments were repeated with different
difference being that the former enables one to work at saturolumes of the manganite samples and at various couplings
ration factors as small as 16. of the microwave cavity with the waveguide. The error of the
The EPR spectra taken at temperatures above andlgear measurements was estimated to be 10—286¢ the bars in
are shown in Fig. 1. They are consistent with the data knowifrig. 2).
from the literaturé 11*~1%For all the samples, a single,  Below T, one deals with ferromagnetic resonance so,
nearly Lorentzian EPR line is observed wigr=2. A char-  strictly speaking, Eq(3) is no longer valid. Nevertheless,
acteristic minima in the temperature dependences of the linessomeT; values determined formally by the same method are
widths takes place at temperatur€g;, slightly above the also shown in Fig. @) for comparison. Despite the large
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30— . . . - . It is much more difficult to suggest an unambiguous ex-
25k i planation of the steep increaseTn as the critical tempera-
ture is approached. Without question the nature of this phe-
2.0 4 . L. . L
a nomenon is a critical one, so it can be called the critical
1.5 ] slowing down of the longitudinal relaxation of the Mn ions.
1oL i At present, we cannot suggest an ultimate interpretation of
o5l 1 this effect and so shall restrict ourselves to some plausible
' o w hypotheses.
0.0 280 300 Accgrding toigle.neral theqry of magnetic relaxaﬁﬁmhg
10 . . . . . . relaxation rateT; = is proportional to spectral density of in-
X < 0.5 ternal field fluctuations at the EPR frequency. For qualitative
S osf ' . estimations, a simple equation can be used:
(]
(=
0.6 B b
o Ty~ (H)? 5, (5)
—— 1 ! V14 0272
- S T ° % 5. . .
02F |o° . where H{ is the mean-square amplitude of the fluctuating

030 240 250 260 270 280 290 300 internal field, andr is the correlation time. One can conclude
from Eq. (5) that the observed steep slowing down of the
longitudinal relaxation neaf. can be associated with a de-

250 X =0.33 10 ]

o crease inH? or (and changing ofr. We will consider both
20} E % - 1 opportunities more in detail.
150 £ 4/4"’" ) f\ssume first that the EPR line is homogeneous with
W c T, ~(yl-.|i)27-.. Then the equalltﬁlsz evidences for the
1.0r 270 280 200 ] “fast motion limit” ( wg7<<1) at high-enough temperatures,
05l TK | whereas the inequality;>T, suggests that the correlation
oo \7 o oo time increases up to>w, *~10"!! s as the Curie point is
260 270 280 290 300 310 approached. Note that neither the characteristic frequency of
Temperature  [K] the exchange interactions in the model of Refs. 10 and 13,

_ o nor the polaron hopping rate in the mechanism suggested by
FIG. 2. Temperature dependencies of the longitudifig) filed  Ref. 14 is consistent with this constraint, both being much
squares and transversal T,, open circley relaxation times in faster thanw,. On the other hand, anomalous slow
La;,CaMnO; with x=0.2 (@), 0.25(b), and 0.33(c) above and 1378 g were deduced in Ref. 6 from the field dependence
near Curie temperatur@ndicated by the arrows Solid curves are of the 3%a nuclear spin-lattice relaxation time in

the best fits of Eq(6) with «=0.5. Dotted curves are guides for the . .
eyes. Inset: temperature dependence of the inverse spin susceptiblﬂgo'ﬁﬁao'?’éwnoe‘ at 300 K. The authofshave attributed this

T o extremely slow dynamic to magnetic clusters. Other Hata
iyo?(33_ measured as an area under the EPR absorption ling for obtained on (LaMn) O with T.=237 K should be also
noted: in this case, some sort of “antidivergence” was found
in the *%a nuclear spin-lattice relaxation rate when passing
error, one can see that the_se data are rather close to t oughT,, quite similar to our work.
longest relaxgtlon times obtained nagy. At the same time, under the condition ofH;)%=const,
ConS|_oI_er first the temperaturds>(T—Tc) far _e_nough the temperature dependence 'bfl predicted by Eq.(5)
from critical phenomena. Under these conditions, the . ] Y
equality should pass through. a maximum Bha—w, ~10 " s.
Such a maximuniminimum inT;) is not yet observed, see
Fig. 2. This implies thaHi2 changedqdecreaseson cooling.
T,=T, (4 The fall in the amplitude of the fluctuating component of the
internal field related to the Mn-Mn spin-spin interactions can
is clearly obeyed for all the three compounas=(0.20, 0.25, be due to a progressive alignment of the spin magnetic mo-
and 0.33 that is characteristic of paramagnetic relaxationments as ferromagnetic order is approached. This resembles
caused by very fast fluctuations of internal fields. Just thighe “freezing off’ of the nuclear spin-lattice relaxation due
situation is expected for both the above-mentioned mechae interaction with highly polarized paramagnetic centers; in
nisms of the EPR broadening in the manganites. Whatever ihis case, a factor 4 P? arises in the relaxation rate, where
the cause that determines thd® value far away fromT, P is the electron-spin polarizatidh.In our samples, a sub-
whether it be fast spin-lattice relaxatfoht® or strong ex-  stantial freezing off of the fluctuating field could be caused
change narrowing?**the equality of the transverse and lon- by formation of magnetic clusters similar to those repdrted
gitudinal relaxation times seems to be quite natural and, bein the quasi-two-dimensional manganite;lgbr, gsMn,0;.
sides, serves as independent support for validity and\n extra EPR line attributed to the magnetic clusters was
accuracy of the modulation method used for measufing  observed in Ref. 11 in a temperature range abbyveAddi-
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tional lines arise in our samples as wigke Fig. 1, close to  (see Fig. 2 allows for the critical exponentt=0.5. At the
the points where th&,=T, relation breaks dowiiFig. 2. = same time, the Curie-Weiss law correspondsxte 1, and
These lines can be considered as precursors of the ferromagflowance made for the short-range order leadatol for
netic resonance, thus evidencing for short-range magnetidie x(T) dependencé[see also the inset in Fig(@, where
order. a positive curvature is seen in the }(T) dependence, also

Finally, we shall discuss one more idea allowing interpre-evidencing fora>1]. So the model of Eq(1) provides no
tation with minimum suppositions. One can suggest that EqEITije than qualitative agreement with our experimental data.
(4) is indeed valid until the transition point, the trlig value ~ This looks natural because the theory developed in Refs. 10
being correspondent to the widthB,,,, of a homogeneous and 13 makes use of the h|gh-.temperature approximation and
spin packet rather than to the observédhomogeneoys hence cannot de§cr|be guantitatively thg _cr|t|ca_l phenomena
linewidth AB. As T, is approached, the spin packets con-N€ar the Curie point. On the_ other hand, it is unlikely t_hat the
tinue to narrow in a critical manner. Such interpretation isPelaron modéf can be applied to the reportdd behavior.
consistent with Ref. 12, where the inhomogeneous nature di¢cording to Ref. 14, the spin relaxation rate is proportional
the EPR line aiT<T,,, was shown to be caused by the to the polaron hoppm.g probability. It is known', however,
demagnetization fields of the pores between crystallitest.hat the _Iatter strozngly mcreases'_l'@tdue to formatlon_of the
From this viewpoint, a minimum homogeneous width of theconduction band:? Thus, according to Ref. 14, an increase
spin packet in our samples is as low as 30 G, which is abouf! T1 = should be expected that contradicts our finding.
1 order of magnitude less than the EPR linewidth observed N conclusion, the longitudinal electron-spin relaxation
in the most perfect single crystals of the CMR manga_timeTl has been directly measured in the CMR manganites.
nites?10.12.15 A critical slowing down of T, is discovered in

In these terms, it is instructive to compare the temperaturéa; -xCaMnO; with x=0.2, 0.25, and 0.33 near the tem-
dependence af By, with that predicted by the “spin-spin” Peratures of the ferromagnetic phase transitions. Several al-
theoretical model®*®see Eq(1). According to this, in close ternative mechanisms of the observed phenomena are dis-
vicinity of the critical point, theT, value should be practi- C€ussed, the most plausible explanations being the extremely
cally proportional toy, so the divergence of at the Curie slow internal spin dynamics and inhomogeneous EPR broad-

point should lead to a critical slowing down of the relaxation €Ning nearc .
time with the same critical exponent. The best fit of our data  The authors are grateful to Professor C. Slichter and Dr.

by the expression A. Shengelaya for helpful discussions. The work was sup-
- —w ported by the Russian Foundation for Basic Research
Tloc(——l) (6)  (Grant No. 99-02-16024and the Swiss National Science
Te Foundation.
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