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Spatially Modulated Antiferromagnetic Order in Coo/Nio Superlattices
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Neutron diffraction measurements confirm the presence of long-range antiferromagnetic order in
superlattices of cobalt oxide and nickel oxide. A single transition temperature between the values
for bulk CoO and NiO is evident for two samples with 36 A periods as previously reported, but the
separate Ni and Co order parameters in a 72 A. period superlattice approximate bulk behavior. In
the latter sample the magnetic order remains coherent across ostensibly paramagnetic CoO inter-
layers above 400 K. Mean field analysis accounts for the layer thickness dependence of the ordering
temperature.

PACS numbers: 75.25.+z, 75.50.Rr, 75.70.Fr

Because of recent advances in the controlled deposi-
tion of magnetic materials, the nature and strength of
spin interactions can be examined systematically through
the growth of thin films and superlattices. Most stud-
ies to date have focused on the transition [1] and rare-
earth [2, 3] metals in which the coupling is long range.
Systems with short-range interactions such as magnetic-
semiconductor superlattices [4] are, in general, more
straightforward because the exchange and anisotropy
of the component materials are readily understood.
For this reason, significant interest has developed in
magnetic-insulator superlattices consisting of FeF2/CoFq
[5], Fes04/NiO [6], and NiO/CoO [7,8]. While the super-
lattices retain the antiferromagnetic or ferrimagnetic spin
order of the constituents, the magnetic behavior near the
phase transition reflects the influence of one material on
the other.

In this Letter we report the magnetic structure of
nickel-oxide/cobalt-oxide superlattices determined using
neutron diffraction techniques. Even above the apparent
CoO transition temperature in samples with thick CoO
interlayers, antiferromagnetic order is coherent through
several superlattice bilayers. Specifically, measurements
of the spatially modulated order parameter in a 72 A.

period sample suggest that the Ni and Co moments or-
der at separate temperatures shifted from the T~'s for
bulk CoO and NiO (291 and 520 K, respectively). The
coherence of the spin structure monotonically decreases
as the temperature is increased to 450 K, but remains
greater than the width of a single bilayer though the Co
moment is below the detection limit. In contrast, mag-
netic order develops simultaneously within the CoO and
NiO layers for two superlattices with 36 A. periods. The
measured transition temperatures, which fall between the
Neel temperatures for bulk CoO and NiO, depend on the
relative CoO and NiO layer thicknesses in a manner con-
sistent with both Bando et at. observations [7] and the
predictions of mean field theory.

CoO and NiO were chosen for this study because their
magnetic properties contrast sharply while their simi-
lar structures allow for coherent growth. Both materi-
als crystallize in the cubic NaCl structure with lattice
parameters of 4.173 and 4.254 A for NiO and CoO, re-
spectively [9]. Below Trv these oxides order as collinear
antiferromagnets with moments of 1.9@~ on the Ni sites
and 3.8p, ~ on the Co sites. In NiO the spins are ferro-
magnetically aligned in sheets perpendicular to the [111]
axis, with the moments alternating direction in adjacent
planes. Though the in-plane anisotropy is small, the easy
axis is parallel to [110] in annealed crystals [10]. Because
of magnetostrictive eKects, a slight rhombohedral distor-
tion occurs below T~ with the [ill] crystalline axis con-
tracting by 0.12'Po. The magnetic structure for CoO is
similar to that of NiO, except that the spins are tilted
out of the (ill) plane by an angle of 8' [ll]. The large
in-plane anisotropy further constrains the moments to lie
in the (110) plane. A tetragonal deformation accompa-
nies the magnetic transition the [001] axis contracts by
1.2%%uo.

The NiO/CoO superlattices considered in this study
were prepared by reactive sputtering, but exhibit strong
in-plane order [12] generally associated with controlled
evaporation techniques. During growth the Co and Ni
were sputtered from separate sources onto the (001) face
of a 2" diameter cr-A120s substrate in an argon (2.00
mTorr)/oxygen (0.09 rnTorr) atmosphere. Complete de-
tails of the growth process are provided elsewhere [9].
X-ray diffraction measurements [12] show that the su-
perlattices grow preferentially along the [111] direction.
Fits of a superlattice model [12] to 0-20 scans through
the (111)Bragg reflection clearly demonstrate that diffu-
sion at the interfaces extends over fewer than two atomic
planes. The in-plane mosaic is roughly 3 —4, and the
samples are twinned in the growth plane [9].

Neutron diffraction studies were performed at the
NIST reactor on two triple-axis spectrometers, BT-2 and
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FIG. l. (a) Neutron diffraction scan at 20 K along the (ill)
direction through the (~ 2 2) magnetic reflection for [NiO(43
A)~CoO(29 A)]ypp. The peaks have been fitted with Gaussians
(solid line). (b) Neutron difl'raction scan at 20 K through the
(111) structural reflection for the same sample.

BT-9. An (002) PG monochromator was set to select
neutrons with a wavelength of 2.35 A. , and a PG analyzer
was set for zero energy transfer to reduce the inelastic
background. Figure 1(b) shows a scan through the (111)
structural reflections at 20 K for a superlattice compris-
ing 100 bilayers with 43.1 A. of nickel oxide and 28.8 A
of cobalt oxide, denoted [NiO(43 A)/CoO(29 A)] happ. Su-
perlattice sidebands are separated from the central re-
flection at K = 2.576 A. by AK = +27tn/A, with a su-
perlattice period A of 71.9 A. The integrated intensities
of these peaks were fitted by a damped rectangle-wave
model, which allows for atomic diffusion and strain gra-
dients through the interfaces [3]. The fit suggests that
the CoO lattice is stretched by 1.2% along the [111]di-
rection to accommodate lattice matching in the growth
plane, while the NiO lattice is essentially bulklike. Simi-
lar data analysis for [NiO(21 A) ~CoO(15 A))&4s confirms
that the epitaxial strain is confined to the CoO layers and
that interlayer mixing is limited to two atomic planes at
the NiO/CoO interfaces.

For [NiO(43 A) ~CoO(29 A)]ypp at 20 K, a strong rnag-
netic reflection surrounded by superlattice sidebands is
evident at K = 1.290 A in Fig. 1(a). The presence
of these half-order peaks marks a doubling of the crys-
talline unit cell and suggests that ferromagnetic planes
in the superlattice are antiparallel along the [111]axis as
in the bulk-oxide components. Previous studies of sim-
ilar NiO/CoO superlattices [7] imply that the antiferro-
magnetic order propagates along the growth axis through
several bilayers. Indeed, the full width at half maximum
(FTHM) of this magnetic reHection, obtained from a
Gaussian fit, is 0.032 A. which gives a magnetic coher-
ence length of 250 A after deconvolution with the instru-
mental resolution.

The Ni and Co moment values were extracted from
these data by comparing the integrated intensities of the
(2 2 2) peaks to the (ill) intensities within the frarne-

work of the damped-wave superlattice model [3]. (For
these fits it is assumed that every Co or Ni atom has the
same thermally averaged moment. ) In the cubic struc-
ture, there are three equivalent [ill] axes tilted 70.5'
from the [111]growth direction which, due to twinning in
the growth plane [9], give rise to six possible off-axis do-
mains. Contrary to the Bando et at. report [7], only 25%
of the nickel and cobalt moments lie in planes perpendic-
ular to the growth axis for [NiO(43 A) ~CoO(29 A)] happ at
20 K. Scans through the (111) and (z 2 2) reflections for
this sample show that the remaining 75% of the spins are
spread among the six ofF-axis domains, which also extend
through several bilayers. Assuming an equal distribution
and combining the spin components in all seven domains,
the Ni and Co moments obtained are (2.0 6 0.3)p~ and
(4.4 + 0.7)p~, respectively, relative to 1.9p~ and 3.8p~
for the bulk oxides.

The intensity of the central magnetic reHection in
Fig. 1(a) is roughly proportional to the square of the
average sublattice moment through a single bilayer:

2
~NiPNi + ~CO@COI (x

&Ni + &CO

where NN; and Nc are the number of Ni and Co atomic
planes per bilayer and p,N; and p,c are the Ni and Co
moments. The temperature dependence of this peak in-
tensity thus provides a measure of the "average" order
parameter, which is plotted in Fig. 2(a) for the 72 A and
one of the 36 A period superlattices, [NiO(43 A) ~CoO(29
A)]capp and [NiO(21 A) ~CoO(15 A)]q4s, respectively. The
magnetic behavior exhibited by both 36 A period sam-
ples ([NiO(21 A) ~CoO(15 A)]q45 and [NiO(16 A) ~CoO(20
A)]esp) is suggestive of a classical antiferromagnet, with
the exception of a small tail evident near the ordering
temperature. The nickel and cobalt moments in these
samples order together at a single T~ of 410 K for the
former sample and 383 K for the latter. These tempera-
tures are approximately equal to the weighted average of
the Neel temperatures for bulk NiO and CoO. Exchange
anisotropy measurements on superlattices capped with
permalloy overlayers [8] confirm that the ordering tem-
perature scales with the relative thickness of the NiO and
CoO layers. In addition, neutron diffraction studies by
Bando and co-workers [7] on a similar series of NiO/CoO
superlattices demonstrate that T~ exhibits this thickness
dependence only when the superlattice period is small.

Contrasting with the data for the 36 A. period sam-
ples, the curvature of the order parameter for the 72 A
superlattice in Fig. 2(a) changes sharply above 320 K,
with the emergence of a pronounced tail. The Ni and
Co moments in the center of the layers, determined from
fits of the neutron data by the damped-wave superlat-
tice model, are plotted as a function of temperature in
Fig. 3(a). Though the shape of the two curves is sugges-
tive of bulk behavior, the apparent transition tempera-
ture for the central Co spins is roughly 80 K greater than
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FIG. 2. (a) Temperature dependence of the integrated
intensity of the central (2 2 2) magnetic peak for [NiO(21
A) ]CoO(15 A)] i45 (dark circles) and [NiO(43 A) ~CoO(29
A)]ice (open triangles). (b) Mean field calculation of the rel-
ative intensity of the (~ 2 2) peak as a function of temper-
ature for NiO/CoO bilayers consisting of three (solid line),
eight (long dashes), and fifteen (short dashes) atomic planes
of both Ni and Co. The temperature is scaled by T~ for NiO.

T~ ——291 K for CoO, while T~ for the Ni moments is re-
duced from the 520 K bulk value. Similar shifts in the
ordering temperatures have been reported for FeFq/CoF2
superlattices by Ramos et aL [5]. Above 400 K where the
NiO is still ordered, the Co moment in the center of the
CoO layers is zero within the error of the fits.

Above the inflection point in Fig. 2(a), the antiferro-
magnetic reflection begins to broaden as the Co moment
value crosses below the Ni value. The magnetic coherence
length for both 36 A period samples, calculated from the
FWHM of the (2 2 2) peak, remains constant at 250 A

with temperature, while the coherence for the 72 A. su-
perlattice falls from 250 A at 300 K to 170 A. at 450 K
[13]. The gradual decrease of the coherence length re-
jects the loss of magnetic order in the CoO interlayers.
Above 400 K, however, the Ni antiferromagnetic align-
ment persists through two superlattice bilayers, though
the Co moments are efI'ectively disordered. Even after
cooling the sample from above T~ for NiO, long-range
antiferromagnetic order spontaneously forms. Compara-
ble measurements for a 97 A. period superlattice, [NiO(51
A) ~CoO(46 A)]2s, indicate that 35—45 A of CoO is re-
quired to confine the Ni spin order to a single NiO inter-

layer at temperatures approaching 520 K.
A simplified mean field approach provides a basis for

understanding the magnetic order and its dependence
upon layer thickness in these superlattices. In the model
the magnetic structure through a single bilayer consist-
ing of NN;0 planes of NiO and Kc 0 planes of CoO is
determined from a solution of mean field equations that
include only nearest-neighbor exchange interactions. For
the ith spin in the bilayer,

Z(S, i)+Z, (S,+i)~
k~T (2)

where Bg is the Brillouin function. The efFective spins
(SN;) and (Sc, ) are determined from the moments, p, =
QS(S+ 1). It is assumed that the interlayer exchange
parameters, gN;o and Qc 0, are negative and propor-
tional to the Neel temperatures for bulk NiO and CoO
and that J; at the NiO/CoO interface equals the av-
erage of these two parameters. Figure 3(b) shows the

FIG. 3. (a) Temperature dependence of the Co (open
squares) and Ni (dark squares) moments, in the center of
the CoO and NiO layers, respectively, extracted from fits of
the (2 2-) and (ill) diffraction data by the damped-wave
superlattice model [3]. The moments have been scaled by
their low-temperature saturation values. The T~'s of bulk
NiO and CoO are marked by arrows. (b) Temperature de-
pendence of the Ni (solid line) and Co (dashed line) mo-
ments calculated from the mean field model for a bilayer with
NN;o = Nc o = 8. The ordering temperatures of the bulk
components are designated by arrows.
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temperature dependence of the moments in the center
of the NiO and CoO layers calculated for a bilayer with
NN;0 = Nc 0 = 8 (A = 40 A). The qualitative behav-
ior approximates the data for the 72 A. period sample,
[NiO(43 A)]CoO(29 A)]qoo in Fig. 3(a), with the Ni and
Co moments approaching zero at separate temperatures.
As demonstrated by Wang and Mills [14], the model also
predicts that just below the ordering temperature for
NiO, the moment decays smoothly through the interfaces
to near zero in the center of the CoO layers. We cannot
extract the exact spatial variation of the moment through
a single bilayer for [NiO(43 A)~CoO(29 A)]]pp because
only three magnetic reflections can be resolved, but the
shifting of the apparent ordering temperatures from the
bulk values suggests that Co spins near the interface are
polarized by exchange coupling to the Ni moments.

While the model indicates that only one, true phase
transition exists for an ideal CoO/NiO superlattice, the
temperature at which the Co sites develop measurable
moments shifts toward T~ for bulk CoO as the CoO in-
terlayer thickness is increased [14]. This result is exempli-
fied by calculations of the average order parameter [Eq.
(1)] for three difFerent bilayers with KN;0 = Nc 0 = 3, 8,
and 15 shown in Fig. 2(b). The similarity of the curve cal-
culated for KN;0 = AUG 0 = 3 and the data for [NiO(21
A)[CoO(15 A)]q4s in Fig. 2(a) confirm that the Ni and
Co spins develop finite moments at a single T~. Con-
sistent with the diffraction measurements for [NiO(43
A)]CoO(29 A)]qoo, a tail in the order parameter emerges
at high temperatures as the superlattice period is in-
creased.

Mean field calculations thus qualitatively describe the
dependence of the ordering temperature on repeat dis-
tance. The accuracy of the molecular field description of
these superlattices could possibly be improved by includ-
ing magnetoelastic effects, important for the constituent
oxides. In fact, neutron diffraction measurements of a
1000 A CoO film, stretched 0.5%%uo along the growth axis,
indicate that antiferromagnetic order develops at a tem-
perature 15 K greater than T~ for bulk [13]. By analogy,
we expect that strain-induced enhancement of the CoO
transition temperature is even greater in the epitaxial
superlattices and may account for discrepancies between
the spin-interaction length scales predicted by mean field
and those observed experimentally.

In NiO/CoO superlattices the magnetic proximity ef-
fect gives rise to long-range spin alignment due to ex-
change coupling at the interfaces. Roughly 35 A of CoO
is sufhcient to disrupt this coupling, as indicated by data
for the superlattice with a 97 A. period. Though the
reduction of the magnetic coherence length for the 72 A.

superlattice follows the loss of magnetic order in the CoO
interlayers at high temperatures, the spin structure prop-
agates through several bilayers even above 400 K where
the Co moment is zero with an uncertainty of 0.2p, ~. We
can find no compelling evidence for the persistence of a

small nonzero moment on the Co sites over a 100 deg
temperature interval as expected from mean-field theory,
but cannot refute its possible existence. Alternately this
interlayer coupling may reflect exchange interactions of
greater extent than previously determined [15]. In either
case, this is the first reported observation of the propaga-
tion of antiferromagnetic spin order through an ostensi-
bly paramagnetic interlayer in a superlattice system with
short-range spin interactions.
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