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NMR as a local probe of magnetic anisotropy: The possibility of orbital ordering
and orbital liquid states in colossal magnetoresistance manganites
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139La rf enhancement experiments are shown to be an excellent tool for detecting changes of the local
magnetic anisotropy in colossal magnetoresistance manganites. Based on this, we discuss the possibility of
orbital ordering in ferromagnetic~FM! La12xCaxMnO3, and provide evidence about the formation of an
unusual kind of phase separation in the low temperature regime of the FM conductive~FMC! phase for 0.25
<x,0.5. We show that by lowering temperature, an extra NMR signal is formed in the FMC phase, which
originates from regions with vanishingly small magnetic anisotropy. We anticipate that this feature is due to the
formation of regions with strong orbital fluctuations within an orbitally frozen matrix.
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The origin of the electronic properties of mixed valen
manganites with the general formulaR12xDxMnO3 (R
5rare earth,D5Ca, Ba, Sr), poses one of the most exc
ing open problems in the physics of strongly correlated e
tron systems. Initially, these properties were determined
the framework of the double exchange~DE! model,1 which
is based on the strong Hund’s coupling between hoppingeg

electrons in successive Mn41,31 sites and the underlyingt2g

electrons. However, in recent years experiments have sh
that DE is inadequate for the full description of the comp
properties of these systems, and coupling of spin with orb
and lattice degrees of freedom is essential in order to exp
the magnetic phase diagram. A basic consequence of
assumption is the possibility of states with simultaneous s
and orbital order~OO!.2,3 In such states, OO gives rise t
anisotropy of the electron transfer interaction, therefore
and superexchange interaction are favored or disfavore
an orbital direction-dependent way.2 This might explain the
origin of the ferromagnetic insulating~FMI! to ferromagnetic
conductive~FMC! phase transition, which has been recen
verified experimentally in the low doping regime o
La12xSrxMnO3,4 and La12xCaxMnO3.5–7 According to
theory3,4 and experiments,8,9 the low-T FMI phase has a stag
gered orbital configuration, in contrast to the orbitally diso
dered~OD! FMC phase. It is also worthwhile to notice th
in the vicinity of the FMI-FMC phase boundary o
La12xCaxMnO3, which takes place atxc'0.20, coexistence
of both phases has been observed at low temperature
using 55Mn NMR techniques.7

In the presence of OO, a fundamental question that ar
concerns the stability of the orbital lattice against therm
and quantum fluctuations. Recent theoretical studies h
shown that orbital fluctuations in the fully spin polarize
FMC state2,10–12 might explain the anomalous optical co
ductivity behavior in FM compounds of the La12xSrxMnO3

family.13 It is also possible that the quasi-two-dimension
nature of the orbital fluctuations enables the quantum
state to persist down to zero temperature, i.e., an orbit
liquid state is formed, as recently proposed in Refs. 2 and
0163-1829/2001/63~18!/180406~4!/$20.00 63 1804
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In this Communication, we provide experimental ev
dence about the formation of an unusual kind of phase se
ration occurring in the low temperature regime of ferroma
netic ~FM! La12xCaxMnO3. This feature, which persist
even in the antiferromagnetic~AFM! spin ordered phase
abovex>0.5, is explained as showing the onset of stro
orbital fluctuations at low temperatures. Our experimen
approach proceeds in two steps: First, we show that by
creasing doping, the FMI-FMC phase transition is accom
nied by a strong reduction of the local magnetic anisotro
In the next step, we demonstrate that in the doping ra
0.25<x<0.55 and at low temperatures, FM clusters w
vanishingly small magnetic anisotropy are formed within t
‘‘homogeneous’’ high-T FMC phase.

In order to resolve electronic phases, which differ in th
local magnetic anisotropy, we have employed139La NMR
radio frequency~rf! enhancement techniques. In FM mate
als, very strong NMR signals are produced at very low
irradiation fields,H1, due to coupling of the rf field with the
magnetic moments of the electrons.14 In this way, the effec-
tive irradiation field at the nuclear sites is sufficiently stro
ger than the appliedH1. Correspondingly, the emitted NMR
signal is amplified by the oscillating electron moments, th
giving rise to the strong NMR signals that characterize F
materials. It is thus straightforward that any change in
magnetic anisotropy will modify the response of the ele
tronic moments to the applied external rf field, i.e., an
crease~decrease! of the magnetic anisotropy fieldHA will
increase~decrease, respectively! the rf field H1,max that is
required to attain the maximum NMR signal.15,16 Hence,
NMR signals from coexisting regions with different ma
netic anisotropy are expected to cause multiple maxima
the signal intensityI vs H1 curves.

Experiments were performed on polycrystalline samp
prepared by annealing stoichiometric amounts of the co
sponding oxides in air at 1300 to 1400 °C. All samples we
then characterized structurally at room temperature wit
D500 Siemens x-ray diffractometer, and magnetically with
superconducting quantum interference device~SQUID! mag-
©2001 The American Physical Society06-1
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netometer. The obtained crystallographic and magnetic
were found to be in accordance with literature.139La NMR
spectra of La12xCaxMnO3 in zero external magnetic field
were acquired by applying a two pulse spin-echo techniq
with pulse widths tp15tp250.6 msec as described
elsewhere.17 The rf enhancement experiments were p
formed by recording the139La NMR signal intensityI as a
function ofH1 at the peak of the NMR spectra. The obtain
curves follow an asymmetric bell-shaped law with maximu
at ngH1,maxt52p/3, which allows the calculation of the r
enhancement factorn.17

The sensitivity of the rf enhancement to the FMI-FM
phase transition is clearly shown in Figs. 1~a! and~b!, which
show 139La NMR spectra and signal intensityI vs H1 curves
of La12xCaxMnO3 as a function ofx at 5 K. The NMR
spectra@Fig. 1~a!# exhibit a peak at'20 MHz, which cor-
responds to fully FM polarized Mn octants,18,19 and remain
almost unchanged by crossing the critical doping atxc
'0.20. On the contrary, by increasingx and for x
>xc , H1,max shifts rapidly to lower values@Fig. 1~b!# in
agreement with recent results by Dhoet al.20 Such a rapid
increase of the rf enhancement by crossing the phase bo
ary is explicable if we consider that the OO FMI phase ha
sufficiently higher magnetic anisotropy than the OD FM
phase.

However, a clear demonstration of the relation betwee
enhancement and the local magnetic anisotropy, i.e., OO
given by the FMI La0.825Ca0.175MnO3. In reality, this system

FIG. 1. ~a! 139La NMR spectra for the system
La12xCaxMnO3 , x50.175, 0.20, and 0.25 at 5 K.~b! 139La NMR
signal intensity I as a function of the rf fieldH1 for x
50.1, 0.15, 0.175, 0.20, 0.25, and 0.55 at 5 K.
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exhibits a mixed FMI-FMC phase, as deduced from t
55Mn NMR spectra of Fig. 2.21 At low temperatures, spectr
show the coexistence of localized Mn41,31 ~peaks at 320 and
420 MHz, respectively7!, and delocalized Mn states@peak at
370–380 MHz~Ref. 7!#, whereas by increasing temperatu
the Mn41,31 signal intensities reduce rapidly, and finally di
appear above 80 K. The disappearance of the Mn31,41 NMR
signals deep into the FMI phase forT.80 K is puzzling.
Apparently, this effect is related to the reentrant structu
transition, recently detected by neutron scatter
experiments22 at the same temperature range for 0.1<x
<0.2, which is characterized by a strong reduction of
orthorhombicity in the low-T phase. At the same time, elec
tron and neutron scattering experiments on La0.85Ca0.15MnO3
have revealed an unconventional layered and staggered
which becomes more profound below 70– 80 K.9 In the case
of La0.825Ca0.175MnO3, the transition at 80 K is associate
with a rapid increase of the139La NMR rf enhancement on
heating, as shown in Figs. 3~a! and~b!. At low temperatures,
the maximum of theI vs H1 curves is located atH1,max
52.4 G @Fig. 3~b!#, and corresponds to the majority FM
phase. By increasing temperature the139La NMR signal in-
tensity from FMI regions decreases rapidly and disappear
T580 K, in accordance with the55Mn NMR results. This
behavior is clearly seen in the inset of Fig. 3~b!, which dem-
onstrates the139La NMR signal intensityI as a function of
temperature, after correcting the influence of the spin-s
relaxation timeT2. Apparently, forT.80 K the NMR sig-
nal from the FMI phase is so fast relaxing that only the NM
signal from the minority FMC phase component is obse
able. At the same timeH1,max shifts to lower values, and
becomes minimumH1,max'0.3 G at T'80 K, which is
characteristic for the FMC phase component.The system

FIG. 2. 55Mn NMR spectra of La0.825Ca0.175MnO3, as a function
of temperature.
6-2



en
ca
h

h

th
ov
g
ag

e
e
he

th
al

-

w

es

-

e-

d

ure

ap-

e-
ing

is
its

ron
a
ra-

tion
rk.
ted
ry
he
py

ref-
of
ce

al

f

f

d

RAPID COMMUNICATIONS

NMR AS A LOCAL PROBE OF MAGNETIC . . . PHYSICAL REVIEW B 63 180406~R!
thus comprises two strongly intermixed phase compon
with different rf enhancements that reflect the different lo
electronic properties, and specifically the different OO of t
two subphases. Remarkably, at'80 K, the magnetizationM
vs T curve~obtained at 50 G! exhibits a slope change in bot
the zero field cooling~ZFC! and field cooling~FC! branches.
For T.80 K the ZFC branch shows a rapid increase of
magnetization, which—considering the reduced OO ab
80 K ~Refs. 5, 7, and 9!—may be explained as showin
better alignment of the electron spins into the external m
netic field due to a decrease ofHA . On the other hand, in the
FC route, the electron spins are already aligned into the
ternal magnetic field and the slight increase of the magn
zation below 80 K is in agreement with the formation of t
OO state, as pointed out by Endoh and coworkers.4 It is also
observed that the magnetization increase below 80 K in
FC route nicely follows the variation of the NMR sign
intensity with T, as shown in the inset of Fig. 3~b!. This
confirms that the high H1,maxvalues at low temperatures re
flect the establishment of a low-T OO state.For reasons of
comparison, we have also plotted in Fig. 3~b! theH1,max vs T
curves forx50.20 and 0.25. In both systems and at lo

FIG. 3. ~a! 139La NMR signal intensityI as a function of the rf
field H1 for La0.825Ca0.175MnO3 at various temperatures. The sign
intensities are corrected by the Boltzmann factor.~b! H1,max, i.e.,
the position of the maximum on theI vs H1 curves, as a function o
T for x50.175 (d), 0.20, (s), and 0.25 (L). The solid line is the
magnetizationM vs T curve for x50.175. The inset exhibits the
139La NMR signal intensityI vs T after considering the influence o
T2. The solid line in the inset is the corresponding magnetizationM
vs T curve in the FC route.
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temperatures,H1,max<0.2 G, whereas at high temperatur
H1,max increases slightly in a way similar tox50.175. The
relatively higherH1,max values of the 0.175 system in com
parison to those of thex50.20, and 0.25 systems forT
.80 K, might indicate a slight increase of the high-T mag-
netic anisotropy forx50.175, due to enhanced orbital corr
lations.

An unusual effect was observed by performing detaileI
vs H1 measurements on La12xCaxMnO3 for x
50.20, 0.25, 0.33, and 0.5 as a function of temperat
~Fig. 4!. At high temperatures, theI vs H1 curves exhibit the
FMC maximum, which in the doping range 0.20<x<0.33
takes values ofH1,max'0.4– 1.0 G. Remarkably, forx
>0.25 and by lowering temperature, a second maximum
pears atH1,max'0.05 G. Such an extremely lowH1,max
value is indicative of an NMR signal produced in FM r
gions, where the electron spins are almost freely respond
to the external rf field. It is also worthwhile to note that th
feature persists even in the AFM phase, as implied by
appearance in the low temperature regime ofx50.5, andx
50.55 @Fig. 1~b!#. In the case ofx50.5, two maxima at
H1,max'0.05 and 2.3 G are observed, whereas neut
diffraction23 and resistivity24 data show the presence of
minority FM phase down to the lowest measured tempe
ture. However, for thex50.55 sample, only theH1,max
'0.05 G maximum was detected~Fig. 1!, whereas no FM
peaks are observed in the corresponding neutron diffrac
pattern performed on the sample used in the present wo23

This implies that for this doping concentration, the detec
139La NMR signal is produced in FM clusters with a ve
short correlation length, which are finely dispersed within t
AFM matrix in agreement with previous electron microsco
results.25 It is thus tempting to argue thatt2g electrons within
such FM nanoclusters do not possess any energetically p
erential orbital orientation, thus enabling the obtainment
extremely high rf enhancement. This picture is in complian
with recent calculations,26 which show that by increasingx

FIG. 4. 139La NMR signal intensity as a function of the rf fiel
H1 at various temperatures, forx50.20, x50.25, 0.33, and 0.5.
The signal intensities are corrected by the Boltzmann factor.
6-3



ra
es
of

o

x-

-

u
u
na

e

-
tes
O
C
era-
I

ral

for-
y,
by

ist

ct

RAPID COMMUNICATIONS

M. BELESI et al. PHYSICAL REVIEW B 63 180406~R!
the FMC state may vary among different orbital configu
tions. Remarkably, the calculated energy difference of th
configurations is very small,26 suggesting the presence
strong orbital fluctuations. In such a case, the formation
islands of an orbital liquid with extremely lowHA cannot be
ruled out. The possibility of orbitally liquid states may e
plain the appearance of the puzzlingI vs H1 maximum at the
extremely lowH1,max'0.05 G. In this scenario, by increas
ing temperature, the onset of Jahn-Teller distortions27 lifts
the degeneracy of the various states, and the orbital liq
would freeze in the high temperature FMC orbital config
ration. This causes the 0.05 G maximum in the NMR sig
intensity to decrease rapidly on heating.

In conclusion,139La rf enhancement experiments provid
evidence about the presence of FMI states in La12xCaxMnO3
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for 0.1<x<0.2, which at low temperatures exhibit suffi
ciently higher local magnetic anisotropy than the FMC sta
for 0.2<x,0.5. This difference may be attributed to the O
nature of the FMI states in comparison to the OD FM
states. Experiments also indicate that by increasing temp
ture, the NMR signal from the low temperature OO FM
phase ‘‘wipes out.’’ This effect accompanies the structu
phase transition recently detected by neutrons.22 For x
>0.25 and at low temperatures, experiments show the
mation of regions with extremely low magnetic anisotrop
presumably due to strong orbital fluctuations as predicted
theory.10–12,26 Remarkably, this feature appears to pers
even into the AFM phase forx>0.5.

This work has been partially supported by INTAS Proje
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