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Magnetic properties of „Pr„Ca, Sr……MnO3 studied by nuclear
magnetic resonance
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The valence state of Mn in magnetoresistive perovskites has been widely related to the level of
alkaline metal substitution of the rare earth, by assuming that the Mn exists in 31 or 41 valence
states. Measurements have been made on a series of samples in the system Pr12(x1y)CaxSryMnO3.
55Mn nuclear magnetic resonance~NMR! zero field spin echo measurements on a single crystal with
x50.1 andy50 show distinct resonances around 310 MHz (Mn41) and 400 MHz (Mn31) but also
at 590 MHz (Mn21). An increase in the Mn21 resonance frequency in an applied field implies that
the Mn21 moment is antiferromagnetically coupled to the net magnetization. Spectra from powder
samples are much broader. The resonance frequencies increase as the Pr content is reduced. For
systems withx1y50.4, there is little change in the NMR spectrum as the proportions of Ca and Sr
are altered. ©1998 American Institute of Physics.@S0021-8979~98!26511-X#
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In recent years the large family of magnetic materi
known as perovskites have been the subject of intensive
search. They exhibit properties such as high temperature
perconductivity and extremely high magnetoresistance.1–3,8

The renewed interest follows theoretical and experime
studies dating back to the 1950’s.4–7

The cubic crystal structure of simple perovskites is d
torted orthorhombically for many systems, such
Pr12xCaxMnO3. It is the distorted perovskite manganese o
ides of the form R31A21MnO3 which exhibit the large nega
tive magnetoresistance.8 The magnetoresistive response
thought to arise from the relationship between the leve
A21 dopant and the Mn valence affecting carrier mobili
The carriers hop preferentially between ions with a para
spin configuration, stabilizing ferromagnetism~FM!. The va-
lence statev of the Mnv1 has been widely related to th
concentrationx of the dopant by the formula

R12x
31 Ax

21Mn12x
31 Mnx

41O3
22.

Transport measurements1 made across a wide range of tem
peratures, however, indicate that there is some dispropor
ation of the 31 state into 21 and 41 states. Here we
present spin echo nuclear magnetic resonance~NMR! data
on Pr12(x1y)CaxSryMnO3. For x50.4 andy.0.1, the sys-
tem has the characteristics of a ferromagnetic conductor3 as
described below. The system was studied using an autom
swept frequency spectrometer,9 in two regimes:

The first regime,y50, exhibits2 a number of different
antiferromagnetic~AFM! structures forx.0.5, and mixed
ferromagnetic~FM! and AFM characteristics forx,0.5. It is
found to remain insulating for all compositions, though f
x50.3 a metamagnetic transition to a ferromagnetic cond
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tor has been observed.10 At 4.2 K both the Mn and Pr sub
lattices are magnetically ordered. In this investigation
most detailed measurements have been made from 1.7 t
K on a single crystal withx50.1 andy50 in fields from 0 to
8 T. For this system the Curie temperature is 100 K, with
spin reorientation at around 70 K. The Pr sublattice order
around 30 K, and the low temperature structure consists
moments FM coupled in plane with AFM coupling betwe
planes.

In the second regime the total dopant level,x1y, is kept
at 0.4 for a range ofx andy. It has been found that despit
the constant level of alkaline earth doping, there are chan
in the magnetic properties of the system at 4.2 K asx/y is
varied.3 For y50, the system is AFM at low temperature
(TN5170 K), but the introduction of Sr results in a mixe
AFM/FM magnetic system. Abovey50.1 the material
shows FM behavior with a decrease of resistivity, sugges
an increase in the stability of the ferromagnetic state.3 The
magnetic and electronic properties are related to lattice
tortions, introduced by a combination of size mismatch
the alkaline earth atom and the Jahn–Teller effect, with F
becoming increasingly dominant as the proportion of the
is increased.

NMR measurements were made on two samples w
composition Pr0.9Ca0.1MnO3; sample A was a single crysta
produced by the floating zone method, using an infrared
age furnace. The quality of crystals produced by this meth
is detailed by Balakrishnanet al.11 Sample B was a powde
produced, as described by Leeset al.12

The55Mn NMR zero field spin-echo spectrum of samp
A in Fig. 1 shows three distinct resonances around 310, 4
and 590 MHz. These data have been obtained at 4.2 K
carefully tuned and matched coil, and have been correc
for transverse relaxation (T2) and the frequency squared sig
nal dependence. No change in the resonant frequencies
observed in the range 1.7 to 15 K, but the drop in the rel
1 © 1998 American Institute of Physics



no

t
t

te

he

th
om
e
n

in
le

m
ts
n

ile
u

pa

p
d

uld
in-

om
Ca
ics.

o-
per-
e
of

d

7152 J. Appl. Phys., Vol. 83, No. 11, 1 June 1998 Tomka et al.
ation timeT2 of the signals with temperature meant that
data were obtainable above 15 K.

The lines around 310 and 400 MHz were ascribed
Mn41 and Mn31, respectively. The55Mn NMR resonance a
590 MHz is commonly ascribed to Mn in its 21 valence
state and has been observed in a number of related sys
such as spinel-type oxides13 and manganese ferrites,14

though it is interesting that no Mn21 is observed in the La
based perovskites by photoemission studies.15

The NMR data provide the first direct evidence for t
presence of Mn in the 21 valence state in the R31A21MnO3

systems, though indirect evidence of the inadequacy of
nominal 31/41 valence approach has been obtained fr
thermoelectric power measurements across a wide rang
temperatures.1 Although it has been shown that layered ma
ganite systems containing only Mn21 and Mn31 can be pre-
pared, these have only been formed under highly reduc
conditions.16 Since our data were obtained from a sing
crystal it is unlikely that the Mn21 signal arises from any
such spurious phase, though the large size difference
make Mn21 difficult to accommodate in the lattice, and i
association with lattice defects or an impurity phase can
be ruled out. However, it should be noted that a large Mn21

signal is not exhibited in the powder systems, as deta
below. Furthermore, the crystal was checked with x-ray La
back reflection, which showed clear diffraction spots com
rable to those shown in earlier work.11

The data obtained at 4.2 K show that the apparent po
lations of the magnetically ordered Mn states, as detecte
NMR are in the ratio 0.545:0.45:0.005 for the 41, 31, and

FIG. 1. 55Mn NMR spin-echo spectrum of Pr0.9Ca0.1MnO3 single crystal at
4.2 K. Measurements are corrected for transverse relaxation effects an
‘‘frequency squared’’ response effect.
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21 states, respectively. The nominal valence model wo
give an expected ratio of 0.1:0.9:0. The discrepancy is
dicative of a large NMR enhancement of the Mn41 signal,
which may be due to domain wall enhancement arising fr
a preferential pinning of domain walls at the neighboring
dopant sites or may reflect the electron hopping dynam
The rapid drop of the intensity of the Mn41 line with applied
field, as shown in Fig. 2, is consistent with removal of d
main wall enhancement effects. The greater spread of hy
fine fields for the Mn31 resonance compared with that of th
Mn41 line, shown in Fig. 2, is consistent with the presence
Jahn–Teller distortion about the Mn31 ion.6,8

FIG. 3. 55Mn NMR spin echo spectra at 4.2 K of Mn41 for
Pr12(x1y)CaxSryMnO3 with y50 for ~a! single crystal Ax50.1, ~b! powder
B x50.1, ~c! powder x50.2, and ~d! spectrum of Mn41 for
Pr0.6Ca0.3Sr0.1MnO3 powder.

the

FIG. 2. 55Mn NMR spin echo spectrum of Pr0.9Ca0.1MnO3 single crystal at
2.75 K, with a range of applied fields.
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A single Mn31/Mn41 mixed-state line at around 38
MHz has been observed in a range of other systems.17 This
line arises from fast carrier hopping between the two M
ions and therefore provides information about the ferrom
netic double-exchange mechanism. The absence of this
for Pr0.9Ca0.1MnO3 suggests that if a double-exchange p
cess is responsible for the ferromagnetism in this system
hopping time must be greater than the period of the Larm
precession of the Mn nuclear spins (;1029 s). The unusual
absence of this line is consistent with the low conductivity
the ferromagnetic ground state, and suggests that the fe
magnetic ordering of the Pr sublattice (Tc530 K) may play
a role in determining the low temperature magnetic struct
of this system.

In Fig. 2, it can be seen that the resonance frequencie
the Mn31 and the Mn41 decrease with applied field, wherea
the resonance frequency of the Mn21 increases. Mn21 is an
S-state ion, so the hyperfine field at the nucleus is domina
by the contact interaction due to the host electron spin,
the hyperfine field is antiparallel to the Mn21 moment. The
increase in the Mn21 resonance frequency in an applied fie
implies that the Mn21 moment is antiferromagneticall
coupled to the net magnetization.

Figure 3 shows the Mn41 spectrum,~a! from single crys-
tal sample A,~b! from the powder sample B, and~c! from a
powder sample Pr0.8Ca0.2MnO3. A powder sample of

FIG. 4. Low intensity part of55Mn NMR spin echo spectra at 4.2 K fo
Pr12(x1y)CaxSryMnO3 with x1y50.4 for ~a! y50.1, ~b! y50.2, ~c! y
50.3, and~d! y50.4.
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Pr0.6Ca0.3Sr0.1MnO3, in Fig. 3~d! is also shown for compari-
son. It can be seen that the peak frequency of samples A
B is similar, though the line B is broader because of t
greater inhomogeneity in the powder system. We were
able to detect any clear higher frequency resonance p
from these powder samples, presumably because of this
creased inhomogeneity. The shift in the peak indicates
increase in the magnitude of the field at the Mn nucleus
the Pr concentration is decreased, and may reflect an incr
in mobility of the double exchange carrier between the Mn31

and Mn41 sites. The peak positions for th
Pr12(x1y)CaxSryMnO3 samples withx1y50.4, produced as
described by Leeset al.,3 Figs. 3~d! and 4, are all around 380
MHz. This corresponds to an increase in the magnitude
the hyperfine field of about 3 T. As described above, the 3
MHz signal can be ascribed to a mixed Mn31/Mn41 state
where the carrier hopping time is shorter than;1029 s.

Despite the changes in the physical properties
Pr12(x1y)CaxSryMnO3 observed by Leeset al.,3 there is little
change in the spectrum as the proportions of Ca and Sr
changed. Figure 4 shows the positions of the resonance
for the Sr doped samples. Small peaks are observabl
around 430 and 620 MHz, and are most well defined for
sample with the lowest Sr doping. The signals are extrem
broad compared with the single crystal sample, and a dist
spin echo signal was observable across the whole rang
frequencies shown in Fig. 4.
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