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NMR in manganese perovskites: Detection of spatially varying electron states in domain walls

G. Papavassiliou, M. Fardis, F. Milia, M. Pissas, G. Kallias, and D. Niarchos
NCSR “Demokritos,” Ag. Paraskevi, Attiki, 153 10 Athens, Greece

C. Dimitropoulos and P. Scherrer
Institut de Physique Expienentale, EPFL-PH-Ecublens, 1015-Lausanne, Switzerland
(Received 11 May 1998

%5Mn and *%La NMR line shape and spin-spin relaxation tiffe measurements on polycrystalline
Lag 6:Cay 3MNO; were carried out as a function of temperature. Fer80 K the®*Mn NMR line shapes have
been attributed to spatial encoding of the NMR frequency due to variation of the charge-¢aigedensity
across domain walls. FGF>80 K walls are effectively transparent to hole motion and by usiin and
B9a 1T, measurements hole scattering is shown to be governed solely by spin-wave excitations.
[S0163-182698)00241-0

INTRODUCTION magnetic environment of the resonating nuclei through the
hyperfine field,B,= (1/y%)A(S), A and(S being the hy-

In recent years, there is a growing interest in the magneperfine coupling constant and the average electronic spin,
totransport properties of the La,CaMnO; family, mainly  respectively. According to this formul&Mn NMR probes
due to the development of the magnetic read-write technolthe spin state of the individual M/Mn™* ions, whereas the
ogy. The central role in the theory of these systems is playeflycleus of the spinless B4ion probes the average spin state
by the double-exchange model proposed by Zener in 1951¢f the surrounding Mn octant spin céBesides, under cer-
and advanced by de Gennes in the early 19686cording (5 circumstances NMR can distinguish signals coming
to this model, mobile carriers in the, orbitals of the Mn o gomains and DW's. In FM materials strong NMR sig-
ions and the Hund's coupling interaction betwegrand the 55 are produced by weak external rf fields due to the rf

Ir:)_cahtzedtzg stpms are lret:sponsmle for t;&\';lr)an?:tlon Irom denhancement created by the oscillatiiag the rf frequency
Igh-temperature insulating paramagn phase 10 a  gjactron magnetic momentdn single-domain materials the

low-temperature cpnducting ferromagne(léM)_ phase for rf enhancement is of the order of~10-1@, and it arises
dopant concentrations 0=%<0.45. The a”."'p"t“d_e of _the from the coherent precession of the electronic magnetization.
electrqn hopping _mtegrai between wo ne|ghbor|ng. SIeS, 5 the other hand, in multidomain systems the response in-
modeling a hole in a rea! systgm, has been c0n5|dgred Wolves domain-wall displacements and the enhancement fac-
depend on the relative orientatid¥ of the corresponding .. jias in the rangen~10P—10". Another difference be

. et > —10, -
Iocghz.edtzg Spins, "9"t_b cos@#/2).” As a CONSEQqUeNce, yeen DW's and domains is that in most cases nuclei in
deviation of the spins from a perfect paral!e! allgnmentDW,S are shown to have much shorty spin-lattice andr
should Igad. to a strong reduction of.co_nductlwt.y, Whereasspin-spin relaxation times than domain nudl&urthermore
the application of an external magnetic field, which restore§\”\/IR signals from DW's have lower Larmor frequency th’an

spin a"gm_”‘?”t’ should increase gonductivit_y considerabl_ythe corresponding NMR signals from domains due to the
However, it is unclear whether spin fluctuations or domamstronger frequency pulling effeBt

walls (DW'’s) are the main source of spin misalignment. Re- Figure 1 demonstrates®in NMR spectra of
sistivity 95a'Fa i_n Ca- and Sr-_doped LaM@(poncry_staIIine Lay 6 Cay3Mn0O; in a zero external magnetic field at se-
sampled™ indicate that at high temperatures spin quCtua'Iect'ed te'mperatures. Spectra were obtained by using an un-
tions dominate charge-carrier scattering, whereas at low temy probe head and a &ec—r—2-usec spin-echo se-
peratures DW scattering .becor_nes equally important. quence with rf fieldH, of the order of 0.1 G. AT=9K a

In this quk we try to investigate the effect O.f DW's on distorted doubly peaked spectrum is observed with peaks at
the electronic properties of manganese perovskites, by us'n@equenciest?,So MHz (peak A) and v~ 395 MHz (peak
NMITgtechmque:?‘. For this reasofy an extensive ser!éél\mh B). At higher temperatures, the overall signal decreases con-
and'*%.a NMR line-shape and, * spin-spin relaxat|on-rate. siderably, disappearing dt~160 K. ForT>80 K measur-
measurements have been performed on polycrystallingye shectra could be recorded only after increasing the pulse
Lag6/Ca 3MnO; as a function of temperature. A model is gk to 6 usec while keepingd, constant, which indicates
then proposed, pase(rj].orr]w a C(lbntlnuopslchgrgﬁ-densn)l/_ Valfhat the rf enhancement factor is reduced by increasing tem-
t'ﬁn acrosés DIW S, whic FXp ains nicely both NMR line- perature. Furthermore, it is observed that by increasing tem-
shape and relaxation results. perature, peaB decreases faster than pekand it shifts to
lower frequencies until it merges with pe@kat T~80 K.
For T>120K a third sufficiently smaller signal av

In contrast to bulk experimental techniques that measure=-360 MHz was detected, which decreases slowly by in-
macroscopic properties, zero-field NMR probes the locaktreasing temperature.

EXPERIMENTAL RESULTS
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FIG. 2. 5®Mn spectra B9 K and various external magnetic
fields. For clarity spectra are not scaled. The spectrum at 21 kG is
FIG. 1. %Mn zero-external-field NMR spectra at various tem- an order of magnitude smaller than the spectrum at 5 kG.
peratures. Spectra at(250 K are reducedincreasegl by a factor
of 5. The Boltzmann correction factdmultiplication by T) was ~ range 5—-250 K. Foif <60 K 3% .a NMR spectra are quite
taken into consideration. asymmetric, and by increasing temperature they remain al-

. o ___most invariantFig. 4). Recently,’*®.a NMR measurements
The influence of an external magnetic field on the line; (Fig. 4 y

h is sh e < ob d that th licati in La; _,CaMnO; for 0.1<x<0.75 illustrate that at low
shape is shown in Fig. 2. Itis observed that the application ofg e atyres the signal frequency and line-shape asymmetry
a fieldH,~21 kG is enough to remove completely pe&k

o ) . ; as a function ofx depend strongly on the presence of local
while it reduces considerably ped&k From a point of view, P gy P

i b ored f that oEakrises f Jahn-Teller distortiono;7.2° In addition, pulsed neutron-
this may be considered as a proof that p&arrises from it action experiments on La,SrMnO; demonstrate
wall nuclei, while pealA arises from domain nuclei. On the

her hand. both ks h imilar rf enh ¢ marked differences in the number of sh¢kin-O) bonds
other hand, both peaks have similar rt enhancement aCtolgnyeen room temperature and 10MKA question thus
and according to Fig. 3 similaF, values. These results im-

i hether th -
ply that both peaks are coming from topologically equivalentarlses whether the temperature dependenae,fs respon

. A . sible for the observedMn NMR line shape versus varia-
regions. Besides, pedkhas a higher frequency than peak 0, 'rom thel39.a NMR data in Fig. 4, it is concluded that
Another important observation is that at 9T * varies '

) . ) ) . o7 for T<60 K does not vary considerably with tempera-
symmetrically across the line profile with a maximum valueyre This is in accordance with recent neutron-scattering re-
T,'~67x10° sec! at the center of the line shape

; e sults in La_,CaMnO;, that indicate that at low tempera-
~385 MHz (Fig. 3. This indicates the presence of a con-yyresq ., as well as the unit-cell volum¥, , remain almost

tinuous Larmor frequency distribution confined between thepnyariant with temperaturt Most probably, Jahn-Teller dis-
two-edge peaks. By increasing temperature, T8¢ maxi-  tortions create @°Mn line-shape asymmetry like the one
mum becomes broader, and f6r-80 K T, * is almost fre-  observed in thé®La NMR spectra, which at low tempera-
quency independent. According to Hoeteal? the frequency  tures is masked by the strong doubly peaked line shape.

dependence off,* in FM systems originates from Suhl-  In Fig. 5a) the *_a NMR signal amplitude\s (corrected
Nakamura interactions in the presence of very broad inhoby the Boltzmann factgrat the peak of the line shape, is
mogeneous spectra. In such a cas€,#f(v)/(T2)s_n.» shown as a function of the rf field ;. It is observed that at

wheref(v) is the line-shape function. The observation of alow temperatures the maximufi®La signal intensity is ob-
single T, * maximum instead of two, as implied by this re- tained at rf leveH;~0.5 G. By increasing temperature this
lation, indicates that Suhl-Nakamura interactions are not thenaximum reduces rapidly, and in correspondence with the
main spin-spin relaxation mechanism at low temperatures. ®®Mn NMR signals, it disappears af=160 K. This is

In addition to the>®Mn NMR measurements®dLa zero  clearly observed in Fig.(6), where the’>Mn signal intensity
external magnetic-field NMR line-shape measurements imf peakA is compared with thé®%La signal intensity mea-
Lag 6.Ca 3MNO; have been performed in the temperaturesured at rf levelH;~0.5G. ForT>160 K the maximum
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FIG. 3. %Mn spin-spin relaxation rate T4 (®) in zero external
magnetic field as a function of frequency, at various temperaturesb
Dashed lines are the correspondfilyin NMR line shapes.
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FIG. 4. ¥La zero-external-field NMR spectra at various tem-
peratures. The Boltzmann correction factonultiplication by T)

was taken into consideration.
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FIG. 5. (a) The'*La signal amplitudeé\s at the peak of the line
shape vsH;. (b) The ®Mn NMR signal intensityl of peak A
(spectral areavs T at H;~0.1 G (OJ), and the'®*¥®.a NMR signal
intensityl vs T at H;~0.5 G (O) and 3.5 G(@®). In all cases the
Boltzmann correction factomultiplication by T) was taken into
consideration.

139 a signal intensity is obtained ai;~3.5 G. Further-
more, 1*%La T, values measured &t,~0.5 G are found to

e sufficiently shorter thanl, values measured a;
~3.5G. An analogous effect has been observed in
Lag «CaysMnO3.° In view of these results, it is concluded
that both peak$A andB) of the ®®Mn NMR signals, as well

as the®La NMR signals atH;~0.5G, are produced in
DW’s. This explains the similar rf enhancement factors and
the similarT, values measured on peaksndB of the >*Mn
NMR spectra.

THEORETICAL MODEL AND DISCUSSION

A working hypothesis, which explains the—apparently
strange—=>Mn NMR line shape andl, versus frequency
results, is based on the assumption that the charge-carrier
(hole) density in DW's is reduced by a factdmn in com-
parison to the charge-carrier density in domains. As a con-
sequence, the effective charge state in DW's is nof fth
as in a FM domain, but MA*933M*+ with 0<An<1. The
tendency of holes to keep apart from DW's is explainable if
we consider that despite Coulomb repulsion, holes have a
lower energy and larger hopping integral in FM domains
than in DW’s. This problem seems to be relevant with phase
separation in charge-carrier-rich and charge-carrier-poor
phases, occurring in degenerate antiferromagnetic
semiconductor$? as well as in lightly hole-doped antiferro-
magnetic system¥.

The prediction of the exact spatial dependence of the hole
density in DW'’s is not an easy task. Roughly, one may con-
sider that at finite temperatures hole motion through DW's is
thermally enhanced and the hole-density reduction in DW's
varies with temperature adAn=exp(—AU/KT). Here, AU

«1—cog3[dA(z)/dz]} is the potential barrier experienced by
holes crossing a DW, and 6(z) the electron-spin angle de-
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coalesce to a single one locatedvaf>" due to the enhance-
ment of hole motion through DW’s.

In the framework of this model, the faster decrease of
peakB in comparison to peald by increasing temperature
indicates that DW width, and consequently the number of
resonating Mn nuclei at the center of the wall, decrease rap-
idly on heating. A possible origin of this effect could be
reduction of the FM coupling at elevated temperatiéfes.
Louca etal. have shown that in Jahn-Teller—distorted
La; ,Sr,MnO; the number of short Mn-O bonds, and thus
FM coupling, decreases by increasing temperattiré.
seems that even at low temperatures, where according to Fig.
4 o7 varies slowly, FM coupling decreases considerably by
T , increasing temperature. Similarly, it may be argued that the

lineshape

Signal Amplitude

v3.33) v, application of an external magnetic field reduces DW thick-
ness, thus explaining the faster decrease of pggdly in-
Frequency creasing magnetic-field intensity. On the other hand, the

139 a line shape appears to be insensitive to the average oc-
quency distribution(dashed ling according to relation2). The ~ cuPancy of thee, electron state. This is expected as the
solid line is the convolution of relatiof®) with a Gaussian. Theo- hyperfine field at the La sites arises indirectly frartype
retical simulation of thé®®Mn 1/T, across the line shapep) ac-  overlapping of the Mrt,, 3d,y), [3dy2), [3d,,9, and the
cording to relation(3b) is also presented. ligant [2p.,) wave functions.

Under the same scheme, t'ﬁg1 frequency dependence is
viation from FM ordering in DW's. In FM domaina U explainable by using the “Gaussian-phase approximation”
=0 and consequentlfin=1, while in the middle of DW’s formalism based on the approach of Kubo and Tomita, and
An becomes minimum. Besides, at high temperatures hole8ndersor?® We postulate that thermal fluctuations of the
can move freely through DW'’s, and fdr—~ An—1. DW'’s produce Larmor frequency fluctuatioAs,, which are

In a number of papers it has been shown that localizedlescribed — statistically by the correlation function
Mn3* and Mrf* states produce NMR signals at frequencies(A»(0)A v(t))=(Av?)exp(~t/zy). In the limit of fast fluc-
»3+t~420 MHz and »**~330 MHz, while delocalized tuations ¢*(Av?)272<1 and7,<T,), the spin-echo decay
Mn?3-33+ states produce a signal at frequenay33" s shown to be given by the formdfa
~390 MHz.”>~“*The dependence of the NMR frequency on
the Mn charge reflects the linear relation between the aver- Mapin-eche=Moexil —(4m°y*(Av?)7:20)], (33
age electron spiS), and the average, electron-state occu- where
pancy. It is thus straightforward to show that the spatial
variation of the NMR frequency in DW's is given by relation A2y Av?) o=

FIG. 6. Theoretical simulation of th&Mn inhomogeneous fre-

1dé(2) Tae
a z
=T 1“:05(5 iz ) S o sin{3[da(2)/dz)}si26(2)] |
o .
In the simple case of uniaxial anisotrdpy kT
(3b)
do(z) .
———=+K/J sin 6(2), (1b) 40
dz j
35 1
K and J being the anisotropy and the exchange-interaction 1
constants, respectively. Assuming a uniform Mn dengity 301
over the sample, the inhomogeneous NMR frequency distri- o 25_‘
bution f(v) across a DW is given by 3 ]
© 20z
; Po a [(1do(2)) . 20 -t N
= — | — —_——_— ~
M= Tozyiaz” |kt SN2 a7 /SM262)] £ o o
2 T 5 4 ]
This formula represents a doubly peaked line shape with | ..o""'
peaks at frequencies3*" and ol
0 T T v T T
0 50 100 150

o
1 3.33+
= ++—=[1-co0g0.5yK/J
v kT[ & )] Temperature (K)
as shown in Fig. 6. The peak af3*" corresponds to the FIG. 7. 5Mn 1/T, (O) and ¥%.a 1/T, (®) as a function of
wall boundaries, while the higher frequency peak/ator-  temperature. The solid line is theoretical fit of relatigh on the
responds to the center of the walls. Hor» the two peaks experimental data.
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According to formula(3b) the highestl'z’l rate is obtained at 1 1 o o)k o
the center of the line shap®ig. 6) in agreement with the T, m+477 YAV 7. 4
experimental results shown in Fig. 3. On the other hand, the ’

_1 . . - .
shortestT, * rate is obtained at the boundaries and at theat low temperatures the Larmor frequency-fluctuation term
center of the DW's, i.e., at positions where the amplitude ofgominates, while at higher temperaturgs * follows the
the Larmor frequency fluctuations is minimum. characteristic for one-magnon relaxation processes tempera-

'IS'Qe validiPa/ of thﬁel proposed model is further sup_por'_[edture dependenc®, 1/T, sy T. A fit of formula (4) on the
by **Mn and**®.a T, * vs T measurements as shown in Fig. s T, ! experimental data is shown as a solid line in Fig.

7. All T, measurements have been performed at the center op, the other hand. th89.a T, ! rates vary linearly with
g g . ’ -
of the corresponding line shapes. Sindg = depends temperature in the whole temperature range. This is expected

strongly on the experimental settings, the pulse widths in alhs 19 a nuclei are insensitive to the occupancy fluctuations
measurements shown in Fig. 7 were set tpgec(the dif-  of the e, States.

ferent parameter settings are the cause of the différtin In summary,>®Mn and 13%.a zero-field NMR results in

T, values presented in Figs. 3 anjl The dependence of | g, ,Ca,.MNnO; provide evidence about the presence of a
Tgl on the rf levelH, and the pulse width is common in all uniformly varying hole density across DW’s f@f<80 K.

FM systems, and it can be explained by an appropriate mod@pparently, charge variation in DW'’s is responsible for the
of DW motion?® However, it has been observed that for low observed strong magnetoresistivity at low temperatures. At
H, and relatively short pulses the shape of the' vs T higher temperatures DW's are transparent to hole motion,
curve is independent of the experimental settings. Accordingnd scattering is overruled by spin-wave excitations.

to Fig. 7, at low temperatureSMn TZ‘1 decreases rapidly by
increasing temperature, reaches a shallow minimurs @

K, and subsequently increases almost linearly. This is ex-
plainable if we consider that a spin-wave relaxation mecha- We would like to thank Dr. A. Simopoulos and Dr. C.
nism is superimposed on the Larmor frequency fluctuationsPapatriantafyllou for useful discussions and critical reading
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