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bstract

A series of NicMg1 − cO solid solutions are characterized by means of synchrotron radiation X-ray diffraction and X-ray absorption near-edge-
tructure spectroscopy at oxygen K-edge (532 eV). A dramatic drop of the pre-edge peak intensity is observed in the NicMg1 − cO system upon
ilution. It can be attributed to a decrease of 3d8(Ni2+)–2p(O2−) mixing upon dilution with magnesium ions due to a decrease of the number of

d vacancies as nickel ion is replaced by magnesium ion. Similarly, the decrease of the number of 4s and 4p vacancies also leads to a decrease of
s4p(Ni2+)–2p(O2−) hybridization, and hence a drop of intensities of features B and C. The features E and F are more sensitive to the increase of
he degree of disorder upon dilution than feature D, revealing that the latter is mainly dependent by the medium-range order.

2008 Elsevier B.V. All rights reserved.
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. Introduction

Diluted antiferromagnets represent an interesting class of
aterials, whose crystallographic structure is closely related to

heir magnetic properties [1]. The NicMg1 − cO solid solution is
prototype of a diluted face-centred-cubic (fcc) antiferromag-
et whose magnetic properties vary with the composition from
ntiferromagnetic-like behaviour for pure NiO to diamagnetic-
ike behaviour for pure MgO [2,3]. The lattice constant a of
he NicMg1 − cO solid solution depends nearly linearly on the
omposition: it increases slightly upon dilution from 4.1773 Å
n pure NiO to 4.2123 Å in pure MgO [4].

A single phase transition upon cooling from a paramagnetic-
ike to an antiferromagnetic-like state is observed for all
ompositions c above the percolation threshold cp = 0.2 for
icMg1 − cO [2,3]. Pure NiO belong to the group of type-II anti-

erromagnetic (AF2) charge-transfer insulators with the Néel
emperature TN = 523 K. The magnetic interactions in the fcc

ntiferromagnets are characterized by the relative signs and
trengths of the nearest-neighbour (NN), JNN, and the next-
earest-neighbour (NNN), JNNN, superexchange interactions

∗ Corresponding author.
E-mail address: wuzy@ihep.ac.cn (Z. Wu).

h

2

0

386-1425/$ – see front matter © 2008 Elsevier B.V. All rights reserved.
oi:10.1016/j.saa.2007.11.032
etween two transition metal (TM) ions via an oxygen ion [5].
he exchange interactions JNN and JNNN are determined by the

ntermixing of the 3d8(Ni2+) and 2p(O2−) states, which can be
irectly accessible by the X-ray absorption near-edge-structure
XANES) spectroscopy, being sensitive to a variation of the local
lectronic and atomic structures related mainly to site symmetry,
nteratomic distances, coordination numbers, thermal vibrations
nd static disorder. However, although the variation of the pre-
dge peak at the Ni (Co) K absorption edge in NicMg1 − cO
nd NicCo1 − cO solid solutions upon dilution have been stud-
ed [6,7], the changes of hybridization between 3d8(Ni2+) and
p(O2−) states upon composition variation is still an open ques-
ion in NicMg1 − cO solid solutions.

In the present work, we focus on the pre-edge peak varia-
ion at the O K-edge XANES in NicMg1 − cO solid solutions
pon dilution. In particular, we address the composition depen-
ence of 2p(O2−)–3d8(Ni2+) states mixing by looking at the

K-edge, which should provide us with better resolution and
igher sensitivity.
. Experimental

The NicMg1 − cO solid solutions with c = 0.99, 0.90, 0.80,
.65 and 0.55 were prepared as described briefly below, and

mailto:wuzy@ihep.ac.cn
dx.doi.org/10.1016/j.saa.2007.11.032
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ig. 1. XRD patterns of the NicMg1 − cO solid solutions with the compositions
= 0.99, 0.90, 0.80, 0.65 and 0.55.

he more detailed procedure can be found in Refs. [2,4].
he amounts of aqueous solutions of Mg (NO3)2·6H2O and
i (NO3)2·6H2O salts corresponding to the appropriate solid

olution composition were mixed and slowly evaporated. The
emaining dry ‘flakes’ were heated up to 770–870 K to remove
O2 completely. The polycrystalline solid solution obtained
as powdered and annealed for 100 h at 1470 K in air and then
uickly cooled down to the room temperature. X-ray structural
nd phase analyses were carried out to control the prepared
amples [4].

Synchrotron radiation X-ray diffraction (XRD) characteriza-
ion of the NicMg1 − cO solid solutions was carried out at the
eijing synchrotron radiation facility (BSRF) using the wave-

ength of 1.53989 Å. The XRD patterns were recorded at room
emperature in the angular range of 2θ = 30–82◦ with a step scan
f 0.04◦ and a counting time of 1 s/point.

The oxygen K-edge XANES experimental spectra of pure
iO and NicMg1 − cO solid solutions were recorded at the Bei-

ing synchrotron radiation facility (BSRF) using the emitted light
f the storage ring working at the typical energy of 2.2 GeV with
n electron current of about 100 mA. Samples were loaded in
n UHV chamber and maintained in a background pressure of
5 × 10−8 Pa. Spectra were collected using the total electron

ield (TEY) mode, a surface-sensitive detection method with
typical probing depth of a few nanometres. The experimen-

al resolution at these photon energies was about 0.3 eV. More
etails on the experimental setup for the O K-edge experiments
an be found in Ref. [8].

. Results and discussion

The XRD patterns of NicMg1 − cO solid solutions with com-
ositions c = 0.99, 0.90, 0.80, 0.65 and 0.55 are displayed in
ig. 1: they are in good agreement with the previous results

eported in Ref. [3] and Ref. [4]. One can observed clearly that
he (1 1 1) peak intensity in solid solutions drops monotonically
ith a decrease of the NiO content (c) due to the difference
etween the X-ray scattering intensities of the nickel and magne-

O
3
a

ig. 2. Schematic NaCl-type structure of NiO with space group Fm-3m. Black
alls represent nickel atoms and gray balls oxygen atoms.

ium sublattices. The intensity of the (1 1 1) peak in NicMg1 − cO
olid solutions, having the NaCl-type structure (Fig. 2), depends
n the difference between the number of electrons of anions and
ations [4]. The positions of (1 1 1), (2 0 0), (2 2 0), (3 1 1) and
2 2 2) peaks shift gradually toward to the lower 2θ direction
ith the decrease of composition c, indicating an increase of the

attice constant in the NicMg1 − cO system. We underline here
hat the NicMg1 − cO solid solutions are single phase, and the
attice constant of the rock-salt structure is nearly linear with
omposition [4].

Fig. 3 displays the oxygen K-edge XANES spectra of pure
iO and a series of NicMg1 − cO solid solutions. All the spectra
ave been normalized using Cromer–Liberman calculations by
FFEFIT code [9,10]. The top curve corresponds to the O K-
dge XANES spectrum of pure NiO and is in good agreement
ith previous data of Refs. [11–18]. The spectrum has six main

eatures labelled by A, B, C, D, E and F, respectively. The other
K-edge XANES spectra in Fig. 3 are of NicMg1 − cO solid

olutions with compositions c = 0.99, 0.90, 0.80, 0.65 and 0.55.
One can roughly divide the O K-edge XANES spectra into

hree regions. The first region (labelled A) is usually called the
pre-peak” located at about 532 eV. It can be seen clearly in Fig. 3
hat the intensity of feature A reduces remarkably and monoton-
cally with the decrease of composition c. The second region
resents two strong features labelled B and C, respectively, dis-
laying a broader structure about 10 eV above the edge. The
ntensities of feature B and C also drop upon the dilution with

agnesium ions, and the feature B becomes a small shoulder
f the peak C at c = 0.55. The third region spreads from 545
o 570 eV and contains three broad peaks labelled D, E and F,
espectively. The shape, energy position and intensity of the fea-
ure D are independent upon dilution. With the decrease of the
omposition c, the feature E disappears gradually and the feature
broadens as well as its energy position shifts gradually toward

ow energy.

For the pure NiO, the feature A is a probe of transitions from
1s electron to antibonding O 2p states hybridized with the

d metal states, mainly localized at the Ni site. The intensity
nd shape of the feature A depend on the Ni site symmetry,
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ig. 3. Oxygen K-edge XANES spectra for polycrystalline NiO and
icMg1 − cO solid solutions with the compositions c = 0.99, 0.90, 0.80, 0.65

nd 0.55.

he occupation number of the d levels, as well as the O Ni
ond length [19–22]. The feature A of NicMg1 − cO solid solu-
ions in Fig. 3 is attributed to the oxygen 2p weight in states
f predominantly Ni 3d character, and its intensity decreases
ramatically in the NicMg1 − cO system upon dilution, reveal-
ng unambiguously that the 3d8(Ni2+)–2p(O2−) mixing weakens
ontinuously versus Mg dilution, similarly to the trend observed
n the LixNi1 − xO system [14]. This behaviour can be explained
y a decrease of the number of 3d vacancies as nickel ion is
eplaced by magnesium ion upon dilution, and hence resulting in
he decrease of hybridization of O 2p states with the Ni 3d states.

oreover, doping can also decrease the Ni site symmetry and
ncrease the O Ni bond length. The latter, for the NicMg1 − cO
ystem, depends linearly by dilution, but its increase is very
imited [6,7]. However, the changes of feature A induced by the
hanges of the Ni site symmetry and the O Ni bond length are
egligible effects if compared to the influence on feature A by
he decrease of 3d vacancies increasing dilution. A similar result
as been previously reported by Collix et al. [23]. Likewise, de
root et al. [19] and Kurata et al. [20] have observed a monotone
ecrease of the intensity of feature A over the TM series as a
unction of the number of accessible empty d states.
Qualitatively, one might expect a similar explanation for the
oping dependence of features B and C in the NicMg1 − cO sys-
em. For pure NiO, features B and C are assigned to oxygen 2p
haracter hybridized with Ni 4s and 4p states [20]. Upon dilu-
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ion, the decrease of the number of 4s and 4p vacancies also
eads to a decrease of 4s4p(Ni2+)–2p(O2−) hybridization, and
ence a drop of intensities of features B and C. In the language of
ultiple-scattering theory [21,22], feature B arises from long-

nd/or medium-range contributions, while feature C is due to
ultiple scattering (MS), up to infinite order, of the final state

hotoelectron in the cage of the first oxygen shell, so that it can
e called “a scattering resonance”. It is possible to demonstrate
hat the intrashell MS within the first oxygen shell may account
or feature C, while outer shells, e.g., atoms at longer distance,
ontribute to feature B. Doping reduces the Ni site symmetry
nd distorts the local structure around the O or Ni atom, result-
ng in an increase of the disorder degree in the NicMg1 − cO
ystem upon dilution, and hence decreases the intensities of the
cattering resonance B and C. Recent MS simulations revealed
hat features D and E for pure NiO arise from long- and/or

edium-range contributions due to single-scattering (SS) pro-
esses between the photabsorber and atoms belonging to higher
eighbouring shells, while feature F is associated with single
cattering events involving the nearest neighbour oxygen shell
22]. Looking at feature D, its shape, energy position and inten-
ity are independent upon dilution, so that the O O bond length
oes not change with c in the compositional range 0.99 to 0.55,
n good agreement with EXAFS data [6]. On the contrary, the
eature E disappears gradually with dilution. It drops and broad-
ns versus composition c, addressing a strong distortion of the
ocal structure when c goes from 0.99 to 0.55. Actually features

and F are more sensitive to the disorder degree versus dilu-
ion than feature D. Moreover, the energy position of features

shifts toward low energy, implying the increase of the lat-
ice constant versus dilution, in good agreement with XRD data
nd with the local atomic structure around Ni2+ ions probed by
xtended X-ray absorption fine structure (EXAFS) experiments
6,7].

. Conclusion

In conclusion, both XRD and oxygen K-edge (532 eV) X-ray
bsorption spectroscopy measurements were performed at room
emperature in the polycrystalline NicMg1 − cO solid solutions
ith the following compositions: c = 0.99, 0.90, 0.80, 0.65 and
.55. The NicMg1 − cO samples are single phase with a rock-salt
tructure characterized by a lattice constant depending linearly
y the composition. The variations of intensity and shape of
he pre-peak feature A have been analyzed in terms of elec-
ronic properties and occupation number of the 3d band, site
ymmetry and bond lengths. While the pre-edge peak intensity
rops dramatically in the NicMg1 − cO system versus dilution,
behaviour assigned to a decrease of the 3d8(Ni2+)–2p(O2−)
ixing induced by the amount of magnesium ions replacing Ni,

.g., due to a decrease of the number of 3d vacancies. We have
lso investigated the MS spectral features above the pre-peak,
amely the B, C, D, E and F features correlated to the medium

nd long range structural order. Upon dilution, the decrease of
he number of 4s and 4p vacancies also leads to a decrease of
s4p(Ni2+)–2p(O2−) hybridization, and hence to a drop of the
ntensities of features B and C. Features E and F are more sensi-
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ive to the increasing degree of disorder upon dilution than that
f feature D, mainly sensitive to the medium-range order. More-
ver, the energy position of features E slightly shifts toward low
nergies, in agreement with the increase of the lattice constant
n the NicMg1 − cO system upon dilution.
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