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Coexistence of antiferromagnetism and ferromagnetism in Ca1ÀxPrxMnO3 „xÏ0.1… manganites

M. M. Savosta
Donetsk Institute of Physics & Technics, Academy of Sciences of Ukraine, Rozy Luxembourg 72, 83114 Donetsk, Ukrain
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The magnetism in three polycrystalline samples of the electron doped manganites Ca12xPrxMnO3 (x
50.025, 0.05, 0.1! was investigated by NMR on55Mn and 141Pr nuclei, neutron diffraction, and magnetic
measurements. In all systems the coexistence of majority antiferromagnetic and minority ferromagnetic phases
was found. At 4.2 K distinct NMR signals from ferromagnetic domains and antiferromagnetic matrix as well
as from the domain walls were detected. Magnetic moment at 4.2 K increases sharply with increasingx from
0.06mB pfu (x50.025) to 0.9mB pfu (x50.1) accompanied by an equally sharp increase of the ferromagnetic
NMR signal. For thex50.1 sample the temperature dependence of the ferromagnetic moment determined by
neutrons and NMR agrees well with the magnetic measurements. For smallerx the NMR gives essentially the
same dependence, while the bulk magnetization decreases with increasing temperature more rapidly, indicating
reduction of the ferromagnetic volume when temperature is raised. For a more complete characterization of the
system studied the temperature dependencies of the electrical resistivity and thermopower were also measured.
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I. INTRODUCTION

The hole doped manganite perovskitesA12xRxMnO3 (x
→1, R is trivalent rare-earth ion,A is divalent or monovalen
cation! were subject of numerous studies, in connection w
the ‘‘colossal’’ magnetoresistivity observed in these syste
Systems withx'0.5 are also of considerable interest. Due
the competition of several interactions—antiferromagne
superexchange, ferromagnetic double exchange, charg
dering, and Jahn-Teller effect of Mn31 ion—a strong ten-
dency to the phase separation exists here~see Ref. 1 for a
recent survey!.

Much less is known about the electron doped regionx
→0). Pure CaMnO3 is a G-type antiferromagnet (TN
5123 K) with a weak canting of about 0.3°.2 When part of
Ca is substituted by a trivalent cation a more marked fe
magnetic component develops, however. Maignanet al.3

found that in a number of Ca12xRxMnO3 manganites this
component increases with increasingx, reaches its maximum
of about 1mB pfu for x;0.1, and rapidly disappears whenx
is further increased. The nature of the ferromagnetic com
nent is far from being clear—it has been explained as du
the canted antiferromagnetism,4 cluster glass state,5 or by
ferromagnetic domains embedded in the antiferromagn
matrix.6 NMR is a suitable tool allowing one to decide u
ambiguously between these possibilities~see, e.g., Ref. 7!.

In the present paper we give the results of the NMR stu
of three Ca12xPrxMnO3 manganites (x50.025, 0.05, 0.1!
and compare them to the neutron-diffraction and magnet
PRB 620163-1829/2000/62~14!/9532~6!/$15.00
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tion data. The system is further characterized by meas
ments of the magnetic susceptibility, electrical resistivi
and thermopower.

II. EXPERIMENTAL DETAILS

The ceramic samples were prepared from mixtures
CaO, Pr2O3, and MnO2 preheated at 1000 °C in air, presse
into the form of bars, heated at 1200 °C, and then sinte
for 12 h at 1500 °C. The purity, homogeneity, and comp
sition of the samples were checked by x-ray diffraction, el
tron diffraction, and energy dispersive spectroscopy~EDS!
analysis. Complete neutron-diffraction data on the crys
structure and magnetic arrangement of the compositiox
50.1 are reported in Ref. 6. It appears that the ferromagn
and antiferromagnetic temperatures coincide;TC5TN
5110 K.

The measurements of the dc magnetization and ac sus
tibility were carried out using the Quantum Design superc
ducting quantum interference device~SQUID! magnetome-
ter. The magnetization was measured in fields up to 5 T and
the spontaneous moment was then determined by extrap
ing the data to zero magnetic field. The electric conductiv
was measured by a standard four-probe method and the
mopower was studied using a steady-state four-probe t
nique with a constant gradient;1 K.

The NMR spectra were recorded by a two-pulse spin-e
method at temperatures between 61 and 100 K using a
coherent spectrometer with frequency sweep and boxcar
9532 ©2000 The American Physical Society
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tector signal averaging. The measurements at 4.2 K and
selected cases also at 77 K were performed on ph
coherent spectrometer with an averaging technique and
complex Fourier transformation using an untuned pro
head. In the latter case the spectra were measured reco
point by point the Fourier amplitude of the echo signal va
ing the transmitter frequency, the upper limit for the fr
quency was 300 MHz. All the samples in question are c
ducting. For this reason, when comparing the amplitude
NMR signal in different samples, we used powders fixed
the paraffin.

In the magnetic systems the action of an external m
netic fieldBext on the nuclear spins is magnified by the h
perfine coupling~interaction of the nuclear spin with th
electronic magnetic moment!. This enhancement concern
both the static component ofBext and its radiofrequency
componentBr f . The corresponding enhancement factorh,
defined as a ratio of the time-dependent componentbe f f of
the effective hyperfine field toBr f , is to a good approxima
tion proportional to local susceptibility of the electronic sy
tem. The maximum amplitude of the spin-echo signal is
tained whenbe f f5hBr f reaches the value which turns th
nuclear magnetization by an anglep/2. This fact allows us
to differentiate between NMR signals which occur at t
same frequency, but arise from regions possessing diffe
local susceptibility and therefore differenth. In the systems
in question we are thus able to distinguish the signal from
nuclei in the domain walls (h larger than 104) from the
signals of nuclei in the ferromagnetic domains (h of the
order 102) and antiferromagnetic domains~smallest suscep
tibility, h<20). To this end we study the dependence of
spin-echo amplitude on the value of the rf field at the giv
frequency and with fixed length of the pulses. The first ma
mum on this dependence corresponds to rf field for wh
the optimum excitation conditions are fulfilled for nuclei
the regions with the largesth ~domain walls!. The antiferro-
magnetic regions, in which it is most difficult to excite th
nuclear spins, would correspond to the last maximum.
fact, in the latter case, even with the largest rf power av
able and with longer pulses, we were not able to reach
optimum excitation conditions.

III. RESULTS

The temperature dependencies of the inverse suscep
ity, electrical resistivity, and thermoelectric power in Fig.
provide a basic physical characterization of the samples
der study. For comparison the data obtained on a p
CaMnO3 sample with almost ideal oxygen stoichiometry a
also given. The samplesx50.1, 0.05, and 0.025 are esse
tially conducting in paramagnetic state and exhibit the sa
magnetic critical temperature of 110 K. Nonetheless
asymptotic paramagnetic temperatureu shifts gradually to-
wards negative temperatures. Pure CaMnO3 displays a semi-
conducting character~activation energyEA;0.06 eV) and
strong antiferromagnetic interaction evidenced byu'
2600 K. This sample hasTN5123 K and possesses
weak net moment of 0.027mB per f.u. as it was determine
by the magnetization measurements.

The linear temperature dependence of thermoelec
power observed in the paramagnetic state for both the
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substituted samples and CaMnO3 is a characteristic feature
of metallic conductivity. Consequently we infer that th
charge carriers are essentially itinerant, irrespective of d
ing. In frame of such picture the increasing slope of th
mopower reflects the decreasing carrier~electron! concentra-
tion and scales well with chemical composition, i.e., w
decreasing Pr content. For pure CaMnO3 the carrier concen-
tration is evidently very low and chemical determination
impossible. Using the thermopower data we can, howe
estimate the electron concentration on a base of the lin
temperature dependence of thermoelectric power below
K to ;0.01 electron per Mn. The apparent discrepancy
tween the metallic behavior of thermopower and the abo
mentioned semiconducting resistivity in CaMnO3 might be
explained by the drop of Fermi levelEF just below the mo-
bility edge Em . This is a consequence of both disorde
which leads to creation of localized states at the band ed
and of a low filling of the band.8

NMR spectra detected at liquid-He temperature are d
played in Figs. 2 and 3. In all three samples five appro
mately equidistant lines, the amplitude of which increas
with the Pr concentration, were observed~Fig. 2!. We ascribe
these lines to the quadrupole split resonance of the141Pr
nuclei (I 55/2). The 55Mn NMR spectrum consists of two
distinct features centered around 245 and 300 MHz in
three samples@Fig. 3~a!#. The NMR signal at'300 MHz
possesses large enhancement factorh'200–400, which is

FIG. 1. Temperature dependence of inverse susceptibility~upper
panel!, electrical resistivity ~middle panel!, and thermopower
~lower panel! in the Ca12xPrxMnO3 system (0<x<0.1).
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9534 PRB 62M. M. SAVOSTA et al.
characteristic for a ferromagnetic~FM! phase, while the line
at 245 MHz has much smaller enhancementh<20, indicat-
ing that it arises from an antiferromagnetic~AFM! phase. We
note that a similar NMR spectrum of55Mn, with the same
assignment, was observed by Allodiet al.7 in
La0.5Ca0.5MnO3. The enhancement factor of141Pr lines is
the same as the one of FM55Mn, suggesting that the P

FIG. 2. NMR spectra of141Pr in Ca12xPrxMnO3 perovskites at
the liquid-He temperature. The arrows point to the centers of in
vidual Pr lines.

FIG. 3. NMR spectra of55Mn in Ca12xPrxMnO3 perovskites at
the liquid-He temperature.~a! Nuclei inside the domains. The sig
nals arising from the AFM domains were magnified by factor
(x50.0025), 15 (x50.05), and 25 (x50.1), in order to make them
better visible.~b! Nuclei in the domain walls.
resonance arises from the nuclei in the ferromagnetic ph
In addition a broad resonance, having two maxima, is
served@Fig. 3~b!#, when the level of radiofrequency field i
very low (h'20 000), which we ascribe to the55Mn
domain-wall signal.

For the discussion in the subsequent section, the N
arising from the nuclei in the domains is important and on
we now focus our attention. As seen in Fig. 3~a!, at T
54.2 K the spectrum of55Mn nuclei in the FM domains is
broad, consisting probably of several lines. At higher te
peratures it narrows and its structure disappears@Fig. 4~a!#.
In Fig. 5~a! this spectrum atT563 K, corrected for the
transverse relaxation and enhancement factor, is comp

i-

FIG. 4. Ca0.95Pr0.05MnO3. ~a! NMR spectra of55Mn in the FM
domains at three different temperatures. To compare their form
spectra were normalized and shifted so that their maxima coin
dF5F2Fmax. ~b! T577 K. Spin-spin relaxation timeT2 as a
function of frequency~rf field 1.5 G and 1-ms pulses were used!.
~c! T577 K. Enhancement factorh as a function of frequency.

FIG. 5. Ca12xPrxMnO3 perovskites at 63 K. Comparison of th
FM NMR spectra of55Mn for three compositions~a!, and depen-
dence of the NMR signal area and the spontaneous magnetic
ment pfuM0 on x ~b!.
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FIG. 6. Temperature dependence of the re
nance frequency of55Mn NMR in the FM phase
in Ca12xPrxMnO3. For the x50.1 sample the
temperature dependence of the magnetic mom
determined from neutron scattering and magne
measurements is also shown~a!. Magnetization
vs temperature for Ca12xPrxMnO3 manganites in
an applied magnetic field of 0.5 T~b!.
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for the three Pr concentrationsx. The area of the NMR spec
trum sharply increases withx and it correlates well with the
increase of the magnetic moment as determined from
magnetic measurements@Fig. 5~b!#. This provides an addi-
tional confirmation of the assignment of this spectrum to
FM phase.

The temperature dependence of the NMR frequency
the FM signalF(T), displayed in Fig. 6~a!, has the same
form for all three concentrations of Pr. Also in Fig. 6~a!, the
temperature dependenceM (T) of the spontaneous FM mo
ment forx50.1 sample, as determined by magnetic meas
ments and neutron diffraction,6 is shown. It is seen that al
these dependencies coincide. In Fig. 6~b! the M (T) depen-
dencies atB50.5 T are compared forx50.025, 0.05, and
0.1 samples. Unlike theF(T) curves the dependencies of th
magnetization are different for differentx.

IV. DISCUSSION

A. Magnetic moment of Pr3¿ ion
141Pr nuclei has nuclear spinI 55/2. The splitting of the

nuclear levels is described by an effective HamiltonianHe f f ,
consisting of the magnetic hyperfine interaction proportio
to an effective magnetic fieldBW e f f , and the hyperfine qua
drupolar interaction proportional toPe f f :

He f f52gnbn~BW e f fIW !1Pe f f@3I z
22I ~ I 11!1ha~ I x

22I y
2!#.

~1!

ha (0<ha<1) is the parameter describing the deviati
from the axial symmetry. As seen in Fig. 2 five lines cor
sponding to the141Pr NMR are to a good approximatio
equidistant, which indicates that in Eq.~1! the magnetic hy-
perfine interaction dominates and the first-order perturba
theory may be applied. From the position of the lines
then obtain

2gnbnBe f f5200~5! MHz; Pe f f56.0~5! MHz. ~2!

The effective magnetic field is simply related to the h
perfine coupling constantAJ ,

2gnbnBe f f5AJ^Jz&, ~3!

where^Jz& is the average value of the total angular mome
tum. The electronic magnetic moment of the praseodym
ion is
e

e

f

e-

l

-

n
e

-
m

mPr5gJmB^Jz&. ~4!

The ground state of the Pr31 ion is 3H4 and corresponding
factor gJ54/5. Taking for the hyperfine coupling consta
the value AJ511093(10) MHz9 we obtain mPr
50.150(7)mB .

B. Form of the 55Mn NMR at low temperatures

At 4.2 K @Fig. 3~a!# the AFM resonance is relatively nar
row ~the width in the half amplitudeDF'5 MHz), while
the FM resonance is broad (DF'15–20 MHz) and it ex-
hibits an unresolved structure. When temperature is
creased, FM resonance narrows substantially to 6, 7, an
MHz for x50.025, 0.05, and 0.1, respectively. Forx50.05
this is documented in Fig. 4~a!. The structure of FM line,
observed at 4.2 K, can be explained as a result of the qu
rupole splitting of the55Mn resonance (I 55/2). In the pres-
ence of the quadrupolar splitting the Redfield theory pred
that the nuclear relaxation cannot be described by a sin
exponential.10 Indeed, we have found that the spin-lattic
relaxation has a multiexponential character here, in disti
tion to the AFM line ~Fig. 7!. Besides, the relaxation be
comes single exponential when the temperature is rai
The appearance of the quadrupole splitting can be assoc
with the ordering of the Pr31 electronic magnetic moment
in the FM phase. No such ordering is probable in the AF
phase, as the effective exchange fields on Pr31 from its Mn
neighbors cancel. Combined effect of the spin polarizati
crystal field, and spin-orbit coupling leads to a nonspheri
electron density on the Pr31 ion, which may give rise to the
electron field gradient on nearest manganese neighbors,
via the local magnetostriction. When the temperature is
creased, the Pr31 magnetic moment is expected to decrea
rapidly11 and therefore the quadrupole splitting on55Mn di-
minishes.

To confirm our interpretation we measured the NMR
T54.2 K also on the lanthanum analog of thex50.05
sample, Ca0.95La0.05MnO3. As expected, AFM and FM55Mn
spectra of comparable width were detected (F'240 and 290
MHz! and the FM signal exhibited no structure. These
sults will be published elsewhere.

C. Characterization of the magnetic phases

As mentioned in the Introduction, the magnetic mome
of the system in question may be ascribed either to a sin
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9536 PRB 62M. M. SAVOSTA et al.
phase with small magnitude of the ferromagnetic mom
~canted AFM or spin glass! or as a mixture of AFM and FM
phases. In the former case there should be single NMR s
trum of 55Mn as all the lattice sites occupied by Mn a
equivalent. We observed two distinct spectra of55Mn, which
clearly demonstrates that the second possibility is realize
the system consists of the mixture of FM and AFM phas
The area of NMR spectra of55Mn in the FM phase increase
sharply with increasing concentration of Pr indicating th
the volume of FM phase increases. Correspondence of
area with the magnetization data@Fig. 5~b!# shows that the
increase of the bulk magnetic moment reflects the growth
the FM phase withx.

Disregarding the quadrupole interaction and small dipo
contributions, the hyperfine field on the55Mn nuclei may be
written as

BW e f f5gnmBÂSW 1gnmB(
i 51

6

âSW i . ~5!

The first term corresponds to the on-site contribution,Â is
the magnetic hyperfine coupling tensor,SW is the electronic
spin of the Mn ion in question. The second term is the fi
transferred from the six nearest Mn neighbors having
spin SW i , â is the transferred magnetic hyperfine tensor. T
NMR frequency is connected withBW e f f by

F5guBW e f fu/2p. ~6!

Equations~5! and~6! predict different resonance freque
cies for FM and AFM as the transferred term in Eq.~5! has
the opposite sign in the FM and theG-type AFM spin ar-
rangements.

The mean valency of the Mn ions in the system studie
slightly less than 4. Previous NMR studies of ferromagne

FIG. 7. Ca0.95Pr0.05MnO3. Decay of the longitudinal componen
of the Mn nuclear magnetizationm(t) in ~a! AFM ( s) and
FM (d) phases at 4.2 K and~b! FM phase at 77 K. The decays i
the AFM phase and in the FM phase at 77 K are well described
the single exponential withT150.56 and 0.052 ms, respective
~dashed curves!, while the decay in the FM phase at 4.2 K is mu
tiexponential and the Redfield theory is used to fit it~full curve!.
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Mn perovskites12–15have shown that at low temperatures t
Mn41 and Mn31 spectra occur at 310–330 MHz and 400
420 MHz, respectively. The FM line in present samples l
somewhat lower than expected from this picture. If we
sume that the anisotropy ofBW e f f is small, this difference may
be explained by a change in the magnitude of the hyper
coupling constant@Eq. ~5!# or by a larger hybridization of the
manganese 3d and oxygen 2p states, as indicated by calcu
lation of Pickett and Singh.16

The signal from nuclei in the domain walls also deserv
a short comment. It consists of two broad peaks cente
around AFM domain and FM domain spectra, respective
These two signals have different relaxation timesT1 andT2
and we tentatively ascribe them to domain walls in the AF
and FM phase, respectively. The AFM domain-wall sign
observed at 4.2 K is very broad, which shows that a la
distribution of Be f f in the AFM walls exists. On the othe
hand the signal from the FM domain walls, observed
broad temperature interval, differs only slightly from the F
domain signal—it is slightly broader and shifted b
'5 MHz to higher frequencies.

From Fig. 6~a! follows that the temperature dependen
of F is the same in the three samples studied.F is propor-
tional to the magnetic moment of the manganese ion@Eqs.
~5! and~6!#, the comparison of NMR and magnetic measu
ments then allows us to obtain the FM phase volume a
function of temperature. In thex50.1 sample the NMR, neu
tron, and magnetic data fall on the same curve@Fig. 6~a!#,
which shows that the minority FM phase is stable in t
whole temperature range. For smaller concentration of Pr
situation is different. As seen from Fig. 6~b! for x50.05 the
magnetization decreases faster with increasing tempera
comparing tox50.1. As the NMR data give the same tem
perature dependence of Mn magnetic moment, this me
that for x50.05 the FM phase is not stable and volume
this phase continuously decreases. The situation is still m
complex for thex50.025 sample. Above 100 K theM (T)
dependence exhibits a tail, which can be ascribed to a p
ence of the antiferromagnetic CaMnO3-type phase with the
critical temperature'123 K. Below 60 K the slight de-
crease ofM is probably connected with the transformation
the part of FM domains into the AFM state.

In addition, there are several indications that the F
phase in thex50.025 and 0.05 samples is very inhomog
neous. The form of the narrowed FM signal seems to
simple @Fig. 5~a!#, however, it depends on the excitation
conditions and also the relaxation changes substant
throughout the line. This can be understood if the spectr
consists of several signals at close resonance frequencies
distinct properties. Shown in Figs. 4~b! and ~c! are the en-
hancement factor and spin-spin relaxation time through
FM domain spectrum forx50.05 sample atT577 K. We
also observed that the enhancement factor decreases
increasing temperature. These features differ from what
have observed in more conventional FM manganites17 and
they may be tentatively associated with the manganese
clei in the FM domains of different size and morphology. W
note that in thex50.1 these features are also present, thou
they are much weaker.

In a recent paper18 the effect of the electron doping on th
magnetic moment in Ca12xLaxMnO3 (0<x<0.2) system
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was studied. The results forx,0.08 are explained through
phenomenological model in which the existence of local f
romagnetic regions within the antiferromagnetic host is
sumed. The results we present here provide a justificatio
such assumption.

V. CONCLUSIONS

We showed that the magnetic state of the electron do
manganites Ca12xPrxMnO3 is phase separated, consisting
ferromagnetic domains embedded in the antiferromagn
matrix. Forx50.1 the FM phase is stable in the whole tem
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perature region of its existence and the temperature de
dencies of the magnetic moment obtained by NMR, neut
diffraction, and magnetic measurement coincide. For sma
x the ferromagnetism becomes unstable, its volume
creases as the temperature is increased.
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