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Magnetic field effects on the NiO magnon spectra
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The effect of an external magnetic field on the eight antiferromagnetic resonance (AFMR) modes of NiO has
been studied experimentally using Brillouin light scattering. The results are reproduced by a model that
includes the effects of exchange, dipolar coupling, a small cubic anisotropy, and Zeeman terms. Magnetic fields
up to 7 T were applied along several NiO crystalline directions. The agreement between theory and experiment
provides additional proof that the model, recently introduced to explain the existence of the AFMR multiplet,
is indeed valid. Deviations between simulations and experiments, together with a review of previously pub-
lished results, indicate that large magnetostrictive effects are present in NiO.
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I. INTRODUCTION

Although nickel oxide is often considered to be a classical
and simple example of an antiferromagnetic (AF) structure,
it was recently shown' to exhibit more AF resonance
(AFMR) modes than would be expected for a unit cell with
two Ni atoms. In that study a model that includes exchange,
dipolar coupling, and crystalline anisotropy indicated that the
structure is actually composed of eight sublattices (four in-
terpenetrating AF lattices) that lead to five distinct AFMR
modes. By adjusting the model parameters the calculated
mode frequencies were brought into agreement with the
measured values.

The magnetic field dependence of the mode frequencies
that we present here, provides not only a more complete
understanding of NiO but also more firmly establishes the
reliability of the parameters extracted from the model. The
current interest in exchange bias phenomena, provides an
additional incentive to ensure that we have an accurate mi-
croscopic picture of this important antiferromagnetic mate-
rial.

It is well accepted that the AF structure of NiO consists of
alternating ferromagnetically aligned (111) planes that are
AF aligned with respect to each other (see Fig. 1).>* The
direction of spin alignment within each plane was the subject
of some controversy but it is now generally accepted to be

along (112) directions.* The subtlety of antiferromagnetism
in NiO can be emphasized (incorrectly as discussed below)
by noting that, if the structure remained perfectly cubic, each
Ni atom would have six ferromagnetic and six AF coupled
nearest neighbors but, perplexingly, all 12 of them are crys-
tallographically equivalent. Furthermore there is no combi-
nation of the two, lowest order, cubic anisotropies that leads

to [112] orientation of the spins. In this picture antiferromag-
netism would have to rely on the small measured (<1073
trigonal distortion; this in turn, is then difficult to reconcile
with its high Néel temperature.

Related to these structural issues there are also aspects of
the magnetic normal modes, especially in the long-
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wavelength limit, that were not well understood. Two AFMR
modes are observed at low temperatures via Raman
scattering,>® Brillouin scattering shows a central peak that
vanishes at the Néel temperature (7)), and infrared
absorption®? shows a mode consistent with Raman-scattering
results. Since a number of theoretical treatments'®!! predict
at most two AFMR modes, the “extra” modes have been
ascribed to surface effects, grain size, or have been left un-
explained. Further confusing the issue is an inelastic
neutron-scattering* study, which together with its theoretical
interpretation, indicates the existence of four zone-center
modes whose frequencies are not consistent with the Raman
or IR data. It was shown many decades ago by Kaplan,'?
Keffer and O’Sullivan,'® and Yamada'# that the structural
aspects can be understood by including magnetic dipolar in-
teractions between atoms. This contribution, presumably be-
cause of the complexity of including it into theoretical for-
malisms appears to have been replaced with an anisotropy in
most subsequent treatments of the problem.*!%!! Loudon and
Pincus!® did show that in a two-sublattice model the inclu-
sion of dipolar interactions has no effect on the frequency of
the zero wave-vector magnons but does affect the finite
wavelength magnons. Also, although dipolar terms were in-
cluded in a theoretical description of small NiO particles,'®
when comparing the theory with experimental results, the
dipolar terms were neglected in favor of an anisotropy.

In a previous work! we developed a model for the long-
wavelength magnetic excitations that was based only on su-

FIG. 1. (Color online) Schematic view of the crystalline and
magnetic structure of NiO.
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perexchange between Ni atoms, magnetic dipole-dipole in-
teractions, and a small cubic anisotropy. Consistent with
Refs. 12-14, the model predicted the correct magnetic struc-

ture, viz. (111), AF sheets and the [112] spin orientation. It
also predicts eight AFMR modes, three of which are doubly
degenerate. Three of these five frequencies are consistent
with the previously reported Raman doublet,>® and with the
central peak (zero frequency) observed by Brillouin
scattering.” The two missing modes were found in the Bril-
louin scattering experiments reported in Ref. 1.

In this paper we report on the magnetic field dependence
of the AFMR modes. Experimentally Brillouin spectra were
recorded with applied magnetic fields up to 7 T. Theoreti-
cally the effects of an applied field were included into the
same model used in Ref. 1.

II. MODEL

Hutchings and Samuelsen* have shown that the dominant
interaction in NiO is the superexchange between next-
nearest-neighbor Ni atoms (see Fig. 1). This finding is con-
sistent with the fact that these atoms are “bonded” via a
single p orbital of an oxygen atom. If this were the only
interaction it would lead to four, uncoupled AF lattices. By
defining the simple-cubic Ni lattices with the origins at (in
units of the lattice parameter a): 0,=(0,0,0), 0,=(1,0,0),
03=(1/2,1/2,0), 0,4=(3/2,1/2,0), 05=(1/2,0,1/2), o5
=(3/2,0,1/2), 07=(0,1/2,1/2), and og=(1,1/2,1/2), it is
easy to see (Fig. 1) that the superexchange couples only sub-
lattices 1 and 2, 3 and 4, 5 and 6, and 7 and 8. The exchange
energy can thus be written

E,cp=J(m - my+m;-my+ms-mg+m;-mg), (1)

where J is the coupling constant.
As described in Ref. 1 the dipolar interaction in our model
is written

Egip= DE [E miTijmj:| . (2)

i i

The strength of the interaction, D, is determined by the mag-
netic moment of each Ni atom and the lattice constant. m; is
the unit magnetization vector at each sublattice site 7 and it is
defined as m;=(sin 6; cos ¢;,sin 6, sin ¢;,cos 6;). The ten-
sors T;; are derived as follows: all the atoms of a given
sublattice are at vectors (h,j,k) (in units of a) from their
origin; if h+j+k is even, the vector, between two atoms
on sublattices p and g is given by r,,=0,~0,+(h,j,k). Per-
forming the dipolar sums it is possible to show that

Ty, =T,

T]]ZO,

and for two sublattices on the same AF lattice, T,,=0 (ie.,
T ,=Ts=Ts,=T3=0).! The other tensors are of the form
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e b 0
T13= b e 0]. (3)
0 0 ¢

The remaining nonzero tensors are given explicitly in Ref. 1.
The values of b, ¢, and e are 7.23, —4.32, and 2.17, respec-
tively.

As concluded in earlier works the dipolar energy
couples the four AF lattices and leads to the ground state of
AF-coupled ferromagnetically aligned (111) planes. It does
not, however, align the spins along any axis within this
plane.

In order for the model to yield the measured spin align-
ment it is necessary to introduce an additional, small, crys-
talline anisotropy. We chose to introduce the anisotropy via
one of the usual cubic anisotropy terms, viz,

Eani = KE (mixmiymiz)za (4)

12-14

where K is the magnetocrystalline constant. In this case, it is
negative favoring alignment along (111) directions. Since the
spins are confined (111) planes by the strong dipolar interac-
tion, the effect of this anisotropy is to align the spins close to

a[112] direction in the plane but it has only a small effect on
the out-of-plane orientation.

In this work we introduce an external magnetic field,
which interacts with each sublattice. It is modeled through a
Zeeman term,

Ezee=_H'Emi' (5)

The equilibrium values of the 6; and ¢; are found by
direct minimization of the free-energy density,

E= Edip + Eexch + Eani + Ezee' (6)

Following Refs. 17 and 18 the frequencies of the modes
are related to the eigenvalues of the matrix built from the
second derivatives of the energy with respect to ¢; and ¢;
[Eop).0). in Eq. (7)] via ay=iyd/M, where 7 is the gyro-
magneticjratio (0.098 cm™!/kOe for Ni),'® M is the satura-
tion magnetization of each of the eight sublattices (M
=up/a*=128 G) and d, are the mentioned eigenvalues. The
elements, B, ,,, of that matrix are

Byi12j-1= E.gl,,f,j/sin 0.,
By = E¢i¢j/sin 0; sin 6,
Byini=— E¢i9j/sin 0.,

Byi12j==Eoq; (7)

In Ref. 1, with H=0 and by setting the constants
D=6.55X10* erg/cm?, J=5.59X10% erg/cm’, and K

=-2X10° erg/cm® (these values are different from
those we use in the present work, see expla-
nation below), our calculated frequencies were

={43.0,38.5,38.5,13.9,6.6,6.6,0.94,0.94} cm™!; which are
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in good agreement with those measured for H=0.! The ex-
perimental results, however, were somewhat perplexing
since the frequency of the 5 cm™' line depends slightly on
the scattering geometry, a fact not expected from the model.

Another confusing issue is related to the mode intensities.

PHYSICAL REVIEW B 81, 094415 (2010)

tensor induced by the magnon. Including both linear and
quadratic terms we have Ae;;=mK,;+mM G, which for
a cubic system reduces to?’

Based on conventional magneto-optics, the intensities are ex- 0 m. - mi
pected to be given by mKij = KE -m 0 ml )
[« |ei'Asij'eX 2, (8) ' m;’ —m; 0
where e; and e, are the polarization vectors of the incident
and scattered light and Ag;; is the change in the dielectric and
J
2Mm!, 0 0 2(Mym;, + M m,) 0 0
mMGy=G,>| 0  2Mmi 0 |+Gp> 0 2(Mimt + Mim! 0
; o ; o o
0 0 2Mm., 0 0 2(Mymy, + M,m,)
0 2(M;m; + M’ym;) 2(Mm + M m,
+Gy > 2(Mmy, + M) 0 2(Mymy + Mym) (10)

Mi(x’y) is the z(x,y)-static component of the i-sublattice mag-
netization, and replacing m’z(x’y) by the eigenvectors of each
calculated mode, the intensities are obtained.

The confusion that ensues from the above calculations is
that they predict that the 15 ¢cm™' mode should be inactive:
clearly in contradiction with the results of Ref. 1 where the
15 cm™' mode was weak but observable. Presumably an-
other coupling mechanism must be responsible. The experi-
mental observation of a presumably “inactive” mode and the
dependence of one of the mode frequencies on scattering
geometry provides additional reasons to perform the field
dependence of the modes to test the internal consistency of
the model.

III. EXPERIMENTAL SETUP

In order to perform measurements in a magnetic field we
used a cryostat with a superconducting magnet that produced
fields in the range 0-7 T. The use of a cryostat also allowed
us to measure at low temperatures where the linewidths of
the AFMR modes are narrower. The drawbacks of the cry-
ostat are that it significantly reduces the collection solid
angle compared to our earlier experiments and also limits the
number of scattering geometries that could be implemented.
The measurements we report here were all performed at 150
K chosen as a compromise between obtaining narrow line-
widths and having measurable intensities. The scattering ge-
ometries that could be implemented in the Brillouin experi-
ments were constrained to have the incident laser beam at
90° to the scattering direction. Brillouin magnon spectra
were excited with 350 mW of 514.5 nm radiation from an Ar
laser. A tandem Fabry-Perot interferometer was used for the

experiments: two free spectral ranges, i.e., 17.2 and 20 cm™!
were used.

We used a thin (~200 wm), unsupported and {100}-
oriented single-crystal NiO sample grown by chemical-vapor
deposition prepared as detailed in Ref. 7. The two scattering
geometries that we were able to implement are shown in Fig.
2; we label them as platelet and backscattering, respectively.
(The second geometry is not the conventional backscattering
geometry where both the incident (k;) and scattered (k) di-
rections are close to the surface normal. However, since both
beams enter and exit from the same surface, we chose to use
the same nomenclature.)

Because the applied field is along the direction of the
scattered light, in the platelet geometry it is easy, by setting «
to 45°, to obtain a field along the [110] direction for our
sample. Data for a [111]-field direction was also obtained in

(a) (b)

SOl Lo
“@/\sample < |
: ‘_sample
R

FIG. 2. (Color online) Schematic view of the (a) platelet and (b)
backscattering geometries. k; and k, are the incident and scattered
wave vectors, respectively. « is the angle between the surface nor-
mal and the applied field.

094415-3



J. MILANO AND M. GRIMSDITCH

the platelet geometry of Fig. 2(a) with « set to 35°. Neither
of the two geometries allowed us to measure with the applied
field along [100]. Instead we measured as close as we could
to the [100] direction by setting « to 23° in the geometry of
Fig. 2(b). This is equivalent to applying the field along [12 5
0].

IV. RESULTS

Before applying the model to calculate the magnetic field
dependence of the modes we reanalyzed our zero-field data
to find the optimum parameters of the model. The three pa-
rameters of the model are the exchange (J), the dipolar cou-
pling (D), and the anisotropy (K). In Ref. 1 we assumed that
the constant D was not adjustable since its magnitude is fixed
by the magnetic moment of the Ni atom. In that work we
used J and K as the adjustable parameters. It turns out, how-
ever, that the magnetic moment of Ni atoms is temperature
dependent®! so it is possible for D to be smaller than the
value we used earlier. In the present work we have re-
evaluated the frequencies using the value 8.36
X 10 erg/cm?® for J obtained from Ref. 4; thus leaving D
and K as fitting parameters.

The value of K affects mainly the “central mode” and can
be chosen over quite a wide range without noticeable
changes to the other frequencies. Note, however, that it
cannot be zero since it is necessary to align the spins close

to [112] directions and to bring the “zero-frequency” modes
to into the 1 cm™' range. With these constraints we
chose D=—-4.4X10* erg/cm’ and K=9 X 10* erg/cm?’. The
zero-field frequencies for these parameters are:
={43.1,38.4,38.4,14.1,5.4,5.4,0.63,0.63} cm'.

In order to calculate the mode frequencies vs field it must
be recognized that, even when the field is applied along a
well-defined crystallographic direction, the existence of mag-
netic domains requires multiple calculations. Thus for a
[100]-field direction, domains with [112] or [211] spin ori-
entations are not equivalent. Similarly for a [111]-field direc-
tion the [211], [112], and [112] spin directions are not
equivalent. For a [110]-field direction the four inequivalent
spin directions are [211], [112], [211], and [112]. Ideally it
would have been preferable to perform the experiments on a
single-domain sample. Although the technique for obtaining
single T domain samples using strain is known,?? since this
technique requires a stress along a (111) direction it was not
suitable for our thin, [100]-oriented, platelet sample. We
were also unable to obtain larger crystals of sufficient optical
quality for the Brillouin experiments. Additionally, we note
that a single T domain sample would only slightly simplify
the analysis since even a single T (111) domain still has three
possible spin orientations (S domains).

The mode frequencies for the [110] field direction are
shown in Fig. 3. The lines are the model calculations and the
symbols are experimental data. (The 15 cm™! mode was not
observed in this configuration). Since the [211] spin direction
(dashed dotted line) has a soft mode at 0.55 T, it means that
this spin orientation is unstable and rotates to one of the
other stable orientations (see below). Therefore, only the
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FIG. 3. (Color online) Calculated (lines) and measured (sym-
bols) field dependence of the AFMR modes of NiO. The full,
dashed, dotted, and dashed dotted lines correspond to the four in-
equivalent spin orientations relative to the [110]-field direction.

other three orientations are plotted at higher fields. We note
that the 15 cm™ line, being nondegenerate does not split as
fields are applied. The 5 cm™' and the “central” peak, how-

ever, do split into a doublet for the [211] and [112] spin
directions while they remain a degenerate pair if the spin is

along [112]. Although the experimental results agree very

well with the calculations for the [112] spin orientation, we
can only speculate that the other spin orientations do not
contribute either because of a strain-induced preferential T
domain formation or given the existence of soft modes as a
function of field, the field history could also determine which
domains remain in the sample.

The field dependence of the polar angles of the four in-
equivalent ground-state spin orientations are shown in Fig. 4.
This figure shows that, in general, the spins undergo only
very small changes with respect to their zero-field directions.
The exception is the [211] spin direction which, at 0.55
T—the same field at which one of the modes becomes soft
[see Fig. 3], rotates to align along the [112] direction. On
physical grounds this can be understood as follows. In an
antiferromagnet with no anisotropy the lowest energy state is
when the spins are aligned perpendicular to the applied field

160 T T T T T T

140 1
120 4
100 1

Gp(deg.)

80
60+ R
50 B
304 4. B

¢ (deg.)

[}

]

I
-104 I -
L e -

504 =

FIG. 4. (Color online) Calculated equilibrium angles as a func-
tion of a [110]-oriented applied field for the four inequivalent
ground-state spin orientations.
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TABLE 1. Stability of spin orientations for the field directions
investigated. H,,, indicates the field at which the instability occurs.

Spin direction H;,, Spin direction

H direction at H=0 Stability  (T) above Hj,,
[110] [112] Stable

[211] Stable

[112] Stable

[211] Unstable  0.55 [112]
[111] [112] Stable

[211] Unstable  0.73 [112]

[112] Unstable  0.73 [112]
[100] [112] Unstable  6.80 [011]

[211] Unstable  1.15 [112]
[1250] [112] Stable

[121] Stable

[112] Unstable  4.25 [121]

[121] Unstable  0.68 [121]

[211] Unstable  1.38 [121]

[211] Unstable  0.60 [112]

so that a slight canting can reduce the Zeeman contribution
to the energy. In this case the [211] direction is the one most
parallel to the field (i.e., the most unstable) so that when the
Zeeman energy is sufficient to overcome the anisotropy bar-
rier the spins rotate to the direction that is perpendicular to

the field, viz, to the [112] direction. It is interesting to note in

Fig. 3 that both [112] and [211] spin directions exhibit a
softening of one mode that extrapolate to zero above 7 T.
Based on the preceding arguments one can conjecture that
when they do reach zero frequency the corresponding spins

will also rotate to align along the most stable [ 112] direction
perpendicular to the applied field. In Table I we have sum-
marized the range of stability of the four spin directions for
this direction of the applied field.

For a field along [111] the results are presented in Fig. 5.
Again the three lines—full, dashed, and dotted—correspond
to the three inequivalent spin directions. The calculations
show that for this field direction domains with the spins

along [211] and [112] have a mode that becomes soft at 0.73
T. Since this means that the domains are unstable and will
reorient themselves into one of the other stable domains, we
show no data for these orientations at higher fields. The fre-
quencies for the single remaining stable spin direction,

[112], show no splitting of the degeneracy of either the
5 cm™! or the central mode. Interestingly the calculations
show that there is a mode crossing between the two lowest
modes at about 6 T. The experimental results are consistent
with a mode crossing around 4.5 T. However, while the
model shows that the modes cross with no interaction, the
experimental results are more indicative of a strong coupling
between the modes that leads to the typical “repulsion” as
they become close in frequency. Whatever causes the cou-
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FIG. 5. (Color online) Calculated (lines) and measured (sym-
bols) field dependence of the AFMR modes of NiO. The full,
dashed, and dotted lines correspond to the three inequivalent spin
orientations relative to the [111]-field direction.

pling is clearly not included in our model. The reorientation
behaviors of the spin ground states for this field direction are
listed in Table 1.

In Fig. 6 we show the calculated (lines) and measured
(symbols) frequencies for a field applied along [12 5 0], viz,
as close as we could to [100]. For this direction of the field
there are six inequivalent spin directions. Four of the six
become unstable at fields below 4.25 T. For clarity, we have
plotted only the frequencies for the two stable directions. The
full and dashed lines represent the two stable inequivalent
spin directions. Note that the doubly degenerate modes at
around 1 and 5 cm™! split into two modes at finite fields. We
also stress, that as reported in our earlier work! the mode
close to 5 cm™! (i.e., at 4.5 cm™') is lower than in Figs. 3
and 5 (viz, 5.5 cm™'). This effect remains unexplained and
will be discussed in the next section. It should be noted,
however, that the simulations correctly account for the small
increases in the frequency of both modes as the field in-
creases. Table I summarizes the stability regions of the vari-
ous spin orientations.

Although we do not have experimental data for a field
applied along [100] we present our calculated results in Fig.
7. The large differences between these results and those in
Fig. 6 show that the field behavior of the modes is very
strongly dependent on the direction of the applied field. In

H /125 0]

o Exp. data

~ 104 —[112] -
= —e-[121]
L

>

3 4
H ()

FIG. 6. (Color online) Calculated (lines) and measured (sym-
bols) field dependence of the AFMR modes of NiO. The full and
dashed lines correspond to the two inequivalent spin orientations
relative to the [12 5 0] field direction, which remains stable up to
7T.
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H1/[100]

154 4
_10] —nm ]
v —e[211]

g/ >~
>
0 — T T T T T
0 1 2 3 4 5 6 7

H(T)

FIG. 7. (Color online) Calculated field dependence of the
AFMR modes of NiO. The full and dashed lines correspond to the
two inequivalent spin orientations relative to the [100]-field
direction.

this context in the comparison made between the calculations
and the experimental results in Figs. 3—6, one should also
keep in mind that uncertainties in the crystal orientation dur-
ing the measurements could also account for some of the
discrepancies. The behavior for this direction of field is par-
ticularly interesting since above 6.8 T all (112) spin direc-

tions are unstable and they are reoriented along the [011]:
perpendicular to the applied field as expected from the
simple arguments presented earlier.

V. DISCUSSION

The field dependence of AFMR modes of NiO were mea-
sured up to 7 T for various field directions. The results are
compared with, and found to be consistent with, the model of
the magnetic structure of NiO presented in Ref. 1.

The small changes in the frequency of the AMFR modes
of NiO measured here are consistent with the model devel-
oped in Ref. 1 and generalized here to include the effects of
an applied field. Although our results do not allow the pa-
rameters of the model to be further refined, they do provide a
valuable confirmation that the model does indeed capture the
fundamental aspects of the magnetic normal modes of NiO.
Numerous small differences between the experiments and
modeling persist and are presumably due to shortcomings of
the model. One can envision improving the model by adding
additional exchange terms, including the variations in Zee-
man energy due to the temperature dependence of the Ni
moment and/or additional anisotropies. There are two rea-
sons why implementing those changes is not likely to be
particularly useful: the uncertainties in the experimental data
are likely to preclude determining if any of the additional
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parameters are physically significant or simply a mathemati-
cal artifact of adding additional fitting parameters. Second
neither of the two above-mentioned changes would explain
either the dependence of the frequencies on scattering geom-
etry nor the inability of magneto-optics to account for the
observation of certain modes.

We believe that there is now sufficient evidence to infer
that a magnetostrictive effects are responsible for most of the
unexplained effects. We summarize them as follows. (1) In
the Brillouin spectra in Ref. 7 there appears to be a very clear
indication of a Fano-type interaction between some of the
phonon peaks and the broad magnetic central peak. (We re-
call that Fano interactions occur when a discrete mode lies
within, and couples to, a continuum background.? It typi-
cally leads to a peak-dip structure in the spectra.) (2) Two
values for the elastic constant C;; were reported in Ref. 7
obtained from two different scattering geometries. The dis-
crepancy disappeared above the Neel temperature. (3) The
frequency of the mode at 5 cm™' also depends on the scat-
tering geometry, presumably, due to the change, either mag-
nitude or direction, of the magnon probed. (4) Magneto-optic
effects do not account for the observed intensities of the
magnon peaks. (5) There is probably a mode coupling be-
tween AFMR modes (Fig. 5) that could be explained by a
strain-induced coupling.

At present it is not clear how to introduce magnetostric-
tive terms into our model. It is, however, interesting to
speculate that since the effects appear to be quite large, if a
single crystal of NiO could be produced with a single do-
main, both for the chosen (111) AF plane as well as a single
[112] spin orientation, it might turn out to be a material with
very strong, and perhaps useful, piezomagneto- or magneto-
optic properties.

This study also provides a methodology for obtaining a
NiO sample that is truly single domain. First, following the
procedure using strain described in Ref. 22, a single-crystal
NiO sample with a single T domain (and three S domains) is
fabricated. Second, by applying a field larger than 1.2 T
along a [100] direction, above which only one stable spin-
orientation remains, will produce a truly single-domain crys-
tal of NiO.
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