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K-edge resonant x-ray magnetic scattering from a transition-metal oxide: NiO
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We report the observation of resonant x-ray magnetic scattering in the vicinity of tie @tige in the
antiferromagnet NiO. An approximately twofold increase in the scattering is observed as the incident photon
energy is tuned through a pre-edge feature in the absorption spectrum, associated with quadrupolar
(1s—3d) transitions. No enhancement is observed at the dipolar+4p) maximum. The quadrupolar
resonant scattering amplitude is estimated to-#01r ;. [S0163-18267)50214-1

Resonant x-ray magnetic scattering exploits enhanceteresting of magnetic systems, only teedge is typically
ments in the cross section occurring when the incident phoaccessible in the diffraction reginieSecond, successful ob-
ton energy is tuned through an atomic absorption edgeservation of & edge resonance would bring element speci-
These enhancements are due to second-order processes infiBRy to x-ray magnetic scattering studies of such systems, of
interaction Hamiltoniart.Large enhancements were first ob- particular application in mixed spin compounds. Third, the
served at thé.;; andL,, edges in HoRef. 2 and explained  polarization dependence of resonant scattetiatipws for
in terms of electric multipole transitiorisThe size of the the possibility of solving magnetic structures. Finally, it is

enhancement is controlled by the matrix elements connectingossible that the technique could be utilized to recover site
the initial and intermediate states, the lifetime of the V'rtualselective electronic information, for example in mixed va-

core hole created, and the degree of polarization of the 'eve'lﬁnce systems.
involved. Thus, in addition to the edges of the rare earths
(2p—5d dipole and p—4f quadrupole excitationsmuch
larger enhancements were expected, and observed, at t
M,y v edges of the actinidésfor which the dipole excitation
is to the highly polarized & levels.

In contrast, resonant scattering akaedge is expected to

We have chosen to investigate the type Il antiferromagnet
N(iao’ motivated in part by the recent observation of resonant
erihancements in the inelastic x-ray scattering respthae.
room temperature NiO is an antiferromagnetic Mott-
Hubbard insulator with a filled O {2 band and a nominal

be considerably weaker and to date remains largely unstud¥i®” (3di) lonic _configuration having localized Ni d
ied. Such investigations that have been performed includ@'eCtron,sl' The orbital moment is quenched and the total
those of Namikawaet al, who observed a weakK-edge —Magnetic momentis the spin only valueu,g..The magnetic
resonance in the interference between the charge and maopagation vector corresponds to a doubling of the unit cell
netic scattering in ferromagnetic Ni mefagnd a study of along the(111) direction and the spins lie in the plane per-
antiferromagnetic Cr, for which no enhancement waspendicular to the(111) axis, along a(112) direction. The
observed. Additionally Finkelstein et al. have observed crystal structure is fcc abovEy=523 K, witha=4.177 A,
resonantcharge scattering at a quadrupole resonance at th@nd undergoes a slight rhombohedral distortion below
Fe K edge ina-Fe,0;5 (Ref. 7). K edge enhancements are Ty .12 The sample was a large single crydtalosaic=0.07°
expected to be weak because the strong dipole transitior®glf width at half maximun{HWHM)] with a polished sur-
involve s and p levels and there are no spin-orbit correla- face normal to th€111) direction. NiO was the first material
tions of either level. HoweverK-edge quadrupole excita- in which nonresonant x-ray magnetic scattering was
tions couple tad-like states, which are the magnetic states inobserved?
transition metals. This opens the possibility of observing an The experiments were performed on the bending magnet
enhancement associated with these transitions. In the presdmamline X22C and the wiggler beamline, X25 at the Na-
work, we report just such an effect in NiO, for which an tional Synchrotron Light SourceNSLS). Beamline X22C is
approximately twofold increase in the x-ray magnetic scatcomprised of a Ni coated focusing mirror, a double bounce
tering is observed at an energy corresponding to a quadrup&e(111) monochromator and a GELL) analyzer. Unfortu-
lar feature in the absorption spectrum. nately, the Ni mirror causes complications in the vicinity of
In addition to the general interest in exploring resonantthe NiK edge and the energy resolution-6—-10 eV is not
X-ray magnetic scattering phenomena furtbeiedge studies optimal. At X25 a double bounce @20 monochromator
would be of utility for a number of reasons. First, fod 3 was employed with a Pt coated focusing mirror, for which
transition metal compounds, which rank among the most inthe energy resolution was 1.8 €¥AWHM). The A/2 com-
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FIG. 1. The magnetic scattered intensity &(3) (open circles L
as a function of ipcident photon energy. These_ data are not cor- 8.30 8.32 8.34 8.36 8.38
rected for absorption. Data were taken at beamline X25. The solid Energy (keV)

line is a high resolution absorption spectra of NiO powder showing

the presence of a quadrupolar prt_a-edge feature_ coincide_nt with the FIG. 2. Energy dependence of magnetipen circles and

resonant enhancement_ observed |n_the magnetic scattering. The tharge(closed circlesBragg peaks at room temperature. Data were

set shows this feature in more detail. taken at beamline X25. The solid lines are simulations, discussed in
the text.

ponent of the scattered beam was filtered out by a triple

bounce Sil11) analyzer, together with an energy dispersiveincident with the resonant enhancement in the magnetic scat-

solid state detector. The configurations at beamlines X22¢ering to within calibration errors. o

and X25 gave similar nonresonant intensities, though the en- The presence of this enhancement implies that the mag-

ergy and reciprocal space resolution was higher at X25 byletlc 3 levels are_belng probed, and thus confirms the q.ualtd-

factors of~3 and 2, respectively. In each case the absolut&UP0le 15— 3d assignment of the pre-edge feature. Thatis in

energy scale was calibrated by measuring the absorption 6Ig|s case, the small size of the quadrupole matrix elements is

NiO powder, characterized by a strong white line maximumcompgnsgted t_)y t.he large polarization qf tha? 3a|<_actrons
at E=8350 eV. resulting in a significant resonant scattering amplitude.

Further evidence that this resonant enhancement is mag-

) . i 11 . . netic scattering is found in Fig. 2, in which energy scans at
Wh|ch_ the intensity of the_%(,2,2)_an_t|ferromagnet|c Bragg the (¢,1.) and ¢,3,%) magnetic Bragg peaks are presented
peak is plotted as a function of incident energy. A resonag&

) : open circley together with the scattering at th@1l)
enhancement of approximately a factor of 2 is observed harge Bragg pealclosed circles Only the magnetic peaks

!E=$333 eV. The underlying, nonresonant magnetlic scattershow the resonant feature at 8333 eV. The energy depen-

ing is constant below the edge and appears to rapidly fall tgence of the charge scattering reflects the changes in the

background levels above the edge. The nonresonant croggsorption; the features observed above the edge are associ-

section has no strong energy dependence and this intensiffed with diffraction anomalous fine structui@AFS).

variation is due to changes in the absorption length. No en- One may estimate the resonant scattering amplitude by

hancement in the magnetic scattering was observable neaomparing the ratio of observed nonresonant and resonant

the peak of the absorptiol,=8350 eV. scattering intensities to that expected for the NiO spin struc-
In order to ascertain the origin of the enhancement, a higlwure. In order to properly estimate this, the data are simulated

resolution measurement of the absorption was performed outilizing a generic scattering amplitude

NiO powder at beamline X21, at the NSLSolid line, Fig.

1). The incident resolution was 0.35 el HWHM). Close ) iB

inspection reveals the presence of a weak pre-edge feature at f=—iA+ X—i' @

8333 eV, usually associated withs+ 3d transitions(inset

Fig. 1).1* Such transitions are dipole forbidden and can onlywhere x=2(E.—Ex—%®)/T" is the deviation from reso-

occur via quadrupole processemless there is some hybrid- nance in units of the core-hole lifetime. We take=1.5

ization with p states, prohibited here by the inversion sym-eV.!®> A andB are the nonresonant and quadrupolar resonant

metry of the Ni sit¢. The main peak is assigned to the Ni scattered amplitudes, respectively. The calculated intensity is

1s—4p dipole transitions. The weak pre-edge feature is cothen convolved with the experimental energy resolution, a

The central result of this work is shown in Fig. 1, in
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FIG. 3. Temperature dependence of nonresonant magnetic scat-
tering, as measured &=8300 eV on beamline X22C.
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We next make several simplifying assumptiof. The Q ()
incident polarization is taken to be perpendicular to the scat- ] ] ]
tering plane.(2) In the absence of any information on the , F'G- 4. Radial scans, along the magnetic propagation vector at
in-plane moment direction, the spins are taken to have equ&p 22 taken on and off resonance. The scans have identical widths,
components perpendicular to, and in, the scattering p|an§_orrespond|ng to a C_Orrelatlon length in excess of 1700 A. Data
The spin component along the momentum transfer is zerovyere taken on beamiine X25.
and the moment is taken to be spin on{8) Higher-order
terms in the resonant cross section which produce scattering
at (3,3,2) are ignored. This is difficult to justify rigorously tering did disappear &y, as determined by the temperature
without theoretical input, however, if one looks to the rareat which the splitting of th€111) charge peak reached zero
earths for guidance, we see that at thg edges of Ce$  (and the cubic symmetry of the crystal is recovered
=1/2) and Nd &= 3/2), the third-order quadrupolar intensi-  Representative resonant and nonresonant longitudinal
ties are 4-9 times weaké&t.Hence we suggest that for Ni scans are shown in Fig. 4. In each case the scan is close to
(S=1) this approximation is a reasonable one. resolution limited and of identical width. From fits to Lorent-

Using expressions for the nonresonant amplitude fronyian line shapessolid lineg, a lower bound on the longitu-
Blume and Gibb¥ and for the first-order quadrupolar reso- dinal magnetic correlation length was extractég,>1700
nant amplitude ALy, from Hill and McMorrow? we obtain A, These data were taken at room temperature at X25. No
A8)~0.01 ry, whererq is the classical electron radius. change in width was observed at higher temperatures, to
While this estimate is necessarily very approximate, it is in-within errors. The nonresonant intensity was 1800 counts per
teresting to compare with calculations of the same term fomin, with a signal to noise of>30:1.
the 2p;,— 4f transition at theL |, edges of the rare earths.  Finally, we mention possible applications fedge reso-
For Ce,A(Elz?:O.017 ro and A(E12)=0.046 ro for NdX® We  nance enhancements. First, in mixed spin systems involving
conclude that the quadrupolar effects are of similar magnie.g., a rare-earth and transition metal magnetic sublattice
tude in transition metals and rare earths. [e.g., R,BaNiO;, (Ref. 18 RNi,B,C (Ref. 19, and

The temperature dependence of the nonresonant and reddyFe,Alg (Ref. 20] it is frequently of interest to resolve the
nant magnetic scattering was also investigated. The nonresmagnetic behavior of the two sublattices. The polarization
nant studies were performed at X22C witw=8300 eV. A properties and element specificity of resonant x-ray magnetic
thermocouple was placed in direct contact with the crystalscattering would facilitate such a measurement in a model
and the sample heated by passing hot air over the surfacedependent fashion. Second, there are large classes of ex-
Temperature stability was 5 K. The integrated intensity of tremely interesting transition metal compounds including,
the (3,3,3) peak is shown in Fig. 3. The intensity disappears,notably, the highF cuprates and the colossal magnetoresis-
to within errors, at the publishefly=523 K. The tempera- tance maganates, for which nonresonant x-ray magnetic scat-
ture dependence of the resonant scattering was studied ®&ring is prohibitively weak, and a factor of 2 increase in
X25 in a small x-ray oven. Unfortunately, large temperaturecount rates could prove useful. Third, there are certain cases
gradients were present and detailed measurements of the dor which electronic structural information may be derived.
der parameter were not possible. However, the resonant scain example would be the mixed valence doped maganates,
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in which Mn®* and Mn** ions are believed to order, giving magneticsensitivity of the levels involved and the strong ab-
rise to additional charge and magnetic reflections. In prinsorption. In contrast, similar resonance phenomena was not
ciple at least, it ought to be possible to observe such effectgbserved previously in QiRef. 6 in which the 31 electrons

directly. Similar studies have been performed at the Tn@'€ itinerant, suggesting that the localized nature of the Ni
L,, edge in TmS&L 3d® electrons may be important.

In conclusion, we have reported an approximately twofold  \ye are grateful to F. de Bergevin for the loan of the NiO
resonant enhancement in the x-ray magnetic scattering in théample, J. Bohr for the loan of his x-ray oven, and D. Gibbs
vicinity of the Ni K edge in the antiferromagnet NiO. The for helpful discussions. The work at Brookhaven National
enhancement is associated with quadrupolar excitations tioaboratory was carried out under Contract No. DE-AC02-
the magnetic @ levels. No enhancement was observed at thez6CH00016, Division of Materials Science, U.S. Department
dipole resonance, due to a combination of extremely wealof Energy.
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