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Antiferromagnetic spin and twin domain walls govern hysteretic
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The present study shows that antiferromagnetic spin and twin domain walls govern the hysteretic expres-
sions of exchange anisotropy at low and high fields, respectively, using annealed NiO single crystals and Co.
In the presence of twin walls, spin walls are shown to be a geometrical necessity in the antiferromagnetic NiO.
A threshold field (~10 000 Oe) exists below which twin walls are frozen, and rotational hysteresis is domi-
nated by losses due to spin walls. Above the threshold field, twin walls become mobile, resulting in a sharp
increase in rotational hysteresis. Remarkably, rotational hysteresis associated with spin walls is similar to that
of an ordinary ferromagnet—as the field strength increases, rotational hysteresis tends toward zero. However,
unlike an ordinary ferromagnet where rotational hysteresis becomes zero above its saturation field, rotational
hysteresis in antiferromagnet drops but then sharply increases once the threshold field for twin wall motion is
exceeded. In crystals without spin walls, low-field rotational hysteresis is zero or negligible. Domain imaging
of twin walls in antiferromagnet and Weiss walls in ferromagnet reveals a one-to-one spatial correlation even
though twin walls are considered to have no net dipoles. This surprising result is explained by the fact that
crystallographic interfaces in real crystals are not atomically sharp or ideal, and the defective interface invari-
ably results in net moment across the finite width of the twin wall. The field dependence of domain walls in Co
film exchange coupled to NiO shows global similarities to previously reported behavior of Co films deposited
on nanocrystalline NiO [H. D. Chopra, D. X. Yang, P. J. Chen, H. J. Brown, L. J. Swartzendruber, and W. F.
Egelhoff, Jr., Phys. Rev. B 61, 15312 (2000)]. In both cases, domain wall motion is not the dominant mode of
magnetization reversal (wall motion is entirely absent in the present study while wall motion was only occa-
sionally observed in the previous study), reversal occurs abruptly and different regions switch at different
fields, and the observed pinning sites are frozen in the applied field range. Despite vastly different underlying
microstructure of NiO in these two studies (annealed NiO single crystal with a fixed orientation across the
NiO-Co interface in the present study versus nanocrystalline NiO in the previous study), the observed simi-
larities may be understood by recognizing that, just as crystallographically imperfect twin interfaces serve as
pinning sites for walls in Co film, other defects can play a similar role. Practically, results provide means of
tuning rotational hysteresis by varying the type and the density of domain walls in NiO and by tuning the

saturation field of the ferromagnet relative to the threshold field for the twin wall motion.
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I. INTRODUCTION

In fundamental investigations of physical phenomena, the
use of single crystals eliminates complications arising from
interfaces. Single crystals are also often used for controlled
incorporation of interface(s) to study the structure sensitivity
of a given property, such as, for example, the use of bicrys-
tals or tricrystals to investigate phenomena related to magne-
tism, electron transport, superconductivity, deformation, etc.;
see, for example, Refs. 1-5. In particular, several studies®~!3
have previously utilized antiferromagnetic single crystals to
investigate the origins and various expressions of exchange
anisotropy arising from coupling between an antiferromagnet
and a ferromagnet.'®!8 The scientific and technological sig-
nificance of exchange anisotropy was immediately apparent
to Meiklejohn and Bean when they first reported this
effect.'0-1® Since its discovery, various expressions of ex-
change anisotropy have been found, including unidirectional
anisotropy,'°~1% sin @ torque curves,'” rotational hysteresis in
fields greater than saturation fields for ferromagnets,'” en-
hanced coercivty,? decay in width of hysteresis loops with
repeated cycling,”">* etc. In addition, exchange anisotropy
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has also been observed in ferrimagnetic-ferromagnetic> and
ferrimagnetic-antiferromagnetic’® exchange coupled sys-
tems. These investigations have led to new fundamental in-
sights into the physics of magnetism and means of creating
new forms of synthetic magnets. The interactions between
spins in materials with different magnetic orders may also be
used to engineer practical magnetic properties of materials.
Indeed, exchange anisotropy has proven to be a key element
in the devices utilizing spin-dependent electron transport,
such as giant magnetoresistance spin valves.”’?8

Consider an ideal single crystal of NiO, which is the an-
tiferromagnetic material used in the present study. As shown
schematically in Fig. 1, the spin structure of NiO consists of
ferromagnetic Ni sheets on {111}-type planes,?® with spins in
adjacent Ni planes being antiparallel due to superexchange
interactions across oxygen atoms.>*3! The spin axis within
each Ni sheet lies along the (110)-type direction.’?> For ex-
ample, with reference to the specific (111) planes shown in
Fig. 1, the spin direction lies parallel and antiparallel to the

[110] direction in alternate planes. This spin structure is well
established and confirmed by pioneering neutron-diffraction
studies of Shull et al.?® and Roth.>3>33 Figure 1 shows that

©2009 The American Physical Society


http://dx.doi.org/10.1103/PhysRevB.80.104429

ARMSTRONG, SULLIVAN, AND CHOPRA

[010]

I _ -

- <— a,=2a,
[100]

QO : Oxygen atom

o : Nickel atom

FIG. 1. (Color online) Schematic of the antiferromagnetic spin
structure in NiO. The antiferromagnetic ordering below the Néel
temperature (523 K) results in a slight rhombohedral distortion due
to contraction along one of the four (111) axes in the cubic phase.
Relative to a rhombohedral angle of 60° for the primitive unit cell
of the paramagnetic cubic phase, the rhombohedral angle in the
antiferromagnetic state is 60° 4.2’ and this small distortion is ig-
nored in the schematic. Note that the magnetic unit cell is twice as
large as the crystal unit cell.

the magnetic unit cell is twice as large as the crystal unit cell
(a,,=2a,). In an ideal single crystal, the crystalline and mag-
netic periodicity would be repeated to infinity in three di-
mensions. Deviations from the ideal periodicity occur in the
presence of long-range defects such as stacking faults, low-
angle grain boundaries, twin boundaries, dislocations, etc.,
which breaks the translation symmetry of the crystal. Since
the magnetic periodicity is linked to the crystalline periodic-
ity, the presence of long-range crystalline defects also creates
corresponding defects in the spin structure. For example,
crystallographic twins give rise to antiferromagnetic twin do-
mains. The same interface that separates adjacent crystallo-
graphic twins also serves as the wall (T wall) for the antifer-
romagnetic domains across which the spin motif changes
orientation continuously along a common spin axis.® In fact,
as-grown NiO single crystals are rarely homogeneous and
have a cornucopia of twins.>*~3¢ This is shown in the trans-
mitted polarized light optical micrographs of an as-grown
NiO single crystal in Figs. 2(a)-2(c); details of imaging the
twin domains by transmission polarized optical microscopy
are given later in the Experimental Details section. Viewed
along the [001] axis, Fig. 2(a) shows fine twin platelets
(~1-5 um thick) lying along the (100) and the (010)
planes. A closer examination of the area enclosed in Fig. 2(a)
shows that the twins are actually confined within bands that
run diagonally at 45° across the (001) plane (plane of the
figure). As shown schematically in Fig. 2(d), these bands are
traces of the (110) planes intersecting the (001) crystal sur-
face. It was found that Fig. 2(a) only represents twin plates
near the upper half of the crystal. By focusing the micro-
scope at different depths of the crystal, the varying profile of
the twins was mapped, as shown in Figs. 2(a)-2(c) for the
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FIG. 2. (Color online) Platelets of twin domains on (100) and
(010) planes of an as-grown NiO single crystal, viewed along the
[001] crystal axis. The micrographs were recorded using transmitted
polarized light. Micrographs (a)—(c) correspond to twin pattern near
the top, middle, and bottom of the crystal, respectively. (d) Sche-
matic of twin pattern in (a).

upper, the middle, and the lower sections of the crystal, re-
spectively. Also note the large variation in color contrast in
the micrographs, which is indicative of a high internal strain
in the crystal to accommodate differently oriented twin
variants.

The twins in NiO are formed as a result of self-strain
associated with cubic to rhombohedral structural transforma-
tion that accompanies paramagnetic to antiferromagnetic
phase transition at its Néel temperature (7Ty=523 K).37-4
Below the Néel temperature, antiferromagnetic ordering is
accompanied by a slight thombohedral contraction of any
one of the four equivalent (111) directions of the parent cu-
bic phase, with the antiferromagnetic sheets being normal to
the contraction axis.” For example, the contraction axis in the
schematic shown in Fig. 1 lies along the [111] direction cor-
responding to magnetic ordering on the (111) planes. With
reference to the parent (cubic) phase, since all four (111)
directions are crystallographically equivalent, contraction
can randomly occur along different (111) directions in dif-
ferent volumes of the crystal, resulting in a heavily twinned
structure of the type shown in Fig. 2. For ease of discussion
in the following, supplementary document 1 lists all possible
twin configurations corresponding to contraction along the
four different (111) axes.*! Note that the principle behind
formation and motion of differently oriented variants of the
low symmetry (thombohedral) phase is analogous to struc-
tural twins formed in multiferroic materials, such as shape
memory alloys, ferroelectrics, etc.

In general, the absence of grain boundaries suffices to
describe a single crystal. It is implicitly assumed that barring
the invariable presence of dislocations, point defects, or a
low density of stacking faults and twins, the translation sym-
metry of the single crystal is essentially preserved across the
entire volume of the crystal. From the micrographs shown in
Fig. 2, it is clear that although this single-crystal sample is
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FIG. 3. (Color online) Plane parallel assembly of two twin vari-

(111)

ants, I(111)-IV(111), in an annealed NiO single crystal viewed
along the [100] crystal direction. The schematic in the lower left
shows ferromagnetic Ni sheets on the (111) and (111) planes, sepa-
rated by (011) T wall. For clarity, Ni sheets with antiparallel spins
are not shown. The schematic in lower right shows exaggerated
relief on the crystal surface due to varying orientation of the rhom-
bohedral contraction axes in adjacent twin domains.

free of grain boundaries, the high density of twins renders
the crystal into a “paracrystalline” form (to distinguish it
from random change in translation symmetry due to grain
boundaries), in which the crystal symmetry is broken albeit
accordingly to well-defined crystallographic rules of twin-
ning. In such a crystal, the measured physical properties are
an aggregate over different directions similar to a fextured
polycrystal and such a crystal is not amenable to single-
crystal studies.

In the present study, heating the NiO crystal to its para-
magnetic state followed by slow cooling did not reduce the
high twin density. This is indicative of defects in the as-
grown single crystals. Annealing can produce NiO single
crystals with a low twin density.® Only after the crystals were
annealed at high temperatures, the number of twins reduced
drastically. Details of annealing, deposition conditions for Co
film on NiO, optical imaging of antiferromagnetic twin do-
mains in NiO and ferromagnetic domains in Co, as well as
details of other magnetic characterization methods used in
the present study are described in the following section fol-
lowed by the discussion of the results.

II. EXPERIMENTAL DETAILS

An as-grown single crystal (5X5X 1 mm?) was cleaved
with a knife edge along the {100} plane (the cleavage plane
of NiO), with the typical thickness of cleaved crystals pieces
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being on the order of 100 wm and a few mm in lateral
dimensions. The cleaved crystals were placed in an air fur-
nace and heated to 1673-1773 K for 1-3 h followed by slow
cooling (5 K/min) to room temperature. This heat treatment
resulted in NiO single crystals with only a few large twins
across the entire volume of the crystal. Care had to be taken
in handling the resulting crystals to avoid accidental nucle-
ation of twins due to forces generated by the tweezers. In-
stead, samples were transported using the adhesion force of a
slightly moist tissue paper. It was found that, if the crystals
were cooled to room temperature at a rapid or uncontrolled
rate, say, by suddenly opening the furnace door, the resulting
crystals had a relatively higher twin density and they were of
high elastic energy variety due to uncontrollable simulta-
neous growth and subsequent impingement of twins in dif-
ferent volumes of the crystal. The behavior of such crystals
in applied field is also discussed in the following section.

Annealed crystals were green in color, which is indicative
of near stoichiometric composition (as opposed to pale yel-
low crystals that are oxygen rich).*>** The NiO crystals are
optically anisotropic (birefringent) with optic axis parallel to
the rhombohedral contraction experienced by the crystal
upon antiferromagnetic  ordering below the Néel
temperature.6 Therefore, in a twinned NiO crystal, the orien-
tation of the optic axes changes upon crisscrossing from one
T domain to another. Owing to this spatial variation of the
optic axis, a sufficient contrast between adjacent T domains
can be achieved by imaging the crystals using transmitted
polarized light combined with a compensator or a wave plate
(half-\) to enhance the shift in the interference colors result-
ing from birefringence. The contrast between adjacent twin
domains would vary depending on the relative orientation of
their optic axes relative to the compensator plate. Obviously,
in the trivial case of a twin-free NiO single crystal, the entire
volume of the crystal has a single optic axis, and a uniform
contrast is expected and observed.

The magnetic domain structure in Co film deposited on
NiO crystals was studied using the high-resolution interfer-
ence contrast colloid (ICC) method in the reflection mode,*
and details of this technique are described elsewhere.*>+/
Briefly, the ICC method employs a colloidal solution to
decorate the microfield on a magnetic surface, similar to the
versatile Bitter method.*® However, the technique differs in
the manner in which the colloid decorated microfield is de-
tected. In the Bitter method, a problem in contrasts develops
in the bright-field or the dark-field mode due to backscatter-
ing by particles and various surfaces between the objective
lens and the specimen, which results in an overall loss of
resolution. Instead, the ICC method uses a Nomarski inter-
ferometer to detect the surface microfield distribution. The
magnetic microfield on the surface causes local variation in
the density of colloid particles (average colloid particle size
is 7 nm), thereby delineating the domain structure. This mi-
crofield is detected in the reflection mode by polarization
interferometer optics, which detects any unevenness at the
nanometer scale and reveals domain structure with a pro-
nounced three-dimensional effect and at a high resolution
that is limited only by that of the microscope (0.4—0.6 wm).

Whereas domain in bare NiO crystals were imaged in
transmission mode of the optical microscope, spatial corre-
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FIG. 4. (Color online) Pres-
ence of more than two twin vari-
ants necessitates the formation of
S walls. (a) A nearly twin-free an-
nealed NiO single crystal except
for a few twins at the end. Inset
shows magnified view of the
twins at the end of the sample.
[(b),(c)] The schematics show the
crystallography and antiferromag-
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netic spin motif across twin do-
mains, respectively. The position
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coincide with the T walls. The
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gerated for clarity. For clarity, Ni
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not shown. See text for
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lation between domains in Co film deposited over NiO was
accomplished simply by switching the mode from transmis-
sion (for NiO) to reflection (for ICC imaging of Co). In such
samples, the 10-nm-thick Co film was transparent enough for
mapping the antiferromagnetic domains in NiO.

Cobalt films (10 nm thick) were deposited on NiO crys-
tals and silicon substrates using dc magnetron sputtering.
Sputtering was carried out in an Ar pressure of
~8—-10 mTorr in a UHV system whose base pressure was in
the 107%-10"° Torr range. Samples were capped with
~2.5-nm-thick Au or Ta protective layer to prevent oxidation
over time. The torques curves as a function of applied field
were measured at room temperature using Quantum Design
physical property measurement system. For torque magne-
tometry, the twin structure of NiO crystals was recorded both
prior and after the measurements in order to determine the
effect of applied field on twin domain pattern.

III. RESULTS AND DISCUSSION

A. Spin walls as geometrically necessity in the
presence of twin walls

The effect of annealing in drastically reducing the density
of twin domains in NiO is shown in Fig. 3 (cf. Fig. 2). The
sample in Fig. 3 consists of just four large twins. Viewed
along the [100] axis, the lower left schematic in Fig. 3 shows

that Ni sheets in adjacent twins lie on the (111) and (111)
planes, separated by (011) T wall; for clarity Ni sheets with

antiparallel spins are not shown. The key point of Fig. 3 is
that this twin geometry consisting of two twin variants with

a common magnetic axis, [01 1_], allows the spins in Ni sheets

to change continuously from (111) to (111) plane. As a re-
sult, no spin-rotation walls (S walls) are needed in crisscross-
ing from one twin to another. With reference to supplemen-
tary document 1,*! the twin configuration in Fig. 3 is referred

to as I(111)-IV(111); the supplementary document also
shows all other possible twin variants with a common mag-
netic axis. The lower right schematic in Fig. 3 shows exag-
gerated relief on the crystal surface due to varying orienta-
tion of the rhombohedral contraction (optic) axis in the
crystal, which enables adequate contrast between adjacent
twins when viewed in transmitted polarized light.

Figures 4 and 5 are shown to highlight that, aside from a
simple plane-parallel assembly of twins consisting of only
two variants with a common magnetic axis (such as the one
shown in Fig. 3 or in supplementary document 1),*! three or
more twin variants necessitate the formation of spin domain
walls or S walls. The properties of S walls have previously
been measured using neutron-diffraction and torque
measurements.®” While S walls cannot be seen optically,
their presence can be easily deduced from Fig. 4. The an-
nealed NiO single crystal in Fig. 4(a) is twin free over its
entire length except for the few twins at the end and a tiny
platelet in the middle (marked by the arrow). The inset in
Fig. 4(a) is a magnified view of the twinned end of the crys-
tal. The schematics in Figs. 4(b) and 4(c) show, respectively,
the crystallography and the antiferromagnetic spin structure
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of the twin domains. Viewed along the [100] direction, the
schematic in Fig. 4(b) shows (010) and (110) twin planes.
Whereas the projection P(010) of the (010) twin plane on the
(100) surface is a straight line, the projection P(110) of the
(110) plane on the (100) plane is a band, as shown in Fig.
4(b). From the width of the band, D, the thickness of the
crystal can be estimated from the relation 7=D cos 45°
=D/V2 and is ~100 um. With respect to the notation of
twin variants in supplementary document 1,*' the sequence
of variants present in Fig. 4(b) from left to right is

II(111)-I(111)-I(111)-I(111). For the first three variants,
MI(111)-I(111)-II(111), in this sequence, Fig. 4(c) shows
that the common magnetic axis between twins III and I is
[101], and the common magnetic axis between twins I and IT

is [110]. Therefore, as shown in Fig. 4(c), the spin direction
in the (111) ferromagnetic sheets of twin I must rotate, so
that it is able to maintain a common magnetic axis with its
neighboring twin III on the left and twin II on the right, thus
giving rise to S-domain wall. For the S wall shown in Fig.
4(c), the axis of rotation is perpendicular to the (111) plane.
Following the notation by Roth,® such S walls are called S,
since the wall is parallel to the ferromagnetic sheets; the
other variety is called S | walls where the wall is perpendicu-
lar to the ferromagnetic sheets. Figure 5 shows another an-
nealed sample in which four different twin variants meet at a
single point. In this example, the crystallography of the twins
below and above the horizontal line is shown in the respec-
tive schematics at the bottom and top. The spin structure
around the intersection of these four variants is shown in the
schematic on the right where, for clarity, the area of twin II is
exaggerated relative to twin I'V. Figure 5 again highlights the
necessity of S walls due to geometrical constraints imposed
by T walls.
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FIG. 5. (Color online) Inter-
section of four different twin vari-
ants at a single point in an an-
nealed NiO single crystal resulting

the formation of spin walls. The

crystallography of twins below

and above the horizontal (orange)
line is shown in the respective
schematics at the bottom and top.
The spin structure around the in-
tersection of the four variants is
shown in the schematic on the
right; for clarity, the area of
twin-1I is exaggerated relative to
twin-IV.

IVATT)

B. Role of spin and twin walls in observed torque hysteresis in
NiO and NiO-Co

Figures 6(a)-6(f) show torque curves of an annealed NiO
single crystal, measured at field values ranging from 100 to
50 000 Oe, with applied field confined to the (100) plane of
the crystal; although not shown, the torque curve measured
at 70 000 Oe had a profile similar to that at 50 000 Oe.
These torque curves were measured by rotating the sample
both clockwise and counterclockwise about the [100] crystal
axis at a given field, with 0° arbitrarily assigned to torque
measured along the [010] direction. Note that the shift in
torque along the ordinate by ~5.24*+0.56 nN m is not an
accidental consequence of torque chip calibration. Instead, it
reflects the asymmetrical twin domain structure present in
the sample, as shown in Fig. 7. The torque curves were mea-
sured in order of ascending magnetic fields and the domain
pattern in the sample was imaged before and after the torque
experiments, as shown in Figs. 7(a) and 7(b), respectively.
Figure 7(c) is obtained by superimposing Figs. 7(a) and 7(b)
in order to show the relative position of twin walls before
and after the torque experiments. Optical imaging of T walls
as a function of applied field (described later) shows that T
walls become mobile when the applied field exceeds
~10 000-20 000 Oe. However, small displacements of T
walls may not always be obvious [for instance, the relatively
small change in the width of the twin at the right in the
superimposed image in Fig. 7(c)] or may be below the reso-
lution of the optical microscope. The field dependence of
rotational hysteresis described later in Fig. 10 shows that the
threshold for T-wall movement is closer to 10 000 Oe rather
than 20 000 Oe; at fields lower than ~10 000 Oe, T walls
are essentially frozen and rotational hysteresis arises from S
walls.
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FIG. 6. (Color online) (a)—(f) Torque curves of an annealed NiO
single crystal at different field values (shown in each figure). The
applied static field was confined within the (100) plane of the crys-
tal, and measurements were made by rotating the crystal about the
[100] axis. Corresponding to (a)—(f), (ar)—(f7) show respectively
the average torque value at each angle. The solid lines are curve fit
to the data (open circles).

Corresponding to Figs. 6(a)-6(f), Figs. 6(ar)-6(fr) show
respectively the so-called “true” torque curves, obtained by
taking the average torque value at each angle. The solid lines
in Fig. 6(ar)-6(fr) are curve fit to the data (open circles).
Figures 6(ar)-6(fr) show that, at fields lower than
~10 000 Oe, the true torque curves are primarily sinusoidal
(sin 6) with a small contribution from sin 26 and has the
form T=|T,|~|T,|sin(6+ @) —|T,|sin 2(6+¢); the phase shift
¢©(=35°) in the fitted curves in Figs. 6(ar)-6(f7) is related to
the arbitrarily assigned angle of #=0 for torque measured
along the [010] direction. At higher fields, the sin 26 and the
sin 46 components become progressively more dominant,
and the fitted curves are of the form T=|T,|-|T,|sin(6+¢)
—|T|sin 2(6+ @) +|T|sin 4(6+¢).*° A notable feature of the
torque curves in Figs. 6(a)-6(f) is the observation of signifi-
cant hysteresis even at fields as low as 100 Oe [Fig. 6(a)].
The exciting features of this hysteresis can be seen more
clearly from the difference in torque values corresponding to
clockwise and counterclockwise rotations, as shown in Figs.

PHYSICAL REVIEW B 80, 104429 (2009)

FIG. 7. (Color online) Domain patterns in bare NiO single crys-
tal. (a) Before and (b) after torque measurements shown in Fig. 6.
(c) Superimposed image of (a) and (b) showing the relative dis-
placement of T walls as well as nucleation of new twin domains
following the torque measurements.

8(a)-8(f). The torque hysteresis curves in Fig. 8 show that at
low fields the absolute value of hysteresis versus angle has
the form sin’ #, which devolves into unidirectional symmetry
with the empirical curve fit equation containing components
of cos 6 as well as sin® 6. In contrast, the torque curves for
NiO-Co (10 nm) system are shown in Figs. 9(a)-9(d). Again,
these curves were measured by rotating the sample both
clockwise and counterclockwise about the NiO [100] crystal
axis, with applied field confined to the (100) plane. Figures
9(ar)-9(dr) shows, respectively, the corresponding torque
hysteresis (absolute values) curves obtained from difference
in torque values for clockwise and counterclockwise rota-
tions in Figs. 9(a)-9(d); see for comparison torque hysteresis
curves for bare NiO single crystal in Fig. 8. The torque
curves in Figs. 9(a)-9(d) show that, at fields lower than
~20 000 Oe, the curves are primarily sinusoidal and exhibit
higher harmonics at higher fields. Moreover, as expected, the
magnitude of the torque in the presence of Co film is more
than an order of magnitude higher than that for bare NiO
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crystal in Fig. 6. However, there are two noteworthy features
of the torque and the torque hysteresis curves in Fig. 9. First,
the angular dependence of torque hysteresis in Figs. 9(ar)-
9(dr) is isotropic, in stark contrast to the well-defined sym-
metrical behavior for the bare NiO crystal in Fig. 8. Second,
the magnitude of the torque hysteresis is comparable to that
for bare NiO crystal in Fig. 8, being of the order of
0-3 nN m in both cases. In other words, the contribution to
torque hysteresis at the measured fields is principally gov-
erned by S and T walls in NiO, as further shown in the
following.

By integrating the torque hysteresis, [Rd6, the total rota-
tional hysteresis W is obtained. Rotational hysteresis is a
measure of discontinuous change in magnetization as the
sample is rotated in a constant magnetic field. In an ordinary
ferromagnet, magnetization rotates continuously at fields
higher than its saturation field and rotational hysteresis ap-
proaches zero. This is shown in Fig. 10 for a 10-nm-thick Co
single film (green, lower curve), where rotational hysteresis
is plotted as a function of inverse magnetic field (1/H). The
zoomed-in view in the inset of Fig. 10 shows that in-plane
rotational hysteresis of Co film tends toward zero at fields in
excess of ~1000 Oe (1/H<0.001 Oe™') and becomes
negligible at fields higher than ~5000 Oe (1/H
<0.0002 Oe™'). This drop toward zero is the expected be-
havior of an ordinary ferromagnet. Figure 10 also plots ro-
tational hysteresis for NiO single crystal and NiO-Co, whose
torque characteristics were described in Figs. 6-9. The re-
markable feature of Fig. 10 is the “ferromagneticlike” drop
in rotational hysteresis for the bare NiO single crystal (blue,
upper curve) with increasing field strength (decreasing val-
ues of 1/H), until a threshold field of ~10 000 Oe (1/H
<0.0001 Oe™!) is reached beyond which rotational hyster-
esis increases abruptly. The stage corresponding to the ferro-
magneticlike drop in rotational hysteresis is attributed to dis-
continuous changes in antiferromagnetic spin motif due to
motion of S walls, as marked in Fig. 10. In this stage, the
density of S walls decreases with increasing field strength
(analogous to the process of domain wall annihilation in an
ordinary ferromagnet), and rotational hysteresis begins to
drops. However, as long as T walls are present, S walls are a

geometrical necessity, as discussed in Figs. 4 and 5. There-
fore, unlike Co film in Fig. 10, the rotational hysteresis in
bare NiO due to S walls does not drop to zero. Instead, S
walls migrate from bulk volume of NiO to the T-wall inter-
faces, and they begin to exert an equivalent mechanical pres-
sure on T walls (Py=(pH?/2)[dx(g)/dg], where the wall
pressure Py, is related to the mechanical stress by the rela-
tionship Py = o-app,%, p is the density of NiO and g is the
volume fraction of domains of a given orientation in the
sample, Y is the average susceptibility of multidomain NiO,
and A—ll(=1.6>< 1073) is the maximum strain along the (111)
direction based on rhombohedral contraction along this
axis).® At fields on the order of 10 000 Oe, the wall pressure
is on the order of ~0.1-0.2 MPa, which is enough to cause
T-wall displacement, and consistent with previous studies on
stress-mediated motion of T walls.®*® Above ~10 000 Oe
(1/H<0.0001 Oe™'), the wall pressure exceeds the thresh-
old value for displacement of T walls in the crystal, resulting
in a sharp increase in rotational hysteresis, as marked in Fig.
10. The implication of these results is that as long as T walls
are present, S walls are geometrically necessary, and the ob-
served crossover (a drop followed by an abrupt increase) in
rotational hysteresis from S walls to T walls will always be
present. Figure 10 also shows that rotational hysteresis in
NiO-Co mirrors the behavior of bare NiO crystal. Since ro-
tational hysteresis in Co single film is zero at fields higher
than 5000 Oe, the observed rotational hysteresis for NiO-Co
in Fig. 10 (red, middle curve) is mainly governed by S walls
at low fields (<10 000 Oe) and T walls at higher fields.
Figure 10 suggests that if S walls were absent in a bare
NiO sample, rotational hysteresis associated with S walls
would be zero. This is shown in Fig. 11 for a bare NiO single
crystal that was twin free (except for a tiny twin band near
one of the four corners of the sample). Figure 11 shows that,
indeed, in the absence of geometrical constraints imposed by
the T walls, S walls are absent or easily swept away, and the
rotational hysteresis associated with S walls is zero or neg-
ligible. The inset in Fig. 11 shows a zoomed-in comparative
view of rotational hysteresis for this twin-free crystal versus
the twinned NiO crystal in Fig. 10. Even though this crystal
was twin free, another exciting feature of Fig. 11 is the
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FIG. 9. (Color online) (a)—(d) Torque curves of annealed
NiO-Co (10 nm thick) exchange coupled system at different field
values (shown in each figure). The applied static field was confined
to the (100) plane of the NiO crystal, and measurements were made
by rotating the NiO crystal about the [100] axis. (ar)—(ds) show,
respectively, the torque hysteresis curves corresponding to (a)—(d).
See text for explanation.

abrupt increase in rotational hysteresis from zero to very
large values at fields where T-wall motion would prevail.
Domain imaging of the crystal following torque measure-
ments revealed the nucleation of several new T walls, which
implies the existence of incipient nuclei and embryos of twin
domains in the crystal that are too small to be seen by optical
microscopy or to impose the necessity of S walls. The inset
in Fig. 11 shows that the critical field for heterogeneous
nucleation of twin domains from incipient embryos is
~5000—10 000 Oe (0.0002—0.0001 Oe™!). Further studies
as a function of applied field and pressure are needed to
investigate the nucleation behavior of twin domains and are
beyond the scope of the present study.

Note that the low-field torque curves of bare NiO single
crystal in Fig. 6 are of the form sin 6 (unidirectional). At
higher fields, the sin 26 (uniaxial) component becomes pro-
gressively more dominant, which is the expected form of
torque curves for an antiferromagnet (H? sin 26).” The low-
field sin 6 torque curves imply that the following criterion is
being met, viz., the applied torque field is less than the
threshold field to change the antiferromagnetic spin motif.

PHYSICAL REVIEW B 80, 104429 (2009)

The present study provides a mechanistic understanding of
this “threshold” field in NiO—it is the field required to
change the antiferromagnetic spin motif by motion of T
walls. Moreover, the sin 6 form of torque curves at low fields
must also be reconciled with the observed torque hysteresis
in Figs. 6 and 8. This can be explained by noting that S walls
are geometrically necessary in the presence of T walls. Fur-
thermore, the anisotropy of the (111) plane in NiO is
miniscule,” which enables S walls to move with ease. As
long as the applied field is below the threshold field for
T-wall motion, S wall can move back and forth between T
walls but it cannot exert enough wall pressure to displace T
walls and thereby change the overall antiferromagnetic motif
defined by T walls. This explains the hysteretic and largely
unidirectional behavior of torque curves at low fields. Only
when the applied field for torque measurements exceeds the
threshold field for T-wall motion, the torque curves take the
expected sin 26 form (uniaxial), as shown in Fig. 6. This is
accompanied by appropriate hysteresis associated with mo-
tion of T walls. The unidirectional and the uniaxial behaviors
of Co/NiO composite in Fig. 9 parallel the behavior of bare
NiO single crystals. The general assumption is that the ap-
plied field acts on the ferromagnet, which in turn alters the
antiferromagnetic spin structure in exchange anisotropy sys-
tems. Instead, the key point here is that it is vice versa—the
applied field acts on the antiferromagnet, which in turn con-
trols the expressions of exchange anisotropy. Also note that
the present study intentionally focuses on {100} surfaces of
NiO since they are the fully compensated planes of NiO.
This eliminate complications arising from uncompensated
spins on NiO surface, such as the {111} surfaces, which can
also give rise to a displaced hysteresis loop for NiO/Co and
a concomitant unidirectional form of torque curves.

C. Domain walls in exchange coupled Co films originate at
twin walls in underlying NiO

Domain walls are also present in Co film exchange
coupled to NiO and in the present study they could be anni-
hilated at fields of ~30—100 Oe. In order to understand hys-
teretic effects associated with domain walls in Co film, their
spatial distribution was mapped relative to T walls in NiO,
and their field dependence was investigated. For this pur-
pose, 10-nm-thick Co films were sputter deposited on the
(100) surface of annealed NiO crystals. The (100) orientation
was chosen since it is the fully compensated plane of NiO, as
seen from Fig. 1. This eliminates complications arising from
uncompensated spins on the NiO surface while at the same
time enables the identification of possible pinning sites that
may be present on an otherwise compensated surface. Do-
main walls in Co film were imaged in the reflection mode of
the optical microscope. At the same time, the 10-nm-thick
Co films were transparent enough to image T domains in the
transmission mode of the microscope. This was done simply
by switching the light path of the microscope.

Domain studies revealed a one-to-one spatial correlation
between domain walls in Co and T walls in underlying NiO,
as shown in Figs. 12 and 13. Viewed along the [100] direc-
tion, the NiO crystal in Fig. 12(a) consists of a simple plane

104429-8



ANTIFERROMAGNETIC SPIN AND TWIN DOMAIN WALLS...

—e—NiO
06 —=— NiO-Co
—o—Co film

o
(o2}
1

o *
e
%) -
]|
3 0ol
iR 00000 |~ 00005 00010 | 00015

_Swalls
o

Rotational hysteresis (uJ/cycle)

'
0.3{¢° -
/.
/S\o
0.0~ ?7 T T
0.000 0.007 0.014

1/H (Oersteds)”

FIG. 10. (Color online) Rotational hysteresis W versus inverse
field (1/H) for 10-nm-thick Co single film (green, lower curve),
annealed NiO single crystal (blue, upper curve), and annealed
NiO-Co (10 nm) exchange coupled system (red, middle curve). The
inset shows a zoomed-in view of the curves at high fields. See text
for explanation.

parallel assembly of I-III- (or II-IV-) type twin domains
across the (010) T walls; the position of T walls is marked by
arrows in Fig. 12(a). Figure 12(b) shows the ferromagnetic
domain structure in the same area of Co film, which reveals
that the domain walls in Co film exactly coincide with T
walls in underlying NiO. The domain walls in Co film were
imaged in the Nomarski mode of the microscope, which is
sensitive to even minute unevenness in surface roughness at
the nanometer scale. The surface roughness appears as nu-
merous peaks and valleys in Fig. 12(b) and is to be ignored.
It was found that as the underlying T-domain pattern be-
comes more complex, the domain walls in Co mirrors the
same complexity. This is shown in Fig. 13, where twins in
NiO are internally twinned, and domain walls in Co assume
the same geometrical pattern. Again, ignore the surface
roughness features that are enhanced by the Nomarski mode
of imaging in the microscope.
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FIG. 11. (Color online) Rotational hysteresis W versus inverse
field (1/H) for a twin-free NiO single crystal. In the absence of S
walls, rotational hysteresis is zero or negligible until new T domains
begin to nucleate at high fields (low 1/H values). The inset shows
comparative behavior of this twin-free crystal and the twinned NiO
single crystals shown in Fig. 10.
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FIG. 12. (Color online) Twin domains and ferromagnetic do-
mains in a NiO-Co (10 nm) exchange coupled system. (a) Plane-
parallel assembly of twin domains in NiO as viewed in the trans-
mitted polarized light. The 10 nm Co film on top of NiO is
sufficiently transparent in the transmitted mode of the optical mi-
croscope and does not interfere with imaging of the T domains. (b)
Ferromagnetic domain pattern in Co film imaged in the reflected
mode of the microscope. The position of the ferromagnetic domain
walls exactly coincides with the underlying T walls.

The field dependence of domain walls in Co film depos-
ited over annealed NiO single crystal is shown in Figs.
14(a)-14(f); the applied field is in the vertical direction. Ig-
nore the diagonal striations in Fig. 14, which are primarily a
result of unevenness on the NiO surface over which Co film
is deposited. In Fig. 14, the domain walls in Co film run from
left to right and map one to one with the underlying twins in
NiO (not shown); their position is marked by arrows in Fig.
14(a). Figure 14(b) shows that when the field strength

Trace of (010)
on (100)

Trace of (0T 1)
on (100)

Surface roughness
features of NiO

FIG. 13. (Color online) Ferromagnetic domain pattern in Co (10
nm) film deposited on NiO single crystal. The micrograph was re-
corded in the reflected mode of the optical microscope. Schematic
shows that the position of the ferromagnetic domain walls exactly
coincides and matches the T-wall geometry in the underlying NiO
(not shown). The surface roughness of NiO is enhanced in the
Nomarski mode and is to be ignored.
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FIG. 14. (Color online) Field dependence of domain walls in Co
(10 nm) film deposited on annealed NiO single crystal. The position
of the ferromagnetic domain walls exactly coincides with T walls in
the underlying NiO (not shown). (a) H=0 Oe, (b) H=-34 Oe, (c)
H=-38 Qe, (d) H=-45 Oe, (e) H=-62 Oe, and (f) H=
—100 Oe. Applied field is in the vertical direction.

reaches —34 Oe, a small segment of the domain wall in Co
film unpins abruptly, as marked by the red arrow in the
lower-left corner of Fig. 14(b). Different segments of domain
walls were found to unpin abruptly at different fields until
the entire domain walls in Co film disappeared. A movie
showing the reversal process is attached along with this pa-
per, which provides details of this abrupt unpinning process
more comprehensively. 4! Note that the fields required to
unpin the wall segments in Co are much lower than those
required to move the underlying T walls in NiO. Moreover,
the position of underlying T walls was intermittently moni-
tored by changing the mode of observation from reflected to
transmission, and they showed no change in position at these
field values. An interesting feature of micrographs in Fig. 14
is the very different behavior of exchange coupled domain
walls in Co film compared to walls in a Co single film. In an
ordinary ferromagnetic film, domain walls move across the
surface of the sample, and domains whose magnetization
vector is favorably oriented with respect to the applied field
grow and consume domains whose magnetization is unfavor-
ably oriented relative to the field direction. In contrast, do-
main walls in exchange coupled Co film in Fig. 14 do not
move at all. Instead, different segments of the domain walls
simply unpin at different fields. When the field is turned off,
the walls in Co film assumed their original position. As an
aid, the measured hysteresis loop of Co-NiO composite is
shown in Fig. 15. While the micromagnetic simulations of
spins in Co film are beyond the scope of the present study,
the schematic in Fig. 15 shows fluctuations in spins in Co
film (domain wall) caused by disturbance in an underlying T
wall in NiO.

As described in the Introduction, the interface that sepa-
rates adjacent crystallographic twins also creates a corre-
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FIG. 15. (Color online) (a) Hysteresis curve of Co (10 nm) thick
film sputter deposited on annealed NiO single crystal. (b) Schematic
showing domain wall in Co film arising from net dipoles of a non-
ideal T wall in underlying NiO.

sponding domain wall (T wall) in the antiferromagnetic spin
motif. In the idealized schematics shown in supplementary
document 1,*! the twin interface and the coincident T wall is
an atomically sharp plane across which the antiferromagnetic
spin motif changes orientation along a common spin axis
without a break in continuity. Only across such an atomically
sharp twin interface, T walls would have no net dipoles.
Therefore, at first sight, T walls in NiO are not expected to
result in any preferential tendency for pinning of domain
walls in Co film and are generally assumed. In contrast, de-
lineation of domain walls in Co film by accumulation of
ferrofluid particles in Figs. 12 and 13 clearly reveals that the
domain walls in Co film (viewed in reflection mode) coin-
cide with position of underlying T walls in NiO (viewed in
transmission mode). This is explained by the fact that twin
interface in NiO is not ideal or atomically flat and the atomic
positions do not perfectly coincide across the twin wall. In-
stead, the resulting crystallographic twin walls have a finite
width. Since the antiferromagnetic motif is linked to the un-
derlying crystalline motif, the T wall also acquires a finite
width and a net dipole. In other words, the finite width of the
twin interface can be treated as a long-range defect across
which a small net moment exists. Another factor contributing
to finite width and net dipoles is the presence of steps in the
wall [see, for example, the discussion of varying wall width
in Fig. 16 below caused by the presence of (100) steps within
the wall]. With a net dipole, the T walls become the prefer-
ential sites for formation of domain walls in the Co film. In
this picture, the pinning strength would also depend on the
orientation of the T walls, {100} versus {110} type, since they
have different surface energies and structures (see, for ex-
ample, Refs. 50-55). Note that in this picture the origin of
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FIG. 16. (Color online) Micromagnetic evolution of T domains
in NiO single crystal in magnetic field. [(a),(b)] H=0, (c) 3000, (d)
20 000, and (e) 27 000 Oe. See text for explanation of (a) and (b).
Applied field is in the vertical direction. See text for explanation.

observed domain wall in Co film in the present study is a
magnetic disturbance in the underlying T wall. Once the ap-
plied field “smoothens” the effect of this disturbance in the
Co film, the wall in Co film ceases to exist. Once the field is
removed, the domain wall reappears at the same position.
This explains the above described observation that domain
walls in Co film do not move at all. At the same time the
position of the underlying T wall remains unchanged since
the applied fields are less than threshold for movement of T
walls.

Previously, the effect of applied field on domain walls has
been reported in nanocrystalline or epitaxial systems.*6-56-66
In particular, the observed field dependence of domain walls
in Fig. 14 bears key similarities to the author’s previously
reported results on Co films deposited over nanocrystalline
NiO films.*® While the size and the density of ferromagnetic
domains are understandably different, in both cases the do-
main wall motion is not the dominant mode of magnetization
reversal (wall motion is entirely absent in the present study
while wall motion was occasionally observed in the previous
study*®). Also, in both cases, reversal occurs abruptly and
different regions switch at different fields. Moreover, the ob-
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served pinning sites are frozen in the applied field range.
Despite these “global” similarities, the underlying micro-
structure of NiO is totally different in these two studies. As
opposed to a fixed [100] crystallographic orientation across
the NiO-Co interface in the present study, orientation of the
nanocrystalline NiO grains changes at the nm scale. A hand-
ful of twins exist in the present study that extends the entire
length of the crystal that is a few mm long and wide. In
contrast, any nanotwin, if present in nanocrystalline NiO, is
confined within a grain that is at most a few tens of nm in
diameter. Despite these microstructure differences, the ob-
served similarities may be understood by recognizing that a
crystallographically ideal T wall has no net dipoles and an
ideal T wall would not lead to any preferential tendency for
pinning of walls in Co film. Instead, it is the crystallographi-
cally imperfect nature of twin interfaces that results in a net
dipole and serves as a pinning site for walls in Co film (Figs.
12-14). Other defects can play a similar role, regardless of
the scale. Of course, in the case of nanocrystalline NiO, the
scale and the density of such pinning sites would be differ-
ent. The choice of a fully compensated NiO surface in the
present study simply helps to eliminate complications and
illustrate the commonalities in their observed behavior.
Finally, consider the micromagnetic evolution of T walls
in bare NiO single crystals as a function of applied field. It
was found that annealed single crystals that were subjected
to uncontrolled cooling often resulted in high elastic and
magnetic energy domain patterns in which adjacent twins do
not share a common magnetic axis of the types shown in
supplementary document 1.*' Such patterns abruptly col-
lapsed into low elastic energy patterns when subjected to
relatively low fields. Once the domain pattern collapsed into
a low-energy stable configuration, further motion of T walls
could only be achieved at fields higher than ~10 000 Oe.
This behavior is illustrated in Figs. 16(a)—16(d). Figure 16(a)
shows the twin pattern in a NiO single crystal that was
cooled from 1673 K at a controlled rate of 5 K/min. The
black dots in Fig. 16(a) represents types of twin variants
separated by (110)- or (010)-type T walls, as indicated on the
top of the figure. For example, the II-I twin on the leftmost
portion of Fig. 16(a) is separated by a (110) twin wall. Notice
the varying width of this (110) T wall (marked by horizontal
arrows), as it gradually tapers toward the bottom. This is
caused by the presence of (100) steps in the wall. In contrast,
the (110) T wall between the second set of I-II twins in Fig.
16(a) has a more uniform width. The I-(110)-II twin se-
quence in Fig. 16(a) is a low elastic energy configuration and
the I-II twins were found to occur frequently in annealed
NiO crystals. The sample shown in Fig. 16(a) was reheated
to 1673 K and cooled uncontrollably by opening the furnace
door. The resulting twin pattern is shown in Fig. 16(b). The
twin pattern in Fig. 16(b) has a high elastic energy as a result
of simultaneous nucleation of twins in different volumes of
the crystal and their subsequent intersection at crystallo-
graphically and magnetically incompatible interfaces. For
example, the twins marked in the dotted box in Fig. 16(b)
would not ordinarily exist on the basis of continuous transi-
tion in antiferromagnetic motifs shown in supplementary
document 1.*' The large variations in color contrast are also
indicative of a high internal strain in the crystal. Indeed,
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when a small magnetic field of 3000 Oe was applied, the
twin assembly in Fig. 16(b) abruptly collapsed into a low-
energy twin pattern shown in Fig. 16(c). Following this col-
lapse, no measurable motion of twin walls was detected until
the field reached 20 000 Oe. Also notice the presence of two
pairs of I-II-type twins in Fig. 16(c), marked by horizontal
lines at the bottom. Figures 16(d) and 16(e) show the twin
configuration at 20 000 and 27 000 Oe, respectively. The
notable feature of the field-induced twin motion is the move-
ment of stable I-(110)-1I twin pairs as a single unit, as shown
sequentially in Figs. 16(d) and 16(e), until they form a plane
parallel assembly of I-II-I twins, as seen in the middle of Fig.

PHYSICAL REVIEW B 80, 104429 (2009)

16(e). The collapse of unstable twin configuration in Fig.
16(b) at low fields into a stable twin pattern in Fig. 16(c) also
helps to explain the initially large hysteresis that is often
observed in exchange coupled systems, followed by a de-
crease in the width of the hysteresis loops with a repeated
cycling of the sample.?!~2*
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