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Resistivity and susceptibility measurements on the perovskite Nd, ;La, ;NiO; reveal the coincidence
of magnetic and metal-insulator transitions at T; =110 K. Muon-spin-relaxation (uSR) has been used
to characterize the magnetic order in the low-temperature insulating phase. Two magnetically ine-
quivalent muon sites exist there below T'. It is found that the crystallographically equivalent rare-
earth planes split into two magnetically inequivalent planes below Ty, one plane containing ordered Nd
ions, the other remaining paramagnetic down to low temperatures. This behavior is a consequence of
the unusual magnetic order of the Ni ions below T, with the SR data confirming the disappearance
of the inversion center at the Ni site in the magnetic insulating regime of the RNiOj; perovskites.

I. INTRODUCTION

In order to understand the mechanisms responsible for
superconductivity in the cuprate superconductors, it is
first necessary to establish the origin of the large
differences in the conductivity and the correlations be-
tween electronic and magnetic degrees of freedom in
transition-metal (TM) oxides. Metal-insulator (MI) tran-
sitions are a rich source of information on the fundamen-
tal electronic energies in transition-metal oxides and
afford the possibility of testing current theoretical predic-
tions. Within the context of Coulomb correlations in the
transition-metal 3d bands, and screening by charge
transfer from the anion p bands in oxides, the discovery'
of a thermally driven MI transition in RNiO; perovskites
(R =rare earth) has stimulated considerable interest:
these undoped and structurally simple oxides are the only
known transition-metal oxides located at the boundary
that separates “low-A metals” from ‘charge-transfer
(CT) insulators” in the framework developed by Zaanen,
Sawatzky, and Allen? (ZSA). The ZSA picture accounts
for the differences between metallic and insulating con-
ductivity in a wide variety of oxides.>

With the exception of metallic LaNiO;, which has
rhombohedral symmetry, these perovskite-like rare-earth
nickelates are orthorhombically distorted at room tem-
perature with the GdFeOj; structure (space group Pbnm).
The MI transition temperature in RNiO; decreases as the
size of the rare-earth cation increases and Ni-O-Ni bond
angles become straighter. No change in the symmetry of
the lattice associated with the electron localization has
been observed. However, we have detected a very slight
expansion of the unit cell (AV /V=0. 249%).* Muon-spin
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rotation has been used to determine the evolution of the
magnetic ordering temperature with the size of the rare-
earth ion,’> showing that the magnetic transition is con-
comitant with the gap opening in PrNiO; and NdNiO,,
while no such correlation is found for Sm and smaller
rare earths. Several features make the magnetic transi-
tion very striking. The magnetic contribution to the
overall entropy change (AS,,) across the transition is
very much lower than expected for S =1 Ni spins.® Par-
ticularly surprising is the observation by neutron
diffraction of magnetic Bragg reflections well below T\
in PrNiO; (T =135 K) and NdNiO; (T); =200 K).
These define a magnetic unit cell with a periodicity
(2a)X b X (2¢) with respect to the crystal cell axes."”?
The observed magnetic wave vector, k=(1,0,1) in the
orthorhombic cell, or (1, +,1) in the corresponding cubic
subcell, defines a magnetic period in the structure that is
four times the Ni-Ni distance. This situation is quite
different from expected antiferromagnetically coupled
Ni'! moments.

In this paper we present the results of a muon-spin-
relaxation (uSR) investigation of the formation of local
moments at the MI transition, and of the antiferromag-
netic ground state below Ty, in Ndg,Lay;NiO;, a
structurally less distorted analog of NdNiO;. We shall
show that uSR measurements confirm that ferromagnetic
and antiferromagnetic Ni couplings symmetrically coex-
ist along the three pseudocubic axes and that there is a
first-order breaking of the local symmetry at the Ni site
in the Pbnm space group at Tpy. This conclusion can be
drawn from the observation that the chemically identical
z=1 and ? rate-earth planes split into two magnetically
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dissimilar planes due to polarization by the Ni ions. The
proposed magnetic order is the only solution consistent
with both neutron’8 and muon experiments.

II. EXPERIMENT

The synthesis of the RNiOj; is not straightforward, as
elevated temperatures and high oxygen pressures are re-
quired. A polycrystalline sample of the solid solution
Nd, sLa, 3NiO; was prepared from the constituent oxides
under 200 bars of oxygen, as described in Refs. 1 and 5.
Previous structural characterization® confirmed that the
sample was well crystallized and single phase, with
lattice parameters @ =5.4234(2), b=5.3829(2), and
¢=17.6316(4) A. Resistivity, measured both on cooling
and warming reveals a MI transition at 110 K, as can be
seen in Fig. 1. The observed hysteresis is characteristic of
a first-order transition. In Fig. 2 the susceptibility mea-
surements indicate a magnetic anomaly also at 110 K,
coinciding with T4, and a paramagnetic contribution
from the Nd moments at all temperatures down to 5 K.

Zero and longitudinal field "SR measurements were
made on Nd, ;La; ;NiO; using the MuSR spectrometer
at the ISIS pulsed muon facility (R.A.L., UXK.). An 11-g
powder sample was mounted on an Al plate in a closed-
cycle refrigerator, allowing measurements to be made
over the temperature range 11-295 K. Spectra were
recorded both on cooling and warming. Initially the
spins of the implanted positive muons are polarized along
the incident beam direction. After thermalization
(<1071% 5) they precess around local magnetic fields of
both nuclear and atomic origin. If such dynamic or static
fields are random, incoherent precession leads to a depo-
larization of the implanted muons. The decay of the
muon (7,=2.2 us) is accompanied by positron emission
preferentially along the muon spin direction. The result-
ing positron count rate, collected in time histograms in
forward (F) and backward (B) detectors, therefore
reflects the depolarization of the muons. The positron
spectra are presented in the form of a corrected relaxa-
tion function

G(t)=[Ip(t)—alg(t)]/[Ip(t)+algz(t)],
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FIG. 1. The electrical resistance [log,o(R)] as a function of
temperature for Nd, ;La, ;NiO; measured both on cooling and
warming. The crystal structure is also shown.
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FIG. 2. The temperature dependence of the differential in-
verse susceptibility, d(y ~')/dT, for Nd, ;La, ;NiO; showing the
magnetic anomaly coinciding with T;. The susceptibility is
shown in the inset.

where I and I are the time differential positron counts
in the F and B detectors. «a is a calibration factor to ac-
count for the relative efficiencies of the F and B detectors:
it is determined by observing the coherent muon preces-
sion in a field of 2 mT applied to the sample, transverse to
the muon beam. G(z) is proportional to the time-
dependent muon polarization, with G (t)= AP (t), where
A, is the initial asymmetry, typically taking the experi-
mental value of 0.25.

III. RESULTS AND DISCUSSION

Typical relaxation spectra, G (¢) from measurements of
Nd, ;Lay 3NiO; in zero field at selected temperatures (11,

Asymmetry
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FIG. 3. The zero-field muon-spin-relaxation spectra from
Nd, ;Lag 3NiO; at 11, 110, and 260 K. The solid lines represent
fits to the data using the relaxation functions discussed in the
text.



51 MUON-SPIN-RELAXATION STUDY OF MAGNETIC ORDER IN . ..

0.24

> FA1+A2

g 022fp 0 0

g " insulator metal

E 0.20 - 4

7 "

< 0.18 -

= [

= 0.16 |

= C

= 0.14 | —o— Cooling

£ 0.12 [¥ —e— Heating

- L
0.10'.-..l.-n|I:|:|lu|n:||;|xl||14

0 50 100 150 200 250 300

T XK)

FIG. 4. Evolution of the total initial symmetry, 4,, obtained
form fits of the zero-field uSR spectra from Nd, ;La; ;NiO; col-
lected on both cooling and warming. Note the loss of asym-
metry at Tyy, and the hysteretic behavior characteristic of a
first-order transition.

110 and 260 K), are shown in Fig. 3. G (¢) decays mono-
tonically with time, and no spontaneous coherent oscilla-
tions of the polarization, indicative of a unique internal
magnetic field, are observed. Significant differences are
found in the relaxation spectra above and below
Tyi=110 K. In the metallic region (7'>110 K) the
spectra can be analyzed by adopting the functional form
G (t)= Ayexp(—At). The single exponential decay indi-
cates the presence of dynamic fields, which can be attri-
buted to the paramagnetic spin fluctuations associated
with the Nd3* ions. The influence of random nuclear di-
poles can be disregarded, since the observed relaxation
remains unaffected by longitudinal fields of up to 0.1 T.
Below T=~110 K the asymmetry parameter 4, begins
to decrease rapidly. The thermal evolution of the asym-
metry, on both cooling and heating, can be seen in Fig. 4.
Marked hysteresis, again indicative of a first-order transi-
tion, is evident. The transition to the insulating, magneti-
cally ordered, state is not only accompanied by an overall
loss of asymmetry: the relaxation spectra are also
modified. A satisfactory fit to the spectra below Ty is
only achieved by assuming a functional form composed

of two independent exponential functions, with
G(1)=G(1)+G,(t)= Alexp(—At)+ Adexp(—A,t) .

The total initial asymmetry shown in Fig. 4 corresponds
to Ag=(A}+ A2). In Fig. 5 we show the evolution with
temperature of A} and A3 individually, normalized to
the room-temperature value of A, obtained from fits to
the spectra below Tpy. In these oxides the magnetic
phase develops very inhomogeneously, and the extremely
hysteretic transition is related to the coexistence of metal-
lic and nonmetallic phases. The thermal evolution of the
respective relaxation rates A; and A,, on both cooling and
warming, are shown in Fig. 6. It should be noted that
hysteresis is observed only for A,, which also exhibits a
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FIG. 5. Temperature dependence of the contribution to the
total asymmetry 4, of initial asymmetry parameter 4} associ-
ated with G(¢). The inset shows the evolution with decreasing
temperature of 43, associated with the emergence below Ty of
a second exponential relaxation G,(¢), and thus a second muon
site. Both 4} and 43 have been normalized to the initial total
asymmetry at room temperature.

pronounced divergence toward low temperature. We did
not observe changes of A, and A,, within the experimental
error, from longitudinal field (LF)-uSR measurements
and longitudinal fields up to 0.1 T.

The marked decrease of the total initial asymmetry
shown in Fig. 4 reflects the onset of static local fields
below Ty and can be associated with long-range mag-
netic order. Such order in a polycrystalline multidomain
sample might be expected to lead to a coherent muon
precession arising from the two transverse field com-
ponents together with a nonprecessing contribution re-
sulting from the longitudinal field component: the asym-
metries associated with the precessing and nonprecessing
components are distributed in the ratio Z:1, respectively.
However, the finite pulse width (70 ns) of the muon beam
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FIG. 6. Thermal evolution of the exponential damping rates
Ay and A,. At Ty =110 K, A, evolves smoothly into the single
relaxation rate A observed at higher temperatures. (Solid lines
are guide lines.)
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at ISIS restricts the frequency response of MuSr:!° a
unique internal transverse field much greater than ap-
proximately 50 mT results in a coherent precession
beyond the effective frequency window of the instrument
and therefore in a loss of initial asymmetry. The Ni-O
subsystem in these nickelates is Pauli paramagnetic in the
metallic state above Tyq.»!! The loss of asymmetry at
Twmr» and its coincidence with the anomaly in x(7), seen
in Fig. 2, must therefore be attributed to the formation of
local moments at the Ni sites, and the ensuing long-range
magnetic order. However, it should be noted that only
35% of the initial asymmetry is lost, rather than the pre-
dicted 2. This, together with the observation of two ex-
ponential relaxation functions below T indicates that
there are two muon sites in RNiO;, one sensing essential-
ly static local fields (associated with magnetic order) and
the second sensing fluctuating fields. To understand the
implications of this result, we now need to review the
analysis of the neutron-powder-diffraction measurements
on the RNiO; compounds.

Two magnetic structures were found to be consistent
with the observed neutron-powder-diffraction patterns
from PrNiO, and NdNiO;® well below the metal-
insulator transition (7" <20 K). In the first model (model
1 in Fig. 7) each Ni'™ (§=1, 11\;=0.9u5) is coupled fer-
romagnetically (F) to three Ni nearest neighbors and anti-
ferromagnetically (AF) coupled to the remaining three
neighbors through the oxygen ions at the vertices of the
NiOg octahedra (Fig. 7). This is achieved by a symmetri-
cal arrangement of F and AF coupled pairs of Ni-O-Ni
units (i.e., NiT-O-Nit-O-Nil) related by the inversion
center at the Ni site in the Pbnm space group. The rare-
earth sites are bracketed by planes of Ni octahedra and,
in this model, the ordering of the Ni moments results in
the single crystallographic Nd site splitting, at low tem-
peratures, into two magnetically inequivalent sites: the
rare-earth plane at z =1/4 is polarized by the Ni mo-
ments, and magnetically orders at low temperatures
(BNg, =HNg,=2-21p), while there is a nulled exchange

Muon site 1

A+ layer Ni
Paramagnetic 0 R
®B")

A layer Ni
Ordered (B ) GT R
Ni 4

Ni

A layer

Muon site 2
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field at the z=32 plane, and the Nd ions remain disor-
dered (png,=#Ng,=0) down to the lowest temperatures

(see Fig. 7). In the second solution (model 2, Fig.7), all
rare-earth sites have identical ordered moments, while
Ni, and Ni, sites are ordered with uy;=1.8up (Ni%¥,
high spin) with the remaining Ni atoms adopting the di-
amagnetic Ni2t state. The agreement factors for these
two models are identical for the neutron diffraction pat-
tern from PrNiO;, and somewhat more satisfactory for
model 1 in the case of NdNiO;.

Considering now the muon localization site in the
RNiO; compounds, we note that information can be in-
ferred from previous measurements on the orthoferrites,
RFEQ;, which are isostructural with RNiO;. In the
orthoferrites the muon site has been established unambi-
guously and without a priori assumptions.!? If we assume
here that as in the orthoferrites (Ou)™ bonds are formed,
the muon site should be determined by the approximately
1-A +u-0?" bond length and by Coulomb interactions
with the neighboring atoms. We are thus led to conclude
that the muons in RNiO; localize on the mirror plane m
on the rare-earth layer, approximately 1 A from the
nearest oxygen ion, very close to the interstitial site deter-
mined for RFeO;'” ie, at (xy4) with
x=0.98, y=0.58. This implies an O-u distance of 0.71
A in the nickelates. The location of the muons at the
z=1 and 2 planes is illustrated in the RNiO; structure in
Fig. 7. The interstitial muon site is thus located almost
at the center of the slightly distorted square formed

by the nearest-neighbor rare-earth ions. For our
Ndy ;Lay 3NiO;  sample  the *u-Ni  distance is
c/4=1.91 A and the Tu-R distance is a/2
=b/2=2.7 A.

Clearly the low-temperature magnetic environment of
this muon site is very different for models 1 and 2 dis-
cussed above (Fig. 7). For model 2 there is a single mag-
netic environment, with all the in-plane R ions magneti-
cally ordered and only one of the two out-of-plane Ni
atoms possessing an ordered moment. For model 1, on

m=0

FIG. 7. The two magnetic
models, model 1 and model 2,
suggested by neutron diffraction
from NdNiO; and PrNiO; at
low temperatures. Note the
different effective fields acting on
the rare earth z—} and 3 planes
in model 1. The position of the
muon localization site in the
structure, inferred from upSR
studies of the isostructural
orthoferrites RFEQO; is also
shown.




51 MUON-SPIN-RELAXATION STUDY OF MAGNETIC ORDER IN . ..

the other hand, two distinct magnetic muon environ-
ments are evident: the muon can be located on the B+
plane (between A*-AT ordered Ni layers) with a
nonzero internal field at the R3" sites, and on the B°
plane (between 4F-4 T Ni layers) for which the internal
field at the R3™ is null.

We can see that only model 1 can provide a framework
within which the puSR results, which indicate two in-
dependent magnetic environments, can be understood.
The muons located at the B plane are not sensitive to
the onset of long-range magnetic order of the Ni ions at
Ty- Instead they see only the fluctuating magnetic fields
resulting from the paramagnetic R3" spins on the B°
plane. The dynamic relaxation component
G,(t)=A}lexp(—A;t) can be associated with these
muons: in Fig. 6 it can be seen that the relaxation rate A
evolves smoothly through Ty into A determined from
analysis of the relaxation spectra above T. However,
the muons on the B¥ plane sense a significant effective
field from ordered Ni moments below T'y;. This leads to
the loss of 2 of the asymmetry associated with this site,
due to muons precessing in the transverse internal field
components. The  relaxation function G,(2)
= A}exp(—A,t), hence, represents the remaining 1 of
muons at the B planes, which sense only the polarizing
longitudinal internal field components. The exponential
form of G,(t) indicates the presence of residual fluctuat-
ing fields at the B* planes. Indeed the relaxation rate A,
exhibits a marked and hysteretic divergence toward low
temperatures. We attribute this divergence to a slowing
down of the paramagnetic Nd>* spins on the BT planes
as these spins polarize in the exchange field of the Ni
ions. In pure NdNiO; this polarization is observed below
15 K. At the lowest temperatures, and considering the
estimated error, =~43+3 % of all muons are at site 1 and
about 55—8% at site 2. These numbers are very close to
50%, and in their determination muons have been con-
sidered motionless, fixed at one of the two sites. A cer-
tain spread of the dynamic field at the muon sites is also
probable due to the presence of nonmagnetic La ions
homogeneously distributed at the rare-earth site in the
sample.

To our knowledge, these SR results represent the first
experimental evidence, independent of neutron
diffraction, which can confirm that the RNiO,
perovskites, with R =Nd,Pr, order with the magnetic
structure designated “model 1 in Ref. 8. In Fig. 8 we
present the thermal evolution of ordered Nd moments in
the parent compound NdNiO; (T =200 K) obtained
by analyzing the neutron-diffraction data from this com-
pound within the framework of this model. In the
present Nd, ,La,;NiO; sample, the Nd ions will, of
course, order at a lower temperature.

The unusual magnetic order associated with the Ni
sublattice has important implications, since the nature
and sign of the exchange interactions are associated with
the orbital occupancy of the e; electrons of the Ni'" ions
(d 7:tzg"’egl). According to the Hund-Kanamori rule the
magnetic structure of Nim(tzgéegl) clearly suggests a
ground state in which e, electrons break up into two sub-
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FIG. 8. The evolution with temperature of the average Nd
moments in NdNiOj; (T =200 K) obtained by analyzing pre-
vious neutron-diffraction data using model 1 discussed in the
text. Those Nd ions on the z =% plane in Fig. 7 are polarized,
while those in the z=7 plane remain paramagnetic at all tem-
peratures.

lattices, each with one of the d 32,2 OF dxz_yz orbitals

half occupied. Neighboring Ni atoms with electrons in
the same orbital will be antiferromagnetically coupled,
and those occupying different orbitals will align with
spins parallel. The stability of such orbital ordering
could be disrupted by the closing of the gap. The nonuni-
form orbital distribution of the single e, electron may re-
sult from the breakdown of the degeneracy of the Ni'l!
state.

In summary, the muon-spin-relaxation spectra of
Nd, ;,Lay ;NiO; provide clear evidence that below the
metal-insulator transition at Ty, =110 K there exist two
magnetically inequivalent muon sites. At one of the sites
the muons sense, simultaneously, the long-range magnet-
ic order of the Ni sublattice, together with a slowing of
spin fluctuations associated with the increasing polariza-
tion of in-plane (z=1) Nd moments. In the z=2 plane
the unusual magnetic order of the Ni planes results in a
cancellation of the internal magnetic field at both the
second muon site and the Nd site. As a result the muons
at this site sense only the spin fluctuations associated
with nonpolarized Nd moments. These results, together
with previous neutron-diffraction measurements, have en-
abled us to establish unambiguously the arrangement of
spins in these RNiO; preovskites. The resulting spin
structure, which implies the disappearance of the inver-
sion center at the Ni site in the Pbnm space group, has
not been observed in other perovskite oxides. Whether
the symmetrical coexistence of ferromagnetic and antifer-
romagnetic coupling is a consequence of an orbital super-
lattice of the Ni e, electron due to electronic correlations
deserves further investigation.
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