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EPR in La1ÀxCaxMnO3: Relaxation and bottleneck
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Recent EPR and susceptibility measurements in La12xCaxMnO3 support the existence of a bottleneck EPR
regime up to 1000 K quantitatively. The EPR linewidth and electrical conductivity follow the same tempera-
ture dependence in the range of 250 to 650 K predicted by the small polaron hopping model. This indicates that
spin-lattice relaxation in manganates is due to the relaxation of spins ofeg Jahn-Teller polarons to the lattice.
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Electron paramagnetic resonance~EPR! is a powerful
technique to study static and dynamic magnetic correlati
on a microscopic level and can help to clarify the comp
magnetic state in doped manganese perovskites. Rec
Oseroffet al.1 reported the first observation of an EPR sign
in La12xCaxMnO31y with different Ca and oxygen conten
These mixed-valent manganese oxides are known to ex
a large ~called colossal! magnetoresistive effect.2 The au-
thors in Ref. 1 ascribed the observed EPR signal to so
complex spin entity, resulting from a collection of Mn31 and
Mn41 ions. However, the exact nature of the paramagn
center responsible for the EPR signal remained unknown
a previous paper3 we reported a large oxygen isotope effe
on the EPR linewidth and the intensity in16O and 18O iso-
tope substituted La12xCaxMnO31y . We proposed a model in
which a bottlenecked spin relaxation takes place from
exchange-coupled constituent Mn41 ions via the Mn31 Jahn-
Teller ions to the lattice. This model provides a reasona
explanation of the observed EPR signal as well as on
observed isotope effects.

Very recently Causaet al.4 performed EPR and dc sus
ceptibility measurements in several Mn perovskites up
1000 K. They carefully analyzed the EPR intensity quant
tively and came to the conclusion that all Mn spins contr
ute to the EPR signal in the temperature range studied.
would like to point out that this conclusion is in agreeme
with the bottleneck model. Indeed, the bottleneck pheno
enon involves the onset of a collective motion of the to
magnetic moments of the Mn41 and Mn31 spin systems.
Therefore, in the bottleneck regime the EPR intensity is p
portional to the total susceptibilityx tot of the Mn41 and
Mn31 spins:

I EPR}x tot5xs1xs , ~1!

wherexs andxs are the renormalized static susceptibiliti
of the Mn41 and Mn31 spin systems, respectively,5
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Herexs
0 andxs

0 are the bare~without exchange! susceptibili-
ties of the Mn41 and Mn31 ions and the factorl is a dimen-
sionless exchange coupling constant between them. Acc
ing to Eq. ~2! the denominators inxs and xs are the same
and becausel2xs

0xs
0;1, the temperature dependences

both terms are dominated by their denominators, so thaxs

has nearly the same temperature dependence asxs . There-
fore, despite the fact that in Ref. 3 we used onlyxs to fit the
temperature dependence of EPR intensity, the conclusio
Ref. 3 remains valid. However, it is necessary to take i
account bothxs andxs in order to explain the EPR intensit
more quantitatively. Thus the results of Causaet al.4 support
our interpretation for the existence of the bottleneck effect
to at least 1000 K.

Now the question arises: why does the bottleneck reg
survive up to such a high temperature? In order to ans
this question let us consider the electronic structure of m
ganites. Doped manganese perovskites are mixed-valent
tems containing Mn31(3d4) and Mn41(3d3) ions. The
Mn31 ions have three electrons in thet2g state and one elec
tron occupies the double-degenerateeg level which is split
due to the Jahn-Teller effect byEJT. The hopping of theeg

electron from a Mn31:t2g
3 eg

1 to a Mn41:t2g
3 eg

0 ion is respon-
sible for the electronic conduction, whereas thet2g

3 electrons
remain localized with a core spinS53/2 ~see Fig. 1!. The
strong Hund coupling between thet2g spins and theeg spins
of the carriers orients them parallel to each other. The Hu
coupling,JH is large, of the order of;1 eV. In our opinion,
the Hund coupling, which is much larger than the spin-latt
relaxation rate, is the reason why the bottleneck regime
vives up to 1000 K.

The bottleneck effect in EPR was first investigated in co
per and gold metals doped with paramagneticS-state Mn21

ions ~see, for example, an excellent review by Barnes5!. The
bottleneck regime exists if the relaxation of the localiz
spin to the lattice occurs via the conduction electrons rat
than its own weekS-state interaction to the lattice. In th
manganates the spins in the half-filledt2g subshell play the
role of S-state localized spins and theeg electrons behave in
the same way as the conduction electrons in the metals.
5888 ©2000 The American Physical Society
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In a previous paper3 we showed that the bottleneck mod
can explain the temperature dependence of the EPR inte
of La12xCaxMnO31y up to approximately 500 K. Above thi
temperature a deviation of the theoretical fit from the exp
mental data occurs. We previously attributed this behavio
a gradually opening of the bottleneck and to the transition
the isothermal regime.3 However, recent results of Caus
et al.4 indicate that the bottleneck effect persists up to at le
1000 K. Therefore, another possibility has to be conside
First of all one should note that in the fitting procedure of t
temperature dependence of the EPR intensity, we assu
the fitting parameterJ ~ferromagnetic double exchange int
gral! to be temperature independent. However, recent sm
angle neutron scattering experiments demonstrated tha
low ;2Tc small ferromagnetic clusters start to form
La0.67Ca0.33MnO3 ~Ref. 6!. It is very likely that the formation
of such clusters may modify the double-exchange inter
tion. This may be the reason why it was not possible to
I (T) over the entire temperature range using a single t
perature independent value of the exchange integralJ.

In the following we discuss the temperature depende
of the EPR linewidthDHpp . Figure 2~a! shows the tempera
ture dependence of the EPR linewidth for the sample w
x50.2. The linewidth has minimum nearTc and increases
with increasing temperature. Trying to explain the tempe
ture dependence ofDHpp aboveTmin , we noticed that it is
very similar to the temperature dependence of the electr
conductivity observed in manganates.7 The solid line in Fig.
2~a! represents the best fit to the data using the express

DHpp~T!5DH01
A

T
exp~2Ea /kBT!. ~3!

The following fitting parameters were obtained:DH0
580(8) G, A55.0(1)3106 G K, andEa50.106(1) eV.

In Fig. 2~a! we plotted for comparison the temperatu
dependence of the electrical conductivity measured
Worledgeet al. in La0.67Ca0.33MnO31y thin film.8 This thin
film had a ferromagnetic ordering temperatureTc5203 K
close to our polycrystalline sample withTc5215 K. One
can see that the EPR linewidth and conductivity show sim
temperature dependence. In the paramagnetic regime
conductivitys of manganites is dominated by the adiaba
hopping motion of small polarons8 with a temperature de
pendence of the forms(T)}1/Texp(2Es /kBT). Figure 2~b!
shows the linewidth and conductivity data plotted
ln(DHppT) and ln(sT), respectively, versus 1000/T. As one
can see bothDHpp and s follow the same temperature de
pendence characteristic for the adiabatic hopping motion
small polarons with a similar values of the activation ener

FIG. 1. The schematic electronic structure of theeg andtg levels
of Mn31 and Mn41 ions.
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A proportionality between the EPR linewidth and the co
ductivity is often observed in systems with hoppin
conductivity.9 It was shown that the hopping rate of th
charge carriers limits the lifetime of the spin state. This lea
to a broadening of the EPR line, proportional to the hopp
rate and thus to the conductivity.10 In this case the conduc
tivity is determined by the probability ofeg electron hopping
between nearest sitesW. The hopping takes place with con
serving the total spin and therefore will not lead to EP
relaxation. A broadening of the EPR line arises due to
hopping of theeg electrons via the spin-orbit coupling. Th
probability of hopping between the nearest sites with cha
ing the spin can be estimated asWs5W(g22)2. The
g-factor of EPR line in manganates is very close to 2. The
fore the condition for the bottleneck regimeWs!W is satis-
fied automatically.

It should be noted that in the strong bottleneck regime
prefactorA in Eq. ~3! contains a ratio of spin susceptibilitie
xs /x tot , wherexs is the bare susceptibility of Mn31 ions
and x tot is total susceptibility. The temperature dependen

FIG. 2. ~a! Temperature dependence of the EPR linewidthDHpp

for La0.8Ca0.2MnO31y shown together with the temperature depe
dence of conductivity from Ref. 8. The solid line represents the b
fit to the linewidth data aboveTmin , using the expression
DHpp(T)5DH01(A/T)exp(2Ea /kBT). The dotted line is a fit to
the conductivity data using the adiabatic small polaron hopp
model. ~b! EPR linewidth and conductivity data same as in~a!
plotted as ln(DHppT) and ln(sT), respectively, vs 1000/T. The solid
lines are linear fits indicating that both quantities follow the te
perature dependence characteristic for the adiabatic hopping m
of small polarons with a similar value of the activation energy.
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of xs can be taken from the measurements of undo
LaMnO3. According to Causaet al.11 xs5C/(T2Tcw) with
Tcw5220 K. x tot can be found from the EPR intensity me
surements in La0.8Ca0.2MnO3 and fit with a Curie-Weiss law
givesTcw5218 K ~Ref. 7!. Thus the ratioxs /x tot is practi-
cally temperature independent and will not affect the te
perature dependence of the EPR linewidth.

The observed similarity between temperature depend
cies of the EPR linewidth and the conductivity indicates t
the spin-lattice relaxation is determined by the small pola
hopping. It is important to note that the activation ener
Ea50.106(1) eV, deduced from the present EPR linewi
data, is very close to the valueEs50.121(1) eV obtained
from resistivity data of a La0.67Ca0.33MnO31y thin film.8

Moreover, one should emphasize that the value ofEa is
nearly equal to the energy gapEg50.108 eV determined
g,
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from tunneling experiments on the La0.8Ca0.2MnO31y thin
film.12

To summarize, in this paper we discussed recent E
experiments in CMR manganites4 in terms of a model in
which a bottlenecked spin relaxation takes place from
exchange-coupled constituentt2g spins via theeg charge car-
riers to the lattice. We have demonstrated that the bottlen
model provides an excellent description of the EPR data
tained in manganates up to 1000 K. Furthermore, the t
perature dependence of the EPR linewidth is shown to h
a similar temperature dependence as the electrical condu
ity and is determined by the hopping rate of theeg charge
carriers.

This work was supported by the Swiss National Scien
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