PHYSICAL REVIEW B

VOLUME 49, NUMBER 13

1 APRIL 1994-1

Magnetic ordering and spin reorientations in Nd, 3Sr, ,NiO; 7,

M. Medarde* and J. Rodn’guez-CarvajalT
Institut de Ciencia de Materials de Barcelona, Consejo Superior de Investigaciones Cientificas,
Campus Universitari de Bellaterra, 08193-Cerdanyola, Barcelona, Spain
and Institut Laue Langevin, Boite Postale 156, 38042 Grenoble Cedex 9, France

B. Martinez
Institut de Ciencia de Materials de Barcelona, Consejo Superior de Investigaciones Cientificas,
Campus Universitari de Bellaterra, 08193-Cerdanyola, Barcelona, Spain

X. Batlle
Departament de Fisica Fonamental, Facultat de Fisica, Universitat de Barcelona, Diagonal 647,
08028 Barcelona, Spain

X. Obradors
Institut de Ciencia de Materials de Barcelona, Consejo Superior de Investigaciones Cientificas,
Campus Universitari de Bellaterra, 08193-Cerdanyola, Barcelona, Spain
(Received 12 October 1993; revised manuscript received 14 December 1993)

The magnetic behavior of the reduced Nd, 4Sr,,NiOj; ;, nickelate has been investigated by means of
neutron-powder diffraction, magnetic susceptibility, and isothermal magnetization measurements. The
most noticeable result is that, in spite of the large concentration of oxygen vacancies, both the Ni and
Nd sublattices become antiferromagnetically ordered below Ty, ~320 K and Ty,~13.5 K, respectively.
Moreover, two spin reorientations of the Ni magnetic moments have been observed, one around T, =130
K and the other simultaneously to the cooperative ordering of the Nd sublattice. The existence of a
weak ferromagnetic component below 70 K has also been clearly established from the analysis of the
macroscopic magnetic measurements. Finally, a set of effective exchange parameters have been derived,
and their values compared with those reported for stoichiometric Nd,NiO,.

I. INTRODUCTION

In another paper dealing with the structural aspects of
the oxygen-defective Nd, ¢Sr, ,NiO, ;, nickelate,’ we re-
ported the existence of several unexpected effects associ-
ated with the particular ordering of the oxygen vacancies
found in this compound. The first, and perhaps the most
noticeable of these effects, was the lowering of the crys-
tallographic symmetry from orthorhombic Bmab to
monoclinic B112/n (Cmca and C2/c in the standard set-
ting).

The second, “microscopic” and slightly more subtle,
effect was the appearance of lattice microdistortions pro-
duced by the local fluctuations of the oxygen content
along the ordering direction of the vacancies. Their ex-
istence was signaled by the strong anisotropic broadening
of the Bragg reflections, which can be clearly observed in
both x-ray- and neutron-powder-diffraction patterns.

This kind of vacancy ordering, which has also been re-
ported for other oxygen-deficient nickelates of the
La,_ ,Sr,NiO, 5 (6<0) series,>”* is expected to also
have important consequences in both the electronic and
magnetic properties of these compounds. Unfortunately,
only very few published works dealing with the physical
properties of these reduced systems are nowadays avail-
able.

As a continuation of the previous structural characteri-
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zation,! we present here an exhaustive magnetic study of
Nd, §Sr ,NiO; ;,. Neutron-diffraction, ac and dc suscep-
tibility, and isothermal magnetization measurements
have been used to obtain an overall picture of its magnet-
ic behavior, including the characterization of several spin
reorientations observed in this compound, the determina-
tion of the subsequent magnetic structures, and the ob-
tainment of a set of effective magnetic interactions. The
influence of the crystallographic symmetry and the order-
ing of the oxygen vacancies are also briefly discussed and
compared with the results obtained for Nd,NiO,.

II. EXPERIMENTAL TECHNIQUES

About 5 g of a dark-brown polycrystalline sample of
composition La, ¢Sr, ,NiO; 5, were synthesized in accor-
dance with the procedure described in Ref. 1. The x-ray-
and neutron-diffraction characterization reported in this
work showed that the material has a K,NiF,-type struc-
ture of monoclinic B112/n symmetry. The oxygen vacan-
cies (6=0.28) are localized in the basal planes of the
NiOg4 octahedra (see Fig. 6 of Ref. 1) and partially or-
dered along the [110] crystallographic direction. In fact,
a slightly different composition was published in a short
preliminary study,’® but more careful investigations' indi-
cated that the correct oxygen stoichiometry is §=0.28.

Several neutron-diffraction experiments were per-
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formed at the high-flux reactor of the Institut Laue-
Langevin as described in Ref. 1. dc magnetic susceptibili-
ty and isothermal magnetization measurements were car-
ried out using a Quantum Design SHE superconducting
quantum interference device (SQUID) magnetometer in a
temperature range from 4.5 to 350 K with magnetic fields
up to 50 kOe. The isothermal magnetization curves at
different temperatures were measured on decreasing the
magnetic field from 55 kOe. ac magnetic susceptibility
was carried out in a LakeShore ac susceptometer between
4.5 K and room temperature (RT). A small amount of
metallic nickel (=0.3% in weight) was detected from iso-
thermal magnetization curves. This impurity was prob-
ably formed during the hydrogen-reduction step and was
undetectable in both x-ray- and neutron-diffraction pat-
terns.

III. NEUTRON DIFFRACTION

A. Results

Figure 1(a) shows the low-angle part of the neutron-
powder-diffraction patterns of Nd, §Sr, ,NiO; ,; recorded
at 200 K. A comparison with previous high-temperature
data indicates the existence of several additional
reflections, all of them indexable on the crystallographic
unit cell. The Miller indices fulfill the parity rule
p(h)¥#p(k)=p(l), and they are in consequence forbidden
by the general extinction conditions of the B112/n space
group hkl, h +1=2n; hkO, h,k =2n; Okl, 1 =2n; hOl,
h +1=2n; 001, ] =2n; h00, h =2n; 0k0O, k =2n. A simi-
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FIG. 1. Low-angle part of neutron-powder-diffraction pat-
terns for Nd, §Sr, ,NiO; ;5 at 200, 16.5, and 1.5 K.
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lar situation is found in Fig. 1(b), where the neutron-
powder-diffraction pattern recorded at 16.5 K is
displayed. The only extra feature is the appearance of a
new, very small reflection at 20=27°, also forbidden by
the B112/n crystallographic symmetry.

Figure 1(c) shows the neutron-diffraction pattern at 1.5
K. Looking carefully at the position of the peaks, it is
straightforward to see that the (100), (011), (102), and
(013) reflections, which are clearly observable at 16.5 K,
have been substituted by the (010), (101), (012), and (103)
reflections. All of them are characterized by equal 4 and /
parities p(h)=p(l)#p (k) and, with the exception of
(010), are allowed by the general extinction condition of
the crystallographic space group. Note, however, that al-
though this last reflection is forbidden by the n plane, it is
allowed by the B centering.

The substitution of the p(h)#p(k)=p(l) by the
p(h)=p(l)*p (k) set is more clearly shown in Fig. 2,
where the thermal evolution of the center of gravity of
the (100)-(010), (011)-(101), and (102)-(012) pairs is
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FIG. 2. Thermal evolution of the center of gravity of the (a)

(011)-(101), (b) (100)-(010), and (c) (102)-(012) pairs of magnetic
reflections. The solid lines are guides for the eye.




9140 M. MEDARDE et al. 49

displayed. Taking as transition temperature that at which
the 26 variation is maximal, the observed changes would
take place at T,~13.5 K.

Figures 3(a), 3(b), and 3(c) show the evolution of the in-
tegrated intensity of the (100)-(010), (011)-(101), and
(102)-(012) reflections between RT and 1.5 K. Although
their nature cannot be unambiguously established
without carrying out a polarization analysis, their charac-
teristic temperature dependence suggests that all of them
are magnetic in origin.

Let us now consider the high-temperature [open cir-
cles, p(h)#p(k)=p(l) parities] and low-temperature
[solid circles, p (h)=p (I)7p (k) parities] sets separately.
Concerning the first set, their relatively weak intensities,
as well as the high (extrapolated) temperature at which
they vanish (Ty;=~320 K) suggest that, as in Nd,NiO, o,
a cooperative antiferromagnetic ordering of the Ni sub-

lattice takes place at this temperature. Note, however,
that the (100) magnetic reflection appears only between
100 and 150 K, indicating the possible existence of an ad-
ditional reorientation of the Ni magnetic moments be-
tween these two temperatures.

The low-temperature set of reflections is probably re-
lated to the cooperative ordering of the Nd*" sublattice.
This origin is suggested by their high intensity, as well as
by the decrease of the paramagnetic scattering contribu-
tion on the low-temperature neutron-diffraction patterns.

In Nd,NiO, o, the cooperative ordering of the Nd**
magnetic moments was also observed in this temperature
range (Ty,~12 K).* However, no evidence of a similar
reorientation could be detected simultaneously to the
Nd** ordering. In fact, the (100)-(010), (011)-(101), or
(102)-(012) reflections in this compound are superimposed
below 130 K because of its low-temperature P4,/ncm
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FIG. 3. Thermal evolution of the integrated intensities of some magnetic reflections: (a) (011)-(101), (b) (100)-(010), and (c) (102)-
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symmetry. Then, if such a spin reorientation exists in the
stoichiometric compound, single-crystal experiments un-
der uniaxial stress would be necessary to make it evident.

Another important difference between Nd,NiO, o, and
Nd, §Sry ,NiO; 4, is that, in the undoped compound, the
polarization of the Nd sublattice in the exchange field
produced by the Ni** magnetic moments in the Nd sites
is clearly observable below 70 K. In Nd, ¢Sr, ,NiO; 15,
no appreciable increase of the magnetic intensities can be
observed below this temperature (see Fig. 3). This
behavior indicates that the Ni-Nd exchange field is prob-
ably affected by the disorder introduced in the Ni sublat-
tice by the oxygen vacancies. Note that, even if the mag-
netic reflections can be reproduced by supposing the ex-
istence of an average Ni magnetic moment (see Sec.
III C), its local value fluctuates from one site to another
depending on the spatial distribution of oxygen vacan-
cies.

Finally, it is worth mentioning that no appreciable
changes in the integrated intensity of the purely nuclear
reflections have been observed in the studied temperature
range, apart from those associated with the thermal evo-
lution of the crystallographic structure. This finding is
also in contrast with the behavior found in Nd,NiO, ,
where the sudden appearance of additional intensity in
the (111) nuclear reflection below 20 K has been inter-
preted as an enhancement of the ferromagnetic com-
ponent along the c axis existing at higher temperatures.’
Because of its smallness, this ferromagnetic component
was invisible for neutrons between 130 and 20 K, but its
existence was unambiguously determined by means of
isothermal magnetic measurements. In the case of the
Nd, §Sr, ,NiO; ;, compound, the same macroscopic mea-
surements are also conclusive about the existence of a
weak ferromagnetic component below 70 K (see Sec.
IV A). Its magnitude (0.27up) is much smaller than the
value found in the stoichiometric compound (1.02up),’
and for that reason it is undetectable in our neutron-
powder-diffraction data.

B. Group-theory analysis

In order to get further insight about the nature of the
spin reorientations associated with the observed changes
in the magnetic intensities, we have carried out a group-
theoretical analysis of the possible magnetic structures
compatible with the B112/n(C2/c) symmetry. As all
the magnetic reflections can be indexed with the crystal-
lographic unit cell, the reduced propagation vector of the
magnetic structure can be taken as k=[000]. However,
the extinction conditions discussed in Sec. III A show
unambiguously that, between Ty, and Ty,, the magnetic
lattice is not centered. Thus the propagation vector in
this temperature range is k=[100] [see Fig. 4(a)]. Below
Ty, the magnetic lattice becomes B centered (h +1=2n
for all hkl) and, in consequence, k=[000]. This situation
is schematically shown in Fig. 4(b).

The relevant irreducible representations which take
into account both propagation vectors are those of the
point group of B112/n(2/m), properly modified by the
addition of the characters corresponding to the B center-
ing. The possible magnetic structures were deduced us-
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ing the macroscopic theory of Bertaut.* The Ni atoms
in the unit cell were labeled as Ni(0,0,0), Niy(1,0,1),
Ni (0,4, ), and Niy(4,1,0) [Wyckoff position (4a)]. Note
that this labeling is the same as that in previous papers.’
The basis vectors of the one-dimensional (1D) representa-
tions of the space group B112/n can be constructed from
the linear combinations

c*
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FIG. 4. Portion of the reciprocal space showing the
reflections allowed by the B112/n space group (open circles)
and the observed magnetic reflections (solid circles). (a)
Tyy =T =Ty, and (b) T <Ty,. For clarity, arbitrary dimen-
sions have been used for the modulus of the a*, b*, and c* re-
ciprocal cell parameters.
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TABLE 1. Conditions ruling the existence of magnetic
reflections for the f, a, ¢, and g modes (Ni positions).

f p(h)y=p(k)=p(])
a p(h)=p(k)¥#p(l)
g p(h)Fp(k)=p(l)
c p(h)=(p()p(k)

f=s,+s,+s;+s,, a=s;—s,—s;+s,,
(1)

g=s;—s,ts3—s,, c=s;+s8,—83—8§,4.

The generators (modulo integer translations) of the
B112/n space group are (1,B,2,), where the notation
stands for the inversion center at the origin, the (%,0,%)
centering, and the binary (4,1,z) axis. The one-
dimensional representations of B112/n can be labeled by
the characters corresponding to the generators. Howev-
er, as the point symmetry of the Ni sites is 1, the spin
configurations are invariant under the inversion center
and only the even (gerade) representations are relevant,
that is, ['jg(++), Tpp(+ =), T3(—+), and Ty (— —).
The magnetic modes, Shubnikov groups, and the condi-
tions ruling the existence of magnetic reflections for each
magnetic mode are summarized in Tables I and II.

The Nd atoms were divided in two sets: (a) Nd,(0,0,z),

Nd,(4,0,1—z), Nd;(0,4,3—2z), Nd,({,1,z) and (b)
Nd,.(0,0, —z), Nd,(1,0,1+2), Nd3(0,1,1+2z),
Nd4:(%,§, —2z), where the y coordinates have been omit-

ted for clarity. The prime denotes atoms related by an in-

TABLE II. Magnetic modes for Ni and Nd sites in the
B112/n space group. The j representation is labeled by the
symbol I';. The + and — symbols in parentheses correspond to
the characters +1 or —1 of the space-group generators. The
character of the inversion center is omitted, being substituted by
the subscript g /u (gerade/ungerade) for the +1 (even) or —1
(odd) representation. Nd atoms are placed in general positions;
then, no general conditions limiting the existence of magnetic
reflections can be obtained. If a magnetic structure can be de-
scribed, for instance, by the (f,f),c,) basis function belonging
to the 'y, (+ —) representation, the four Ni atoms of the unit
cell will show the following magnetic moments: Ni,, (u, p,,u,);

NiZ) (I"'x,.u;!LIJ'z ); Ni}r (“ny‘y) —H. ); and Ni4r (#x My, "M, ).
(@) Ni in B112/n

{B,2.} x y z
[+ +) B112/n Cx c, f.
Do (+—) B112'/n fx 5 c,
[p(—+) B,112/n’ g g a,
Ch(— —) B,112"/n’ a, a, g
(b) Nd in B112/n

{B,2,} x y z
[(++) B112/n C, C, F,
T+ —) B112'/n’ F, F, C,
T (—+) B,112/n G, G, A,
Cae(——) B,112'/n’ A, A, G,
Ly (++) Bl12/n’ 0, 0, L,
T (+—) B112'/n L, L, 0,
r;,(—+) B,112/n’ R, R, P,
Ly (——) B,112'/n P, P, R,
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version center. Note that this classification is again the
same as that in Ref. 7. For every set we can use the same
labeling of magnetic modes as that in the Ni case. The
coupling between the two sets results in the linear com-
binations

F=f+f, G=g+g', C=c+c¢', A=a+ta’,
P=f—f'", Q=g—g', R=c—c¢', L=a—a’.

(2)

The magnetic modes and Shubnikov groups for each

representation are summarized in Table II. Note that in

this case and because the Nd atoms are located in general

positions, no conditions ruling the existence of magnetic
reflections can be derived.

C. Determination of the magnetic structures
1. Ni sublattice between Ty; and Ty,

As was pointed out in former sections, the Miller in-
dices of all the reflections observed between Ty, and Ty,
exhibit p (h)7p (k)=p (I) parities, which are characteris-
tic of a g mode. Then only the ['3,(—+) and [y (— —)
representations, which contain, respectively, the g, g, and
g, modes, are possible. To decide between these two spin
arrangements, we have calculated their magnetic
powder-diffraction patterns using a reasonable value of
1.6up for the total magnetic moment of Ni. These calcu-
lations indicate that, even if the (g,,g,,0) and (0,0,g,)
configurations give rise to the same magnetic reflections,
their intensities are substantially different. Then a com-
parison with the experimental data unambiguously sup-
ports the (g,,g,,0) mode.

If an a, component, which is also allowed by the
I‘3g( —+) representation, were also active, several
p (h)=p (k)#p (l) reflections as, for example, (110) would
be also present. However, none of them have been ob-
served in the neutron-powder-diffraction patterns, at least
within our experimental resolution. This fact is
confirmed by the Rietveld refinement of the magnetic
structure [see Fig. 5(a)], that, within the error, was unable
to detect the existence of such a component.

The refined value for the magnetic moments in the Ni
sites (uN) is displayed in Fig. 6(a). From RT to =130 K,
they are oriented along the a axis and the magnetic struc-
ture is the same as reported for Nd,NiO, in this range of
temperatures [see Fig. 7(a)]. Thus the lower crystallo-
graphic symmetry and the partially ordered oxygen va-
cancies of Nd, §Sry,NiO;;, do not seem to affect very
much the magnetic interactions which are responsible for
the magnetic ordering in the undoped stoichiometric
compound. Additional facts supporting this conclusion
are presented in Sec. IV.

At T=T,;=130 K, the (100) reflection, which has an
appreciable intensity only when a ,u;“ magnetic moment
component along the b axis exists, starts to develop. At
the same time, a reduction of the X' component is ob-
served below this temperature. At T,~16.5 K, both ui
and ,u}f“ have the same magnitude and, as a result, the
direction of the magnetic moments changes from [100] to
[110] [see Figs. 7(a) and 7(b)].
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FIG. 5. Observed and calculated neutron-powder-diffraction
patterns at 16.5 and 1.5 K. The first row of ticks corresponds to
the nuclear reflections and the second row to the magnetic
reflections allowed by (a) the (g,,g,,0) mode of Ni and (b) the
(¢x,¢,,0) of Ni + the (C,,C,,0) mode of Nd.

From a more general point of view, the magnetic struc-
ture of the Ni’* sublattice between Ty;=~320 K and
Ty,~13.5 K can be described as a coherent superposi-
tion of both La,NiO, (g,,0,0) and La,CuO, (0,8,,a,)
modes. From Ty, to T, the amplitude of the (0,g,,a,)
mode is zero. Below T; and probably as a consequence
of the smooth decrease of the monoclinic strain
s =2(b —a siny ) /(b +a siny) which takes place between
T, and T,,! both modes coexist. As the temperature de-
creases, the (0,g,,a,) amplitude increases and that of
(g,,0,0) decreases to become nearly equal to T,~16.5
K. In La,CoO,, a very similar magnetic reorientation,
also driven by a structural phase transition, has been de-
scribed.® The main difference is that in the latter com-
pound the low-temperature magnetic structure is purely
of La,CuO, type. The coexistence found in our sample is
likely attributable to the sluggish nature of the structural
changes observed between T and T,.

The next point for an understanding of the spin reori-
entation would be trying to relate the observed changes
in the spin direction with the evolution of the crystallo-
graphic parameters across the transition. Unfortunately
and because of the smallness of these changes, it was not
possible to obtain any conclusive result in the previously
published structural neutron-diffraction study; within the
resolution of the D1B diffractometer, the tilt axis of the
NiO4 octahedra, which is [100] between RT and T,
remains unchanged below this temperature.
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On the other hand, it is interesting to observe that, in
the high-temperature orthorhombic phase of Nd,NiO,
and Nd, 4581 osNiO,,*7 where the NiO4 octahedra rotate
about the [100] direction, the orientation of the magnetic
moments is coincident with the tilt axis. As for
Nd, §Sry ,NiO; ;,, these two compounds undergo a
structural phase transition at T, =130 and 118 K, re-
spectively, which is characterized by a sudden change of
the tilt axis from the [100] to the [110] direction. The
low-temperature phase is tetragonal P4,/ncm in the case
of Nd,NiO,, and in consequence it is not possible to
separate the 1, and u, components. However, the ortho-
rhombic  Pccn low-temperature ~ symmetry  of
Nd, 4551 osNiO, allows the determination of the absolute
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direction of the magnetic moments, which is again coin-
cident with that of the tilt axis. Thus we can speculate
that the spin reorientation observed in our sample is
probably related to a sluggish change of the octahedra’s
tilt axis between these two directions, probably too small
to be observed in our medium-resolution data. Further
high-resolution experiments will be necessary in order to
confirm this hypothesis.

Concerning now the refined values of the Ni magnetic
moment, Fig. 6(a) shows that, at 16.5 K, the total mag-
netic moment in the Ni sites is 1.43(1)up. This value is
smaller than that refined in stoichiometric Nd,NiO, o,
(1.57ug), which was also reduced with respect to the
spin-only free-ion value of Ni** (high spin, 2u5) because
of the quasibidimensionality of the K,NiF,-type structure
and covalency effects. In our case, the small enhance-
ment of the ¢ /{a,b) ratio observed in Nd, ;Sr, ,NiO; 7,
(2.27) with respect to Nd,NiO, (2.20) (3%) cannot ac-
count for the observed reduction of the Ni magnetic mo-
ment (—9%). Thus the most probable origin is the for-
mal mixed valence Ni®/Ni’" of Nd, ¢Sr,,NiO; 5,
which, in a completely ionic approximation, would sup-
pose the existence of 64% of Ni* and 36% of Ni**.

The breaking of the superexchange Ni-O-Ni paths
should also be considered. It is interesting to note that
simple topological considerations can give an upper limit
for the number of oxygen vacancies which allow the ex-
istence of at least an infinitely connected path for su-
perexchange interactions. For a quadratic lattice (topo-
logically equivalent to our monoclinically distorted NiO,
planes), this limit is 439%,° that is, far bigger than the ac-
tual number of vacancies found in our sample, where
only 14% of the basal oxygen positions are unoccupied.
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2. Niand Nd sublattices between 1.5 K and Ty,

As no condition limiting the existence of magnetic
reflections can be derived for the Nd sublattice, the deter-
mination of the low-temperature magnetic structure re-
quires the test of all the possible combinations between
the Ni and Nd magnetic modes. Simulations of the
neutron-diffraction patterns by coupling modes belonging
to the same representation show that only four of them
allow the existence of the observed p(h)=p (I)*p (k)
Bragg reflections. The best Rietveld refinement was ob-
tained for the (cx,cy,fz) (Ni) and (Cx,Cy,Fz) (Nd) modes,
both belonging to the I'j,(++) representation of
B112/n.

As can be observed in Fig. 5(b), some discrepancies be-
tween the experimental and calculated patterns exist.
Thus additional tries were made by combining modes be-
longing to different irreducible representations. As no
better agreement could be obtained, an exploration of all
possible spin configurations compatible with the observed
magnetic intensities was made by using a “simulating an-
nealing” procedure.'® Surprisingly, we found that the
modes (c,,c,,f,) (Ni) and (C,,C,,F,) (Nd) behave as a
strong attractor, the other magnetic arrangements pro-
viding always worse reliability factors. Thus we believe
that the magnetic structure of Nd, Sty ,NiO; 5, below
Ty, can be basically described with this model, the devia-
tions being probably due to the local disorder introduced
by the Sr substitution and oxygen vacancies.

As the modes acting along the x and y directions are of
the same type and that acting along the z direction is fer-
romagnetic, the arrangement of the magnetic moments of
each sublattice is collinear, irrespective of their absolute
orientations. Concerning the coupling between both sub-

FIG. 7. Proposed magnetic structure for Nd, ¢St ,NiO; 1. (@) Ty > T > T¢y, (85,0,0) mode; (b) Tcy > T > Ty, (8x,8,,0) mode;
(©) T < Ty, (¢y,¢,,0) and (C,,C,,0,) modes for the Ni and Nd sublattices, respectively.
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lattices, the Rietveld refinements indicate that two possi-
bilities give approximately the same reliability factors. In
the first of them, schematically displayed in Fig. 7(c), the
Ni moments point along the b axis forming an angle of
135° with the ordering direction of the Nd sublattice. In
the second possibility, the Ni moments are oriented along
the [110] direction, the angle between the Ni and Nd sub-
lattices being approximately the same as in the former
case.

The most interesting feature of this low-temperature
magnetic structure is that, in contrast with the behavior
found in the high-temperature region (Ty, =T =Ty,),
the arrangement of the Ni and Nd magnetic moments is
now substantially different than that reported for
Nd,NiO, below Ty, [(g,,c,,f,) (Ni) and (G,,C,,F;)
(Nd)]. Thus the structural and electronic changes pro-
duced by the Sr doping and the oxygen vacancies seem to
affect predominantly the Nd-Nd and/or Ni-Nd interac-
tions, the Ni-Ni magnetic coupling being in principle less
sensitive to this kind of defects.

Figure 6(b) shows the temperature dependence of the
1y and p)' components of the magnetic moment for the
Nd atom situated in (0, —0.008, 0.3626), as well as that
of its modulus. In Nd,NiO, o, no information about the
actual direction of the in-plane magnetic moment of the
rare earth can be derived because of its average low tem-
perature tetragonal symmetry. In our case and because
of the monoclinic symmetry of Nd,_,Sr,NiOj; ;,, it is
possible to separate both p}¢ and p)® components. Con-
cerning the existence of a ferromagnetic component
along the c direction, which is also allowed by the modes
(¢xryrf2)+(C,,Cy, F,), mo clear conclusion could be de-
rived from our present data. However, its existence is
clearly demonstrated from the analysis of the isothermal
magnetization measurements (see Sec. IV).

At 1.5 K, the refined magnetic moment in the Nd sites
is 1.60up. Although a reduction from 3.27up to 2.95up
would be expected from the substitution of 10% of the
Nd*" ions by diamagnetic Sr?*, the observed decrease is
too important to be due only to this effect. An additional
mechanism which can contribute to this reduction is the
change in the crystalline electric field on the rare-earth
sites as a consequence of the different charge and size of
the Nd>* and Sr?™ cations. Even if a quantitative estima-
tion of this effect is out of the scope of this work, impor-
tant changes of the crystal-field splitting of the J multi-
plet of the Nd>" would be expected, which can affect the
saturation value of the Nd>* magnetic moment.

IV. MACROSCOPIC
MAGNETIC MEASUREMENTS: RESULTS

The results of the dc and ac susceptibility measure-
ments as well as the study of the isothermal magnetiza-
tion process confirm the overall picture of the magnetic
transitions observed by neutron-powder diffraction.

The dc susceptibility Y. as a function of temperature,
measured at 10 kOe, is shown in Fig. 8. The different
magnetic transitions described in the previous sections
are indicated in the curve, although the expected
anomalies associated with the 3D ordering and the reori-

C

Xq (10*emu/g)

T(K)

FIG. 8. dc susceptibility x4 as a function of the temperature
obtained under an external applied field H, =10 kOe. The tran-
sition temperatures of the Ni (Ty,) and Nd (Ty,) magnetic sub-
lattices are indicated. Inset: real part of the ac susceptibility
(xa) in the low-temperature range showing the in-plane reori-
entation of the Ni>* moments and the appearance of the long-
range antiferromagnetic ordering of the Nd*>* moments.

entations of the Ni sublattice at Ty, T, and T,, are
completely masked by the large contribution of the
paramagnetic Nd>" ions. At approximately T;~12 K,
we observe a maximum on the y4.(7) curve which may
be attributed to the 3D long-range ordering of the Nd**
sublattice. Note that this temperature is the same as in
the undoped Nd,NiO, o, sample,® but higher than that
observed at the T’ cuprates [Ty (Nd*") =1.5 K in
Nd,CuO, (Ref. 11)]. Note also that in the neutron-
powder-diffraction experiments, T3=12 K corresponds
to the point at which the (g,,g,,0)—(c,,c,,$) magnetic
transition is completely accomplished and not the tem-
perature at which a maximum transformation rate is
achieved (Ty,=13.5 K).

The maximum at T’ is also detected in the low-field ac
susceptibility measurements as a local minimum (see inset
of Fig. 8), together with an additional maximum at 16.5
K. This temperature corresponds to the end of the
(8x,0,0)—(g4,8,,0) transformation T,, which is the tem-
perature at which the spin reorientation of the Ni mag-
netic moments is finished. Below Ty, there is an
enhancement of the weak ferromagnetic components in
both Nd** and Ni*" sublattices (see next sections). Also,
an anomalous T dependence of x,.(T) is observed, which
may reflect a complex behavior of the domain walls that
are tested at such low magnetic fields. It should be em-
phasized that no traces of a peak are detected in the
imaginary part (Y,.) of the susceptibility at 16.5 K, while
a small peak is indeed observed around 12 K (not shown
in the figure).

In Fig. 9 are shown several isothermal magnetization
curves measured between 4.5 K and RT. The hysteresis
curve at 4.5 K is also shown in Fig. 10, where it is evident
that the coercive field is very small (around 200 Oe). This
is in strong contrast with Nd,NiO, o, where we observed
a coercive field higher than 10 kOe at 4.5 K, ¢ but similar
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FIG. 9. Isothermal magnetization curves for several temper-
atures measured on decreasing the magnetic field from 55 kOe.

in magnitude to that observed in La,NiO, o (0.7 kOe at
4.5 K).'? The origin of such a large difference will be ad-
dressed later in the discussion. As can be clearly seen in
Fig. 9, the high-temperature-range magnetization curves
have a linear field dependence showing no remanence at
all, as expected for the (g,,g,,0) antiferromagnetic mode.
However, below approximately 70 K a small spontaneous
magnetization starts to appear and the magnetic proper-
ties of the system change, showing the typical features of
a weak ferromagnetic behavior with a strong increase of
the remanent magnetization and the appearance of a
coercive field (around 200 Oe at 4.5 K) below T =20 K.
These features suggest the development of a weak fer-
romagnetic spin component with a domain structure (see
the hysteresis between the virgin magnetization curve
and the decreasing branch of the hysteresis loop at 4.5 K
displayed in Fig. 10). We note that no anomalous drops
are observed in the magnetization curve when the field is
inverted, in contrast with the behavior observed in the
stoichiometric Nd,NiO, o,. This fact suggests that the
domain walls associated with the ferromagnetic spin
component are broad (small anisotropy), which is in

20
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-20' | I S T RS St PR S W SR S S S SR
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H(Oe)

FIG. 10. Hysteresis curve obtained at T=4.5 K (A,0); the
virgin magnetization curve is also included (A).

agreement with the experimental values observed for the
coercive field.

As was pointed out in previous sections, no ferromag-
netic component could be refined in the neutron-powder-
diffraction patterns. Moreover, its existence is formally
forbidden by the (gx,gy,O) mode, which is active in the
Ty, <T <Ty, temperature range. Three possible ex-
planations for this anomalous behavior can be given. The
first is that the coexistence of the low-temperature
(cy5cy, f,) mode (which allows the existence of a fer-
romagnetic component along the ¢ axis) and the high-
temperature mode (g,,g8,,0) goes beyond the small inter-
val suggested by the neutron diffraction data (=4 K).
With this hypothesis, the (c,,c,,f,) mode will start to
nucleate at =70 K, which is the temperature at which
the isothermal magnetization measurements indicate the
appearance of a small ferromagnetic component. A simi-
lar behavior has been observed by some of us in
Pr,NiO,, '*'* where the (g,,c,,f,) and (c,,g,,a,) coexist
in a temperature range of =~100°. A second possibility is
related to the fact that our sample is nonstoichiometric.
Then a mixture of irreducible representations is likely to
occur. The magnetic structure between T'; and Ty, will
then be described by the (g,,g,,f,)=(8,,8,,0)+(0,0,f,)
mode, which is a basis function of a reducible representa-
tion of the direct sum Ts(g,,g,,0)®T(0,0,f,)
=I;®TI(g,,8,,f,) Finally, the third possibility is the
existence of a change in the crystallographic space group
below T;. As was previously pointed out, no appreciable
change in the crystallographic symmetry could be detect-
ed in the previous medium-resolution neutron-powder-
diffraction experiments. Further high-resolution mea-
surements would be needed in order to clarify this ques-
tion.

In a wide temperature range, the isothermal magneti-
zation curves M (H,) may be represented by the equation

M (H,, T)=My(T)+xul TH, , 3)

where Y4 T) is the high-field differential susceptibility,
H, is the applied magnetic field, and My(T) is the extra-
polated spontaneous magnetization. The temperature
dependence of My(T) and the reciprocal of Yy T) are
shown in Figs. 11 and 12. We see that M,(T) starts to
depart from zero at about T=70 K and it increases
smoothly from 70 to 20 K. At this temperature, a sudden,
strong increase is observed, which is followed by a small
anomaly at Ty,~=13.5 K. The T;=12 K feature is also
clearly observed.

The behavior of My(T) between 70 and 20 K describes
the evolution of the weak ferromagnetic component of
the Ni*" magnetic moments along the ¢ axis. This f,
component develops an out-of-plane component of the
internal field that polarizes the Nd*" magnetic moments
(through the Nd-Ni interactions), which also contribute
to the observed increase of the spontaneous magnetiza-
tion. The sudden increase at 20 K indicates a strong
enhancement of the )9 component, which, as will be
shown later, is due to the strong uniaxial magnetocrystal-
line anisotropy associated with the Nd>* ions.® At
Ty,=13.5 K, the c-axis component of the internal mag-
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FIG. 11. Temperature dependence of the spontaneous mag-
netization M° extrapolated to H =0. Inset: d(M°)/dT show-
ing the long-range antiferromagnetic ordering of the Nd mo-
ments.

netic field does not appear to be significantly modified by
the long-range ordering of these ions [there is no abrupt
change in My(T) at Ty,]. This fact suggests that the
Nd-Ni and Nd-Nd interactions do not compete with each
other since both magnetic sublattices order in the same
magnetic mode at low temperature [(c,,c,,f,) for the Ni
sublattice and (Cx,Cy,Fz) for the Nd sublattice] as in the
case of the pure compound. This behavior is in sharp
contrast to that observed in the T’ cuprates, such as
Gd,CuO,, where the internal magnetic field disappears
when the antiferromagnetic long-range ordering of the
Gd ions is approached. !*

Finally, it should be pointed out that below 12 K, we
observe a clear upturn in the isothermal magnetization at
high fields, which we suggest has the same origin as that
in the undoped Nd,NiO, o, compound, i.e., a metamag-
netic transition involving the antiparallel weak ferromag-
netic components of Nd and Ni sublattices. Even though
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the determination of the critical field is not accessible
with our experimental setup, all the characteristics indi-
cate a similar value to that observed in Nd,NiO, oo.°

On the other hand, the inverse of the high-field
differential susceptibility (see Fig. 12) shows again the T,
and T, anomalies, related, respectively, to the long-range
magnetic ordering of the Nd** ions at T),=12 K and
the beginning of the in-plane reorientation of the Ni**
magnetic moments at 7¢;=~130 K. Above T'; we observe
a Curie-Weiss-like law with a magnetic moment match-
ing that of free Nd*" ions, namely, p.q=~3.26up, since in
this case the polarization effect of the external applied
field is automatically subtracted.

Further support of these facts is given by looking at
Fig. 13, where saturation magnetization My(T) versus
high-field differential susceptibility x4d 7) is depicted.
This figure clearly shows that M, starts to develop below
about 70 K, and confirms the existence of the 20-K
anomaly in the extrapolated spontaneous magnetization.
An additional anomaly is observed at =~40 K.

V. DISCUSSION

A. Evaluation of the internal field acting
on the Nd>* ions and the canting
of the Ni and Nd magnetic moments

As in the previous work on Nd,NiO,, we can evaluate
the zero-field extrapolation of the internal field acting on
the Nd* ions. To estimate its magnitude, we refer to
Ref. 6 for writing Eq. (3) as

MYT)=MY; +xul TH? , )

where HY is the internal field induced by the weak fer-
romagnetic component MY; of the Ni’T magnetic mo-
ments. This relation is depicted in Fig. 13, where a linear
dependence between M T) and Y4 T) in the tempera-
ture range from T=~40 K down to T=~20 K is evident.
A determination of the slope and intercept gives

FIG. 12. Reciprocal of the high-field
differential susceptibility as a function of tem-

perature. Inset: detail of the low-temperature
region showing a cusp of the dc susceptibility
at TNZ'
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differential susceptibility y4{ T) showing their linearity from 20
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MY ~—0.03(4)up/fu. and H'~4.4(5) kOe. The nega-
tive sign of MY; indicates that the Nd-Ni interaction is
antiferromagnetic. As we can see, the value of MY; is too
small to be detected by neutron-powder diffraction. By
using the total magnetic moment in the Ni sites obtained
with this technique (1.43ug at T =16.5 K), we can esti-
mate the angle between the Ni moments and the ab plane
to be 6~1.3(3)°. Figure 13 depicts a very similar
behavior to that observed in undoped Nd,NiO, (,° but in
this case, the values of the weak ferromagnetic com-
ponent and the angle 6 are strongly reduced
(uNi= —0.20u, and 6~13.1° in Nd,NiO,).

Within the framework developed in Ref. 6 and in the
scope of the mean-field approximation, the obtained
values of H? and MY; allow the determination of an iso-
tropic Nd-Ni exchange of Jyy.n;= —0.7(3) meV, which
is very similar to the value obtained for Nd,NiO, 4.

Finally, a strong increase of M %(T) is observed below
20 K, M%T). As in the case of Nd,NiO, o, it has been
attributed to the increase of the strong uniaxial magneto-
crystalline anisotropy associated to the Nd** ions.®

Concerning the Nd magnetic sublattice, we can esti-
mate the value of the weak ferromagnetic component
since when H, < H, the total saturation magnetization is
given by

My=1.8M%+MY; . (5)

From our data, M, (T—0)=0.46uz/f.u. and
M, =~ —0.03uy/f.u. independent of temperature. Since
the total magnetic moment in the Nd sites obtained by
neutron diffraction at T=1.5 K is around 1.60up we
determine that M9, ~0.27up and the angle between the
Nd moments and the a-b plane is 8'~9.6(3)".

B. Magnetic interactions

In first approximation, the magnetic Hamiltonian
describing the magnetic interactions in Nd, ¢Srj ,NiO; 7,
may be considered the same as that of the undoped

Nd,NiO, o compound [see Eq. (10) of Ref. 6]. The mag-
netic structure of the compound may be parametrized
through the canting angles of the Ni and Nd moments, 6
and €', respectively, with respect to the a-b plane. Thus,
minimizing the system energy with respect to these pa-
rameters, the equilibrium state will be reached when

—4J S US N 5in(26) — 8J 1, ;S S Vi sin(26)
+4pNNigNigNi¢55(20)
—10J g4 i SNSNsin(64+6)=0,  (6)
4.5]naniSNiSNdsin(6+6)
—3.6KN4sin(6") cos(6')=0. (7)

Here Jy;.n; represents the in-plane symmetric part of
the antiferromagnetic Ni-Ni superexchange interaction
and Dy; n; =(0, Dy;.ni»>0) is the Dzyaloshinski-Moriya in-
teraction.'®!7 Ji, \; takes into account the magnetic in-
teractions between two adjacent NiO, planes, while
Jna.n; represents an effective isotropic Nd-Ni superex-
change coupling constant. Finally, KN¢ represents the
anisotropy energy per Nd spin and is related to the first
anisotropy constant K ' through the volume ¥, and the
number of Nd ions Z’, of the unit cell,

KY=KN(Z'/V,.) . (8)

Regarding the values of the magnetic interactions
IninNi> I Ni-ni» and Jyng.ni)» very few experimental deter-
minations are reported in the literature. Aeppli and But-
trey'® found that Jyn;=~—20 meV in La,NiO, o, a
value that is expected to be slightly smaller [around 5%
(Ref. 6)] in the case of Nd,NiO, , since the decrease of
the superexchange Ni-O-Ni angle ¢ and the increase of
the in-plane Ni-O distance d,”!° with respect to La,NiO,,
tend to reduce the in-plane magnetic interaction. Using
the same arguments, a decrease of =2% (=0.4 meV)
with respect to the value in Nd,NiO, is expected for
Jnini in Nd; §Srg ,NiO; 5,. Because this variation is of
the same order of magnitude as the expected error (=0.3
meV), we have used the same value as that in the un-
doped Nd,NiO, o, compound, that is, Jy;.ni= —19 meV
(Ref. 6) for the rest of the discussion. Also, we have as-
sumed that Jy;n; is basically the same as that in
Nd,NiO,.

Finally, from the measurements of M %T) and H,-O we
have obtained Jyyni = —0.7 meV, which is almost the
same as that obtained in the undoped Nd,NiO, o, com-
pound. This concordance in the values of Jyq.n; gives fur-
ther support to our assumption that J; y; is very similar
in value in both the undoped and doped compounds.

The substitution of the five parameters Jy ;= —19
meV, Jyini =~ —2.2 meV, Jygni=—0.7 meV, 6=1.3°,
and 0'=9.6° into Egs. (6) and (7) allows the determina-
tion of Dy;n; and KN, that is, Dy;n; =~ — 1.4 meV and
KNd=~2 3 meV, which leads to a value of the first anisot-
ropy constant K 4 ~0.8X 10® erg/cm? for the Nd atoms.

When comparing these values with that obtained for
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undoped Nd,NiO, o, We see that both K¢ and Dy
have been clearly reduced. The anisotropy constant has
been reduced by a factor of 2. This reduction may be as-
sociated with the structural distortion introduced by the
different size of Nd and Sr ions, which may affect the
electronic distribution of the Nd ions and then to the
single-ion-type magnetic anisotropy. On the other hand,
if we compare the coercive fields of the undoped and
doped compounds, we observe that the latter has been re-
duced by a factor of 50 (at T'=4.5 K). This change can-
not be explained by the reduction of the uniaxial magnet-
ic anisotropy of the Nd ions alone, but mostly by the
small values of the weak ferromagnetic components.

Finally, the antisymmetric interaction Dy; y; has been
reduced by a factor of =10 with respect to the value cal-
culated in the undoped compound.® This strong reduc-
tion arises from the strong sensitivity to the variations of
the tiling angle of the octahedra, which has been reduced
from =~9°in Nd,NiO, to =6° in Nd, §Sry ,NiO; 7,.

VI. CONCLUSIONS

The main conclusion of this work is that, in spite of (a)
the considerable amount of partially ordered oxygen va-
cancies in Nd,; ¢Sty ,NiO; 4, (14% of the basal oxygens)
and (b) the lower symmetry of this compound (B112/n)
with respect to Nd,NiO, (Bmab), the magnetic behavior
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of both nickelates shows very strong similarities, at least
in the RT>T >13.5 K temperature range. Below 13.5
K the situation is substantially different. Although some
details of the low-temperature magnetic structure have
still to be clarified, the observed magnetic arrangement is
very different from that reported for Nd,NiO, and
Nd; 4581 osNiO, in the same range of temperatures.

The structural and electronic changes produced by Sr
doping and the oxygen vacancies seem then to affect
predominantly the ground state of the rare earth and,
more concretely, their single-ion anisotropy. The Ni-Ni
coupling appears to be less sensible to this kind of effect,
even the local environment of the Ni atoms is more
affected by the O vacancies than that of Nd. In fact, only
the Dzyaloshinsky-Moriya interaction, much more sensi-
ble to the structural modifications, has been found to be
affected in a significative way.
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