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Finite-Size Effects and Uncompensated Magnetization in Thin Antiferromagnetic CoO Layers
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(Received 16 October 1995)

Finite-size effects in CoO, an antiferromagnetic insulator with localized moments, have been observed
in CoOySiO2 multilayers. The Néel temperatures of the CoO layers, as determined by dc susceptibility
measurements, show a finite-size scaling relation with a shift exponentl  1.55 6 0.05. Increased
magnetization with an oscillation in magnitude, due to uncompensated antiferromagnetic layers, has
also been observed.

PACS numbers: 75.70.Cn, 68.35.Rh, 75.30.Cr
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When one or more dimensions of a bulk solid
reduced to near or below a certain characteristic len
scale, the associated properties are modified reflecting
lower dimensionality. Thin layers are ideal media f
the studies of finite-size effects related to the appro
to two dimensions. The correlation length in the late
directions are unimpeded in thin layers, but termina
by the layer thickness in the third direction [1]. F
systems with long correlation lengths, such as traditio
superconductors having coherence lengths of the o
of hundreds of Å, finite-size effects can be observed
comparatively thicker films [2]. The reduction of th
superconducting transition temperature due to finite-
effects and, correspondingly, the dimensional crosso
have been observed in numerous systems [2,3].
strongly correlated systems with short correlation leng
such as ferromagnets, an appreciable reduction of
Curie temperaturesTCd occurs only in ultrathin films
[4,5]. Furthermore, the high values ofTC in most
elemental ferromagnets (e.g., Co and Fe withTC .

1000 K) effectively prevent the determination ofTC

at such high temperatures without first degrading
destroying the ultrathin films. The few reports of t
reduction of TC in Co and Fe involve ultrathin films
a few monolayers thick withTC , 400 K [4,5]. These
experiments, difficult as they are, preclude the finite-s
scaling analyses, which are the results of critical beha
in the vicinity of bulk Curie temperaturefTCs`dg. Most
detailed analyses of finite-size effects in ferromagn
have been made in Gd films with a convenient bulkTCs`d
near room temperature [6]. Even in spin glasses, endo
with a longer correlation length, finite-size effects a
dimensional crossover have already been observed [7

Conspicuously lacking is the observation of finit
size effects in antiferromagnets with localized momen
Finite-size effects in antiferromagnets are intrinsica
more interesting because the occurrence of antiferrom
netic (AF) order is made possible by the cancellation
two or more ferromagnetic sublattices resulting in z
net magnetization. In addition to the requirements of t
layers, the observation of finite-size effects in AF ma
rials presents a further challenge because of the zero
0031-9007y96y76(10)y1743(4)$10.00
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magnetization. Under an external field, the response
an AF material is much weaker than that of a ferroma
net. The only and very recent report of finite-size effe
in an AF material has been through the indirect measu
ment of resistivity in thin layers of Cr, which is an in
commensurate spin-density-wave AF metal [9]. Since
results have been observed in Fe/Cr multilayers, the
terlayer coupling through the Cr layers and the ferroma
netic ordering of the Fe layers complicate the analyses
the finite-size scaling of Cr layers.

In ultrafine AF particles, unusual magnetic properti
may result from uncompensated moments, as first s
gested by Néel [10], and weak ferromagnetic characte
tics have been observed in ultrafine AF particles of ab
22 Å [11]. For an AF ultrathin layer uncompensated m
ments may also be observable. The uncompensated m
netization can be particularly large for AF with alternatin
ferromagnetic planes. In this work, we report on the fi
observation of finite-size effects in a magnetically isolat
AF insulator with localized moments via direct suscep
bility measurements. We have also observed uncomp
sated net magnetization in very thin AF layers.

For the studies of finite-size effects, we have chos
CoO, a well-known AF insulator with a localized mome
of 3.8mB residing on the Co21 sites [12]. It has a
simple fcc NaCl structure with a lattice parameter ofa0 
4.26 Å. Bulk CoO has an ideal Néel temperaturesTN d
near room temperature. Any appreciable reduction
TN can be readily measured without risking the integr
of the thin layers. Because of the intrinsically wea
response to an external magnetic field, CoO sample
a multilayer form are imperative. To prevent possib
interlayer coupling through metallic intervening layer
nonmetallic layers will be necessary. These dema
have been satisfied by the successful fabrication of C
SiO2 multilayers by RF sputtering.

Sputtering has been administered in an Ar atmosph
of 6 mTorr, at an RF power of 75 W, resulting in dep
sition rates of 2.8 and 1.5 Å/s for CoO and SiO2, respec-
tively. The (100) Si substrates have been mounted
a computer-controlled rotating platform, which seque
tially moves the substrate to the deposition sources
© 1996 The American Physical Society 1743
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prescribed amounts of time. Each individual sample w
cut from a multilayer consisting of 100 bilayers of wedge
films of CoO varying in thickness from 5 to 125 Å, inter
leaved with a fixed SiO2 layer of thickness either 50 or
75 Å. For all the samples measured, the thickness of
CoO is theonly varying parameter. It turns out that bot
50 and 75 Å of SiO2 are more than sufficient to isolate th
AF layers, and there is no difference between the samp
with 50 or 75 Å of SiO2.

In Fig. 1, low-angle x-ray diffraction results of rep
resentative CoO/SiO2 multilayers are shown. The high
quality of the multilayers are indicated by the larg
number of diffraction peaks. The bilayer thickness, dete
mined from the peak separation, agrees very well with t
designed value. High-angle x-ray diffraction shows th
the CoO layers are predominantly (100) oriented, where
the SiO2 layers are amorphous. The excellent lay
structure has also been confirmed by cross-sectio
transmission electron microscopy. Susceptibilitysxd
measurements have been performed on the samples
first cooling the samples in zero field to 5 K. A d
magnetic fieldsHd was then applied parallel to the film
plane and the magnetization was measured in increas
temperatures. The response of AF layers toH is intrin-
sically small. Although a largerH would increase the
signal and sharpen the peak inx, it is at the expense of
shifting the peak position to slightly lower temperature
for thicker CoO layers [13] and washing out the peak inx

for very thin CoO layers. Consequently, a measuring fie
of H  100 Oe has been used. In Fig. 2, susceptibili
measurement (x vs T ) of representative samples ar
shown withx normalized toxmaxsT d for clarity. As the
thickness of the CoO layer is reduced, the value ofTN

progressively decreases. Our results indicate that
order (TN $ 5 K) persists down to a thickness of 10 Å.

Two methods have been used to determine the val
of TN : the peak inxsTd [13] and the peak indsxT dydT
[14]. For each sample, the two values ofTN differ by

FIG. 1. Low-angle x-ray diffraction of multilayer films of
CoO/SiO2 with a fixed SiO2 layer thickness of 50 Å. The CoO
layer thickness oft  16, 40, 65, and 78 Å are labeled.
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only a few percent, with the value of the latter meth
always slightly lower. In Fig. 3(a), the values of the Né
temperaturefTN stdg, as determined from both method
described above, are shown as a function of the C
layer thicknessstd. These results have been analyz
in the context of finite-size scaling. Near the bulk Né
temperaturefTN s`dg, the correlation length has a pow
law temperature dependence of

jsT d  j0

"
1 2

T
TN s`d

#2n

, (1)

where j0 is the extrapolated correlation length atT 
0 K, and n is the critical exponent for the correlatio
length [1]. It follows then, the Néel temperaturefTNstdg
of a thin layer of thicknesst varies as

TN s`d 2 TN std
TNs`d



√
j0

t

!
l , (2)

wherel is the shift exponent for the finite-size scalin
andl  1yn [15,16]. Accordingly, there is a progressiv
reduction ofTN as experimentally observed. The so
curves in Fig. 3(a) are the calculated results of Eq.
obtained from data witht $ 22 Å. If the values of
TN std determined from the peak inxsT d are used, the
best fit values ofl  1.55 6 0.05, j0  18 6 1 Å, and
TN s`d  315 6 5 K are obtained. If the values ofTN std
determined from the peak indsxT dydT are used, the
best fit values ofl  1.54 6 0.05, j0  20 6 1 Å, and
TN s`d  300 6 5 K are obtained. Both analyses provid
nearly identical values ofl and j0. Although Eq. (2)
is strictly valid only for TN std not far from TN s`d, in
reality, it adequately describes most of the data,
only data fort , 20 Å clearly deviate from the curves

FIG. 2. Temperature dependence of dc susceptibility atH 
100 Oe of representative multilayer samples of CoO/SiO2 with
a fixed SiO2 layer thickness of 50 Å and various CoO lay
thicknesses oft  21, 25, 30, 34, and 39 Å. For clarity, th
results are normalized to the maximum susceptibility.
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FIG. 3. (a) Néel temperatureTN std of CoO/SiO2 multilayers
vs CoO thicknessstd. The solid circles representTN std
determined from the peak inxsTd and the open circles
representTN std determined from the peak indsxT dydT . The
solid curves are the results of finite-size scaling relation w
l  1.55, j0  18 Å, and TN s`d  315 K (solid circles) and
l  1.54, j0  20 Å, andTN s`d  300 K (open circles). (b)
Log-log plot of fTN s`d 2 TN stdgyTN s`d vs CoO thicknesst,
where the straight lines have a slope ofl  1.55 (solid circles)
andl  1.54 (open circles).

To further illustrate the power law dependence, a lo
log plot of fTN s`d 2 TNstdgyTN s`d vs t is shown in
Fig. 3(b), where the linear dependence with a slope
l  1.55 and 1.54, respectively, fort $ 22 Å is evident.
Theoretical studies of finite-size scaling indicate a sh
exponent ofl  1.5584 for the Ising systems [17], and
l  1.419 for the Heisenberg systems [18]. Specific he
results indicate that CoO behaves more like an Ising t
a Heisenberg system [19]. Our determined values
l  1.55 6 0.05 for CoO is also closer to the theoretic
results for Ising systems than for the Heisenberg syste
As indicated in Fig. 3(a), the value ofTN std, extrapolated
to t ! 0, is nearly zero. This is different from that i
Fe/Cr multilayers, where the onset of antiferromagneti
occurs attCr  42 Å, below which no AF ordering has
been found [9].

For a bulk AF material, the sublattice magnetizatio
are fully compensated resulting in zero net magnetizat
The M vs H measurement of thick CoO layers at 5
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shows a linear behavior with no ferromagnetic charact
istics as shown by the dashed line in Fig. 4. As first su
gested by Néel [10], ferromagnetic characteristics may
observed in ultrafine AF particles [11], and by obvious e
tension, thin AF layers. For an AF ultrathin layer wit
alternating ferromagnetic planes uncompensated mag
tization may be especially large. In the present ca
ferromagnetic characteristics become progressively m
evident for thinner CoO layers. An example for CoO la
ers witht  17 Å is shown in Fig. 4, where ferromagneti
characteristics with a large remanence and a large coer
ity sHC  1.5 kOed are shown. Such strong ferromagne
characteristics disappear at itsTN  36 K. At T slightly
higher thanTN , such as 50 K, remanence and coerciv
have vanished and only the high susceptibility remains

The antiferromagnetic ordering in CoO consists of
ternating ferromagnetic planes. The susceptibility resu
of single crystals CoO indicate alternating ferromagne
(100) planes along the [100] direction [20], where
neutron diffraction shows ferromagnetic (111) plan
alternating along the [111] direction [21,22]. The an
ferromagnetic spin structure observed in a bulk specim
is likely to be altered in very thin CoO layers, especia
due to the uncompensated magnetization, which is co
pelled to be in the film plane due to the shape isotro
The magnetic results of our (100) oriented CoO/Si2

multilayers indicate (100) ferromagnetic planes, due
the observation of progressively larger magnetizat
for thinner CoO layers. The alternating ferromagne
(100) planes are separated bya0y2  2.13 Å. Within a
simple model, in thin CoO layers, completely compe
sated moments would require an even number of (1
planes. Remnant magnetizationsMrd and spontaneous
magnetizationfMss0dg (see Fig. 4) may be expected fo
CoO layers with anodd number of (100) planes, henc
at thicknesses oft  seven numberd a0y2, i.e., t  na0,
where n  interger. Given3.8mByCo and the lattice
parameter of CoO, if all the Co moments were to ord

FIG. 4. Hysteresis loop at 5 K of a multilayer sample
[CoO(17 Å)/SiO2(75 Å)] (solid curve), showing spontaneou
magnetizationfsMss0dg and remnant magnetizationsMr d, and
coercivity. The result for a single layer 500 Å CoO is show
as the dashed line.
1745
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ferromagnetically, a magnetization ofMCoO  238 emuy
gCoO would be expected. The magnetization for Co
layers with an odd number of (100) planes would give
magnetization ofMss0d  f1ys2n 1 1dMCoOg for thick-
nesst  na0. Thus, as the CoO layer is reduced, bo
Mr and Mss0d should increase, and, furthermore, exhib
oscillation with a period ofa0  4.26 Å. The increased
magnetization with oscillation cannot be a conseque
of Co21 vacancies [23] or other defect contribution
[20], since the individual samples were cut from a wed
multilayer where the thickness of CoO is the only variab
Any contribution from defects would then be present
all samples.

The values ofMss0d and Mr (taken atH  0) indeed
increase with decreasingt as shown in Fig. 5. Equally
significant, there are oscillations with increasing amp
tude in bothMss0d and Mr as t is decreased. The mea
suredMss0d is close to1ys2n 1 1dMCoO. The oscillating
nature of the magnetization is clear, although the limit
number of data points may not have captured all the f
tures. The available data suggest an oscillation period
about 5 Å, which is close to the expected 4.26 Å fro
the simple model. This slight discrepancy may be due
the less than ideal samples, or to the fact that the spa
between planes in ultrafine thin films could be differe
from that of bulk. Furthermore, the simple picture of a
ternating ferromagnetic planes outlined above may h
to be modified in the thin layer limit where frustration e
fects are not negligible. Nevertheless, the oscillatingMs

andMr with increasing magnitude are the consequence
uncompensated moments of thin AF layers. The prec
spin structure of thin CoO layer can best be ascertai
by neutron diffraction, which is planned.

In summary, we have observed finite-size effects
CoO, an AF insulator with localized moments, by d
rect susceptibility measurements. The Néel tempera

FIG. 5. Spontaneous magnetizationfMss0dg (solid circles) and
remnant magnetizationsMr d (open circles) and at 5 K of CoO
SiO2 multilayers as a function of CoO thicknesst. The dashed
curve is the expected magnetization for one uncompens
(100) CoO plane (see text).
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follows the finite-size scaling relation with a shift ex
ponent ofl  1.55 6 0.05. For very thin CoO layers,
ferromagnetic characteristics with increasing remane
and magnetization have been observed. The uncom
sated moments in the CoO layers exhibit oscillation
magnetization.
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