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Mn-site hyperfine fields in LaMnO3 and NdMnO3 measured
using perturbed-angular-correlation spectroscopy
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Using perturbed-angular-correlation spectroscopy, we have measured the temperature dependence of hyper-
fine interactions at181Ta nuclei at Mn sites in ceramic samples of nominally stoichiometric LaMnO3 and
NdMnO3. Magnetic hyperfine fields~MHF’s! and electric-field gradients~EFG’s! were measured from 10 to
296 K. The perturbation functions measured for both compounds show sharp line shapes, indicating low defect
populations in the vicinity of the probe ions. The Mn-site EFG’s show a weak dependence on temperature in
both compounds, and the associated quadrupole frequencies and EFG asymmetries are very large. At labora-
tory temperature,vQ5158.3(2) Mrad s21 andh50.82(1) for LaMnO3, andvQ5190.9(3) Mrad s21 andh
50.80(2) for NdMnO3. Below the respective magnetic ordering temperatures of 138 and 85 K for the La and
Nd compounds, the dependence on reduced temperature of the observed supertransferred MHF’s follows a
power law, with an exponent of 0.41~1! in each case. The analysis of the combined magnetic-dipole and
electric-quadrupole interaction yields the angleb between the principalz axis of the EFG tensor and the
direction of the MHF, which is 56.5~5!° at 10 K for LaMnO3 and 62.5~5!° at 10 K for NdMnO3. For LaMnO3,
the angleb shows negligible temperature dependence, whereas for NdMnO3 this angle decreases linearly with
increasing temperature.@S0163-1829~98!04230-1#
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I. INTRODUCTION

Rare-earth perovskite compounds such as LaMnO3 pro-
vide a basis from which technologically important materi
may be developed. When doped with alkaline-earth elem
in the rare-earth site, thin films of these compounds exh
unusual electric and magnetic properties such as ‘‘colo
magnetoresistance.’’1 These highly distorted crystals hav
complex phase diagrams, and show various types of m
netic ordering that depend sensitively on the presence
dopants and defects. Perturbed-angular-correlation~PAC!
spectroscopy is a technique that provides information on
magnetic ordering and related properties of these c
pounds. PAC senses the local electromagnetic environm
of radioactive probe atoms substituted into specific sites
crystal by observing the magnetic hyperfine fields~MHF’s!
and electric-field gradients~EFG’s! generated by the elec
trons and nuclei that surround them.2 The interactions of the
probe nucleus’ magnetic-dipole and electric-quadrupole m
ments with the extranuclear MHF and EFG, respective
perturb the spatial and temporal correlations of theg rays
emitted by the181Ta excited nuclei after the radioactive d
cay of 181Hf occurs. Because the PAC technique is very s
sitive to changes in the local probe environment, the te
nique can provide both static and dynamic information ab
the effects of dopants and defects that change the local E
This is manifest in the broadening and attenuation of
measured line shapes.

In magnetically ordered perovskite crystals, the magne
dipole interaction arises at the site of the nonmagnetic pr
ions through the transfer of spin density from the magne
PRB 580163-1829/98/58~6!/3218~5!/$15.00
ts
it
al

g-
of

e
-
nt
a

o-
,

-
-
t
G.
e

-
e

c

ions~in the present case, Mn! through Op orbitals to valence
orbitals of the probe ion, where the ‘‘supertransferred m
netic hyperfine field’’3 ~STHF! polarizes the probe nucleus
This effect is extremely sensitive to the spatial extent of
atomic wave functions. For this reason, measurements
these fields provide information that stringently tests str
tural theory.

As a first step, we have carried out PAC measurement
the parent compounds, i.e., nondoped samples, in orde
establish a baseline with which to compare the behavio
doped compounds that show effects such as colossal ma
toresistance. We selected two parent compounds that h
similar crystal structures but have very different crys
chemistry. For ceramics of the LaMnO3 compound, the
Mn41 ion concentration can range from negligibly small
several tens of percent, and cation vacancies provide the
mary electrical compensation for the excess charge of
Mn41 ions.4 The Mn41-ion concentration depends strong
on processing conditions, and it determines the lo
temperature crystal structure.4,5 For ceramics of the NdMnO3
compound, in contrast, Mn-ion-produced deviations fro
stoichiometry are relatively small.4 Thus, we expect ceramic
samples of LaMnO3 to contain measurable quantities
Mn41 ions, and ceramic samples of NdMnO3 to contain in-
significant amounts of these ions. Therefore, by compar
the measured line shapes for the two compounds, we
determine the extent to which differences in the Mn41-ion
concentration affect the hyperfine fields at the181Ta probe.
Because doping and the associated production of def
modify the electric and magnetic properties of these cryst
this line-shape information provides the necessary ben
3218 © 1998 The American Physical Society
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mark to which PAC measurements on highly doped deri
tives of these parent compounds can be compared. In
case we expect substantial line broadening caused by ran
distributions of cations and defects. We have made preli
nary exploratory measurements that confirm this expectat
Since the line shapes for the parent compounds do not s
large amounts of line broadening, the analysis of these s
lines therefore offers potentially the most precise and
tailed information about the MHF’s at the Mn sites in the
compounds.

II. EXPERIMENTAL METHODS

Ceramic samples of LaMnO3 and NdMnO3 were prepared
using a resin-intermediate method, involving the metal p
cursors La~OH!3, Nd~NO3!3, and Mn~CH3COO!3. A HfOCl2
solution carrying the181Hf activity was added to the resin
forming mixture. The Hf concentration in the products w
'0.07 at. % of the Mn concentration. The resulting powd
of mixed oxides was pressed into small pellets and sinte
at 1770 K for 15–30 min under flowing Ar gas. This redu
ing atmosphere favors production of stoichiometric ceram
in which the Mn ions are primarily in the 31 oxidation state.
The samples were crushed after sintering and sealed
small fused-silica tubes. X-ray-diffraction patterns show
radioactive powder samples to be phase pure within a
percent. Huanget al. have carried out a careful investigatio
of the phase composition of stoichiometric LaMnO3.

6 They
find that processing LaMnO3 under the foregoing condition
leads to the production of a phase that orders antiferrom
netically at low temperatures.

The question arises as to which site the181Hf probe parent
occupies in the crystal. The charge state~41! and the radius
~0.85 Å! of the probe ion provide little guidance. Howeve
the MHF’s that we observe at the probes are large, i.e.,
eral tens of kOe, and the transfer of spin density in the p
ovskite structure is only favorable when the met
ion-oxygen–metal-ion bond angle approaches 180°.7 Specifi-
cally, for the lanthanide-manganese-oxygen perovskites,
Mn-O-Mn bond angle approaches 180°, and the Ln-O-
bond angle approaches 90°~Ln represents the lanthanide.! If
the probe ion were to substitute into the Ln sites, very lit
spin density would be transferred from the nearest Mn i
to the probe ion’s outers orbitals, because this bond ang
corresponds to a very small overlap of oxygenp orbitals with
4s and 5s orbitals of the probe. Thus, the MHF at the prob
ion nucleus would be very small. However, if the probe i
substitutes into the Mn sites, a large spin density would
transferred to the probe-ion orbitals, giving rise to a ve
large MHF at the probe-ion nucleus. The measured MHF
as well as those measured at theB sites in other ABO3 per-
ovskites using PAC spectroscopy,3,8,9are consistent with this
latter model. Therefore, we assign the probe site substitu
to the Mn site in both LaMnO3 and NdMnO3.

The PAC time distributions were measured using a thr
BaF2-detector spectrometer, which has a time resolution
700 ps full width at half maximum for the 133–482 keVg
cascade in181Ta. A closed-cycle helium refrigerator wa
used to cool the samples. The temperature was electroni
stabilized to within 60.1 K over the duration of a
measurement. For a polycrystalline sample,
-
is

om
i-
n.
ow
rp
-

-

r
d

s

to
e
w

g-

v-
r-
-

he
n

s

-

e
y
,

n

-
f

lly

e

measured angular correlation function W(u,t)
5exp(2t/tN)SkAkkGk(t)Pk(cosu), whereu andt are the angle
between emission directions of the cascadeg rays, and the
time between emission of the first and secondg rays, respec-
tively. tN and Akk are nuclear parameters, and the ext
nuclear hyperfine interaction is represented by the pertu
tion factor Gkk(t)5( isi cos(vit)exp(2dvit), where the
parameterd is a measure of the width of the Lorentzia
distribution of the hyperfine frequencies about their me
values. The frequenciesv i and their amplitudessi are related
to the hyperfine splitting of the intermediate nuclear lev
Above TN , where no MHF is present, three interaction fr
quenciesv i are observable, related to the electric-quadrup
interaction ~EQI! frequency vQ5eQVzz/4I (2I 21)/\ and
the asymmetry parameterh5(Vxx2Vyy)/Vzz, where theVii
are the elements of the EFG tensor in its principal axis s
tem. Below TN , the v i are obtained by diagonalizing th
hyperfine interaction matrix resulting from the combinati
of the EQI with the MHF represented by the magnetic f
quency vB52gImNB/\. The EFG coordinate system i
taken to be oriented at an Euler angle set~0, b, g! with
respect to the direction of the MHF.10 Because of the lifting
of the degeneracy of the EQI by the addition of the MHF, t
number of allowablev i is increased from three to~in prin-
ciple! 15.11 However, in the present case, the combined
fects of large EFG asymmetry, limited time resolution, a
energy-state degeneracies reduce the number of resolv
frequencies to six. The hyperfine parameters were extra
from the measured perturbation functions using theDEPACK

program developed by Lindgren.12

III. RESULTS

Figures 1 and 2 present two perturbation functions and
corresponding squared Fourier transforms measured
LaMnO3 and NdMnO3, respectively, above and below th
magnetic ordering temperatureTN . At temperatures above
TN , the Fourier transforms show three well-defined pea
whereas belowTN six peaks can be resolved, which reflec
the limitation of time resolution. For both compounds, t
perturbation functions measured above the magnetic or
ing temperature show sharp lines (d50.024 to 0.030 for
LaMnO3 andd50.015 to 0.030 for NdMnO3, depending on
sample! that characterize a very strong and highly asymm
ric EFG. The small amount of line broadening indicates t
the probe environments in both samples are relatively fre
point defects. Because the nominal charge of the paren
probe ion is 41 in these compounds, electrostatic ener
considerations make it likely that relatively few Mn41 ions
occur in the near vicinity of the probe. Thus, the sharp lin
which are associated with this low local defect concentrati
enable us to accurately measure the interaction frequen
that correspond to the combined nuclear magnetic-dipole
electric-quadrupole interaction, which characterize the p
turbation functions measured belowTN . For these below-TN
perturbation functions, we can determine the parametersvQ ,
vB , h, andd, and the Euler angleb, although the measure
ments are relatively insensitive to the angleg. If we were to
observe a large amount of line broadening, which would
company, for example, Ca doping at 20 at. %, we would
be able to accurately determine all of these parameters.
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FIG. 1. Representative measured perturbat
functions and their squared Fourier transforms
LaMnO3, at temperatures aboveTN ~upper set!
and belowTN ~lower set!.
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haps onlyvB andd could be independently resolved at tem
peratures belowTN . Therefore, these measurements rep
sent a very accurate characterization of the Mn-site hyper
fields in these two parent compounds.

Figure 3 summarizes the temperature dependences o
electric-quadrupole interactions from 10 K to laboratory te
perature. For both compounds, the quadrupole frequencyvQ
and the associated asymmetry parameterh show a weak de-
pendence on temperature. For LaMnO3, vQ decreases slowly
with increasing temperature, while for NdMnO3, vQ remains
relatively constant, consistent with the lattice expansion
pected in perovskites. By contrast, the asymmetry param
h for both compounds increases somewhat with increas
temperature, indicating that the local site symmetry becom
lower as temperature increases. This result is counter to
usual behavior of perovskite crystals, which generally
come more symmetric at higher temperature.13

IV. DISCUSSION

For the measurements belowTN , Figs. 4 and 5 summa
rize the derived parameter values for LaMnO3 and NdMnO3,
respectively. The temperature dependence of the MHF
represented by the measured magnetic frequenciesvB can be
accurately represented by a power law:vB(T)5vB(0)@1
2T/TN#b. For the La and Nd compounds, the extrapola
magnitudes of the magnetic frequencies at 0 K are 215(2)
-
e
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-
ter
g

es
he
-

as

d

Mrad s21 and 177(1) Mrad s21, respectively, correspondin
to zero-temperature MHF’s of 34.8~3! kOe for LaMnO3 and
28.6~2! kOe for NdMnO3. The derived exponentsb have
values of 0.41~1! for both LaMnO3 and NdMnO3, which are
consistent with exponents measured on other magn
perovskites8,14 and predicted from theory for three
dimensional magnetically-ordered crystals.15 These exponen
values differ from the value of 0.26~1! derived from neutron
scattering measurements on nominally stoichiome
samples of LaMnO3.

16 For this large and unexpected diffe
ence, we can at the moment offer no detailed explanat
However, we emphasize that the PAC-measured MH
have a fundamentally different physical origin than the ord
parameter measured in neutron scattering.16 Neutron scatter-
ing measures the average effect of the exchange interac
on the magnetic ordering correlated over large distance
the crystal; whereas, the PAC-measured MHF’s arise,
cause spin density is transferred from magnetically-orde
Mn d orbitals through Op orbitals into primarily 4s and 5s
orbitals of the181Ta probe ion. The polarization of the prob
nucleus by the transferred spin density gives rise to the
served perturbation of the angular correlation, to which c
respond the measured ‘‘supertransferred’’ MHF’s. Both ne
tron scattering and PAC measure the exchange interac
indirectly and from different vantage points.

As mentioned above, we expect that nominally stoich
ion
for
FIG. 2. Representative measured perturbat
functions and their squared Fourier transforms
NdMnO3, at temperatures aboveTN ~upper set!
and belowTN ~lower set!.
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metric LaMnO3 samples contain small but significant co
centrations of Mn41 ions, which could affect the magneti
ordering, whereas we expect the Mn41 concentration to be
negligible in NdMnO3. The line shapes we measured in bo
compounds show comparable sharpness, and the assoc
power-law exponents have approximately the same va
These results suggest that, within the local environment
the 181Ta probe ions, the local Mn41 concentration is lower
than the average concentration within the sample. Th
PAC-measured MHF’s may not sense the perturbation of
exchange interaction that small concentrations of Mn41 ions
would produce. This suggestion implies that the PAC m
surements do not probe the exact equilibrium state of
LaMnO3 crystal, in which the Mn41 concentration would be
the same in the vicinity of the probe as elsewhere in
crystal. This possibility reflects a limitation associated w
our current experimental capability. In principle, LaMnO3
samples could be prepared by more precisely controlling
oxygen partial pressure during sintering. This control wo

FIG. 3. Temperature dependence of the electric-quadrupole
teraction parameters for LaMnO3 ~open circles! and NdMnO3 ~solid
circles!.

FIG. 4. Temperature dependence of the electric and magn
hyperfine frequencies, and the angle between the MHF and tz
axis of the principal axis system, for LaMnO3 below TN .
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allow us to vary the gross Mn41 concentration systematicall
and thereby investigate the dependence of the hyperfine
teraction on the global Mn41 concentration.

The angleb ~distinct from the exponentb just discussed!,
which represents the angle between the principalz axis of the
EFG and the direction of the MHF, shows no significa
temperature dependence for LaMnO3, but does show a sub
stantial decrease with increasing temperature for NdMn3.
This difference in the temperature dependence of the angb
suggests that the magnetic ordering in NdMnO3 differs in
detail from that in LaMnO3. The relative constancy of the
EFG parameters with temperature in NdMnO3 indicates that
it is the direction of the MHF that changes with temperatu

Although the basic perovskite lattice is relatively symm
ric, we observe a large and asymmetric EFG in both mat
als. The point symmetry at the Mn site depends on the
rangement of its near neighbors, which are O ions
octahedra canted with respect to the major symmetry ax6

Consequently, the relationship between the directions of
principal axes of the EFG tensor and the major crysta
graphic axes is not obvious or easily calculable. If we we
ablea priori to determine the directions of the EFG princip
axes with respect to the crystallographic axes, then we co
determine, via the angleb, the direction of the MHF. This
magnetic field represents the average effect of the transfe
spin density through the six Mn-O bonds, which are direc
along the apices of the oxygen octahedra. If, for example,
Mn d electrons at the vertical apices were to order along
c direction and the Mnd electrons at the horizontal apice
were to order along a direction in thea-b planes of the
crystal, we would expect the magnitude and direction of
measured STHF to differ from that resulting from Mnd-
electron spins that would be ordered in the same directio

An alternative approach is to assume that the direction
the MHF lies parallel to the direction of the bulk-cryst
magnetization. This assumption fixes the direction of
principal axis of the EFG tensor with respect to the cryst

n-

tic

FIG. 5. Temperature dependence of the electric and magn
hyperfine frequencies, and the angle between the MHF and tz
axis of the principal axis system, for NdMnO3 below TN .
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lographic axes. But to test this hypothesis more experime
are needed. For example, by changing the charge sta
some of the Mn31-ions to 41, the magnetic ordering can b
changed from antiferromagnetic to ferromagnetic.

V. CONCLUSIONS

In conclusion, we have demonstrated that combin
magnetic-dipole and electric-quadrupole interactions can
accurately measured in181Ta impurities at Mn sites in well-
characterized ceramic samples of LaMnO3 and NdMnO3.
The measured hyperfine interactions for both compounds
hibit similar qualitative features: ~1! the EFG’s are large
and asymmetric;~2! the EFG asymmetries and the corr
sponding temperature dependences are anomalous;~3! the
ratio of vB to vQ is of order unity;~4! the directions of the
MHF’s with respect to the principalz axes of the EFG’s in
both compounds are similar;~5! the temperature depen
pl

.

rs

. J
ts
of

d
e

x-

dences of the MHF’s show power-law behavior that is e
pected for three-dimensionally-ordered ferromagnets; and~6!
the direction of the MHF appears to change with temperat
in NdMnO3 but not in LaMnO3. Since the samples are non
doped stoichiometric compounds, these parameters provi
useful reference point for theoretical calculations and furt
experiments on doped manganates.
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