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Effect of short-range magnetic ordering on electron energy-loss spectra in spinels
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The energy-loss near-edge structUetNES) at the oxygenK edge in twoAB,O, spinels @=Mg, B
=Al, Cr) is reported. In MgAJO, the experimental data are successfully modelled within the local density
approximation framework. In the case of MgQy, spin polarization, in the form of antiferromagnetic ordering
on the Cr sublattice, must be included despite the fact that the measurements were performed at approximately
30 times aboveTy . A model in which dynamic short-range antiferromagnetic ordering is present at room
temperature is proposed to explain the results of the experiments and calculations.
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INTRODUCTION tion metal carbides and nitrides with the rock salt structure
included data from CrN, which has a &letemperature of
Electron energy-loss spectroscofSELS) carried out in 288 K* The shape of the experimental K-edge ELNES
the nano-analytical electron microscope is a powerful probéom CrN does not change over the temperature range from
of chemistry, bonding and electronic structure in a widel33 to 433 K so that long-range magnetic order has no effect.
range of materials. An analysis of the energy-loss near-edgidoreover, the x-ray absorption near-edge structure matches
structure(ELNES) present on ionization edges in EELS is the ELNES extremely well demonstrating that the dipole ap-

obtain such information with close to atomic-scale spatialUsed to obtain the ELNES. With the exception of CrN, the

resolution® The ELNES technique can be used to obtain in-2greement between experiment and theory, assuming random
formation on the coordination number, local symmetry, andSPins, is excellent. However, while the theoretical shape for
oxidation state to investigate chemical and structural inhoCN follows the pattern observed in the related compounds,
mogeneities in advanced materials, e.g., in the vicinity ofhe experimental shape from CrN differs significantly, indi-
interfaces, grain boundaries, etc. In combination with othefating that some other effect is present. The agreement be-
microscopy techniques such as electron diffraction and higliveéen experiment and theory for CrN is improved if the
resolution electron microscopy, ELNES can be utilized toSPINS in the calculation are polarized to maich the antiferro-
obtain a complete characterization across interfaces. Howhagnetic structure determined by Corletsal” The reason
ever, the electron-specimen interactions that result in ELNEZr this is that the decrease in energy on going from the
are complex. In order to advance the use of the technique, #nPolarized to the polarized state is 336 meV per formula
is important to conduct studies that combine fundamenta¥nit so that the thermal energy available at 433 K is unlikely
investigations of the ELNES in known structures and theof0 destroy the polarization over the short range even though
retical modeling of the electron-specimen interactions. the long-range order disappears. This observation led us to
We have previously reported the results of a combinedXplore thg effept of the antiferromagnetic coupling between
experimental and theoretical study on a series of ternary trarfbe chromium sites in MgG0, on the calculated ELNES to
sition metal oxides that exhibit the spinel structtr&he  See if the agreement with experiment was improved despite
oxygenK-edge ELNES from a range &&B,0, materials the fact that the measurements were performed well above
(A=Mg, Ni, Zn; B=Al, Cr) were presented and the results the Neel temperature.
were analyzed with the aid of the results of electronic struc-
ture calculations performed using a multiple scattering algo-
rithm. While good agreement between experimental and the-
oretical spectra was obtained for Mg&l,, it was extremely The spinel specimens were synthesized from the parent
poor when the Al* cations were replaced by €r. binary oxides using standard solid-state procedures. The lat-
MgCr,O, undergoes an antiferromagnetic ordering with atice parameters, oxygen parameter,and degree of inver-
Neel temperatureTy) of 16 K2 An earlier study of transi- sion, A, were obtained by a Rietveld refinement of x-ray or
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neutron diffraction data. The MggD, specimen was iden-
tified as a cubic spinelh=8.33202(1) A, with an oxygen
parametens of 0.26124 which is close to the ideal value of
0.25. A Rietveld refinement of the site occupancies revealed
the sample to be 100% normal €£0). MgAl,O, was also
identified as a cubic spineh=8.08098(2) A, with an oxy-

gen parameter close to the ideal value=0.26116). Ri-
etveld refinement of the site occupancies revealed the sample
to be partially inverseX=0.32). Samples were prepared for
EELS by crushing the powder and then dispersing the par- MgCr,0,
ticles in propan-2-ol. A few drops of the suspension were
then placed on a holey carbon film coated grid and the sol-
vent was allowed to evaporate. The EELS data were col-
lected using a VG HB5 cold field emission gun scanning
transmission electron microscog8TEM), operated at 100 Energy-Loss (eV)

kV. The spectra were recorded using a Gatan 666 parallel FIG. 1. Comparison of experimental oxygétELNES data
electron energy-loss spectrometer. A collection half-angle Ofthick lines with the broadeneg-projected unoccupied DOS on
12 mrad was used, defined by a 1mm aperture preceding thge oyygen site obtained from LDA calculatiorin lines for
STEM detectors, and a spray aperture was positioned aftgfiga|,0, and MgC0,. In each case the first peak in the theoret-

the same detectors to remove any stray scattering from thgg| result has been aligned to the first peak in the experimental
collector aperture. Spectra were recorded at an energy digpectrum.

persion of 0.1eV/channel, using a 1-nm electron probe con-
taining ~ 0.2 nA with a convergence half-angle of 11 mrad. element and the symmetry-projected unoccupied DOS on the

Theab initio electronic structure calculations were carried atomic site of interest. Over the limited energy range of in-
out using the scalar relativistic linear muffin-tin orbital terest for analysis of fine structure on an ionization edge,
method within the atomic-sphere approximation in two fla-typically <15 eV, it is reasonable to assume that the transi-
vors: local density approximatiofLDA) and LDA+U.%7  tion matrix element is a slowly varying function. Thus, to a
The MT-radii used in all calculations were 2.32, 2.44, andfirst approximation, it is reasonable to compare the observed
1.95 a.u. for Mg, Cr and O, respectively. Two additional ELNES with the broadened site- and symmetry-projected un-
classes of empty spheres were introduced Rith1.82 and  occupied DOS obtained from the theoretical calculations.
1.66 a.u. respectively. The frozen core approximation wadhe calculated DOS is convoluted with two functions: a
employed in the generation of the potential and the paramkorentzian function whose width varies with energy above
etrization of von Barth-Hedfhwas used for the exchange the threshold to simulate the broadening from the finite life-
correlation part of the effective one-electron potential, ob-time of the excited state and a Gaussi&ull width at half
tained within the local spin density approximation of the maximum of 0.8 ey to account for the experimental resolu-
density functional theory. Convergence of charge densitfion at the energy-loss of the oxygéh edge. The lifetime
was achieved within 10°. The integration over the Brillouin broadening is approximated by two contributions. One is
zone has been done by the tetrahedron method witlk 64 from the lifetime of the core hole, which can be obtained
points for the self-consistent field calculation. Although all of from atomic datg0.11 eV for oxygen &),° and the other is
the Cr atoms in the normal spinel structure are crystallofrom the lifetime of the excited atomic electron. The latter
graphically equivalent, in the spin-polarized calculation theycan be estimated using the expression of Mwkeal. assum-
were treated differently because of the antiferromagnetiing a valence band width of 18 eV and a plasmon energy of
coupling. In the spinel structure, the Cr ions form a corner25 eV:°
shared tetrahedral lattice, comprising thel I6tes in space In Fig. 1 the experimental oxygef-ELNES of MgALO,
group Fd3m, that is normally referred to as the pyrochlore is compared with the result of the LDA calculation. In this
lattice. In the calculations, an antiferromagnetic structure ircalculation the oxyge# edge was simulated assuming that
which two of Cr atoms among four Cr atoms in each tetra-the spinel structure was 100% normal. Although experimen-
hedron of the pyrochlore lattice are in one orientation oftal data was recorded from a partially inverse material, it was
magnetization while the other two Cr atoms are aligned inconcluded in our earlier study that the effect of inversion on
the opposite orientation. Although the actual magnetic structhe oxygenK edge was minimal and hence this was a valid
ture of MgCrO, is likely to be more complex than this assumptiorf. This conclusion is supported by the excellent
simplified model, this antiferromagnetic structure was takeragreement between experiment and theory demonstrated in
as the initial state of the calculation and was preserved aftdfig. 1. The result of the LDA calculation is consistent with
the self-consistent calculation. the calculated band structure results reported by other work-
ers using different algorithm's.

When the octahedral site cation is changed frori" Ao
Cr’* the agreement between experiment and theory is much

The intensity observed in an electron energy-loss spegoorer(Fig. 1). The results of the neutron diffraction studies
trum is related to the product of an atomic transition matrixreported previously clearly demonstrate that the M@ir

MgALO,
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specimen is 100% normalThis is as expected since placing Ex LDA
the CP* ion in a tetrahedral environment would be energeti- 40
cally unfavorable due to the large Jahn-Teller distortion that 30 4
would result from unsymmetric occupation of the frontier 1
orbitals? This is significant since it establishes that the dis- 20 -
crepancy between experiment and theory is not associated ]
with structural inversion. 101

In the initial LDA calculations(Fig. 1), it was assumed 0 | SY A ‘ _
that the band structure of the material is independent of elec-
tron spin. However, it is well established that this is not T LSDA
necessarily true in a transition metal system where spin or- ~ 9
dering on the metal sites could influence the band structure 5
through the exchange-interaction term. It is also possible that 8
the low dispersion of thel band in the vicinity of the Fermi g 0
level may induce strong electron correlation effects and thus 2
invalidate the independent electron model. The former hy- s »L
pothesis could be investigated by introducing spin polariza- f.g 9
tion into the calculation while the latter requires incorpora- > ’[‘ LSDA+U
tion of electron correlation effects via the LBAU 2 94
approach. ol 1

The calculated symmetry-projected density of states on .
the anion and cation sites are compared in Fig. 2. The upper 0 -
panel shows the oxygep- and the chromiund-DOS ob- 1
tained from the LDA calculation performed with no spin i/
polarization. In this nonmagnetic structure it is clear that R o S
there is a large DOS at the Fermi lev@{) and there is no -5 25 0 25 5
distinct energy gapK,). This is a classic situation where the Energy (eV)

total energy of this “metallic” structure could be lowered by
spin polarization. In the LSDA calculation, a structure that FIG. 2. Comparison of the calculated oxygerDOS (thick
exhibits antiferromagnetic ordering of the electron spins orline) and chromiumd-DOS (thin line) in MgCr,O, obtained from
the chromium sites has been assumed and the @nd Cr  different theoretical models. The Fermi energy is at 0 eV. The upper
d-DOS obtained are shown in the middle panel of Fig. 2. Anpanel shows the result for the nonmagnetic structure. In the LSDA
analysis of the Cd-DOS shows that the energy of one of the (middle panel and LSDA+U (lower panel calculations, antiferro-
spin stateg?) has shifted to lower energy while the othgy magnetic or_dering on the Cr sites has_ bee_n assumed and the result
has shifted to higher energy. This has resulted in the creatiofe™ €ach spin state on one of the Cr sites is shown. The density of
of an energy gap of 0.7eV between the valence and ConduéIaFeS on the sefzond Cr. site is inversely related to the first due to the
tion bands. The moments on the two Cr sites were found tg"tiférromagnetic ordering.
be 2.6z and —2.69ug in this antiferromagnetic insulator
and as expected the total energy was found to be significantipOS predicted by the LSDAU calculation is very similar
less, 0.811 eV/Cr, than the nonmagnetic structure. It shoultb that obtained from the LSDA calculatiofirig. 2). The
be noted that if the Cr cations are antiferromagnetically ormain difference is that the magnitude of the energy gap has
dered then two magnetically inequivalent oxygen sites mushow increased to 1.3 eV, an effect that is expected since the
also be present in the structure. In a normal spinel such awain role of the Hubbard U is to stabilize the magnetic struc-
MgCr,O,, each O site has four nearest neighb@se Mg ture. In the “LSDA+ U” results, the magnetic moments on
and three Crin a tetrahedral arrangement. Consequently inthe Cr sites are similar to those found in the LSDA calcula-
the magnetic structure 50% of the oxygens will have two Crtion and lattice energy was 1.476 eV/Cr less than the non-
neighbors with parallel and one with antiparallel spin align-magnetic lattice energy obtained from a LBAJ calcula-
ments and the other half of the oxygens will have the oppotion. Once again the larger stabilization energy in the
site arrangement. This means i OS on each oxygen site  LSDA+ U calculation can be attributed directly to the effect
is slightly different, as shown in Fig. 2. When the AF order- of U. Nevertheless it is clear that the antiferromagnetic state
ing on the chromium sublattice is reversed {dOS on is more favorable than nonmagnetic structure for the experi-
each type of oxygen site will also change. However, the symmental lattice parameters used in the calculation.
metry of the lattice and perfect AF ordering means that the Since there are two types of oxygen site in the magnetic
effect here is simply a switching of the@DOS between the structures it was necessary to calculate the average density of
two types of oxygen site. states by summing the-DOS for each spin state. Both types

In the “LSDA+ U” a value of U=2 eV has been used and of oxygen site have the same avergg®O0S. Thep-DOS
the same antiferromagnetic ordering of the Cr sites, as useabtained from each theoretical model was broadened as de-
in the LSDA calculation, has been assumed. The generalcribed earlier and compared with the experimental ELNES
shape and interpretation of the site and symmetry projectedata.(Fig. 3) It is immediately apparent that changing from
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of 811 meV/Cr, it would be expected that spin correlations
would persist at temperatures as high as1®® K. Conse-
ELNES quently the important factor is the length of time over which
the correlations exist—this will depend on temperature, de-
creasing as the temperature increases. The distance over
LSDA+U which the correlations exist will also depend on
temperature—for a fixed time interval the spatial extent of
LSDA the ordering will decrease as the temperature increases.

To our knowledge, the existence of short-range order
(SRO in MgCr,0, has not been investigated in detail pre-
viously. However, SRO in zinc ferrite, Znf®,, has been
LDA investigated by several research groups. The comparison be-
tween ZnFgO, and MgCr0Q, is an excellent one since both
—— T materials can be synthesized as 100% normal cubic spinels.

2 0 2 4 6 8 10 12 14 ZnFe0, is also an antiferromagnetic insulator, with high
Relative Energy (V) spin Fe (31°), and a low ordering temperatureTy
=10.5 K).2* The spin structure of the material as a function

FIG. 3. Comparison of the broadened oxygeOS with the  of temperature is complex with dynamic SRO reported to
experimental oxygeiK-ELNES data for MgGJO, . The first peak  persist up at least TQ, . This conclusion was reached on the
in each spectrum has been aligned to 0 eV. Where antiferromagnetic-cic of neutron scatterirjré',ls Mossbauer resonanéé?
ord_ering is preser_n the spectrum is derived from the average of thﬁnd muon-spin-rotation/relaxatidp-SR) (Ref. 14 studies.
‘spin-up” and “spin-down” DOS. Below Ty, long-range order has been observed in zfike

by a number of research groups. However, at temperatures
the nonmagnetic structure in the LDA calculation to the an-up to ~10T,, broad maxima have been observed and a
tiferromagnetically ordered structure in the LSDA calcula-model in which small antiferromagnetic regions exhibit “su-
tion results in a dramatic improvement in the agreement beperantiferromagnetic” behavior due to SRO has been
tween theory and experiment. Further refinement of theproposed?® It has been deduced from the width of the
calculation to include electron correlation effects has only anaxima that the size of the domains exhibiting SRO is of the
minor (detrimental effect on the observed shape. order of 3 nmt* The results of the.-SR studies clearly dem-

The implication of these results is that the oxygenonstrate that the SRO is dynamic rather than static, a conclu-
K-ELNES (and hence the electronic structuaf MgCr,O,  sion supported by recent single crystal neutron scattering
can be successfully modeled as a magnetically ordered insgtudies:’ with an estimated minimum fluctuation rate of 1.5
lator. It is known that MgGyO, exhibits antiferromagnetic  GHz, although the error on this estimate could be as large as
behavior below its Nel temperature of 16 K. However, the the value itself* This rate corresponds to a correlation time
ELNES measurements were conducted at room temperatu(e,) of less than 6.8 10 °s. Since the SRO is detectable
where all long-range antiferromagnetic order has been loshy neutron scattering, it is also possible to derive an upper
The only possible explanation four these observations is thatalue for the correlation time from the interaction time be-
even in the room temperature paramagnetic state there exisigeen a neutron and a domain of this size. Assuming an
a short-rangeon the order of 1-2 unit cell lengthantifer-  energy range 0.1-1eV we obtain neutron velocities in the
romagnetic ordering of the spin directions on the chromiunvange (0.45-1.4%10* ms 1. Using the estimated domain
sites over a period of time longer than the interaction timesize from previous studies of 3 nm, we conclude that in order
between this region and the fast electron. Since the electrofor SRO to be detected by neutron scattering the correlation
velocity is ~10° msec* and the dimensions of the region time must be greater thanx@.0~ 13 s. This is four orders of
are ~1 nm, the interaction time is- 10"’ sec. magnitude greater than the interaction time fo? 0 elec-

Thus, in order to explain the experimental and theoreticatrons, and so it can be concluded that electron energy-loss
results obtained we are proposing tfiak short-rangeB-B spectroscopy is potentially sensitive to much shorter lived
site antiferromagnetic correlations exist in MgOy at room  correlations.
temperature, andb) these correlations can be detected by The final question that must be considered is the length
electron energy-loss spectroscopy. Let us consider each gtale over which the correlation must extend in order for the
these hypotheses in more detail. The fact that M@zr domain to appear “infinite” as far as the electréor x-ray)
shows an antiferromagnetic behavior at all demonstrates thaixcitation process is concerned. This is readily deduced from
the crystal can reduce its lattice energy by ordering the eleahe multiple scattering theory developed to describe the x-ray
tron spins on theB sites. In the absence of any radical absorption near-edge structUd€ANES), which is the x-ray
change in crystal structure or lattice parameter it follows thaequivalent of ELNES. This real space multiple scattering ap-
correlation of the electron spins will lower the lattice energyproach gives the same result as a band structure calculation
of the solid at every temperature below the melting point.in reciprocal space provided that both calculations converge.
However, at temperatures aboVg, the thermal energy will The real space multiple scattering approach to calculation
act to constantly randomize the long-range order and averag# electronic structure has been shown to be robust and reli-
out any correlations. However, given a difference in energyable provided a large enough cluster is used to ensure

Intensity (arb. units)
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convergence® Based on our own work on spinels, we have on the Cr sites is included in the model. While the magnetic
demonstrated that convergence in Mg@J is achieved, at structure of MgCs0, is likely to be more complex than the
the energy resolution available in ELNES or XANES, with a model assumed, the improved agreement between theory and
cluster radius of less than 0.7 rfnThus the correlation of experiment obtained using this model shows that spin polar-
the spin has only to exist over a distance~a2 nm for atime ization plays a key role in defining the electronic structure as
~10 Y sec to have a large effect on the edge shape inletermined by EELS. While studies of the magnetic behavior
ELNES or XANES. of MgCr,O, aboveTy have not been reported in the litera-

In summary, we have demonstrated that the oxygenure, the work performed by other groups on ZyBg, also
K-edge ELNES of MgGIO, cannot be simulated using elec- an antiferromagneti€¢AF) insulator, clearly demonstrate the
tronic structure calculations performed within the LDA. presence of short-range AF ordering well abdye We con-
However, a reasonable agreement between experiment agtlde that electron energy-loss spectroscopy is a highly sen-
theory is achieved when the calculation is performed withinsitive probe of such ordering and can potentially reveal the
the LSDA framework and a full antiferromagnetic ordering presence of AF order over distances-e2 nm.
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