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Unexpected behavior of the antiferromagnetic mode of NiO
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Although NiO is often considered the classic example of an antiferromagnetic insulator, recent investiga-
tions have revealed unexplained features of the magnon spectrum. The present study of the temperature and
polarization behavior of first-order magnetic Raman scattering reveals that the polarization selection rules are
not described by the generally accepted antisymmetric scattering tensor. The inclusion of quadratic magneto-
optic coupling terms can explain the symmetry of the scattering tensor, but does not lead to results consistent
with the accepted112] spin alignment direction.S0163-18208)06241-9

INTRODUCTION MgO crystal. This sample is identical to that used in a pre-
vious study in our laboratofyexcept that we did not remove

NiO is frequently cited as the exemplar of an antiferro-the substrate. Details of the sample preparation and charac-
magnetic(AF) insulator. Its simple NaCl crystal structure terization can be found in Ref. 9.
and type-II fcc spin pattern have made it an attractive choice We varied the temperature over the range 9—300 K by
for qualitative and quantitative theoretical studies of its mag-affixing the sample with GE varnish to the cold finger of a
netic properties, as well as for experimental investigations/ariable temperature cryostat. For measurements above room
using neutron and light scattering? _ ~ temperature we varnished the sample to a resistance heating

Given this long tradition of attention to NiO and the sim- glement and heated it in air up to 475 K, which is 0.91 of the
plicity of its most obvious features, one might think that \gg temperature.

there is little further to be learned by examining it once 1 excite the magnon spectra we used the 476.2-nm and
more. However, three recent article$showed that, contrary 647.1-nm lines of a K laser, with output powers in the

to expectation, the first-order Raman AF magnon appears 33, 40_500 mw. The polarization of the incident beam
a dqublet rat_her than a singlet. Also, the Brillouin specttum as controlled by a polarizing prism, followed by a polar-
of NiO contains a broad central feature that, although not yet’ ; '

Ization rotator or a Babinet compensatfe note that the

identified, is certainly of magnetic origin since it vanishes at . : i
polarizing prism guarantees that the laser plasma lines have

the Neel temperature Ty=523 K). We have therefore rein- .o o
vestigated NiO by performing a light-scattering study of thethe same polarization as the laser radialitvie observed the

polarization and temperature dependence of the single3Pectra with a charge-coupled devi€aCD) detector system
magnon excitation. The temperature dependence of the magttached to a triple spectrometer. Where necessary, a Ne
non frequency is consistent with previous experimér&au amp, pOSItloned so that its emission lines were introduced
theoretical® studies, but its polarization features are incon-into the spectrum, provided us with a fiducial to correct for
sistent with the common assumption that magnetic scatteringossible drifts in the CCD or spectrometer positions.
is dominated by antisymmetric scattering.

An analysis of the theory of magnetic scattering in NiO
explains why the antisymmetric scattering is weak an there-
fore why it is dominated by the, usually smaller, quadratic Typical spectra at low and room temperatures are shown

coupling terms that lead to symmetric scattering tensors. Al;, Fig. 1. Previous studié=® found that the magnon devel-

though the inclusion of quadratic coupling explains the sym'ops a doublet structure as the temperature is lowered. In this

metric nature of the observed scattering, the resulting prediGy o qtigation the doublet structure is never clearly resoled
tions for polarization features of the magnon are not

. . X ; ; X even at the lowest temperatures achieved: we believe this
consistent with the accept¢di12] spin orientation. Possible P

- Lo . . may be due to small residual strains induced because the
origins of this discrepancy are discussed; we believe that thﬁlio was not removed from the MgO substrate. In spite of
most likely explanation is that the spins are aligned alon '

S %hot being able to resolve the two peaks, the frequency of the
(100 directions. shoulder, seen in the 35-K spectrum in Fig. 1, can be ob-
tained from a curve fitting routine.
The circles in Fig. 2 represent our measurements of the
In these experiments we used a green-colored NiO samplemperature dependence of the frequency of the one-magnon
grown by chemical vapor deposition on tlEOQ face of a peak. Below approximately 260 KT(Ty~0.5) the peak in

TEMPERATURE STUDY
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T It is worth noting that there is no generally accepted defi-
nition of the anisotropy parameters in NiO, SteVérsnd
Cottam and Awanty define the anisotropies in terms of spin
values squared but use slightly different Hamiltonians. Cot-
tam and Lockwootf define the anisotropy to be linear in
spin. All the formulations, however, lead to expressions for
the magnon frequencies that have equivalent functional
forms and hence imply that the different definitions are prob-
ably equivalent. Great care must therefore be taken when
, using numerical values for the anisotropies to ensure that
e . . . .
W gt ety g, : they correspond to t_he formulation in Wh|ch_ they are being
L ' L ':" used. The problem is further complicated since tappro-
priately transformedanisotropy parameters extracted from
0 2 Frequency fem) °° 100 the same neutron datare slightly different in Refs. 10 and
12. Fortunately this has only a small effect on the frequency
FIG. 1. Magnon spectra of NiO, obtained with 647.1-nm radia-of the magnon mode observed with Raman scatte(figs.
tion, at low and high temperatures. No analyzer was used in thd and 2, but it has a pronounced effect on the frequency of
collection beam. Solid line: 35 K; dashed line: 464 K. The peak atan even lower mode that has never been experimentally ob-
84 cmi'is an emission line from a Ne lamp, used as a fiducial.served. We shall return to this point in the Discussion sec-
The instrument resolution (3.5 ¢ is given by the width of the  tjon.
Ne emission line at 84 cit.

Intensity (arb. units)

-

POLARIZATION STUDY
the light scattering spectrum develops a structure that can be , )
fit by a doublet; open and full symbols represent the highang ' Fig. 3 we show spectra recorded in the near-
low frequency components, respectively. Below approxi-2ackscattering geometry with the propagation vectqrand
mately 210 K /Ty~ 0.4) the frequencies of the two peaks ks, close to thg001] direction. The incident and scattered

remain constant with temperature, and are separated tRpIarization_s are indicated in each_spectrum. The sur_prising
~5 cm L. The results shown in Fig. 2 are in excellent feature exhibited by these spectra is that theyrateconsis-

agreement with those in Ref. 7, which were obtained on €Nt With the usually accepted predictions, based on linear
black (oxygen deficientNiO crystal, and with that in Ref. 9 magneto-optic coupling, that magnetic scattering is described

; ; +10,12,14
obtained from the same sample used here but removed froffy &0 antisymmetric tenser. In general, though, the
the substrate inclusion of quadratic coupling results in a asymmetric scat-

The solid line in Fig. 2 is the theoretical predictiffig. 3 tering tensprs. . - .
of Cottam and Awanlj) for the k=0 magnon frequency in To confirm that we have correctly identified the polariza-
NiO as a function of temperatut& The values used in Ref. tion in each spectrum we note that the intensity of the plasma

10 for the exchange and single-ion anisotropy paramete ine from the laser near 14 cm is a clear indication that our

were obtained from the neutron scattering experiments gpolarizations are indeed as specified and that our intensity

Hutchings and Samuels&fThe close agreement between the S€l€ction rules are not due to mislabeling— the plasma line
strong for incident and scattered polarizations parallel to

measured and calculated temperature dependence confirfis : _
that the peak we observe in our light-scattering spectra i&"€ another but weak otherwise. We mention also that the

indeed the single-magnon AF excitation, and that existingseleCtion rules were verified both by rotating the polarization

theories account well for the behavior of its frequency as £ the incidentlight and by rotating the sample. Furthermore,
function of temperature. experiments were performed both in backscattering and in

near-forward scattering and with 476- and 647-nm radiation.
All our results confirmed the polarization features shown in
SO T T Fig. 3 and collected in Table I.

TE We first show that the polarization features in Fig. 3 are
L inconsistent with an antisymmetric scattering tensor. We will
2 return below to the more general aspects of scattering cross
S sections and the considerations that lead to symmetric or
§- antisymmetric scattering tensors. The most general antisym-
= metric tensofT 5g IS
c
2 0 a b
[o)]
s ] -a 0 ¢

1o L 1 —_— -b —-c O
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Temperature (K L.
P K) Intensities expected from such a tensor e asegl?,

FIG. 2. Temperature dependence of the NiO magnon frequencyvheree; ande; are the incident and scattered light polariza-
Symbols are our experimental results, the full line is the calculatiortions. For the case of incident and scattered light propagating
from Ref. 10. along the[001] direction, the expected intensities for various
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800 TV T T T T We consider first only linear magneto-optic coupling, which
- inc. = scatt. = [100] @ - leads to antisymmetric scattering. The phenomenological re-
""""" inc. = [100], scatt. = [010] : lations used in magneto-optics dieq. (2.64 of Ref. 13

AX*B=K o S* (1)

aBu

20 r whereA X is the polarizability change induced by a s@inn

a cubic material like NiO the complex tensét can be
shown to possess zeros if two indices are repeated and there
" d is only one independent elemekt=K,,,=K,,=K,,,=
1 —Kzyx= —Kyzy= =K. Itis these latter relations that de-

0 o e termine that the resulting scattering tensor is antisymmetric.
S —— The Hamiltonian for one-magnon light scattering is then
inc. = scatt. = [110] ®) shown to consist of four termgEq. (5.9, Ref. 13: (K;
--------- inc. = [110], scatt. = [170] | +KS-+S5-}, (Ki+K){S;++S,+}, (Ki+Ky){S;-
—S,-}, and K;—K,){S;+—S,+} where 1 and 2 represent
the two AF sublattices an@~ and S* are spin operators
corresponding to Stokegnagnon creationand anti-Stokes
(magnon annihilationRaman scattering. In the case of NiO,
where the two sublattices are related by a translation, sym-
metry requires thak,=K, so that only the first two terms
above remain. In the nomenclature of Ref. 13 only “in
' | | ' phase” scatteringEq. (5.9), Ref. 13 is allowed by symme-
e — try.
100 [t The remaining step is to estimate the spin-dependent

L inc. = scatt. = right circ. © A terms appearing in the Raman intensity expressions. The ex-
L] e inc. = right circ., scatt. = left circ. i pression that describes the integrated intensidy for in-
phase one magnon Stokes scatterinfEg. (5.17), Ref. 13

250 ~

Intensity (arb. units)

loo(S)[wpl wa+2wg)] YK, |?

X |eiest —eTes?’[n(w) +1], 2

50 |}

where K. =(K;+K5)/2, the anisotropy frequencywa
(=gugD, whereg is the “g” factor, ug the Bohr magne-
e tron, andD the effective anisotropy fiejdand the exchange
100 150 200 250 frequencywg (=(S;)J, wherez defines the spin alignment
Frequency (cm) direction andJ is the exchange e; and eg are polarization
indices for the incident and scattered light, the superseript

FIG. 3. Polarization features of the first-order magnon line of : : o : -
. > _ notes right circular polarizatiox {iy), and[n(w)+1] i
NiO at room temperature. All spectra were recorded in quaS|back(-je otes right circular polarization ¢ iy), and{n(w) +1] is

scattering from d001) surface using 476.2-nm radiation. The peak tf:Tthetrhmallq popul_attlon _Iac(;or. Tgus atth low . temper(’:tli.re
at 215 cm* is an emission line from a Ne lamp, used as a fiducial.( n) the Raman intensity depends on the spin expectation

(@ Solid line: incident and scattered polarization alofig0]. vaIug(SZ)~S=1, the "’_‘“'SOWOPY and e,X‘Fhange terms, and
Dashed line: incident polarization alofig00], scattered polariza- the linear mzi%net_o-c_)ptlc coupling coefficiett. . For NiO,
tion along[010]. (b) Solid line: incident and scattered polarization @e= 918 cm = (this is 6J; in the nomenclature of Ref. 12
along [110]. Dashed line: incident polarization alofigld], scat- and w,<0.8 cm* (the value depending slightly on the
tered polarization alonfL10]. (c) Solid line: incident and scattered Choice of following the nomenclature of Ref. 10 or)lsb
polarization right circular. Dashed line: incident polarization right that R=[ wa/(wa+2wg) 1¥?<0.02. The weak, or absence
circular, scattered polarization left circular. of, antisymmetric scattering in Ni can therefore be traced to
the small value for the prefactor in E). Although this
incident and scattered polarizations are listegs( in Table  conclusion is consistent with the observatinf antisym-
I. Note that for antisymmetric scattering the scattered lightmetric scattering in tetragonal Fekhere the prefactor is
never has the same polarization as the incident polarizatiolR=0.38; it is noteworthy that antisymmetric scattering is
a fact contradicted by the experimental results With0]  also observed in isomorphic MaFwvhere R=0.09° We
polarization shown in Fig. 3. Furthermore, since the antisymshall return to this issue in the next section.
metric nature of the scattering tensor is unaffected by crystal We turn now to the scattering in NiO including the con-
orientation, including the possibility of multiple domains in tribution of quadratic magneto-optic couplin@G{ and G,)
our sample cannot account for the results in Fig. 3. as originally developed by Cottatf. Experimentally the
We now return to the issue of why an antisymmetric scat-quadratic terms were found to be significant in Fémnd
tering tensor is often assumed for magnetic scattering. W8InF,.2%1" In the absence of linear coupling the integrated
will follow the notation used in Ref. 13, which has conve- Raman intensity of in-phase Stokes scattering is given by
niently consolidated the original contributions in this field. [Egs.(5.19 and(5.21), Ref. 13

0 50
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TABLE |. Measured polarization features of the first-order Raman magnon mode of NiO and selection
rules predicted for an antisymmetric scattering tensor, and for symmetric tensors originating from specific
spin orientationse; and e; are the directions of the incident and scattered light polarizatiqns,is the
experimentally observed intensitl,g is the intensity calculated for an antisymmetric tengk] ] is inten-
sity calculated for a symmetric scattering tensor originating from a spin alonig kthg direction.

g e, lext las  [100]  [010] [001]  [110] [101] [011] [112]
[100] [100] weak 0 0 0 0 1 1 0 1.0
[100] [010] strong 1 1 1 0 0 0.5 05 022
[110] [110] strong 0 1 1 0 0 1.46 1.46 0.89
[110] [110] weak 1 0 0 0 1 0.25 0.25 0.33
[1i0] [1i0] weak 0 0 0 0 0 025 025 0.22
[1i0] [1-i0] strong 1 1 1 0 1 0.75 0.75 0.56

|oc(<SZ>)3p2[wA/(wA+ sz)]*1/2|G+|2 tering is also fraught with difficulties: viz, while the identi-

fication of the[111] AF propagation direction results directly

X|e’est e Tes’’[n(w) +1], (3)  from the appearance of “forbidden” peaks, spin orientation

B . . within these(111) planes requires careful intensity measure-
whereG = (G, +G,)/2 andp is a numerical factor close 10 0o pomain structure makes this procedure a delicate

1 for NiO at low temperatures. Compared_ to E@ IMPO™  one. We return to this issue in the next section.
tant to note are the plus sign in the polarization term, which

leads to symmetric scattering, and the change in sign in the

power of the prefactor, which makes:it50 for NiO instead DISCUSSION
of <0.02. In a reference frame in which theaxis is along
the spin direction, the scattering tensor predicted by (BQ.
takes on the fordf*

NiO, although it is often referred to as “the classical
easy-plane AF,” has over the past few years shown that it is
very far from being well understood. In this section we will
review the issues and, if appropriate, indicate how the

0 a a present results relate to them.
a 0 0f. (i) Two independent Raman observatiohof the AF
a0 o0 magnon have reported that at low temperatures it is a doublet

rather than the expected singlet at zero field. The present

On rotating this tensor into the crystallographic referenceesults confirm this observation. In Ref. 8 it was suggested
frame it retains its symmetric character but, for an arbitraryjthat the extra peak might be a surface magnon, but this as-
spin direction, all its elements will be nonzero and wouldsignment was questioned in Ref. 9 in which the experiments
lead to scattered light with no clear polarization features. were done in a transmission scattering geometry. A possible

Interpretation of experimental data is complicated by theexplanation is that the doublet corresponds to the two modes
domain structure that exists in most NiO samples. The reproexpected for an easy-plane AF with in-plane anisotrtfgy.
ducibility of our observed polarization selection rules ob-This assignment, however, would require substantially dif-
tained in different scattering geometries is consistent witlferent values of the anisotropy parameters.
either a single domain sample or a sample in which the do- (ii) A Brillouin scattering study showed that there is a
mains are much smaller than the 16 laser spot. Because low-frequency central peak whose origin is still unknown.
we have no way of experimentally evaluating the domainThis central peak is related to the magnetic properties since it
structure, we deal with the domain aspect in the calculationganishes at the g temperature. In that reference it was
instead. To include this effect we have listed in Table | thesuggested that the central peak could be the lower branch of
predicted intensitieévalid for the scattering geometry of our the magnon dispersion curve but that its polarization features
experiments for the following spin orientations{100],  were not consistent with the expected antisymmetric mag-
[010], [001], [110], [101], [011], and[112]. The threg(100)  netic scattering. In light of the symmetric nature of scattering
directions correspond to the three possible domain orientdfom the 38-cm® mode observed here, this interpretation
tions with [100] spin alignment. Similarly for thé110 di-  should perhaps be reconsidered. Such an assignment would
rections. However, because tfEL2] direction leads to such require yet another set of anisotropy parameters.
ill-defined polarization behavior we have not included all the (iii) The same Brillouin scattering investigation produced
equivalent directions. The experimental results should belastic constant data inconsistent with ultrasonic results.
compared with a single column for a single-domain sampleHowever, above the N temperature the Brillouin and ul-
or with an average over the crystallographically equivalentrasonic results are in better agreement. This is a strong in-
spin orientations for a sample with multiple domains. dication that the elastic and magnetic properties of NiO are

The results in Table | indicate that only tH&00 spin  strongly coupled and that a simultaneous solution to the
orientations are compatible with our polarization results.acoustic phonon-magnon problem may be required. Another
Though it may not seem reasonable to extract spin orientandication of possible phonon-magnon coupling is the large,
tion information from such an indirect analysis, one shouldcompared with that in other antiferromagnets, linewidth of
consider that extracting spin orientations from neutron scatthe AF mode even al<<Ty.



14 466 M. GRIMSDITCH, L. E. McNEIL, AND D. J. LOCKWOOD PRB 58

(iv) Another troubling issue with regard to the magneticof more than 120 in the relative intensityn the Appendix
structure of NiO is the direction of the spins. Although it is we sketch arguments that account for nonzero out-of-phase
clear that the AF propagation vector[ikL1], the spin orien-  contributions to scattering in MnF Although intriguing,
tation has been elusive. Early studies of this material sugthese arguments must be treated with caution especially in
gested the spins lie along100] directiond or [111] light of the results of Refs. 16 and 17, where experimental
directions® Subsequent investigations indicated that thescattering intensities could be reproduced by including only
spins lie along eithef110] or [112] (Ref. 2 directions. the in-phase contributions.
most recent and generally accepted orientation is along
[112].5° This direction is surprising because it is not pos-
sible to obtain an energy extremum alofifl2]. With the
usual anisotropy energy of a cubic systém NiO, although considered to be one of the classical AF
materials, possesses a number of intriguing properties that

U=Ai(ar’ar’ e+ ag’an®) + Ag(ar’ar’as®), (4) are strongly suggestive that our understanding of this
where A; and A, are anisotropy constants and the are  “simple” system is far from complete. Resolution of the
direction cosines, it is easy to show that {id.2] direction issues listed above will require further experimental work on
cannot have an energy that is simultaneously lower thafiO and on other related compounénO, CoQ and also
those of thg100], [110], and[111] directions. Therefore, to further theoretical treatments of the light scattering cross sec-
account for the[112] orientation it is necessary to either tion and magnon-phonon interactions.
include higher-order anisotropies or to invoke a small devia-

CONCLUSION
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