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Abstract. In this work, the variation of the pre-edge peak at the Co (Ni) K absorption edge in
Me:Mg,_.O (Me = Co, Ni) solid solutions is studied upon dilution. Its intensity is attributed

to the number of3d"* L’) (i > 0) ground-state configurations with oxygen 2p hole(s) denoted

by L. Upon dilution, the pre-edge peak intensity grows by about a factor of 1.2.Mdyi .O

and about a factor of 2.8 in €blg,_.O. This fact is explained by an increase of th&Qp-

3d(Me) mixing. The results obtained are in agreement with the modifications of the local
atomic structure around &b and N7+ ions, probed by extended x-ray absorption fine structure
(EXAFS), and optical spectroscopies. The correlation between the concentration dependences
of the pre-edge peak intensity and théelltemperature for solid solutions is also discussed.

1. Introduction

The CoO-MgO and NiO—MgO solid solutions belong to a class of the diluted face-centred-
cubic (fcc) antiferromagnets whose magnetic and related properties have been intensively
studied during the last fifteen years [1-11]. The established magnetic phase diagrams of
Co.Mg;_.0 [2, 3, 11] and NiMg;_.O [6, 7] were found to be rather similar: they suggest

a single phase transition upon cooling from a paramagnetic-like to an antiferromagnetic-like
state for all concentrationsabove the percolation threshalgl (¢, ~ 0.2 [6] (¢, ~ 0.15 [7])

for Ni.Mg;_.O andc¢, ~ 0.13 [2, 3] for CoMg;_.O).

Pure CoO and NiO belong to the group of type-ll antiferromagnetic,JAtharge-
transfer insulators [12, 13] with the ¢l temperaturedy = 289 and 523 K [14],
respectively. The magnetic interactions in the fcc antiferromagnets are characterized by
the relative signs and strengths of the nearest-neighbour ()IN), and the next-nearest-
neighbour (NNN),Jynn, Superexchange interactions between two transition metal (TM) ions
via an oxygen ion [15]. The NN interactions, having ferromagnetic and antiferromagnetic
character, occur within three-atom chains>NiC>~—Ni2*, with NiONi = 90° (the so-
called 90 pairs), while the NNN interactions, having antiferromagnetic character, occur
within linear three-atom chains, Ki—~0?~—Ni+, with NiONi = 180 (the so-called 180
pairs). The values offiyy and Jynny for CoO are, respectively, 5.5 and 27.4 K, while for
NiO they are, respectivelyy34 and 202 K [3, 7]. The larger strengths of the superexchange
interactions,Jyn and Jynn, for NiO, compared to those for CoO, explain why nickel oxide
has a Neel temperaturdy higher than that of cobalt oxide.
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Figure 1. Normalized x-ray absorption near-edge structure (XANES) at the Ni and Co K edges
in Ni-Mg;-.O and CoMg;-.O solid solutions. The positions of the pre-edge peak A and the
feature B are indicated by arrows.

It is important that both/yny- and Jynn-interactions are of short range, and, therefore,
should be influenced by the variation of the local environment around the magnetic ions.
According to the x-ray diffraction (XRD) [2, 7], the lattice parametem solid solutions
depends linearly on the composition. Upon dilution, it decreases from4.2615A in
Co0, and increases from= 4.1795A in NiO to the value 4.2113 in pure MgO; thus,
the maximum variation of is about 1.1% in CaMg;_.O and about 0.8% in NMg;_.O.
Therefore, since the crystal structure of W&y, .O (Me = Co, Ni) does not change upon
dilution, and also the variation of the lattice parametas small, it is expected thafyy
and Jynn should be not significantly affected by dilution [7]. Under this assumption, the
Néel temperature of solid solutions depends, within the mean-field theory [16], only on the
number of next-nearest-neighbour TM ions which are involved in thé $8perexchange
interaction.

However, the XRD, being sensitive to the long-range order (LRO), provides us only
with averaged information on the crystal lattice. A recent x-ray absorption spectroscopy
(XAS) study of NiMg;_.O at the Ni K edge gives direct evidence for a shift of nickel
ions upon dilution to the off-centre position, which is stimulated by the superexchange
interaction and by the ionic radii difference of Niand Mg™* ions [9]. The off-centre
displacement of nickel ions is also supported by the results of the optical absorption and
luminescence studies [10]. In contrast to the case foMiyi_.O, it is expected that cobalt
ions in CeMg;_.O should remain, upon dilution, at the regular lattice sites, being squeezed
within the lattice due to a decrease of the lattice parameterd the difference between the
cobalt and magnesium ionic radii (the radius of the cobalt ion is about®.@2ger than
that of the magnesium ion). This was confirmed by XAS, performed using a laboratory
EXAFS spectrometer with a conventional x-ray tube [8]. Note that the new results on
the Co K edge in CMg;_.O, obtained by us using a more intense synchrotron radiation
source and a more accurate analysis procedure, are consistent with previous observations,
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Figure 2. An expanded view of the pre-edge part of the Co and Ni K-edge XANES in
Ni.Mgi1_.O and CeMg;_.O solid solutions. The dotted lines are background approximations
determined by a cubic spline fit to the data on either side of the pre-edge peak A. Only a few
spectra are shown, for clarity.

and will be discussed further. Thus, the direct evidence obtained by means of XAS of the
modifications, occurring within the local environment of TM ions, makes questionable the
existing expectation of the constancy fy- and Jynn-interactions upon dilution [7].

In this work, we present a comparative analysis of the results on the local atomic
environment, probed by means of extended x-ray absorption fine structure (EXAFS), and
the local electronic structure, probed by means of x-ray absorption near-edge structure
(XANES), around Co and Ni ions in M#g;_.O (Me = Co, Ni) solid solutions. In
particular, we are going to discuss the influence of the 2p(0O)-3d(Me) covalent mixing on
the pre-edge peak intensity at the Co (Ni) K absorption edge, and its relationship with the
magnetic properties of these solid solutions.

2. Experimental procedure and data analysis

The preparation of the solid solutions utilized in the present work was described by
us previously [8, 9]. Briefly, the samples of Mdg; .O (Me = Co, Ni) were
prepared by mixing the appropriate amounts of aqueous solutions of My88,0 and
Me(NGQ3),-6H,0 salts, which were slowly evaporated and heated up to 50086@0emove
the NG, completely. The polycrystalline solid solutions thus obtained were powdered, and
annealed for 100 h at 120@ in air, and then quickly cooled down to room temperature.
The composition of the solid solutions was confirmed by instrumental neutron-activated
analysis [17].

Experimental x-ray absorption spectra at the Co (Ni) K edge inNg_.O (Me =
Co, Ni) solid solutions and the pure oxides Me©={ 1) were measured at room temperature
in the transmission mode at the ADONE storage ring (Frascati, Italy) on the PWA-BX2S
wiggler beam line, equipped with a Si(220) channel-cut crystal monochromator, and two
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ion chambers containing krypton gas. The storage ring ADONE operated at the average
energy 1.2 GeV and the maximum stored current 40 mA. The samples were prepared from
finely ground MeMg;_.O (Me = Co, Ni) powders, and had a thickness leading to the
absorption jumpAu x of about 0.5-2.0, depending on the composition. The normalized
x-ray absorption near-edge structures (XANES) in solid solutions are shown in figure 1.
Note that the two sets of XANES spectra are similar to each other, due to the closeness
of the Me.Mg;_.O (Me = Co, Ni) structures, and exhibit similar behaviour upon dilution
(with the decrease af).

Furthermore, we will be interested in the intensity variation of the pre-edge peak A,
whose position is indicated in figure 1. The intensity of peak A, determined by its area,
was obtained using the following procedure: the background contribution (dotted lines in
figure 2) was approximated by a cubic spline fit to the data on either side of peak A, and

subtracted from the normalized experimental XANES spectrum; the signal thus obtained
was integrated over the range of the peak A.
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Figure 3. (a) Experimental EXAFS (k)k2-spectra of CeMg;_.O. (b) Fourier transforms of

the spectra shown in (a). Dashed lines indicate the range used in the analysis. Only a few
spectra are shown, for clarity.

The EXAFS signals were treated using the EDA software package [18]. The results of
the analysis for NiMg;_.O were reported in detail in [9]. The same procedure was applied
to a set of the CdMg;_.O data (figure 3). The variation upon dilution of the interatomic
distances Co (Ni)-O, Co (Ni)-Co (Ni), and Co (Ni)-Mg obtained is shown in figure 4.
Here we reproduce also the data for tRe€Co—O) distance in the first shell obtained in [8].
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Figure 4. The variation of the average interatomic distances ifMdi;—.O and CoMg;-.O

with the composition: (aR(Ni—O) (O) [9], R(Co-0O) (J) (this work), andR(Co-O) @) [8];

and (b) R(Co—-Co(Mg)) @) (this work), R(Ni—=Ni) (O), and R(Ni-Mg) (®) [9]. The values of

the interatomic distances, which were calculated in the virtual-crystal approximation (VCA) [19]
from the average crystal lattice parameter given by XRD [2, 7], are also shown for comparison:
(a) R(Co-0) ¢ - - -) and R(Ni-O) (—); and (b)R(Co—-Co(Mg)) ¢ - - -) and R(Ni-Ni(Mg))
(—). Note that the distanceB(Co—Co) andR(Co-Mg) in Cq@Mg;_.O were found to be
equal, and to change upon dilution in agreement with the VCA model.

Note that the latter set of data is less accurate than the results of the present work, due to
the fact that the experimental data used in [8] were recorded with smaller resolution, and

also the analysis procedure utilized in [8] was less sophisticated. However, the results of

[8] agree generally with the ones obtained in the present work.

3. Results and discussion

The XANES spectra in MMg;_.O (Me = Co, Ni) solid solutions are fairly similar, and

vary upon dilution with decreasing(figure 1). In particular, at small TM concentrations, the
features at the edge become more pronounced, and change their positions slightly. Within
the multiple-scattering approach, these effects were attributed by us to the substitution for
the TM ions of magnesium ions, having scattering amplitudes and phase functions different
from those of the TM ions, and to the change of the lattice parameter [9]. Note that the effect
of the substitution dominates strongly over the change of the lattice constant, as directly
follows from a comparison of the XANES in CoO and NiO, having the largest difference
of the lattice parameters, with the XANES results for Co{Mij;_.O solid solutions at
smallc (figure 1). However, a comparison of the XANES signals of the two solid solutions
for close concentrations allows us to observe that, in spite of the general similarities, the
broadening of the XANES at the Ni K edge is larger than at the Co K edge. This can be
seen, for example, from a comparison of the features B, indicated in figure 1. It has been
shown by the single-scattering [8, 9] and full-multiple-scattering [20] calculations that the
feature B is mainly due to the photoelectron scattering by the eight oxygen atoms located
in the third coordination shell of the Ni(Co) ion. The difference between the broadenings
of the feature B in the two solid solutions leads us to suppose that it may be due to a static
disorder which is present in the third shell of nickel. Such an interpretation is supported
by the results from the EXAFS [9] and optical spectroscopies [10], suggesting that nickel
ions shift upon dilution into off-centre positions, whereas cobalt ions remain at the centres
of the CoQ octahedra. As a result of the Ni displacement, its third shell becomes split,
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inducing the broadening of the feature B in XANES. The observed structural behaviour is
directly related to the electronic and magnetic properties of the two solid solutions, which
will be discussed below.

In our further considerations, we will concentrate our attention on the intensity variation
of the pre-edge peak A, indicated in figure 1, and on its relationship with the change of the
2p(0)—-3d(Me) (Me = Co, Ni) mixing, and magnetic interactions between the TM ions.
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Figure 5. (a) The dependence of the amount of thé Batonfiguration on the value of the
charge-transfer energk in nickel compounds. The data shown by open circles are taken from
[21]. The value for NiS is taken from [23]. (b) The estimated dependence of théO®p
3d(eg)(Me) (Me = Ni, Co) overlap integralS,, for different concentrations, assuming that the
Ni(Co) ions are situated at the regular lattice site, i.e. they are not displaced to the off-centre
positions R(Me—0O) = (1/2)a, wherea is the lattice parameter).

NiO and CoO belong to a class of the charge-transfer insulators [12, 13] whose ground
states (GS) are described within a framework of the Zaanen—Sawatzky—Allen (ZSA) model
[12] as

Wes(Ni%h) = ag|3cf) + a1|3d°L) + a,|3d'°L?) @)
Wes(Co*M) = aol3d") + a1|3PL) + ap|3dPL?) + a3|3d'°L3) 2

where L stands for an oxygen 2p hole. The amounis(i = 0,1,2) of |3+ L)
configurations in pure NiO were estimated recently in [21]: they are 0.73, 0.21, and 0.06,
respectively, so only the first two configurations, corresponding to the pure ionic state
without 2p holes and to the state with one electron transferred from an oxygen to a nickel
ion, are significant. This conclusion is also consistent with the result obtained in [22] for
LaNiOs. In this compound, nickel ions have the valence state @&d their ground state is
described as that of Co:

Wes(Ni®") = ao|3d") + a1|3PL) + a2|3°L?) + as|3d™°L?). ®)

The weightsay = 0.6 anda; = 0.4 were estimated in [22] for LaNi§ The situation,
similar to that for NiO, should be observed in cobalt oxide, where it is anticipated that
the |3d’) and|3dPL) ground-state configurations have the largest weight. The quantjties
in (1), (2), and (3) correlate strongly with the value of the charge-transfer enerfpi]
(figure 5(a)), and, likeA, are related to the value of the pd orbital mixiag, and to the
covalency of the nickel-oxygen bond [21, 23]. Thus,increases when the anion—cation
pd covalent mixingk,; decreases, and the bonding becomes more ionic.

In the case of the Co (Ni) K-edge absorption, the transition of the 1s electron occurs
from the core atomic state into a final unoccupied state that is the relaxed excited state in
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the presence of the core hole at the 1s level screened by other electrons. In the dipole
approximation,Al = 1 (/ is the orbital momentum of the electron), the final state of the
electron should have p character. Therefore, the pre-edge peak A can be attributed to the
dipole-allowed transition1s3d* L’y — |1s3d"+ L~1) (here 1sdenotes a Ni(Co) 1s core
hole;i = 1,2, 3 andm = 7 for C&*; i = 1, 2 andm = 8 for Ni®*), into the final state (FS):

Wes(Ni?") = by |13 L) + b|1s3d'°LY) 4
Wes(CO*T) = by|1S3PL) + bo|1B°LY) + b3|13d°L?). (5)

In the sudden approximation [24], the intensity of the pre-edge peak A is given by
laiby + azby|? for NiO and |ayby + azbs, + azbs|? for CoO. Finally, one should note that
both groundWgs, and final,Wgs, states are characterized by a strong mixing of the oxygen
2p and nickel/cobalt 3d orbitals.

The interpretation of the origin of the pre-edge peak A given above is strongly supported
by self-consistent-field (SCF) multiple-scattering (MS) calculations performed for the Ni K
edge in La_,Nd,NiO3 and LaNj_,Fe, O3 perovskites [22]. In these materials the ground-
state configuration of nickel ions is described by (3), with three st&8el), |3°L?), and
13d°L3), being dipole allowed for the transition of the 1s(Ni) electron which is observed
as the pre-edge peak. In [22], only two configuratioBsl’) and|3dfL), were considered
in the calculations. The results obtained show that the intensity of the pre-edge peak A
correlates strongly with the amount of th@&fL) configuration in the ground state [22].
Therefore, one can use the intensity of the pre-edge peak A as an estimate of the pd mixing
Apa [21]. The value ofr,, is proportional to the overlap between 3d TM and 2p O orbitals,
whose variation in solid solutions can be estimated. To do this, we consider a simple model
described below.

The empty final state, probed by the Co (Ni) K-edge absorption, hgsCdp
3d(eg)(Me) (Me = Co, Ni) character (the 3thg) sub-band is filled both in CoO and NiO);
therefore, to estimate roughly the change of the pd mixing upon dilution, we evaluated the
(2p, (O)|3d(eg)(Me)) (Me = Co, Ni) overlap integral using simple Slater-type (exponential)
nodeless atomic orbitals [25]:

anm(ra é‘) = Rl‘ll(r7 é‘)Ylm(Qa ¢)
Ru(r, &) = Cy(r/ao)” ~texp(—¢r/ao) Cy = (20)" V2 [(2n)] 2

where Y}, is a normalized spherical harmoni€;,, is the normalization constant of the
radial componenR,;; ao is the first Bohr hydrogen radiug;= (Z — y)/n* is the exponent
parametern* is the effective main quantum number;is the screening constant; a@dd-y

is the effective charge.

The parameters andr*, used in the calculation, were chosen according to the procedure
described in [25]. Their values ag(Co*") = 6.9, ¢(Ni*t) = 7.55, ¢(0*") = 2.275,
n*(Co?*) = n*(Ni®") = 3, andn*(0?") = 2. The C8*(Ni®") and G~ ions were placed
along thez-axis at the distance, from one another. The distaneg between the TM
(Co or Ni) and oxygen ions was varied over the range observed for the respective solid
solutions: from 2.106 to 2.13@ in Co.Mg;_.O and from 2.106 down to 2.098 in
Ni.Mg;_.O. The angular orbital components, were taken for the d orbital in the case
of the TM ion, and for the porbital in the case of the oxygen ion. The overlap integral
Spa = (Xnim (r, £)(CO (ND)| Yuim (r + 1o, £)(O)) was evaluated numerically.

The results obtained show a linear dependences,gf on the interatomic distance.
Therefore, if one assumes in the case of solid solutions that the Ni(Co) ions are situated at
the regular lattice sitesR(Ni(C0)-O) = (1/2)a, wherea is the lattice parameter), then it is
expected that the overlap integi); will change linearly with the composition (figure 5(b)).

(6)
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Besides this, upon dilution, th&,;-value should increase by10% in CoMg;_.O and
decrease by~7% in Ni.Mg:_.O; such behaviour ofS,, reflects an expansion and a
contraction of the crystal lattice in solid solutions, leading to a decrease/increase of the
pd overlap. However, the results of the EXAFS analysis show that the above assumption
holds true only in the CGdMg;_.O system, in which, upon dilution, cobalt ions remain at the
regular lattice sites, being squeezed within the crystal lattice, and the average cobalt—cobalt
distance decreases along with the lattice parameter. In contrast, nickel iondMg;NiO

shift upon dilution to the off-centre position, so the average nickel-nickel distance remains
nearly constant (figure 4(b)) [9, 10]. Note that static distortion of the first coordination
shell around nickel ions is not observed (figure 4(a)), because its vafue OOOlZAZ)

is smaller than the oner§ ~ 0. 0038A2 (see the data given in table 1 for pure NiO in [9]))

due to the thermal disorder. Thus, only a small variation of the overlap int§gyaknd

thus of the pd mixing, can be expected in.Mg;_.O, owing to the distortion of the local
environment. As we will see below, these results are in good agreement with the observed
pre-edge peak intensity, related to the value of the pd mixipg,
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Figure 6. The variation of the intensity, of the pre-edge peak A with the concentration.
The solid and dashed lines show linear approximations foMii—-.O and CeMg;-.O,
respectively. The error bars are mainly due to the inaccuracies in the background (dotted
lines in figure 2) subtraction procedure used to isolate the pre-edge peak.

The variation of the pre-edge peak intenslfyin solid solutions is shown in figure 6.
The linear least-squares fits suggest that, upon dilufipimcreases by a factor of about 1.2
in Ni.Mg;_.O, whereas it grows by a factor of about 2.8 in.®lg;_.O. This means that,
upon dilution, the weight of thé3d'*'L) (i > 0) ground-state configurations increases,
due to an increase of the charge transfer from oxygen ligands to TM ions, and the effect
is much stronger in the CMg;_.O system than in NMg;_.O. In fact, this suggests the
lowering of the charge-transfer energy and an increase of the pd mixing, (as well as
Spa). A comparison of the experimentally determined dependencés @igure 6) with the
calculated variations of,; (figure 5(b)) versus: allows us to conclude that they behave
similarly in the case of GdMg;_.O solid solutions, supporting the absence of the off-centre
displacement of Cg ions found from EXAFS data. On the other hand, forMg;_.O
solid solutions,/, increases slightly upon dilution, while the model based on the central
position of NF+ ions suggests a decreaseSf; and thus ofl/,. This contradiction can be
understood by taking into account the results of the EXAFS [9] and optical spectroscopies
[10]: they show that Nit ions shift into the off-centre position upon dilution, so the Ni—Ni
distance remains nearly unchanged. This effect was explained in [9, 10] by the presence
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of Ni2*—0?—Ni?+ (NiIONi = 90°) superexchange interactions, which persist also for low
concentrations of nickel ions. Thus, an increasel offor Ni.Mg;_.O correlates with

the off-centre displacement of Wi ions, and suggests also a possible change of the 90
superexchange interaction due to a slightly larger overlap of nickel d and oxygen p orbitals.

Now the following question arises. What is the influence of the 2p—3d mixing on
the magnetic properties of solid solutions? In particular, how does it correlate with the
concentration dependence of thédll temperature?

Recent theoretical calculations show that the pd mixing plays only a minor role with
respect to the magnetic and insulating properties of pure CoO and NiO [26]. However,
it is known [27] that the change of,; should affect the strength of the superexchange
interactionsJ/: for example, the cation—anion—cation interactifgn(180) xf,d [27].
Therefore, from the variation of the pre-edge peak intensity (figure 6), it is expected that,
upon dilution, both superexchange parametég, and Jynn, Will increase in CoMg;_.O,
whereas they will remain nearly constant or increase slightly iMgi_.O. At the same
time, the concentration dependences of tleeNemperatur&y (c) (see figure 1 in [11]) are
rather similar for the two solid solutionsfy decreases upon dilution, in good agreement
with the molecular-field approximation (MFA) at > 0.6, where its dependence anis
linear (note that in the MFA [11y(c) = S(S + 1)|Junnlznnne/(3kg), where S is the
total spin momentzynn is the number of next-nearest-neighbour metal ions involved in the
superexchange interaction, akgl is the Boltzmann constant). Since théél temperature
is proportional (within the MFA) to the superexchange parameter, the expected increase of
J upon dilution, and the difference between the values/ dbr the two solid solutions
are in seeming contradiction with the similarity of their magnetic phase diagrams [11].
This problem can be resolved if one considers the contribution of the nearest-neighbour
superexchange interactiofyy. In the pure NiO (CoO) system, thin-contribution toTy
is not present due to the equal number (six) of nearest neighbours having spins oriented
parallel and antiparallel, causing their total molecular field at a given ion to be cancelled
out. The role of the nearest-neighbour interactiofigy, should increase upon dilution,
which can be related to the observed deviatiorTpfc) from the linear MFA behaviour at
¢ < 0.6 [11]. Therefore, the difference in the expected variatiod &dr two solid solutions,
while their magnetic phase diagrams are similar, allows us to assume that their magnetic
properties are determined by the ratigyn/Jnn. A Similar conclusion has been reached
recently in [7] by comparing the magnetic phase diagrams of\lge_.O (Me = Co, Ni)
with those of EuSr,_.S and EuSr_.Te.

4. Summary and conclusions

In this work, the influence of the 2p(O)-3d(MéMe = Co, Ni) mixing and magnetic
interactions on the pre-edge peak intensity at the Co (Ni) K absorption edge.Mdyle.O
solid solutions is discussed.

The systems considered are related to a class of the charge-transfer isolators, so the
origin of the pre-edge peak is attributed to the amounf3of*L’) (i > 0) ground-state
configurations with oxygen 2p hole(s). It is observed that the intensity of the pre-edge
peak grows upon dilution by a factor of 1.2 in Ng;_.O and by a factor of about 2.8
in Co.Mg;_.O. This fact is explained by an increase of the p(O)-d(Née = Co, Ni)
overlaps$,,, leading to an increase of the pd-mixing valug,, and, thus, the strength of the
superexchange interactions, The results obtained are in agreement with the modifications
of the local atomic structure around the“aand N7+ ions probed by EXAFS [8, 9] and
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optical spectroscopies [10].

It is expected that the variation df with the composition is different for the two solid
solutions, while their magnetic phase diagrams are rather similar [11], and are characterized
by a deviation forc < 0.6 of the concentration dependence of theeNtemperature from
the linear behaviour suggested within the molecular-field approximation [11]. These facts
lead us to propose that the important quantity in diluted solid solutions is the ratio of the
superexchange parametesgnn/ Jan-
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