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139 a NMR investigation of spin ordering in Lay<Cay sMnO
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139 a NMR in a zero external magnetic field has been used as a probe in order to study the Mn spin ordering
of Lag sCa gMnO5. For T<T, two different spin configurations are detected, assigned to a ferromagnetic and
an antiferromagnetic one, which persist down to the lowest measured températ@@ K. Close toT,
strong coherent spin fluctuations are detected that presumably drive the paramagnetic-to-ferromagnetic phase
transition. Complementary magnetic and Mrelectron paramagnetic resonance measurements are in agree-
ment with the NMR resultd.S0163-182807)04221-5

I. INTRODUCTION 6—0 for T—Ty. These results are well correlated with syn-

. . chroton x-ray experimenfswhich show an unusual peak
Doped members of the LaMnOfamily with the oo 4ening starting ak, and terminating afy .

general formulaA;_,BMnO; (A=La*",Pr",B=Ca&", CO is widely accepted to be connected with the compli-
Sr*,B&") attain currently a lot of theoretical and experi- cated spin lattice. Neutron diffraction experimérasd the-
mental interest, due to the close relation between magnetigretical prediction’ performed on thex=0.5 system show
and transport properties. For doping concentrations2 that the low-temperature AFM spin structure, known as CE
<0.5 these materials exhibit a paramagné®®/) to ferro-  structure, consists of stacked Mn spin cells of G@nd E
magnetic(FM) phase transition associated with a sharp drogype, with alternatively parallel and antiparallel spins on suc-

of resistivity. The transport properties can be controlled byc€SSive(100 planes. However, the neutron diffraction data
are not uniquely verified by this complex configuration, and

an external magnetic field, thus resulting in the appearanc h detailed . i in order t
of a large negative magnetoresistance with a maximum dic'1aPS MOre detalied experiments are necessary in order to
predict precisely the spin structure.

temperatures close to the transition temperafiye For X In order to gain more understanding on the relevance
>0.5 the low-temperature phase is insulating and antiferrobetween charge and magnetic ordering, we performed
magnetic (AFM), whereas in a narrow range around 139 5 NMR measurements in a zero external magnetic
=0.5, by decreasing temperature, the phase transition routg|q complemented by electron paramagnetic resonance

is PM—FM—AFM." Investigations on RSt sMnO; (Ref.  (EPR and magnetic measurements on polycrystalline
2) and Lg sCa sMnO; (Refs. 3 and #have shown that in Lag Ca MnOs.

this concentration range, charge orderi@D) effects, i.e.,
the regular arrangement of MftMn** in 1:1 ratio, plays an Il. EXPERIMENTAL AND SAMPLE
important role in the electronic and magnetic properties. CHARACTERIZATION

Qonventionally, such a PM—FM. phase. transition is ex- A sample with nominal composition kaCap MnO; was
plained by the double exchangBE) interaction mode¥,ac- prepared by thoroughly mixing high-purity stoichiometric
.cordlng-to which the mqtlon ok glectrons medlates, aFM amounts of LgO, CaCQ, and MnQ. The mixed powder
interaction among localizethy spins, due to Hunds's rule a5 pelletized and annealed in air at 1300 °C for 4 days with
coupling. However, as Millis, Littlewood, and Shraiman jntermediate grinding and reformation into pellets each time.
pointed ouf the predictions of the DE model do not fit prop- Finally the sample was slowly cooled to room temperature
erly with many aspects of the experimental data, especiallyy turning off the furnace.
with the temperature dependence of the resistivity. Instead of X-ray powder diffraction’XRD) data were collected with
this, they proposed a generalized model which include$500 SIEMENS diffractometer, using Q€ radiation and
electron-lattice coupling in order to explain the appearanca graphite crystal monochromator, from 4° to 120° in steps
of the colossal magnetoresistance. Besides, the relation bef 0.03° in 20. The power conditions were set at 40 kV/35
tween the DE interaction and the incommensurate CO supemA. The aperture slit as well as the soller slit were set at 1°.
structure, observed in the FM phase of,L@a, sMnOs,* is Rietveld lattice parameters were determined to he
at present unclear. According to electron-diffraction=5.410 A ,b=7.621 A, andcc=5.417 A, in closed agree-
experiments for Ty<T<T, the wave vector of the charge ment with published data. MagnetizatioM] data were re-
modulation can be written ag=(27/a)(3— 6,0,0), whereas corded using a commercial superconducting quantum inter-
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FIG. 1. Magnetization vs temperature forys€a MnO;. Ar-
rows indicate cooling and heating of the sample.

ference device magnetometerBat 1000 G.

The NMR spectra were obtained on a Bruker 200 MSL
spectrometer equipped with an Oxford cryostat, by using a
spin-echo technique with pulse widths, =t,,=0.6 usec ———
and at very-low rf power levels; <8 G), due to the very B 2 =
strong rf enhancement factor which is characteristic for mag- v, [MHz]
netic material$®!! The EPR measurements were performed
on a Bruker ER 200D-SRC spectrometer with an Oxford FIG. 2. **3La NMR spectra in a zero external magnetic field at
ESR 9 cryostat, at modulation amplitude 25 G, microwavecharacteristic temperatures.
power 33 mW, and microwave frequency 9.4 GHz.

H=1Y, AS+cY, |gs(3cof#, 1)

[ll. EXPERIMENTAL RESULTS

Figure 1 shows$V versusT curves both upon cooling and
warming. By decreasing temperature the system undergoes\’\d]ere the first term concerns the hyperfine interaction be-
PM-FM transition atT.=235 K defined as the inflection tween the'*La nuclear spirl and the Mnt,, electron spin
point of the magnetization curv#! is observed to saturate at S, and the second term the dipolar interactionl ofith all
T~210 K, while it starts dropping ay~175 K to a non- the Mn neighbors. The hyperfine interaction probably arises
fully-AFM state falling finally to the 60% of the saturation indirectly from = type overlapping between the Mn
value. This second transition temperature vari€0 K be-  tyg [3dyy), |3d,,), [3d,9 and the ligand|2p,) wave
tween cooling and warming, exhibiting a large hysteresigunctions. Similar overlaps of Hartree-Fock Kn|3d,,) or-
loop. Similar results have been previously obtained by othebitals with the |2p,) Slater function of theF~ ions in
workers®’ A careful comparison of Fig. 1 with their results KMnF3 with almost the same lattice spacing have been cal-
indicates that most probably the dopant concentration in theulated in Ref. 13. Since spin-up and spin-down ligand states
examined samples lies between Gs48<0.50. have different overlapping integrals with the Md 3tates,
Figure 2 demonstrate$%.a NMR spectra at characteris- i.e., (2p,1|3d;;7)#0 whereas(2p,||3d;;1)=0, the o
tic temperatures in both the FM and AFM phases. Due to théonding of the oxygen with thésp®) hybrid states of the
strong hysteresis effects, all measurements were performad®* ion® will be preferentially produced by the electron that
upon cooling. In most temperatures, the signals are doubligies to keep apart from thésdij> Mn orbitals. A Fermi
peaked, and more than 5 MHz broad, so that only the centralontact spin polarizatidfiis thus produced at the position of
—1 1 transition is observed }f%.a has a nuclear spih  the La nucleus with a hyperfine fieBy~35 kG as shown
=7). below. The dipolar term in Eq1) has a smaller contribution
The origin of the'3%.a NMR signal is not quite clear. In to the local field of the order of a few kG, which however is
a recent work on other LaMnObased materials, it has  crucial in the determination of the experimental results.
been attributed to a transferred hyperfine interaction via the Returning to Fig. 2, it is observed that beldw, a single
conductingey electrons. In our opinion, this is not possible, broad line appears, which becomes stronger by decreasing
as the corresponding molecular orbitals which aseonded temperature down td =180 K where it starts to decrease.
with O are not directed to the La sites. Furthermore, it hasAt T~200 K a second higher-frequency signal appears
been considerédthat the hyperfine field is zero in the AFM which on cooling appears to increase slightly. It is further
phase. This consideration is also not valid as indicated by ourbserved that at low temperatures the frequency peaks of the
experiments. two lines get closer to each other. This behavior becomes
The appearance of a relatively strong local magnetic fieldnore apparent in Figs.(8 and 3b) which demonstrate the
at the position of the non magnetic La ion can be describetbcal field B;=|By+Bgy|=w /y and the signal intensity
by the nuclear Hamiltonian, versusT for both lines, as obtained by the spectral areas of a
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FIG. 3. (&) The local magnetic field at the La silg=w, /7y as 160K

a function of temperature. The lower cur¢epen circley corre-
sponds to ferromagnetically ordered Mn octants, whereas the higher
curve (filled circles corresponds to antifferomagnetically ordered
Mn octants. The inset presents the differena8,=B,(AFM)
—B,(FM). (b) The *%a NMR signal intensityl, corrected by the
Boltzmann factor, as a function of temperature. The signal intensi- . .
ties are obtained from the spectral areas of two-Gaussian Iine-shap% FIG. 40" bMIrf‘ T );t;%gd KEPR spectra at various temperatures
fits. The filled circles correspond to the AFM signal, whereas the?POVe and belowl ’
open circle corresponds to the FM signal.
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An interesting feature in Fig. (8) is that bothB (T)
two-Gaussian line-shape fit. The signal intensities have beegurves do not tend to zero fof—T. but retain high
corrected by the Boltzmann factor in order to get the correcB (T,) values, about 80% of the corresponding maximum
temperature dependence lof values. A similar result has been reported in Ref. 12 in

A comparison of Figs. 1 and(B) shows a remarkable closely related compounds. This effect, in conjunction with
similarity between theM versusT curve and thd versus the rapid decrease of the FM signal intensity orT,,
T curve which corresponds to the IdBy field component, in jngicates that in the temperature region $8D<T, a para-
the FM phase. This suggests that the La nuclei with thenagneticlike component appears, where a frozen spin align-
lower B, field are located at the center of ferromagnetically ant is no more energetically favored. The presence of a PM
ordered Mn spin octants, contrary to the expectation that F'V&omponent is directly confirmed By-band Mi* EPR mea-
ordering _should create the strongBsffield at the position of urementsFig. 4, according to which the high-temperature
the La sites. Besides, the difference between the two loc M signal penetr’ates deeply into the FM phase. FoiT
: c

fields lies in the rangdB,~4—6 kG, which is of the order . - ;
of the dipolar contribution to the local field. These facts are the EPR PM s_|gnal rgp}dly. increases downTip, where it
Starts decreasing until it disappearsTat 160 K. The ap-

nicely explained if we assume that the La ions which sens )
the higherB,, field are placed at the center of antiferromag-Pgarance of a second broad signal for-220 K can be
netically ordered spin octants while at the same tirig, att_rlbuted to the FM phase. It looks as |f ordered groups of
By(AFM) ~By(FM), and(ii) in the FM octantB4(FM) is ~ SPIns start to.fluctuate coherently, while & the spin-
antiparallel toBy(FM), thus leading to relatively lower fluctuating regions cover the whole FM phase. The presence
B,(FM) values than in the AFM octants wheB(AFM) of a PM component folT<T; has been also observed in
~0. The slightly different temperature variation of LaoeCasMnO; with neutron scattering techniqués,
B,(FM) with respect toB,(AFM)—shown in the inset of and in L& 78Ca Mg ofFeoOs as well as in
Fig. 3—can be interpreted as a small decrease of the dipoldrag C8 33MNg od-€ 0103 by using Masbauer
contribution due to the partial transformation of the spinspectroscopy’ Furthermore, both techniques have shown
alignment from FM to AFM ordering. This description is that by increasing temperature towarts, the fraction of
consistent with synchrotron XRD data in |4#&£aMnO; the PM phase increases in a similar fashion with the EPR
(Ref. 7 and neutron diffraction data in S MnOz.*°  results.
Furthermore, the two different spin alignments b Ty The assumption for the existence of a PFO spin cell for
are in agreement with the double spin-cell CE strucfiire. T<Ty is further supported by NMR signal amplitudis
However, the spin cell which is responsible for versus the rf fieldB; measurements performed at different
B, (FM)—probably theE type spin cef®—has a nonvanish- spectral frequencies and at various temperatures, in both the
ing B4 contribution at the La sites, i.e., it is partially ferro- FM and the AFM phasefFigs. 5a) and §b)]. The intense
magnetically orderedPFO. NMR signals observed at very low rf power levels are due to
It is worth it to notice that due to the cubic symmetry onethe strong enhancement factoerwhich originates from the
should expect a vanishing smaly(AFM). The observed oscillations of the local electronic moments at the rf fre-
strong AFM signals point out that the hyperfine field is notquency. In this way, the actual rf field is not the weak ap-
symmetrically transferred from the Mn octant. This might plied field B, but a stronger one produced by the oscillating
result from thelsp®) hybrid La orbital§ which stablilize the  electron magnetic moments. At=180 K, Ag for both the
O-La bonding by breaking the cubic symmetry, or the Jahnstrong FM and the small AFM signals follows the same
Teller distortion of the oxygen octahedra. asymmetric bell-shaped curve given by the reldtton



55 139 3 NMR INVESTIGATION OF SPIN ORDERINGN . . . 15003

25
| o a)
T 04 TTThal 180K =
2 154 [ S0 3
K ] op T < 10 4
A 104 7 ~Q o
I [ R, S
— _' s @~ [l
< 5 . ¥ * e o .
.fw 100K Q
0 _I T T T T T g
b)
z 20 T 100 200 300 100 200 300
o
§ 15 4 g . 10K t [usec] t [usec]
T e I
3 5. e
it 5146 O %o e FIG. 7. (a) Spin-echo decays af=90 K and frequency 21
= | é’ e"o 180K MHz (AFM line). The double exponentially decaying curtféled
0 A S S S circles corresponds t®;=0.5 G whereas the single exponential
curve (open circley corresponds t@,=2 G. (b) Comparison of
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(open circley and (i) B;=3 G, T=180 K, frequency 18 MHz
FIG. 5. The signal amplitud&g vs the rf fieldB, at two differ-  (filled circles.
ent spectral frequencie$a) at 18 MHz corresponding to the FM
line, for T=180 K>T, (open circlesand T=100 K<Ty (filled be attributed to the low-frequency FM signal. Furthermore,
circles; (b) at 21 MHz corresponding to the AFM line, fof  for B;~0.5 G the obtained signal-intensity ratio

=180 K>Ty (open circley and T=100 K<Ty (filled circles.  |(FM)/I(AFM)~1 as expected for a double-cell spin con-
Dashed lines are guide to the eye. figuration.
A third evidence about the presence of PFOTer Ty is
) . (nyBqT obtained by using spin-spin relaxation-tinle, measure-
As*n S'”(nVBlT)S'nZ( 2 ) @ ments. Figure ®) shows the spin-echo decaySED) at

spectral frequency 21 MHzZI=90 K, and rf levelsB;
which attains a maximum atyB, 7= 27/3." Using this for-  =0.5 and 2 G. It is observed that the low-rf SED is decaying
mula and the fact that the maximum appear8at3 G a with a double exponential with relaxation timed;,
large enhancement factor~3x 107 is obtained. Usually, =80 usec, andl,5=650 usec, whereas the high-rf SED
such high-n values characterize NMR signals arising fromis single exponential witil,~T,5. Figure 7b) compares
magnetic domain wall¥) For T<Ty the maximum is the SED at 90 K, spectral frequency 21 MHz, aBd
slightly shifted atB;~2 G, while a second maximum ap- =2 G with the FM SED at 180 K, spectral frequency 18
pears corresponding to an even stronger enhancement factgiHz, and B;=3 G. It is found thatT,(180 K)~Tap
n~2x10% In order to discriminate the origin of the two ~650 usec. These results, in conjunction with the analysis
differentn contributions, a two-Gaussian line-shape analysisf Fig. 6 indicate that antiferromagnetically coupled spins
has been performed at=90 K for rf fieldsB;~0.5 and 2 relax with the shorfT,,, while ferromagnetically coupled
G (Fig. 6). For By~0.5 G the AFM signal contribution is spins relax with the long g .
considerably higher than fd8;~2 G. It is thus clear that Considering that the spin-spin relaxation originates from
the strongn component can be attributed to the higher-indirect Suhl-Nakamura interactioifisbetween couples of
frequency AFM signal, whereas the lowercomponent can nuclear spins we get,«(J/A?%), whereJ is an effective
Mn-Mn exchange-coupling constant. Sinée mainly de-
— T T pends on atomic properties and the lattice cell geometry, the
0.5 Gauss a9 similar T, values of the low-frequency FM NMR lines in
both the FM and AFM phases indicate similar exchange-
coupling constants, i.e., that the low-field spin cell is PFO,
even forT<Ty. If we consider that DE overrules coupling
into the FM regions while superexchan@E) into the AFM
ones, the loweil,, values indicate that DE coupling is, as
expected, sufficiently stronger than the AFM superexchange
coupling.

IV. DISCUSSION

We anticipate that the above experimental results are evi-
dence that the low-temperature double-cell spin configura-
tion consists of PFO and AFM cells, where DE and SE
dominate, respectively. The gradual shift Bf (FM) to

FIG. 6. 13%.a NMR spectra af =90 K, forB;,=0.5and 2 G. B,(PFO), when related to the electron microscopy redults,
In each case the solid lines are fits resulting from the sum of théndicates not only the subsequent transformation of the fer-
two-Gaussian dashed lines. romagnetically ordered Mn spin octants to PFO, but also that
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the DE interactions become more localized. periments which show that charge ordering appears only for
The possibility of a structure with alternating stacked FMx=0.5. This might be a coincidence because the model is
and AFM spin cells has been theoretically predicted manyversimplified with respect to the real system, but we think it
years agdl In the nearest-neighbor approximation, thedeserves a more careful examination. The incommensurate
Hamiltonian which describes these La based perovskites andO superstructure, observed with electron microscopy, could
related structures, includes,-e, spin-exchange, vacancy be thus explained as stemming from an ordered FM-AFM

hopping, andg-t,4 spin-exchange terms, domain lattice, which at low temperature transforms to the
observed two-cell stacked spin structure. This behavior
H= _JHE (Sﬂ)aﬁci*gcipHE Ci*acja_JE SS , closely resembles the insulating AFM phase of the copper-

oxide-based higf-. superconductors. Schulz applied the

(3)  Hartree-Fock theory on a two-dimensional Hubbard mddel
wherec?, c;,., are creation and annihilation operators for i the vicinity of half filling of the conduc_:tlon band and_
the “conduction” e, electrons;,a are their coordinate and Proved that the commensurate AFM state is unstable against
spin projection anchi is the spin operator of the,, elec- domain-wall formation thus leading to the establishment of
trons. The secénd term in E€B) transfers the elecgtron to  an incommensurate insulating state, with the extra carriers

. 9 . )

the next M site while conserving its spin projection, so if Ioclahzed oln t_he qggTa'r,l”‘\’A"a”s- s i formit
the spinsS;, andS; ., are antiparallel, the electron transfer . h conclusion, ~“a measurements in contormity
should increase the energy by an amddniS. In the case with magnetic and EPR measurements indidatehe low-

: : temperature AFM phase of pgla sMnO; consists of
?gengﬂ:ilir:gl?:ti itlhﬁglgil[;gﬁsi?ségééw” be decreased by stacked AFM and PFO spin octants which are formed by the

Considering a continuum approximation of Hamiltonian s_gbsequent transformation .O.f a_m|xe_d FM/AFM phase, and
(3), where spatial-charge fluctuations are taken into consid(—") the. PM-FM p'hase tra}n5|t|on is driven by unusual coher-
eration, Kashin and Naga#have shown that for a conduc- ent spin fluctuations which are present at least dowf to
tion bandwidthW=2zt>|J,4|S and carrier concentratior ~180 K.
=xg=4|J|/|J4| per unit cell volume, the ground state of
Hamiltonian (3) consists of alternating regions with in-
creasedFM) and decrease®FM) electron densities. It is
interesting to notice that if we consider thad|/|Jy| Fruitful discussions with Dr. C. Papatriantafilou and Dr.
=ToalTop~1/8, we getxp~0.5 in agreement with the ex- C. Christides are greatly acknowledged.
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