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>Mn NMR study of the electron-doped manganite Big,5Ca, g7sMnO;
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We have carried out >>Mn NMR measurements on Big 155Cagp g7sMnO53 and CaMnO;. NMR signals have
been observed for Bi 1,5Cag g7sMnO;5 at 4.2 K around 100 MHz, 320 MHz, and 605 MHz. The lines around
100 MHz and 605 MHz are ascribed to regions with ferromagnetic spin structure from their behavior in
external magnetic fields. The main resonance line observed around 320 MHz has two peaks at 298 and
318 MHz at 4.2 K. The magnetic field dependence of the lines up to 4 T show that they originate from regions
with antiferromagnetic spin structure. This is consistent with the observed lack of saturation of the magneti-

zation at high magetic fields.
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I. INTRODUCTION

The electric and magnetic properties of Bi;_,Ca,MnO;
have received considerable attention in recent years.'™ The
end member of the system, BiMnOj is of an insulating fer-
romagnetic (FM) state at low temperature,’ although the
typical perovskite manganite, LaMnQOs;, in which the ionic
radius of La** is similar to that of Bi**, is the A-type antifer-
romagnetic (AFM) insulator.” The insulating FM state has
been explained by a loan pair 65> electrons.®® BiMnOj is a
candidate for multiferroic materials, i.e., both ferromagnetic
and ferroelectric states occur simultaneously in the same
phase.”!? The other end member, CaMnOj3, is the G-type
antiferromagnet.” The system, Bi;_,Ca,MnO,, is insulating
over a broad compositional range.’ In addition, a charge or-
dered AFM structure has also been observed over the wide
compositional range. Long period structures associated with
charge ordering have been observed in Bij,CaygMnO5.!! A
ferromagnetic state has been observed in a small range
around x~ 0.12, where the resistivity is small, e.g., as low as
1072 Q cm in Bij |,5Ca, g7sMnO;. However, the temperature
dependence of resistivity shows a semiconductinglike behav-
ior, i.e., dp/dT<0. Furthermore, the saturation magnetiza-
tion of Bij 1,5Ca;g75Mn0Oj5 is about 1/3 of the fully aligned
value of 3.1uz/Mn,! which suggests a canted AFM phase or
a phase separation into an AFM phase and a FM phase. A
recent theoretical treatment of a canted spin ground state
proposed that the homogeneous canted spin state seems to be
nearly unstable, and tends to phase separate into a mixture of
the antiferromagnetic state and ferromagnetic/canted state.'?
In fact, the phase separation into the G-type AFM and the
C-type AFM has been found around x~0.12 in the electron-
doped manganites R Ca;_ MnO; (R=La,Ce,Sm,Bi).*!3-13

In this paper, we report SMn  results  of
Bij 1,5Cap g75sMnO5; and CaMnO;, using spin-echo NMR
technique. In magnetically ordered mixed valence mangan-
ites, the magnetic hyperfine field, Hy;, mainly arises from the
Fermi contact interaction due to the core polarization, and is
antiparallel to the spin magnetic moment. Then, Hy; is writ-
ten by th:—zy—ZA(S>, where A is the hyperfine coupling ten-
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sor, and (S) is the average value of the electron spin propor-
tional to spontaneous magnetization. When applying an
external magnetic field H,, the NMR frequency, v, is given
by

Y
V=2 |H0+th|. (1)
o

In R,__,AMnO; (R, rare-earth; A, alkaline-earth) ferro-
magnetic perovskite manganites, the NMR spectrum arising
from Mn** at low temperature falls into the frequency range
350—435 MHz,'® and that from Mn** is rather narrow and
symmetric, compared to that of Mn3*, and is observed
around 320 MHz, depending on both the substitution ele-
ment A and the composition. !¢~

II. EXPERIMENTAL DETAILS

Polycrystalline samples used in the present study were
synthesized by a standard ceramic technique. Stoichiometric
mixtures of Bi,03, CaCO;, and MnO, were ground and
pressed into pellets. They were calcined at 1000 °C in air for
5 hours then cooled at a rate of 2 °C/min. Then, the samples
were reground and sintered at 1200 °C in air for 5 hours
then cooled at a rate of 5 °C/min. This procedure was re-
peated three times.

NMR measurements were carried out using a home-built
coherent spin-echo apparatus. NMR spectra were obtained
by measuring the integrated spin-echo signal versus fre-
quency. A typical spin-echo sequence of 0.2-7-0.2 us with
7=3 us was used for zero external magnetic field, and 1-7-
2 pus with 7=5 us for measurements in external magnetic
fields.

III. RESULTS AND DISCUSSION

Figure 1 shows the NMR spectrum of Mn in
Bij 1,5Cag g7sMnO;5 at 4.2 K in zero external magnetic field.
NMR signals have been observed at around 100, 320, and
605 MHz. The NMR spectrum for CaMnOj is also shown in
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FIG. 1. Zero-field >>Mn NMR spectra for Big 1,5Cag g75MnO;
and CaMnO; taken at 4.2 K. The inset shows the rf field depen-
dence of line shape of Bi 1,5Ca( g7sMnO5.

the figure. It is surprising that NMR signals are observed in
the low frequency range 60—160 MHz for mixed valence
perovskite manganites. The line at 605 MHz may be attrib-
uted to Mn?*. The line around 600 MHz has been observed
in [Pr(Ca,Sr)]MnO;,® and Sr deficient samples
Pr; 7Sty 3_,(1,MnO3, where “[J” means vacancy.?! The lower
and higher frequency lines around 100 and 605 MHz are
ascribed to signals arising from FM domains or domain
walls, since the spin-echo signal reduces rapidly when apply-
ing an external magnetic field. It was difficult to obtain the
magnetic field dependence of resonance lines.

Here, we concentrate our attention on the NMR line ob-
served around 320 MHz. This line has two peaks at
298 MHz and 318 MHz. The inset in Fig. 1 shows line
shapes taken with different rf field H;. The ratio of high rf
power/low rf power is ~40, where the low rf power corre-
sponds to ~1 W of the output rf power from an amplifier.
For a FM domain, the rf field acting in the nucleus is larger
than the external rf fields H; because of the strong rf en-
hancement created by the oscillating electron magnetic mo-
ment. On the other hand, NMR for AFM domains require
higher rf power than that for FM domains, because of
smaller rf enhancement. The line shape of
Bij 1,5Cag g7sMnO5 depends on rf power, which means that
the signals arise from regions having different enhancement
factors. The line shape taken with high rf power level has
two peaks, whereas the one obtained with low rf power level
has a single peak at ~318 MHz.

Figure 2 shows the magnetic field dependence of the
NMR line. The peak at 318 MHz in the higher frequency
side decreases rapidly with increasing magnetic field. This
behavior is consistent with the rf field dependence of the line
shape shown in Fig. 1. The large signal enhancement is sup-
pressed with the external magnetic field, which leads to the
reduction in the signal intensity. Thus, the line appearing at
318 MHz in zero field is most likely associated to signals
arising from a spin arrangement with FM component. These
signals still appear in the frequency range 280-320 MHz,
even under the field of 4 T. Assuming the line observed in
external fields to consist of two Gaussians, we decomposed
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FIG. 2. External magnetic field dependence of NMR line taken
at 4.2 K.

the line into upper and lower lines. These are shown with
dotted lines in Fig. 2. The resonance frequencies of the upper
and lower lines are plotted against the magnetic field in Fig.
3.

In the manganites, the spin-spin relaxation time, 75, is
often very short and frequency dependent.?> We measured T,
at several points of the spectrum at 4.2 K in zero and 1 T
magnetic fields. After correction for 7—0, the spectrum
shapes are almost the same as those without the correction,
and the peak positions remain unchanged. Figure 4 shows
the spin-echo amplitude decays taken at peak positions of the
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FIG. 3. The magnetic field dependences of the resonance fre-
quencies of the upper and lower lines.
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FIG. 4. The spin-echo amplitude decays at peak positions of
spectra taken at 4.2 K (a) in zero-field and (b) in the field of 1 T.

lines. The decay curves taken in zero field are not single
exponential, while the decays in the field of 1 T show single
exponential behavior. The faster component may be attrib-
uted to the contribution of the FM domain walls.??

The lower line observed around 298 MHz shows a small
shift in fields up to 4 T, with a rate of ~—1.5 MHz/T. The
upper line shifts towards the low frequency side with a rate
of ~-5.4 MHz/T. This rate is about one-half of that of the
gyromagnetic ratio of >>Mn, 10.5 MHz/T. The upper line
does not shift according to the rate of the gyromagnetic ratio
as expected for a collinear ferromagnet, although having FM
signatures of large rf enhancement and magnetic field depen-
dence of signal intensity. Thus, the frequency shift in exter-
nal fields suggests that the upper line originates in a domain
with a canted spin structure. The magentization vs magnetic
field taken at several temperatures are shown in Fig. 5. The
magnetization is not saturated in the fields up to 7 T, and the
maximum value is 1.2up at 4.2 K. The results are in good
agreement with those recently obtained by Woo et al.??
which reveals no saturation in fields up to 30 T. The field
dependence of NMR line around 320 MHz is consistent with
the magnetization measurements results.

Figure 6 shows a temperature dependence of NMR line
around 320 MHz. As temperature increased, the signal inten-
sity of the upper line decreased rapidly, compared to that of
the lower line. It was difficult to detect the signal corre-
sponding to the upper line at temperatures above ~80 K
with our spectrometer. The reduction of the intensity of the
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FIG. 5. Magnetization vs magnetic field at various temperatures.
The inset shows the magnetization taken in 0.1 T.

upper line would be mainly connected with shortening of the
spin-spin relaxation time 7.

Figure 7 shows the temperature dependence of resonance
frequencies of the upper and lower lines. The C-type spin
structure, which exists up to about 100K in
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FIG. 6. Temperature dependence of resonance line. The inset
shows the line taken at 77 K.
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FIG. 7. The temperature dependences of the resonance frequen-
cies of the upper and lower lines. The solid lines are guides for the
eyes.

Biy, ;,Cag sgMnO5,* consists of one-dimensional chains of
parallel magnetic moments. The chains are aligned antiferro-
magnetically with each other. Substituting Bi for Ca dopes e,
electrons into the chain of the C-type AFM structure, which
suggests double-exchange interactions along the chains. The
magnetic moments which have been obtained for
Bij 1,Cay gsMnO5 from neutron diffraction measurements at
low temperature are 2.27up and 2.52up for the G-type and
C-type structures, respectively.* The majority phase is the
G-type and the phase fraction is 87% at 20 K, while the
fraction is 13% for the C-type phase. Thus, it is plausible that
the lower NMR line observed for Big ,5Cagg75sMnO; is as-
sociated with Mn in the G-type structure, although we cannot
determine the spin structure from the NMR results.

The resonance frequency of CaMnOj; is appreciably lower
than that expected for Mn**, as shown in Fig. 1. Assuming
the hyperfine coupling constant A for Bi 1,5Cag g7sMnO;5 to
be the same as that for CaMnOs, and corresponding the reso-
nance frequency of 298 MHz to the magnetic moment of
2.27ug, we obtain the magnetic moment of ~2.0 wz/Mn in
CaMnOs; from v=264 MHz.
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As was already mentioned for Bij ,5Cagg7sMnO5, FM
signals appear in the frequency range 60—160 MHz. It is
worth noting that the hyperfine field of Mn in MnBi has been
obtained to be 234.4 MHz at 77 K.2* Therefore, the NMR
line appearing in the frequency range 60-160 MHz for
Big 1»5Cag g75sMn0O3 is not attributed to signals from an impu-
rity phase such as MnBi. Although we do not have a definite
explanation for the appearance of the signals in the low fre-
quency range, it might be due to the supertransferred hyper-
fine field through Bi**6s? electrons. For electron doped man-
ganites, Ca;_,RMnO; (R=La,Pr), weak FM and AFM
signals have been observed in the frequency range
200-280 MHz, together with strong FM signals around
300 MHz.'%?? For Big,5Cagg7sMnO5, however, the main
line around 320 MHz arises from regions with AFM charac-
ter. The observation of weak FM and strong AFM signals
leads to the coexistence of minority FM region and majority
AFM region. The field dependence of NMR lines suggests
the AFM regions to be canted spin states.

In the present results, the NMR spectrum from Mn** has
not been observed. The hyperfine coupling constant A of
Mn3** would be anisotropic because the Mn’** is the Jahn-
Teller ion. Consequently, the NMR spectrum of Mn’** is
broad and inhomogeneous.!” Then, the Mn** spectrum is of-
ten practically smeared out.>?® Furthermore, signals arising
from Mn?* have been observed, which means that the charge
disproportionation of the type, 2Mn** into Mn>*+Mn**, oc-
curs in our sample. Thus, the recorded spectrum might indi-
cate no Mn** signals because of the Jahn-Teller distortion
and the charge disproportionation effects. It is difficult to
determine amounts of Mn2*, and of Mn ions observed in the
low frequency range 60—160 MHz. Each have different sig-
nal enhancement factors.
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