Structural, magnetic and x-ray absorption studies of NdCo;NiyO3 (0 <x<0.5)
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We have systematically investigated the effect of Ni substitution on the structural and
magnetic properties of NdCoOs, Single phase nature and orthorhombic Pbnm structure is
confirmed by the Reitveld refinement of X-ray diffraction data in all samples. X-ray
absorption near edge spectroscopy of Co and Ni K-edges reveal the presence of trivalent state
of Ni and Co ions in all samples. Composition dependent crossover from canted
antiferromagnetic (AFM) (for x < 0.3) to spin glass behavior (for x > 0.3) is observed in
magnetic measurements. Low temperature ferromagnetic (FM) component in doped samples
is attributed to the stabilization of Co" ions in IS spin state. The FM and AFM are observed
to coexist as confirmed by M-H hysteresis. Nd sublattice seems to inhibit the magnetic
contribution from Co ions and we ruled out the possibility of charge disproportion induced by

Ni substitution leading to FM interactions in these systems as proposed in different reports.
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I. INTRODUCTION
Perovskite oxides of 3d Co metal of type RCoO; with R as a rare-earth element are of
particular interest primarily due to the presence of Co™ ion exhibiting various spin-states. It
provides an extra degree of freedom in addition to the charge, orbital and lattice degrees of
freedom. The first member of this family (LaCoOs) has been intensively studied and debated
for different controversies for more than five decades '°. As a result of comparable Hund’s
exchange energy E.. and the crystal field splitting A, 3d° configuration of Co™ ions in
LaCoO; assumes flexibility in spin-states which can result in different spin states viz.
nonmagnetic low-spin state t62g eog with § = 0 (LS), an intermediate-spin sate tszgelg with § =
1 (IS) and a high-spin state t42gezg with § = 2 (HS). In RCoO; family, LaCoO; exists in
rhombohedral structure and all other members exhibit orthorhombic structure.

In addition to this extra spin-state degree of freedom the substituted cobaltites R;.xAxCoO3
(A = alkali earth metal) have also received considerable attention because of other properties
like phase competition between long-range ordered ferromagnetism (FM) and spin-glass (SG)

7! The cause of occurrence of the ferromagnetism in the

or cluster-glass (CG) ground states
metallic cobaltites and manganites remains the subject of discussions for a long time. Most
studies suggest that trivalent and tetravalent Co ions coexist in mixed (LS and IS) spin state.'
Also, it has been shown that the cuase of FM coupling for mixed valence cobaltites is
different than that for manganites . For cobaltites the LDA+U calculation shows that IS
state is energetically comparable to LS state, but much more stabilized than HS state due to
larger Co—O, d—p hybridization.'* The electronic configurations having e, electron and 4
hole (t2g5 egl, g 4eg1 ) are termed as IS states, and the degree of freedom to occupy one of the
two fold-degenerate e, orbitals gives rise to interesting physical properties, such as Jahn-

Teller effect, orbital ordering, metallicity, and ferromagnetism. In addition to SrCoOs3,

compounds having Co ions, such as SrFe; 4 CoxOs, Sr;xLayCoOs, and LaCo;NixOs, show



1520 However the origin of magnetic

metallicity and ferromagnetism for certain compositions.
interactions in these oxides is not yet clear and well understood as compared to manganites;
especially the ferromagnetism in compounds containing Ni and Co lacks clear explanations.
RMO:; is an interesting system to study the magnetic interactions between rare earth ion
and 3d transition metal ions (M). Among RMO3;, NdMO; family has been studied extensively
with various magnetic and non-magnetic metal ions. A rich behavior can also emerge from
the substitution at M site, which may give rise to greater disorder in comparison to the
substitution at R site.”' If M is a 3d magnetic ion such as Fe, Ni or Cr, the M—M interaction
orders antiferromagnetically with a small canting angle at high temperatures. At low
temperature M—Nd exchange interactions give rise to spin reorientation of the M sublattice as
shown by Parra-Borderias ez al. ** The antiferromagnetic (AFM) ordering between Nd and M
sublattices sometimes remains uncompensated where FM/ AFM order of M sublattice creates
an onsite effective field, leading to polarization of Nd sublattice. Such polarization has been

observed by neutron diffraction at low temperature. > **

In particular NdCoO; is a
semiconductor exhibiting change in the activation energy with temperature which further
coincides with the partial transformation of cobalt from LS (Co™) to HS(Co ™) state. > On
the other hand NdNiO; exhibit temperature driven metal insulator transition along with
antiferromagnetic ordering *°. The Ni substitution in RMOs fetches our attention due to
significant changes it brings in the properties of the systems. The magnetic behavior of mixed
perovskites (RNi;xCox O3) has been studied by several groups such as LaNi; xCox O3 shows
metallic behavior below room temperature up to x = 0.6 and semiconducting behavior for

27-30

higher Co content. Recent studies of our group has reported many fascinating aspects in

Ni-doped RFeOs; compounds regarding the semiconducting ferromagnetic behavior,

stabilization of magnetic structure by reducing the asymmetry in hysteresis and spin

31, 32, 33

reorientation phenomena. The LaNi,Co;..O; series have been observed to exhibit a



variety of interesting physical phenomena such as giant negative magneto resistance for x <
0.35 and metallic conductivity for x > 0.35, disorder induced metal insulator transitions,
reentrant spin glass behavior and ferromagnetism.” >+

All these reports in literature regarding different issues motivate us to study RCoOs system
with nickel substitution particularly in NdCoO; due to the fascinating properties exhibited by
compounds containing Nd as mentioned above. Moreover there are a few findings on Ni
substitution in RCoOs system and most of them are limited to LaCoO; with nonmagnetic
sublattice of La only. However Nd being magnetic sublattice will provide an opportunity to
see its effect on the magnetic properties of the system as a whole, which has not been
possible in LaCoOs. In addition to this the effect of d-d interactions between transition metal
networks on the system can also be investigated.

In the present study, we have investigated the effect of Ni substitution on structural,

magnetic and electronic structure of NdCoO:s.

II. EXPERIMENTAL DETAILS

The single phase NdCo;xNiyO3; (0< x< 0.5) samples were prepared by conventional solid
state reaction method. Stoichiometric amounts of Nd,Os, NiO, and Co3;04 with purity not less
than 99.95 % (Sigma Aldrich) were properly mixed and ground and then calcined at 900 °C.
This process is repeated for two times. Finally, calcined powder was further ground and
pressed into pellets and sintered at 1200 °C. Room temperature x-ray diffraction
measurements were performed using PANalytical X Pert PRO x-ray diffractometer having
Cu-K, source. The dc magnetization measurements including magnetic hysteresis loop and
temperature dependent magnetization with zero field cooling (ZFC), field cooled cooling
(FCC) and field cooled warming (FCW) processes were performed using Physical properties
measurement system (PPMS) of Quantum design. The ac-susceptibility (y) was measured in

an ac field of 150e at frequencies of 1.3, 13, 133, and 1333 Hz, using SQUID magnetometer



(Quantum Design).The x-ray absorption studies of Co and Ni K- edges have also been
performed at C beam line of the DORIS III storage ring (DESY, Hamburg, Germany).
Spectra at Ni K-edge were collected in both fluorescence and transmission modes while that
for Co was collected only in transmission mode. All the spectra were collected at liquid N,
temperature with temperature stability of 1K and 0.1 K at 300K and 77 K, respectively.

III. RESULTS AND DISCUSSION

A. Structural Analysis

To determine the crystal structure and single phase nature of prepared samples, room
temperature powder x-ray diffraction studies of NdCo;4NixO; (0 < x < 0.5) were performed.
The obtained XRD patterns were analyzed with Reitveld refinement using FULLPROF Code.
Figure 1 shows the XRD patterns of samples along with the fitted curves and difference line.
The analysis of data suggests that all the samples exhibit single phase orthorhombic structure
with space group Pbnm. However for a Ni concentration x = 0.5 the line width and intensity
difference of various reflections is increased indicating small distortion in the structure. In
NdCo;xNixO3 (0 < x <0.5), Nd is associated with Wyckoff position (4¢) (x, y, 1/4), Co/Ni is
at position 45 (1/2, 0, 0), O1 is at 4c (x, y, 1/2) and O2 is at 84 (x, y, z). The calculated
parameters are given in Table I. The lattice parameters increased linearly with the increase in
Ni concentration and hence unit cell volume is also increased, which confirms that Co ions
replaced by Ni in NdCoOs lattice either as Ni? or Ni” since the ionic radii (Ni?) > r (Ni) >
r(Co™) = r(Co™). ¥

B. X-ray absorption studies

In order to determine the valence state of Co and Ni, we performed x-ray absorption near
edge spectroscopy (XANES) of Co and Ni K-edge for all the samples. Figure 2 shows Co K-
edge XAS curve for NdCo;«NixO3 (0 < x < 0.5). The energy is calibrated by Co metal foil.

The edge energy (Eo) for all the doped samples is similar and lie higher than those of standard



samples Co, CoO (Co™), and close to C0,03 (Co™) (as marked in Fig. 2), which indicates
that the compositions are having Co in trivalent state.’® From Fig. 3 we observe that Ni
absorption edge of all the doped samples is close to that of Ni". *”** Moreover a pre-edge
structure in Co K-edge, lying below 7715eV has been observed and is shown in inset to Fig
2. In previous investigations this has been assigned to Co™ 1s -3d transitions®® and was
suggested due to two contributions. A low-energy feature marked ‘A’ in inset to Fig.2 is
attributed to transitions to the #, orbitals, and another marked as ‘B’ at higher energy
attributed to the e, orbitals. The relative change of their spectral weight with Ni substitution is
therefore a signature of 7,,—e, electron transfer i.e. a transition to excited spin states

redominantly to IS state. > Thus the X-ray absorption results suggest that both Co and Ni
p y y rp g8

are in +3 state and a continuous LS to IS state transition of Co with Ni substitution.

C. Magnetization Studies

Figure 4(a-f) shows the magnetization as a function of temperature. From Fig.4 it is clearly
observed that the magnetic susceptibility is increased below 50K for all samples, which
indicate the possibility of ferromagnetic (FM) coupling. But the negative Weiss constant (6)

calculated by fitting the magnetic susceptibility data to Curie Weiss law x=C/T-6 at

temperature above 100 K (see Table IT) suggests presence AFM interactions. It may be due to
the presence of the canted AFM ordering, which can give rise to a weak FM response™’. The
anti-parallel alignment of Nd moments to the Co sublattice may give rise to such AFM

d.''*% The contribution

ordering, which is already seen in compounds based on Co and N
from magnetic interactions among Co ions appear to be hindered by the presence of the
magnetic moment of Nd. It may also be the reason for the observed mismatch between the
values of magnetic moment (Table II) calculated from measured data and the one predicted

using simple ionic model. This mismatch may also be accounted due to the presence of

significant Co-O hybridisation occurring in cobaltities.**



Now for the compositions x > 0.3, we observe that ZFC curve passes through a
maximum and then fall sharply with the decreasing temperature. Furthermore, ZFC and FC
curves bifurcate at a temperature greater than the one at which the maximum occurs, thus
shows the signature of typical spin glass (SG) behaviour. The assertion of spin glass
behaviour for x > 0.3 is further supported by the shift of peak at Tr (spin glass freezing
temperature) observed in ac susceptibility ()'.) towards higher temperature with increase in
frequency (see Fig. 5). Below Tg, y'ac shows frequency dependence and above this it becomes
independent of frequency, which is a feature of conventional spin glasses.*”. Such behaviour

is already reported for similar systems.” ' ***

In these reports a competing FM-AFM
interactions are supposed to give rise to glassy magnetic behaviour. In our case AFM
interaction can be either due to AFM alignment of the magnetic moments of Nd and Co or
due to the super exchange interactions between Co™ or Ni” jons. However, this behaviour is
observed only after a certain level of Ni substitution, which may be attributed to the
enhancement of AFM interactions between the ions of same valences with increased Ni
concentration.

In contrast to AFM, the origin of FM component in systems containing Ni and Co is very
complex. In earlier studies Perez et al.*® proposed two possible mechanisms for the FM
ordering: first a change in the spin state of Co due to the presence of Ni and second due to
charge transfer of the type Ni”® + Co™ & Ni> + Co™ giving rise to Co™- O - Co™ double
exchange interactions. Hammer ef al. ** also quoted these in their work but were unable to
distinguish between these in their findings. Since our XANES results clearly show that both
Co and Ni ions are in trivalent state, we rule out the possibility of charge disproportionation

in the present system. Similar findings have also been reported by T. Kydomen ez al.’' on

LaCog5Nip 503, in which they discarded charge transfer and suggested increase in population



of Co e,. So our results seem to be consistent with mechanism of change in spin state and the
cause of FM at low temperature can be understood in present investigation as follows.

Since, with the Ni substitution lattice parameters increase (i.e. lattice expands) leading
to a decrease in A, more population of Co ions in IS state is favoured. This is consistent with
the earlier investigations®' of controlling the spin state of cobalt by chemical substitution and
is also supported by our XAS data discussed in the previous section. So, it is apparent that Ni
substitution provides expanded lattice and stabilize some pairs of Co ion in IS state even
down to low temperature, which is not seen in pure compound, where at low temperatures
IS to LS transition takes place.’> In IS state cobalt has egl orbital configuration and these
orbitals, if ordered will give rise to ferromagnetic interactions between IS Co™ ions.'* ">
This continuous evolution of FM component can also be inferred from the value of Weiss
constant (Table II), which becomes less negative with increase in Ni substitution. So as the
Ni content increases, more pairs of cobalt ions get stabilized in IS state keeping Ni in LS.
When it reaches a critical value x = 0.3, the FM interactions between these IS Co™ ions
compete with the AFM interactions between Ni™ - O - Ni" and a fraction of LS Co™- O - LS
Coand give rise to magnetic frustration.

The rise in magnetic frustration with Ni substitution is also evident from Fig.4(d-f),
where an increase in the separation between ZFC and FC curves has been observed as we go
from x = 0.3 to x = 0.5. In Fig. 6, M-H curves obtained at 10 K are shown, where a small
nonlinear component starts to appear at x = 0.2. But for compositions x > 0.3, curves clearly
show a minor hysteresis at small fields and at higher fields M varies linearly with H showing
a typical AFM response.

Therefore, from above discussion we conclude the coexistence of competing FM and AFM

components leading to glassy behaviour at low temperature.



A different behaviour of FC curve is observed for x=0.5 composition. It can be attributed to
structural disorder, which can also contribute to magnetic disorder. As lattice parameters
change with Ni substitution, significant distortions in lattice are induced for x = 0.5 as
described in Section III A. The magnetic interactions are dependent on the bond angles (M-
O-M) and bond lengths, therefore any change in these parameters will affect the nature as
well as the overall magnitude of the magnetic interactions. Furthermore Co™ (IS) and Ni"
(LS) have similar population in e, orbitals, which may render similar size to these ions giving
rise to disordered arrangement of Ni and Co ions over a large scale.” This will also account
for the increased magnetic disorder observed at higher Ni substitution.

Thus, the overall magnetic behaviour can be explained on the basis of simultaneous
presence of different magnetic phases, where one phase evolves at the expense of other. This
evolution is due to a change in the character of magnetic interactions which are sensitive to
temperature and structural disorder as well as to the changes in spin state of cobalt induced by

Ni substitution.

IV. CONCLUSION

The structural, magnetic, and electronic structure have been systematically investigated for
NdCoi.xNiyO3 in the substitution range of 0 < x < 0.5. The X-ray diffraction followed by
Reitveld analysis confirms that all the specimens exhibit orthorhombically distorted
perovskite structure with space group Pbnm. The unit cell parameters and volume at room
temperature were found to gradually increase with Ni content, which is consistent with the
differences in ionic radii of Co and Ni. The magnetic behaviour is found to be strongly
dependent on the extent of substitution. The compounds with x < 0.3 exhibit transition from
paramagnetic to AFM like behaviour down to low temperature, but compounds with x > 0.3

show spin glass behaviour in the same temperature range. Our results ruled out the possibility



of charge disproportion induced by Ni substitution leading to FM interactions in these
systems as proposed in different reports. With our findings we propose stabilization of cobalt
in IS state with the Ni substitution. The FM interactions between IS Co™ ions then frustrate
the AFM interactions between the ions of similar valences, which give rise to spin glass
behaviour observed in the present system. Nd sublattice seems to mask the magnetic ordering
of Co ions. The possibility of structural or chemical disorder, which further has been related
to the transition to IS state responsible for the magnetic disorder has also been not ruled out
in present investigation. It is to be pointed out that substitution concentration x = 0.3 seems to
be the threshold for concentration dependent changes in magnetism.

We finally conclude that Ni substitution in NdCoOs induces changes in crystal and

electronic structure and it leads to frustration in the magnetic order of the system.
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FIGURES CAPTIONS :

Figure 1. Reitveld refined X-ray diffraction patterns for the samples NdCo;xNixO3 (0 < x <
0.5). In each panel solid squares represent observed data, the line shows the calculated
profile. The difference between the observed and the calculated patteren is shown at the
bottom.

Figure 2. X-ray near edge absorption (XANES) spectra for Co K-edge of NdCo;4NixO; (0 <
x <0.5). No edge shift is observed on substitution. The enlarged view of pre edge region is
shown in inset. The arrows indicate the shift in the spectral response with substitution.

Figure 3. X-ray near edge absorption (XANES) spectra for Ni K-edge of NdCo;_«\NixO3 (0 <
x <0.5). Clear indication of +3 valance state of Ni appears in all composition.

Figure 4. Temperature dependence of dc magnetic susceptibility under different modes at a
field of 1kOe for NdCo;«NixO; (0 < x < 0.5). Solid squares represent zero-field cooling
(ZFC), open circles show field cool cooling (FCC) and open triangles are for field cool
warming (FCW) mode. A bifurcation in ZFC and FC curves appears after x=0.2 which shows
a composition dependent magnetic behaviour at low temperature.

Figure 5. The variation of AC magnetic susceptibility with temperature at different
frequencies for x > 0.3. Ty represents the spin glass freezing temperature. The shifting of
peak position to higher temperature with increase in frequency is clearly seen

Figure 6. Isothermal Magnetization hysteresis loops (M-H) of NdCo;xNixO; (0 < x<0.5) at

10 K. Change in the shape of the plots with substitution indicates to the coexistence of AFM

and FM ordering for samples with x > 0.3.
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Table 1. Reitveld refined unit cell parameters for NdCo; xNixO3 (0< x<0.5).

a b c v
Name s
(A) (A) (A) (A%
NdCoOs3 53503  5.3349  7.5513 21554  1.17
NdCog9Nip.103 53554  5.3454  7.5608  216.44  1.85
NdCoy.sNip 203 53582 53540  7.5734 21726 1.21
NdCog7Nig 303 53777  5.3667  7.5865 21894  1.37
NdCog6Nig 403 53778 53676  7.5870 21899  1.38
NdCogs5Nig 503 5.4481 53658  7.5912 22192 197

Table II. Parameters viz. effective magnetic moment u.; and Weiss constant (0) calculated
for NdCo;xNixO; (0 < x <0.5) from Curie Weiss fit of magnetization data measured at 1000
Oe of applied field.

. Hefr (148) 0 (K)
0 3.57 -88
0.1 3.28 -78
0.2 3.68 -67
0.3 3.70 -44
04 3.74 -40
0.5 3.89 -49
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Normalized absorption intensity (a.u)
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