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An NMR study of polycrystalline Pr0.5Ca0.5Mn1−xGaxO3 sx=0 and 0.03d and Pr0.67Ca0.33MnO3 at 3 K is
presented. Zero-field spin-echo spectra of the Ga-doped compound consist of an overlapping69,71Ga signal at
74 MHz shyperfine field of 5.3 Td and a55Mn double-exchangesDEd line at 375 MHzs35.5 Td. Measurements
in an applied field show a steplike increase in the DE line intensity, which corresponds to an increase of the
amount of the ferromagnetic metallic phase. This coincides with a steplike feature in the bulk magnetization
measurements. The effect is similar to that in the previous field-dependent55Mn NMR measurements of
Pr0.67Ca0.33MnO3. The insulator - metal transition for Pr0.67Ca0.33MnO3, at ambient pressure, occurs at fields
greater than 5 T; however, at 1.1 GPa, the DE line corresponding to the ferromagnetic metallic phase is already
present at zero field.
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INTRODUCTION

The perovskite manganites of general formula
Ln1−xCaxMnO3sLn=lanthanided are of great interest due to
their large colossal magnetoresistance, charge and orbital or-
dering, phase separation, etc.1,2 The ferromagnetic metallic
state in the manganite is explained by the double-exchange
sDEd model,3 where there is fast hopping of the electron
sholesd between adjacent Mn3+ and Mn4+ cations. One of the
most interesting features in perovskite manganites is the
competing interactions/orders: superexchange antiferromag-
netism against DE ferromagnetism, orbital and charge order
against metallic state. An external influence, such as a mag-
netic field or applied pressure, for example, can change their
electrical transport propertiesse.g., from an insulator to
metald and/or magnetic propertiesse.g., from the antiferro-
magnetic to ferromagnetic stated.4

Pr0.5Ca0.5MnO3 and Pr0.67Ca0.33MnO3, which are the low
bandwidth manganites of interest in this article, are very
stable charge- and orbital-ordered charge-exchangesCEd-
type smoments that are parallel within the plane and antipar-
allel between the planesd antiferromagnetssAFd at low
temperature.5,6 These compounds exhibit insulator-to-metal
transitions at applied fields of 6 and 20 T, forx=0.35 and
0.5, respectively.7,8 It was observed from magnetization and
resistivity curves that forx=0.5, doping the Mn sites with
nonmagnetic cations like Ga or Sn by a few percent, leads to
a series of metamagnetic jumps as a function of applied field,
and the effect is sensitive to thermal cycling.9 In undoped
Mn compounds, insulator-metalsI-M d transitions can also be
induced by applying pressures of 0.5 and 0.8 GPa, forx
=0.3 and 0.5, respectively.10,11

The Pr0.5Ca0.5Mn1−xGaxO3 sx=0 and 0.03d were prepared
by solid-state reaction in the CRISMAT Laboratory in Caen,
as described in Ref. 9. The Pr0.67Ca0.33MnO3 sample was
fabricated by the same method in Universidad de Zaragoza-
CSIC.

55Mn NMR studies were carried out in order to shed some
light on the microscopic nature of the magnetic-field transi-
tions in Pr0.5Ca0.5Mn0.97Ga0.03O3 and Pr0.67Ca0.33MnO3, as
well as pressure-induced transitions in Pr0.67Ca0.33MnO3.
NMR spectroscopy probes the microscopic properties
through measurements of the hyperfine fields and nuclear
relaxation times. From the resonant condition:v=2pn
=guBeu, wheren is the resonant frequency, and the effective
field at the nucleus,Be, is obtained. Previous55Mn NMR
work on manganites, includingsPr,CadMnO3,

12 reveal the
positions of the ferromagnetic insulatingsFMId Mn4+ and
Mn3+ lines lying in the region of 300–330 MHz and 400–550
MHz, respectively.12–16 In ferromagnetic metallicsFMMd
manganites, fast hopping of the electronsholed between ad-
jacent manganese cations gives rise to a double-exchange
sDEd line, which lies around 370–390 MHz.13,16,17 As the
resonance lines are very broad, frequency swept spin-echo
NMR is applied.

The organization of this paper is as follows. The experi-
mental section on NMR “magnetometry” of Ga-doped
Pr0.5Ca0.5MnO3 and the discussion of results are presented
immediately below. They are followed by the analysis of
the NMR study of Pr0.67Ca0.33MnO3 at ambient pressure
and at 1.1 GPa, and a brief summary on the results is
given at the end.
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EXPERIMENTAL AND RESULTS

Magnetic-field-induced transitions
in Pr0.5Ca0.5Mn1−xGaxO3 (x=0 and 0.03)

Polycrystalline samples of Pr0.5Ca0.5Mn1−xGaxO3 sx=0
and 0.03d, the same as those studied previously in Ref. 6,
were measured using an automated spin-echo spectrometer18

at 3 K. The55Mn NMR spectra are presented in Fig. 1. In the
demagnetized state, the Ga-doped sample exhibits a single
line centered at 375 MHz, with a corresponding magnitude
of hyperfine field sHFFd of 35.5 T sg /2p for 55Mn is
10.55 MHz/Td. As the line has a similar position to that in
metallic manganites it reveals the existence of a DE con-
trolled state in the compound. This corresponds to FMM
clusters and an averaged Mn ionic state due to the DE driven
electron sholed hopping within them.13 The undoped
Pr0.5Ca0.5MnO3 sample does not show any measurable signal
in the 310–450 MHz range.

Field-dependent measurements of the DE line in
Pr0.5Ca0.5Mn0.97Ga0.03O3, Fig. 1 and later in Fig. 5sbd show
that the line shifts to lower frequencies with increasing field
and the magnitude of the slope is very close to the gyromag-
netic ratio of55Mn. A negative slope is due to the fact that
the manganese hyperfine field is predominantly of Fermi-
contact origin and is antiparallel to the Mn magnetic moment
and to the applied field.

Figure 2 is a plot of the field dependence of the intensity
of the DE linesdenoted by filled squaresd corrected for the
NMR enhancement and nuclear spin-spin relaxation, com-
bined with magnetization curves. The correction for the
NMR enhancement is done relatively to the 1-T spectrum.
Each spectrum is multiplied by the ratio of pulse length cor-
responding to the first echo maximum at this field and at 1 T.
Moderate changes of the NMR enhancement with the ap-
plied field show a lack of typical domain-wall enhancement
which indicates that the FMM regions are possibly single
domainlike. The plot shows that the “virgin” curve reveals an
increase in intensity with increasing field. As the field was
raised from 2 to 3 T the intensity of the spin echo jumped by

an order of magnitude. This is similar to the steplike feature
observed in magnetization measurements,sgray crossesd at
2.5 K, which is attributed to a martensiticlike transition as
discussed extensively.9 The jump in the absolute intensity of
the DE NMR line reveals an increase of the amount of the
metallic ferromagnetic phase in the compound. The magnetic
field was then raised up to 6 T, then lowered to 1 T, and
finally to 0 T. The intensity of the DE line at 1 Tsmagnetized
at 6 Td and in the remanent state, is an order of magnitude
larger than that at 1 and 0 T on the virgin curve, respectively.
This implies that the ferromagnetic metallic phase in the
magnetized state has an order of magnitude larger content
than that in the demagnetizeds“virgin” d state. It is worth
noting that the NMR intensity in the remanent state departs
from the bulk magnetization. This may be understood if we
realize that two regions with antiparallel magnetization add
in the NMR signal, at zero field, whereas they cancel in the
magnetization.

Figure 3 shows the low-frequency part of the NMR spec-
trum, which is identified as originating from gallium. It cor-
responds to two gallium isotopes,69Ga and71Ga with gyro-
magnetic ratiossand natural abundancesd of 10.2 MHz/T
s60.4%d and 12.9 MHz/Ts39.6%d, respectively. Fitting with
two Gaussian lines, with the intensity ratio corresponding to
the ratio of natural abundances and the ratio of central fre-
quencies and linewidths corresponding to the relative gyro-

FIG. 1. Zero-field NMR and field-dependence spectra of
Pr0.5Ca0.5Mn0.97Ga0.03O3, at 3 K. The spectra at different fields are
normalized to unity.

FIG. 2. A plot of the absolute intensity of the spin echo at
different field pointssblack squaresd, combined with magnetization
measurementssdark gray crossesd. Both plots are normalized to the
corresponding values at 1 Tsmagnetized from 6 Td.

FIG. 3. Low-frequency part of the NMR spectrum correspond-
ing to Ga resonances. The dotted lines correspond to the fitted
Gaussian lines for69Ga and71Ga isotopesssee textd. The solid line
is the sum of the69Ga and71Ga lines.
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magnetic ratio, provides a value of 5.3 T for the magnitude
of the HFF of Ga in Pr0.5Ca0.5Mn0.97Ga0.03O3. Ga3+ ions that
occupyB sMnd sites do not carry a magnetic moment and
therefore this value can be regarded as a transferredssuper-
transferredd hyperfine field from magnetic manganese neigh-
bors. This value may seem large for a transferred field; how-
ever, previous55Mn NMR on LasNi1−xMgxd0.5Mn0.5O3 by
Sonobeet al.19 have shown that a supertransferred hyperfine
field at Mn4+ sites from Ni2+ magnetic neighbors amounts to
3.8 T.

Magnetic field and pressure-induced transitions in
Pr0.67Ca0.33MnO3

This section concerns the Pr0.67Ca0.33MnO3 sample, which
was the same sample studied in Ref. 20. As discussed earlier,
in the “virgin” state, the Pr0.67Ca0.33MnO3 sample is an anti-
ferromagnetic insulator. Yoshizawaet al.21 showed that for
Pr0.7Ca0.3MnO3, at 5 K, there exists a step increase in mag-
netization at around 3 T and the sample magnetically satu-
rates at fields greater than or equal to 4 T. The spin-echo
spectrum of Pr0.67Ca0.33MnO3, at ambient pressure and at
zero field, exhibits a Mn4+ s313 MHzd signal as well as traces
of overlapping DEs381 MHzd and Mn3+ s420–500 MHzd
resonancessFig. 4d The FMI lines and the DE line persist at
fields up to 5 T. Applying a field up to 5 T gives rise to an
increased population of Mn ions in the DE controlled regions
compared to the Mn4+ and Mn3+ states in the insulating re-
gions. Also, the rate of change of the frequency of the DE
line with magnetic field is much less than expected from the
gyromagnetic ratio of55Mn. This suggests that the hyperfine
field is nearly perpendicular to the applied field. The effect
can be understood if we assume a coupling of the Mn mo-
ments in the FMIsand DEd regions to the antiferromagnetic
insulating sAFId matrix. For low magnetocrystalline aniso-

tropy antiferromagnets, such as the manganites studied, the
moments align perpendicular to the applied field because the
susceptibility’s perpendicular component is much larger than
the parallel component. Thus, the hyperfine field is perpen-
dicular to the applied field, which is an order of magnitude
smaller, and the effective field at the nucleus is almost un-
changed compared to the situation at zero field. When the
field is increased to 7 T the spectrum collapses to a DE line
at 313 MHz, which corresponds to a field-induced
insulator—to—metal transition. The DE line persists after
decreasing the field to zero and the field dependence of the
resonant frequency corresponds to a full gyromagnetic ratio
of 55Mn fdenoted by “3” in Fig. 5sbdg, as in other ferromag-
netic metallic manganites.

The Pr0.67Ca0.33MnO3 sample was pressurized to 1.1 GPa
in a Cu/Be pressure cell, at RT, with Co powder and the59Co

FIG. 4. Field-dependence 55Mn NMR spectra of
Pr0.67Ca0.33MnO3 at 3 K and at ambient pressure. The spectra, at
different fields, are normalized.

FIG. 5. sad Field-dependence55Mn NMR spectra of
Pr0.67Ca0.33MnO3 at 3 K and at 1.1 GPa. The spectra, at different
fields, are normalized.sbd Resonant frequency of the DE line in
Pr0.5Ca0.5Mn0.97Ga0.03O3 and Pr0.67Ca0.33MnO3 vs applied field,
with fits to the data, as discussed in the main text. For
Pr0.67Ca0.33MnO3, the points represent ambient pressure magnetized
from 7 T s“3” d, 1.1 GPa from 4 to 7.5 T, and 7.5 to 3 Ts“1” d. sThe
black and gray arrows along the lines, for Pr0.67Ca0.33MnO3 pres-
surized to 1.1 GPa, indicate increasing and decreasing fields, re-
spectively.d “h” denotes the Ga-doped sample magnetized from 6
T.
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NMR frequency as the pressure sensor. Figure 5sad is a plot
of the NMR spectrum at fields from zero to 7.5 T. The spec-
tra consist of a single double-exchange line and applying
fields up to 4 T shifts the DE line by as much as 5 MHz/T,
as shown in Fig. 5sbd srepresented by “1” d. However, at 4 T,
the DE line is shifted to lower frequencies by 11.7 MHz/T.
On decreasing the field from 7.5 to 3 Ts“1” d, the DE line
shifts to higher frequencies by as much as 10.2 MHz/T,
which is close to the value expected from the gyromagnetic
ratio of 55Mn. It is plausible that 1.1 GPa is not enough to
fully achieve the metallic state, as the intensity of the DE
line in the demagnetized state is an order of magnitude
smaller than in the remanent state after magnetizing the
sample up to 7.5 T.

To summarize, an NMR study of the manganese perovs-
kites, Pr0.5Ca0.5Mn1−xGaxO3 sx=0 and 0.03d provided the fol-
lowing information: sad Ga doping induces ferromagnetic
metallic sFMMd regions;sbd the amount of FMM phase in
Pr0.5Ca0.5Mn0.97Ga0.03O3 reveals an increase with the applied
magnetic field with a steplike behavior which mimics the
bulk magnetization curve;scd the amount of the FMM phase
is an order of magnitude larger in the remanent state than in
the “virgin” state; andsdd a transferred field from Mn mag-
netic neighbors of 5.3 T is present at Ga nuclei and can serve

as an estimate for the transferred hyperfine field at the Mn
site.

For Pr0.67Ca0.33MnO3, at ambient pressure, a very small
amount of DE controlled regions is observed at zero field.
This amount increases slightly with increasing field and
eventually the FMM phase percolates at a field larger than 5
T and persists in the remanent state. By comparing the NMR
spectra of the demagnetized Pr0.67Ca0.33MnO3 at ambient and
1.1 GPa, it is clear that a considerable amount of the DE
controlled phase is induced at 1.1 GPa. Magnetizing the
sample up to 7.5 T, with the sample pressurized at 1.1 GPa,
increases this DE controlled phase by an order of magnitude.

The results provide experimental evidence for the micro-
scopic nature of the field-induced insulator-to-metal transi-
tion in the charge-ordered manganites, which relies on the
increase of the amount of the FMM phase in the applied
field.
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