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Using neutron diffraction, x-ray scattering, and bulk-magnetization methods, we have charac-
terized the magnetic structure for Fe3O,4/NiO superlattices grown by molecular-beam epitaxy. The
antiferromagnetic NiO order extends through several superlattice bilayers, even though the interven-
ing Fe3O4 layers are ferrimagnetic. The structural and magnetic coherence of the FezOy4 is limited by
interfacial stacking faults between adjacent layers resulting from symmetry differences between the
NiO rocksalt and FezO4 spinel unit cell. The diffraction data manifest this interfacial disorder via
a broadening of selected reflections. Using a structure-factor model based upon a Hendricks-Teller
description of the random-stacking sequence, we have separated the magnetic order parameters of
the FesO4 and NiO interlayers. The NiO appears to order at temperatures larger than T'x for bulk
(520 K) due to coupling to the FezO4 layers (Tc = 858 K). The dependence of this enhancement on
the relative NiO composition is qualitatively consistent with the predictions of mean-field theory.

I. INTRODUCTION

As an extension of recent efforts focusing on the mag-
netic properties of metallic superlattices,' interest has
emerged in superlattices composed of antiferromagnetic
insulators and related compounds, such as FeFy/MnF,2
NiO/Co00,%* and Fe3z04/NiO.>"® Compared with their
metallic counterparts, the understanding of these mate-
rials is straightforward from a theoretical perspective® 12
because the moments are localized and the spin interac-
tions are short range. Difficulty arises, however, in the
determination of the magnetic structure using standard
bulk magnetization methods. Instead, elastic neutron
diffraction provides a direct measure of the temperature-
dependent moment in these superlattices,5 %12 supple-
menting characterization by inferential techniques such
as thermal expansion? and exchange anisotropy.'* For
example, NiO/CoO superlattices,®* studied by neutron
diffraction, exhibit anomalous magnetic behavior near
the phase transition due to differences between the Néel
temperatures of the bulk constituents.

In this study Fe3O,4 and NiO were chosen as super-
lattice components due to their disparate magnetic or-
dering temperatures, as well as their contrasting mag-
netic structures. Below Ty = 520 K the 1.9up spins in
bulk NiO order in ferromagnetic sheets that are coupled
antiferromagnetically along the [111] direction through
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the rocksalt crystalline lattice.'®> Bulk Fe;O,4 crystallizes
in the inverse spinel structure with trivalent and diva-
lent Fe ions, possessing moments of 5.0up and 4.2up,
respectively, distributed among inequivalent tetrahedral
and octahedral sites. Below T¢ = 858 K the resultant
magnetic structure is ferrimagnetic with a net moment of
4.2pp per unit cell.'® The structural, magnetic and elec-
tronic characteristics of bulk Fe;O4 change abruptly at
118 K, the Verwey transition. Cooling through this tem-
perature, the easy axis of magnetization switches from
the [111] to the [001] direction as the lattice undergoes a
rhombohedral distortion.'”

As expected, the magnetic properties of the compos-
ite superlattices reflect those of the Fe304 and NiO con-
stituents. Exploiting intrinsic differences between the
symmetry of the spinel and rocksalt lattices, we have
characterized the magnetic order in the NiO and Fe3zOy4
layers using neutron diffraction methods.®™® At low tem-
peratures the NiO antiferromagnetic order propagates
coherently through several superlattice bilayers. The
Fe30, ferrimagnetic order, however, is confined to indi-
vidual interlayers in samples with NiO layer thicknesses
exceeding 15 A, due to random stacking of the spinel
unit cell at the interfaces. A model for the diffraction
data, incorporating a Hendricks-Teller description'® of
these stacking faults, accounts for qualitative differences
among the measured line shapes of selected structural
and magnetic reflections. Within the framework of the
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model, we have extracted the magnetic order parameters
of the NiO and Fe3O4 components from measurements
of the temperature-dependent (111) peak. Specifically,
the Néel temperature of NiO appears to shift upward to-
ward that of bulk Fez3O,4 as the compositional fraction
of NiO in each interlayer is decreased. This scaling be-
havior can be understood within the context of a mean-
field theory®9 1! developed to describe Ising-like anti-
ferromagnetic superlattices. Details of these magnetic
and structural properties, obtained using x-ray scatter-
ing, neutron diffraction, and SQUID magnetometry, are
presented in the following sections.

II. PREPARATION AND STRUCTURAL
CHARACTERIZATION

The Fe304/NiO superlattices considered in this study
were grown using oxygen plasma-assisted molecular-
beam epitaxy (MBE). In this process, high-purity Fe and
Ni metals are evaporated from electron-beam hearths
onto a 1l-in.-diam MgO substrate in a controlled oxy-
gen flux provided by an electron cyclotron resonance mi-
crowave ionization source. The flux rates of the metals
and oxygen are optimized and stabilized during growth
to produce the desired stoichiometries. The deposition is
monitored by reflection high-energy electron diffraction
(RHEED) to ensure crystalline layer-by-layer growth. As
expected, the NiO and Fe3O,4 layers retain the [001] ori-
entation of the underlying MgO. The implementation of
this MBE procedure is outlined elsewhere.?

Five superlattices were prepared for the neutron
diffraction experiments with the bilayer repeat distance
held constant near 100 A and the relative thicknesses of
the Fe3O4 and NiO interlayers varied. For comparison
we also have examined 1 pgm thick NiO and 3 pm thick
Fe30,4 films. Overall the qualitative structural charac-
teristics of these samples, determined using x-ray diffrac-
tion techniques, are consistent with those obtained for
a similar series of superlattices.>”® Most of the x-ray
diffraction measurements presented here were performed
on a double-axis diffractometer with Cu Ko radiation
from a fixed-anode source. Scans along the growth di-
rection and along symmetry directions tilted away from
the film normal confirm the growth of single-phase, crys-
talline layers that are lattice matched at the interfaces
despite the 0.6% difference between the NiO-rocksalt and
Fe304-spinel unit cells (a = 8.352 and 8.398 A, respec-
tively).

Figure 1 shows one such scan along the growth axis
through the (004) reflection!® for [Fe304(34 A)|NiO(68
A)] 300, a superlattice comprising 300 bilayers with 34 A of
Fe;04 and 68 A of NiO. The rocking curve widths of the
first- and second-order superlattice reflections vary from
0.4+0.1° for [Fe304(34 A)|NiO(68 A)]300 to 1.040.15° for
[Fe304(67 A)|NiO(33 A)]s00, which is somewhat larger
than the 0.03 + 0.01° mosaic of the MgO substrate.
The broadening may reflect a gradual degradation of the
structural quality in the topmost layers. In Fig. 1 super-
lattice sidebands are evident up to seventh order suggest-
ing that the concentration and strain gradients through
the interfaces are abrupt.
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FIG. 1. Room-temperature x-ray diffraction scan along

the growth-axis direction through the (004) reflection for
[FesO4(34 A)|NiO(68 A)]soo. The MgO substrate peak is
marked with an arrow.

Because the central Bragg reflection is partially ob-
scured by the MgO substrate peak, it is difficult to obtain
precise structural characteristics of the sample from the
high-angle diffraction data. After careful subtraction of
the MgO scattering, we are continuing efforts to fit these
and similar data for related samples® ® using kinematic
models for imperfect superlattices.2%:2! The substrate in-
terference, however, is completely eliminated at low an-
gles, where the scattered intensity from the MgO appears
as a featureless background. The specular reflectivity of
[Fe304(75 A)|NiO(9 A)]s00 is shown in Fig. 2(a), plotted
as a function of the wave vector Q = 4wsinf/\, where 6 is
the reflected angle measured with respect to the surface
and ) is the wavelength of the x-ray beam (=~ 1.542 A).
The fitted curve is calculated from the profile of the scat-
tering density Nb in Fig. 2(b), where N is the number
density and b is the average atomic scattering amplitude
of the layer. The refinement algorithm is based upon
the solution of the one-dimensional wave equation for a
stratified medium, which is detailed elsewhere.?? We have
not included the effects of bilayer thickness fluctuations,
which would account for the broadening of the superlat-
tice reflections with increasing Q.2° Though superlattice
peaks are visible out to ninth order, our fit reveals that
the 74.6 + 1.0 A thick Fe3O4 and 8.7 & 1.0 A thick NiO
layers are smeared at the interfaces over = 10 A. Because
reflectivity analysis is insensitive to the length scale of the
in-plane structural correlations that give rise to the in-
terlayer “mixing,” atomic-scale interdiffusion and rough-
ness are indistinguishable from terraced interfaces with
atomically pure layers. Qualitative information about
the origin of the disorder can be gained from measure-
ments of the diffuse background (i.e., off-specular reflec-
tivity) which is large and has periodic features similar to
those in the specular reflectivity [Fig. 2(a)]. These data
suggest that the interfacial roughness is strongly corre-
lated from one interface to the next?3 and that the layer-
ing is well-defined locally. The apparent diffuse charac-
ter of the interface morphology probably originates from
the = 0.5° miscut of the MgO substrate and incomplete
atomic-layer filling during interface growth, rather than
from interdiffusion or pinhole formation.
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While specular reflectivity is invaluable for the de-
termination of the concentration variation through the
superlattice, it provides no information about the
crystalline coherence or strain modulation. The lat-
tice structure within the individual FezO,4 layers can
be isolated simply by measuring peaks forbidden by
symmetry for the NiO and MgO. For example, the
angular position of the (220) in-plane reflection for
[Fe304(75 A)|NiO(9 A)]s00 indicates that the FezOy4 lay-
ers are compressed < 0.2% to match the smaller NiO
lattice. Detailed measurements of the (022), (026), and
(066) reflections also reveal that the structural coherence
of the FezO4 lattice is limited along the growth direc-
tion by stacking faults at the superlattice interfaces.®”
During growth the oxygen sublattice, common to the
Fe304, NiO, and MgO, preserves the lattice orientation
through the entire superlattice. Defects form at the in-
terfaces, however, because the iron tetrahedral sites in
the spinel unit cell have no analogue in the NiO rocksalt
structure. Therefore, the Fe3O,4 lattice does not main-
tain its registry across intervening NiO interlayers. For
a comparable series of superlattices® with 68 A Fe;O,
layers and thick NiO layers (2 15 A), the actual co-
herence length along the [001] direction obtained from
the full width at half maximum (FWHM) of the (026)

log,o(Reflectivity)
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FIG. 2. (a) Specular x-ray reflectivity of [FesO4(75

A)‘NiO(Q A)]soo plotted as a function of the wave vector Q.
The open circles are the data and the solid line corresponds
to the fit. This fit was obtained for a superlattice with 100
bilayer repeats, rather than the actual 500, for computational
efficiency. The diffuse background has been measured and
subtracted from the data. (b) Scattering density profile ex-
tracted from the reflectivity fit. N is the number density of
the material with scattering amplitude . The dashed lines
show the bulk densities of Fe3O4 and NiO, as marked. The
profile is shown for a superlattice with 20 bilayer repeats,
rather than 500, for clarity.
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reflection is smaller than the superlattice repeat dis-
tance. This disorder is not evident for a sample with
68 A of Fe3O4 and 9 A of NiO, which has a coherence
length exceeding 480 A. As has been demonstrated for
[Fe304(75 A)|NiO(9 A)]s00 (Fig. 2), small amounts of Fe
are probably present throughout the NiO interlayers in
this sample.

III. NEUTRON DIFFRACTION PROCEDURES

Neutron scattering experiments, which yield informa-
tion about both the crystalline and magnetic ordering
in these superlattices, corroborate the results of the x-
ray structural characterization. The neutron diffraction
data were obtained on BT-9, a triple-axis spectrome-
ter at the National Institute of Standards and Technol-
ogy reactor. For these studies a pyrolitic graphite (PG)
monochromator was set to select neutrons of wavelength
2.35 A incident upon the sample, and a PG analyzer
was positioned for zero-energy transfer to reduce the in-
elastic background. A second triple-axis spectrometer,
BT-2, was configured for polarized beam measurements
by replacing the PG monochromator and analyzer with
Heusler-alloy crystals, which preferentially scatter only
one of the two neutron spin states. On both instruments,
the samples were mounted in an Al holder on the cold
finger of a closed-cycle refrigerator capable of regulating
temperatures between 10 K and 475 K. Temperatures be-
tween 450 K and 675 K were attained using an evacuated
furnace.

During these experiments the superlattices were
aligned with the [004] surface normal and one of the
two [220] film-plane axes in the scattering plane to al-
low access to the (222), (111), and (220) reflections. The
schematic in Fig. 3 shows the orientation of these reflec-
tions relative to the sample surface in reciprocal space.
Scans were performed along the scattering-vector direc-
tion and along the growth direction to probe the coher-
ence of the spin propagation through the superlattice lay-
ers. Typically, collimation of 40'-48'-48’ provided resolu-
tion better than 0.034 A~1 along the growth direction (z
axis) and 0.035 A~! along the wave vector (Q) direction.

7
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FIG. 3. Schematic showing the reciprocal space reflections
discussed in the text. The scan directions through each peak
are designated with arrows.
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IV. STRUCTURE-FACTOR CALCULATION

It is well known that only growth-axis data are sen-
sitive to the superlattice modulation. To extract the
spatial variation of the crystalline and magnetic struc-
ture through the superlattice bilayers, we calculate the
scattering cross section for the z-axis scans through the
(222), (111), and (220) reflections. For these materials,
both the nuclear and magnetic terms contribute to the
scattered intensity as follows:

1Q) o [08,097 [ pret@

where b, is the nuclear scattering amplitude of the atom
at position r. The effective magnetic scattering ampli-
tude is pr = o fr(Q)|SLr|, where o, = 0.2695 x 1012
cm and f,.(Q) is the magnetic form factor. The magnetic
|
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where Nio is the total number of bilayers comprising the
superlattice. The first factor produces a series of sharp
peaks at Q, = k(2m/A), attenuated by the second factor
which is the square of the structure factor F™(Q) for a
single bilayer. We note that the magnetic intensity can be
expanded in a similar manner. At the Fe304/NiO inter-
face, b(m,n) and z(m, n) vary abruptly if the superlattice
is a perfect rectangle wave. Realistically, diffusion, step
formation, and strain gradients occur through the inter-
face region as discussed in Sec. II. To account for these
imperfections, we use a damped rectangle-wave model
for the superlattice,®2* in which the Fourier components
of the concentration and d-spacing rectangle waves are
reduced by damping factors. The nuclear scattering am-
plitude, for example, is written

b(m, ’I‘L) = CNiO (m, a)bNiO (m, n)
+[1 = Cxio(m, a)]bres0, (M, n), ®3)

where Cnio(m, a) is the concentration modulation of the
NiO through a bilayer, defined by Erwin et al.2% as

Na
Z Z b(m, n)eiQ‘z(m’")'Hny(m,n)

m=1 n

moment at siter, S, = .S',.[Q — (QQ)Q], includes a geo-
metrical factor that selects the component of the moment
perpendicular to the scattering-vector direction.

We perform explicit lattice sums along the [0 0 /] (de-
fined here as the z axis) and [l I 0] (defined here as
the y axis) directions to describe the reflections in the
scattering plane shown in Fig. 3. For simplicity, we as-
sume that the bilayer thickness A is uniform through-
out the entire superlattice though the x-ray reflectivity
data show evidence of slight bilayer thickness fluctuations
[Fig. 2(a)]. The atomic positions can thus be expressed
as r(k,m,n) = [kA + z(m,n)]z + y(m,n)y where k in-
dexes the bilayer, z(m,n) is the mth position along the z
axis relative to the beginning of the bilayer and y(m,n)
is the nth position along the y axis relative to the origin.
Specifically, z(IN5,n) = A for a bilayer consisting of Np
atomic planes. Regrouping the structure factor in the
usual manner,2%24 we write the nuclear intensity as

2
]

()

—sin [%j— (m — % - NNiO) H (4)

and where a is a damping factor.

In calculating F™"°(Q) and F™8(Q), one must con-
sider not only the variation of the Fe3O4 and NiO concen-
trations through each bilayer, but also the composition
of each atomic plane within the individual interlayers.
Specifically, the nuclear structure factor for the 64-atom
unit cell of bulk NiO (Ref. 15) reduces to the following
in the y-z scattering plane (Fig. 3):

ll\}lllé(Q) = 4bo [eiQ,a/4 + eiQ,,a.\/i/s] [1 + eiQ,a/Z] [1 + eiQ,aﬂ/4]

by [1 4 e Qre/4+iQuava/e] [ 4 ¢iQua/2] [ 4 eiQuava/a], (5)

The neutron scattering lengths for nickel and oxygen2® are designated byn; and bo, respectively, and the lattice
parameter a for NiO equals 8.352 A. The magnetic structure factor has a form similar to the nuclear:

FI8(Q) = 4pn; [1 _ eiQ,a/4+iQ,,a\/§/8] [1 _ ez‘Q,a/Z] [1 _ eian\/i/tl:I , (6)

where Sy;, implicit in the magnetic scattering amplitude py;j, is equal to 1.9up. The oxygen sublattice in FezOy, is
identical to that of NiO, but the 56-atom spinel unit cell leads to a more complex expression for the nuclear structure
factor,!®
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e (Q) = 4bo [eiQ,a/4 + eiQ,aﬁ/s] [1 + eiQ,a/Z] [1 +eian¢§/4]
+2bpe ([l + eiQ,a/Z] [1 + eian\/E/z;] + 2¢iQ=0/4+iQyav/2/8 [eiQ,a/z + eiQ,a\/E/4])

+2bFeeiQ,a/s+ianﬁ/s [1 + eiQ,a/4] [1 + eiQ,a/z+iQ,a¢§/4] , (7)

where b, is the neutron scattering length for Fe (Ref. 25) and a = 8.398 A for Fes04. The form of the magnetic

structure factor is again comparable:

FIE (Q) = 24312 ([1 + eiQ,a/z] [1 +eian\/§/4] + 2¢iQ-a/4+iQuav2/8 [eiQ,a/Z + eiqyaﬁ/4])

Fe3O4

—2py3e

with p3 representing the magnetic scattering amplitude
of the Fe™3 ions at the tetrahedral sites and p, 3 ;2 corre-
sponding to the average amplitude of the Fe*3 and Fe*?
ions at the octahedral sites. We note that Sg.+s = 5.0up
and Sp+s.+2 = 4.6pp. Theoretical and experimental de-
terminations of the magnetic form factor f(Q) for both
Fet? and Ni*? are summarized by Bacon.??

As a rough gauge for the superlattice diffraction data,
we compute in Table I the relative intensities of the
(222), (111), and (220) reflections for bulk Fe;O4 and
NiO from the structure factor equations above. For sim-
plicity, it is assumed that the moments in both materi-
als are uniformly distributed among equivalent axial do-
mains. Clearly, the (222) reflection is dominated by the
NiO structural contribution. Scattering from the NiO
antiferromagnetic order appears at the (111) position,
simultaneous with scattering from the Fe3O4 ferrimag-
netic order. The (220) reflection, forbidden for NiO, is
comprised of contributions from both the magnetic and
nuclear structures of Fe3Oy4.

The next step is to incorporate the structure factors
outlined in Eqgs. (5)—(8) into the expressions for the scat-
tered intensity from a superlattice [Egs. (1) and (2)],
while accounting for symmetry differences between the
Fe304 and NiO lattices. Though the oxygen sublattice
is identical in both materials, the tetrahedral Fe sites
have no parallel in the NiO structure, as described in
Sec. II. By symmetry arguments, there are eight possi-
ble ways for the spinel unit cell to orient itself relative
to the rocksalt template at each NiO/Fe;0, interface.
The number of unique positions is reduced to four when
the superlattice is projected onto the y-z plane, as illus-
trated in Fig. 4. [Notice that these four orientations can
be generated simply by seeding the spinel unit cell at the
NiO/Fe30, interface with one of the four z-axis planes
labeled 1, 2, 3, or 4 in Fig. 4. Stacking faults result

TABLE I. The relative nuclear and magnetic intensities for
the reflections listed calculated for bulk Fe3O4 and NiO from
the square of the structure factors given in Eqgs. (5)—(8).

Reflection Fe304 NiO
Index Q. Qy Struc Mag Struc Mag
(222) 4m/a  4V/27/a 10.9 91.6 207 0
(111)  2mx/a  2v/27/a  5.00 145 0 58.9
(220) 0 4V2r/a  58.2 37.1 0 0

iQ.a/8+iQyav/2/8 [1 + eiQ,a/4] [1 + eina/2+iQ,a\/§/4] , (8)

f

when the eight atomic-layer sequence of the FezO,4 unit
cell described by Egs. (7) and (8) is interrupted at subse-
quent interfaces.] The bilayer structure factor Fr°(Q)
with s = 1 — 4 can be calculated for each of these ori-
entations simply by adjusting phase factors in Egs. (7)
and (8). We postulate that these four configurations are
distributed randomly among the N;, superlattice inter-
faces with a probability of P,. Next we average over all
possible stacking sequences using a formalism developed
by Hendricks and Teller'® and generalized by Méring?®
and Kakinoki?” for a finite number of disordered layers.
Equation (2) for the nuclear intensity reduces to the fol-
lowing:

Sillz (NtothA/z) nuc 2 a

e onyo (G UL I

FNeoel] F(Q) ) = Noow | (F™(Q)
(9b)

Inue(Q)

In this expression,® (FPu¢(Q)) = E:=1 P, Fruc(Q) is the
average structure factor for a single bilayer. The first
term in Eq. (9a) represents the coherent Bragg scatter-
ing from the average superlattice configuration, and the

FIG. 4. Projection of a Fe3O4/NiO interface in the y-z
plane. Schematics (a)—(d) show the four possible orientations
of the Fe3O4-spinel lattice relative to the NiO-rocksalt lattice
at each interface. (For clarity, the interfaces shown are not
diffused or mixed, as may be the case in an actual superlat-
tice.) The open circles represent the O*2 jons, the solid circles
correspond to the Ni*? ions, the shaded circles designate the
Fe*? and Fe'? ions occupying the tetrahedral and octahedral
sites. Symmetrically equivalent atomic planes in the spinel
unit cell are numbered 1-4 in each interfacial configuration.
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second (9b) is the incoherent scattering describing the
deviation from the average configuration. Once again, a
similar closed form can be written for the average mag-
netic intensity [second term of Eq. (1)].

The interfacial stacking-faults described by Eq. (9)
lead to pronounced differences among the line shapes of
the three reflections considered. As a demonstration, we
apply the model to a hypothetical superlattice with 50 bi-
layers composed of 66.7 A of Fe;04 and 33.2 A of NiO.28
We require that diffusion is limited to =~ 2 A at the in-
terfaces and that the components are lattice matched in
the growth plane, but retain their bulk lattice spacings
along the z-axis direction. With respect to the magnetic
structure, we stipulate that the Fe and Ni moments are
distributed uniformly among equivalent axial domains.
Figure 5 shows Q, scans through the (222), (111), and
(220) peaks calculated assuming that the interfacial con-
figurations in Fig. 4 occur with equal probability. The
scattering at the (220) positions consists of a single broad
peak with a FWHM of 0.085 A~!. The corresponding co-
herence length of 78 A is roughly equal to the thickness

800 T T T T T T T

400

0
1.
- 800 T T T T T T T
§
T
=
2
a
g B
>
=i o .
0.55 0.65 0.75 0.85 0.95
400 T T T T T T T
. (220) i
200 -1
0 1 1 L
—-0.2 -0.1 0.0 0.1 0.2
Q (&Y

FIG. 5. Model calculations of Q. scans through the (222),
(111), and (220) reflections for a hypothetical superlattice
[Fe304(66.7 A)|NiO(33.2 A)]so assuming that the four types
of stacking faults described in the text occur with equal prob-
ability. The structure factor has been convoluted with a
Gaussian resolution function (FWHM of 0.032, 0.019, and
0.028 A~1| respectively) in order to simulate the experimen-
tal conditions. The dashed line in the (111) scan delineates
the Fe3O4 scattering contribution (broad Gaussian) from that
of the NiO (superlattice peaks).

of a Fe3O, layer, confirming that this peak arises solely
from the isolated Fe3O4 layers (Table I). In contrast, nar-
row superlattice peaks separated by AQ, = +0.063 A1
are evident in the (222) scan. The structure factors for
each of the four lattice configurations in Fig. 4 differ by
phase factors of 27w, rendering this peak insensitive to
the type of stacking disorder prevalent in these superlat-
tices. The (111) reflection, composed of a series of super-
lattice peaks superimposed on a Gaussian background,
combines features of the (222) and (220). As demon-
strated in Fig. 5, the broad peak results principally from
the Fe3O4, while the sharp components originate from
the NiO antiferromagnetic order.

V. NEUTRON DIFFRACTION RESULTS

The qualitative characteristics of the neutron diffrac-
tion data for the Fe30,4/NiO superlattices are consistent
with the predictions of the structure-factor model. Fig-
ure 6 shows scans along the [0 0 [ direction through
the (222) reflection for four of the superlattices consid-
ered. In the scan for [Fe304(75 A)|NiO(9 A)]s00, super-
lattice sidebands are visible out to at least sixth order,
but the central Bragg reflection is masked by scatter-
ing from the MgO substrate as it is in the high-angle
x-ray scans (Fig. 1). Comparing the (222) data to the
model calculation in Fig. 5, the relative intensities of the
superlattice peaks are suggestive of sharp chemical inter-
faces. We also observe that these intensities do not vary
with temperature. Polarized diffraction measurements
for [Fe304(75 A)|NiO(9 A)]s00 verify that, as expected,
the scattering is predominantly structural in character
(Table I).

Scattering at the (220) position is highly sensitive
to the structural stacking disorder between the FezO4

16 T T T T T T T T T
12 -
., [Fe304(15R)NiO(70A)]gq
;\ [ Rt |
n
§ sl o [Fes0,(343)Ni0(B8A) Lo
5]
)
| R
] g, [Feq0,(67A)NIO(334)] 00
4 -
L o [Fm(vsA)Mo(sL)},w
0 1 1 1 1 1 1 1 1 1
0.8 1.1 1 i 2.0 2.3

4 1
Q, &M

FIG. 6. Neutron diffraction scans along the [0 0 /] direction
through the (222) reflection for [Fe3O4(15 A)|NiO(70 A)]oe
at 20 K, [Fe3O4(34 A)|NiO(68 A)]soo at 10 K, [Fe3O4(67
A)IN10(33 A)]«)o at 20 K, and [FE304(75 A)lNiO(g A)]soo
at 80 K. The scans are vertically offset for clarity and scaled
by the MgO peak intensity. The solid lines represent fits to
Gaussians.
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interlayers, as expected from the structure-factor cal-
culations. Growth-axis scans through the (220) peak
are plotted in Fig. 7 for [Fe;04(34 A)[NiO(68 A)]s00,
[Fe304(75 A)|NiO(9 A)]s00 and the 3-pm-thick FesO,
film. The intensities have been scaled to illustrate the
evolution of the peak shape with increasing NiO layer
thickness. The reflection for the thick FezO, film is
a resolution-limited Gaussian indicative of long-range
magnetic and crystalline order, while the reflection for
[Fe304(34 A)|NiO(68 A)]sgo is broadened by a ran-
dom distribution of interfacial stacking faults (FWHM
= 27/52 = 0.124 A~'), as discussed in Sec. IV. [We
note that the (220) peak for [Fe304(67 A)|NiO(33 A)]400
is similar to that for [Fe3zO4(34 A)|Ni0(68 A)]goo
with a FWHM of 0.095 A~! (i.e., 27/69). The
(220) reflection for [Fe304(68 A)|NiO(17 A)]100 has a
FWHM of 0.088 A~! (i.e., 27/74), but the peak for
[Fe304(15 A)|NiO(70 A)]oe, with an expected FWHM of
0.42 A1 (i.e., 2m/15), is masked by the background.] For
[Fe304(75 A)|NiO(9 A)]s00, however, the reflection fits to
a Lorentzian with a FWHM of 0.022 A—1, corresponding
to a coherence length greater than 500 A. To determine
the origin of this line shape, we have computed the (220)
scattering cross section from Eq. (9) for a superlattice
of comparable dimensions and determined that the peak
changes smoothly from a narrow to a broad Gaussian as
interfacial defects are introduced. [At the (220) position,
we note that configuration (a) in Fig. 4 is indistinguish-
able from (c), and that (b) is indistinguishable from (d).]
Lorentzian “wings” emerge as the defect population is
increased to approximately 10%. We suggest that the
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FIG. 7. Neutron diffraction scans along the [0 0 [

direction through the (220) reflection at 9 K for
[FesO4(34 A)|NiO(68 A)]spo (triangles) and 20 K for
[Fe304(75 A)|NiO(9 A)]soo (circles) and a 3-um-thick FesO4
film (squares). The backgrounds have been subtracted from
the data and the peak intensities have been normalized to a
value of 400 counts to emphasize the peak-shape variations.

Fe3z0, lattice in a real sample is likely to retain its reg-
istry across thin NiO interlayers (< 15 A) because Fe may
be dispersed through the NiO (Fig. 2). The nominal NiO
layer in [Fe304(75 A)|NiO(9 A)]500 may partially tend to-
ward the mixed spinel NiFe;O4, which is ferrimagnetic.

Additional characterization of the crystalline and mag-
netic order within the FezO4 interlayers is provided
by scans of the (220) peak along the [l ! 0] wave
vector direction. From the FWHM of this in-plane
reflection, we can estimate the magnetic and struc-
tural Fe3O,4 coherence length within the growth plane
of the superlattices. = For samples with NiO layer
thicknesses greater than 15 A, [Fe304(34 A)|NiO(68
A))a00, [FesO4(67 A)|NiO(33 A)]so0, and [Fez0,4(68
A)|NiO(17 A))i00, the extracted coherence length
is approximately 160 A implying the presence of
small in-plane domains. The (220) peaks for
[Fe304(75 A)lNiO(g A)]500 and the 3-[_Lm F6304 film
are resolution limited. Their in-plane coherence lengths
clearly exceed 500 A. Because only the superlattice free of
growth-axis defects has large in-plane domains, we sug-
gest that the formation of stacking faults at the super-
lattice interfaces also induces significant structural and
magnetic disorder across the sample face.

The integrated intensities of the (220) reflections in
Fig. 7 decrease by less than 10% as the temperature
is raised from 10 K to 700 K. Unfortunately, tempera-
tures approaching the 858 K magnetic transition for bulk
Fe;04 are inaccessible because the crystalline structure of
the samples degrades irreversibly upon annealing above
~ 725 K.?° Complementary magnetic hysteresis measure-
ments confirm, however, that the ferrimagnetic Fe3O4 or-
der persists and remains stable well above Ty = 520 K
for bulk NiO.

Though the (111) reflection is comprised of mag-
netic scattering from both of the superlattice con-
stituents (Table I), the pronounced temperature de-
pendence of this peak originates solely from the
spins in the NiO interlayers. Examples of growth-
axis scans through the (111) reflection are plot-
ted in Fig. 8 for [Fe304(67 A)|NiO(33 A)]s00 and
[Fe304(75 A)|NiO(9 A)]s00. The peak for the first sam-
ple has two distinct components: a narrow Gaussian that
gradually disappears with increasing temperature, and a
broad Gaussian that exhibits little temperature depen-
dence. Because this line shape resembles that of the
(111) model calculation in Fig. 5, we identify the for-
mer component with NiO antiferromagnetic order coher-
ent through three or more bilayers, and the latter with
Fe304 ferrimagnetic order confined to a single bilayer by
interfacial stacking faults. The superlattice sidebands
apparent in the theoretical curve, however, are clearly
not evident in the experimental data. In the model cal-
culation, the magnitude of these peaks can be reduced
relative to the central Bragg reflection by biasing the
distribution of the interfacial stacking-faults toward con-
figurations (a) and (b) in Fig. 4. [At the (111) posi-
tion, the structure factors for interfaces (a) and (d) are
indistinguishable, as are those for (b) and (c).] Data
for [FezO4(34 A)INiO(SS A)]soo are similar to those in
Fig. 8(a), implying a slight preference for selected inter-
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FIG. 8. Neutron diffraction scans along the [0 0 /] direction
through the (111) reflection for [Fe3O4(67 A)|NiO(33 A)]400
at 20 K and 700 K and for [Fe304(75 A)|NiO(9 A)]so0 at 20
K and 658 K. For the former, the broad Gaussian component
(dashed line) corresponds to scattering from the Fe3Oy4 inter-
layers and the narrow Gaussian component results from the
NiO interlayers.

face orientations in this sample as well. We also observe
that the integrated intensities of the broad and narrow
components scale roughly with the relative composition
of the superlattice bilayer, leaving only the sharp Gaus-
sian from the NiO for [Fe304(15 A)|NiO(70 A)]ge.

In contrast, the (111) scattering for [FezO4(75
A)|NiO(9 A)]seo in Fig. 8(b) is better described by
a single, resolution-limited peak with Lorentzian tails.
Structure-factor calculations from Eq. (9) for a sample
of similar dimensions reveal that this line shape evolves
from a broad Gaussian as the population of interfacial
stacking faults is decreased below 10%, corroborating re-
sults from the (220) data analysis. While the scattering
contributions from the NiO and Fe3O4 magnetic order
cannot be easily separated for this sample, the striking
temperature dependence of this reflection clearly tracks
the decay of the antiferromagnetic order in the thin NiO
interlayers.

VI. NICKEL-OXIDE MAGNETIC ORDER

Taking advantage of the disparate length scales of the
NiO and Fe30O,4 crystalline coherence, we can monitor
separately the order parameters for the Fe and Ni mo-
ments. In Fig. 9 the integrated intensity of the (111)
peak scanned along the [I I [] direction is plotted as a
function of temperature for [Fe304(67 A)|NiO(33 A J400,
[Fe304(34 A)|NiO(68 A)]300, [Fe304(15 A)|NiO(70 A)]gs,
and the 1-um-thick NiO film. (For the first two sam-
ples the contribution from the FezO, interlayers has been
subtracted.) This intensity, which is proportional to the
square of the Ni moment, decreases smoothly with in-
creasing temperature following the behavior of a classical
antiferromagnet. For both [Fe3O4(15 A)|NiO(70 A)]oe
and the NiO film, the order parameter approaches zero
near 520 K, the Néel temperature for bulk NiO. In con-
trast, the (111) NiO intensity levels off near 600 K for

8283

[Fe304(34 A)|NiO(68 A)]s00, but continues to decline
above 700 K for both [Fe304(67 A)|NiO(33 A)]400 and
[Fes04(75 A)|NiO(9 A)]s00- Recall that the FezOy4 in-
tensity at the (111) position remains constant even above
the temperature at which the sharp NiO component dis-
appears [Fig. 8(a)]. In all four of the superlattices the Ni
and Fe moments thus appear to order at separate tem-
peratures, but the Néel temperature for the former shifts
systematically toward that of bulk Fe3O4 as the relative
NiO thickness is decreased. Magnetic order is apparently
induced in the NiO interlayers above the bulk ordering
temperature due to the proximity of the ferrimagnetic
Fe30,4 interlayers.

Mean-field theory demonstrates that the observed scal-
ing of the NiO transition temperature is a natural conse-
quence of the short-range interlayer exchange coupling.
This treatment was originally developed to describe sim-
ilar behavior in antiferromagnetic NiO/CoO (Refs. 3 and
11) and FeF,;/MnF;, (Refs. 9 and 10) superlattices. We
have modified the formalism to reflect differences be-
tween the nature of the magnetic ordering in the Fe3O4
and NiO interlayers. The problem is simplified consid-
erably by approximating the superlattice as a structure
with ferromagnetic rows of spins coupled antiferromag-
netically along the modulation direction. To simulate the
ferrimagnetic spin arrangement of the Fe3Oy,, the density
of spins in alternating Fe layers is set equal to half that
in the Ni layers, as schematically depicted in the inset of
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FIG. 9. Temperature dependence of the integrated inten-
sity of the (111) peak scanned along the [l ! ] direction
plotted for [Fes04(67 A)|NiO(33 A)]soo (pentagons) and the
1-pm-thick NiO film (triangles). The inset shows the or-
der parameters near the NiO phase transition for these two
samples, as well as [Fe;04(15 A)[NiO(70 A)]os (circles) and
[Fes04(34 A)|NiO(68 A)]soo (squares). The portion of the
intensity originating from the Fe3O4 has been subtracted as
background. For all four samples, the intensities have been
scaled by their low-temperature saturation values.
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FIG. 10. Temperature dependence of the square of the av-
erage Ni moment through a single NiO interlayer calculated
from the mean-field treatment described in the text for bi-
layers with (Nrez04,Nnio0) = (12,4) (8,8), (4,12), and (0,16)
corresponding to the solid, long-dashed, short-dashed, and
dotted lines, respectively. The moments have been scaled by
their low-temperature saturation values, and the temperature
is scaled by T¢ for bulk Fe;O4. The inset shows a schematic
of the simplified bilayer structure used for the mean-field cal-
culation.

Fig. 10. The profile of the spin structure through a sin-
gle bilayer with Nge,0, atomic layers of Fe304 and Nnio
layers of NiO is then extracted from a self-consistent so-
lution of the Brillouin function Bs.3° The effective molec-
ular field includes only the nearest-neighbor interactions
between the rows. For the ith plane in the bilayer,

JiZi—1(Si-1) + s7iZi+1<Si+1>) (10)

(Sz) - BS ( kBT
where (S;) represents the thermal average of the spins
in the ith layer and Z;_; is the coordination number
between spins in the ith and 7 — 1st row. The antifer-
romagnetic exchange parameters, Jre,0, and Jnio, are
determined from the Néel temperatures for bulk FezO4
and NiO, respectively. The Fe304/NiO interface is re-
stricted to a single atomic layer with J; equal to the
average of these two parameters. For the purposes of the
model, Sg. = 4.5 for the Fe ions at both the tetrahedral
and octahedral sites, and Sn; = 1.5.

Figure 10 shows the square of the average Ni mo-
ment through a single NiO interlayer plotted as a func-
tion of temperature for four bilayers with (Nge,0,,/VNi0)
= (12,4), (8,8), (4,12), and (0,16). These calculated
curves qualitatively resemble the diffraction data in Fig. 9
throughout the entire temperature range, but the re-
peat distance of the hypothetical bilayers (=~ 40 A) is
less than half that of the actual samples. In the model,
the Fe304 and NiO interlayers develop finite moments at
distinct temperatures. While the Fe3O,4 transition tem-
perature does not deviate significantly from that of bulk,
the apparent ordering temperature for the NiO exhibits
a pronounced dependence on the relative composition of
the bilayer, as is experimentally observed. The mean-
field treatment even duplicates the “tail” that emerges
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at high temperatures for samples with thin NiO inter-
layers. Similar calculations for a series of bilayers with
constant Np,0, = 8 suggest that the calculated NiO
ordering temperature is more sensitive to the NiO layer
thickness than to the Fez3O4 thickness. Increasing the bi-
layer repeat distance in this mean-field approximation to
realistic values, however, merely drives the apparent or-
dering temperatures for the NiO and Fe3zO4 layers closer
to their bulk values.

Though this mean-field theory is too simplistic for a
direct comparison with the experimental results, it does
clearly demonstrate that the exchange coupling of the
NiO and Fe3O, spins across the superlattice interfaces
is principally responsible for the observed enhancement
of the NiO ordering temperature. Limitations are im-
posed by the use of a two-dimensional model for the
magnetic structure (inset of Fig. 10) rather than a three-
dimensional description of the actual NiO and Fe3O4 spin
structures. The quantitative agreement with experiment
could also be improved by including the effects of inter-
facial mixing, which may account for the bulklike Néel
temperature observed for [Fe304(15 A)|NiO(70 A)jge
(Fig. 9), and competing anisotropies, which modify the
bulk magnetic behavior as discussed in the following sec-
tion.

VII. IRON-OXIDE MAGNETIC ORDER

For an ideal Fe30,4/NiO superlattice, mean-field anal-
ysis also predicts that the high-temperature anomaly as-
sociated with the Fe3O4 phase transition actually marks
the onset of long-range magnetic order through the en-
tire bilayer.® Even in samples with thick NiO interlay-
ers, an infinitesmal moment should persist on the Ni
sites well above their apparent ordering temperature. In
reality the Fe order may, in fact, be confined to a sin-
gle Fe3O, interlayer at these temperatures due to ther-
mal fluctuations, structural defects, or other sources of
disorder. Polarized beam measurements of the (220)
and (111) reflections for [Fe304(34 A)|NiO(68 A)]300 and
[Fe304(67 A)|NiO(33 A)]400 show no change in the ferri-
magnetic magnetization of the Fe3O4 layers upon heat-
ing to 700 K. Because the magnetic coherence, as cal-
culated from peak width measurements, is restricted by
the structural stacking faults at the superlattice inter-
faces, we cannot directly determine if the Fe layers couple
across the NiO interlayers at high temperatures.

Bulk magnetization studies, however, indicate that the
nature of the interlayer interaction differs substantially
above and below the Néel temperature for bulk NiO in
samples with thick NiO interlayers (2 15-20 A). For ex-
ample, the in-plane hysteresis profile for a superlattice
with 17 A of Fe304 and 17 A of NiO is nearly linear at
30 K, but gradually returns to a sigmodal shape simi-
lar to bulk FesO,4 as the temperature is raised above =~
520 K.2° Exchange coupling of the Fe and Ni spins at the
superlattice interfaces apparently frustrates the ferrimag-
netic ordering at low temperatures. The strength of this
interaction decreases significantly at high temperatures,
allowing the FezO4 interlayers to order independently. In
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contrast, the hysteresis loops for superlattices with NiO
interlayer thicknesses < 15 A are linear over an extended
temperature range, possibly as a result of the bridging of
the Fe3O4 layers across the NiO (e.g., Fig. 2). The NiO
thickness dependence of this coupling between the FezO4
layers has also been observed using ferromagnetic reso-
nance (FMR) techniques.?! With the exception of sam-
ples with the thinnest NiO interlayers, the temperature
dependence of the magnetization follows the softening of
the NiO anisotropy which occurs near the Néel transition
for the NiO component.

Neutron diffraction analysis at temperatures well be-
low 520 K also reveals that the anisotropy of the FezO4
is altered by interfacial coupling to the NiO or demag-
netizing effects. Polarized neutron experiments suggest
that the distribution of the Fe moments among equiv-
alent axial domains is roughly uniform in zero field,
with a slight preference for alignment in the growth
plane. Specifically, the flipping ratio3? of the (220) re-
flection was measured for [Fe304(67 A)|NiO(33 A)]400,
[Fe304(75 A)|NiO(9 A)]s00 and the 3 pm Fe3O4 film with
the neutrons polarized both parallel and perpendicular
to the scattering vector in order to separate the mag-
netic scattering contributions from the structural. Un-
fortunately, this analysis is not sensitive to the moment
orientation within the plane.

A direct comparison of the magnetic hysteresis
profiles for the superlattices considered elucidates
the dependence of the Fe anisotropy on the rela-
tive FezO4; and NiO layer thicknesses. The field-
dependent magnetization is plotted in Fig. 11 for
[Fe304(15 A)|NiO(70 A))ge, [Fes04(67 A)|NiO(33 A)]400,
and [Fe304(75 A)|NiO(9 A)]s00 at 300 K for a field ap-
plied along a [100] axis in the growth plane. The hys-
teresis curve for [Fe304(75 A)|NiO(9 A)]s00 resembles
that of bulk because the chemical interfacial “mixing”
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FIG. 11. Magnetization at 300 K as a function of field
applied along a [100] direction in the growth plane for
[Fe304(15 A)|NiO(70 A)]os, [FesO4(67 A)|NiO(33 A)]400, and
[FE304(75 A)|N10(9 A)]soo.
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(refer to Fig. 2) promotes a direct interaction between
the Fe3O, interlayers. As the relative NiO thickness is
increased, the loop flattens until it becomes nearly lin-
ear, suggesting a biasing of the Fe3O4 anisotropy energy
toward that of bulk NiO. Supplementary magnetization
measurements on related samples indicate that the Fe
anisotropy energy is significantly enhanced in samples
with Fe;O,4 thicknesses less than 34 A, regardless of the
NiO interlayer thickness.® We suggest that the Fe mo-
ments in these samples are completely pinned to the di-
rection of the Ni moments in adjacent interlayers.

We note that the FezO,4 anisotropy is also dependent
on temperature. The easy-axis of magnetization changes
near the 120 K Verwey transition, but only in samples
with thick Fe;O4 interlayers.”"?° In supplementary neu-
tron diffraction measurements of the superlattices de-
scribed here, we observe that the (4 0 ) peak, char-
acteristic of the distorted structural phase below Tv, is
evident only for [FegO4(75 A)|NiO(9 A)]so0 and the 3-
pm Fe3Oy film.33 We believe that the suppression of this
transition in the remaining samples results principally
from clamping of the accompanying Fe3O4 lattice distor-
tion by epitaxial contraints, rather than from stoichiome-
try variations within the Fe3O, interlayers. To aid in the
separation of these two effects in superlattices, system-
atic studies of the Verwey transition in a series of thick
Fe30,4_s films with 0 < § < 1 have been performed and
are detailed elsewhere.34

VIII. CONCLUSION

Neutron diffraction measurements of Fe3O4/NiO su-
perlattices reveal that the NiO antiferromagnetic order is
long range at low temperatures, despite the contrasting
magnetic structures of the component materials. In sam-
ples with thick NiO interlayers, however, stacking faults
at the superlattice interfaces restrict both the structural
and magnetic coherence of the ferrimagnetic FesO4 to
the width of a single interlayer. Specifically, the orienta-
tion of the Fe3O4 spinel unit cell relative to the NiO
rocksalt template is not uniquely defined in the [001]
growth plane. We have identified the types of interfa-
cial defects possible in these samples and incorporated
them into a model for the structure factor based upon
the Hendricks-Teller formalism for structural disorder.!®
The model qualitatively reproduces anomalous features
of the diffraction data such as the broadening of the (220)
reflection and the two-component line shape of the (111)
peak.

In addition, we have demonstrated that the scattering
contributions from the Fe and Ni moments can easily be
separated within the framework of this model. For the
four superlattices considered, the phase transition tem-
peratures for the Fe3O4 and NiO interlayers appear to be
distinct. While the ordering temperature of the FezO,
tends toward its bulk value (858 K), the Néel tempera-
ture for the NiO varies between its bulk value (520 K)
and that of FesO4 as the relative NiO thickness is de-
creased. The scaling of the NiO transition temperature
loosely follows the predictions of a mean-field theory for
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a superlattice composed of antiferromagnetic and ferri-
magnetic interlayers.

A comparison of the neutron diffraction results with
complementary magnetization measurements clearly in-
dicates that the modified magnetic behavior of the FezO4
and NiO interlayers originates from the exchange cou-
pling of the two materials at the superlattice interfaces.
It is surprising that this coupling alters the magnetic be-
havior of interlayers thicker than 70 A, a length scale
much larger than that expected from mean-field analy-

sis. The exact nature of the exchange interaction in this
system remains a topic for future study.
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FIG. 4. Projection of a Fe3O4/NiO interface in the y-z
plane. Schematics (a)—(d) show the four possible orientations
of the Fe3O4-spinel lattice relative to the NiO-rocksalt lattice
at each interface. (For clarity, the interfaces shown are not
diffused or mixed, as may be the case in an actual superlat-
tice.) The open circles represent the O ions, the solid circles
correspond to the Ni*? ions, the shaded circles designate the
Fe*? and Fe*? ions occupying the tetrahedral and octahedral
sites. Symmetrically equivalent atomic planes in the spinel
unit cell are numbered 1-4 in each interfacial configuration.



