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Finite size effects on the moment and ordering temperature in antiferromagnetic CoO layers
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The relationship between magnetic properties and microstructure of thin antiferromagnetic CoO layers in
{CoO(X)/Si0,(50 A)},s multilayers has been investigated. The temperature decay of the thermoremanent
moment, zero-field-cooled/field-cooled magnetization measurements, and specific heat were evaluated as indi-
cators of the magnetic ordering temperature. The temperatures associated with each decreased slightly with
decreasing CoO layer thickness from 100 to 30 A, but then exhibited a sharp decrease for CoO layer thickness
below 20 A. This decrease has been previously observed, and was attributed to intrinsic finite size effects
associated with broken magnetic bonds at the surfaces. In the present investigation, it was determined that the
CoO layer was amorphous in these thinner layers, accounting for the dramatic dropliteidgerature. For
thicker CoO layers, all measures of magnetic ordering coincide, indicating a true Neel temperature, whereas
they do not for the thinner films. The structural change of CoO from crystalline to amorphous also causes a
significant change in the temperature dependence of the magnetization, due to an increased number of weakly
coupled uncompensated spins.
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[. INTRODUCTION ever, when they are loosely coupled, they may dominate the
magnetic measurements without providing information about
Finite-size effects refer to deviations from bulk propertiesthe core magnetic order. Specific heat and neutron scattering
as sample dimensions are reduced. An intrinsic effect occurmeasurements provide a valuable complement to magnetic
in material systems for which one or more sample dimenimeasurements, since these measure an average properties of
sions(e.g., the thickness of a layer or diameter of a particle all the spins.
is comparable to the intrinsic length scale of the property For monoxide AF thin films and fine particles, a variety of
being considered. One can also consider a “surface-drivenmagnetic finite size effects have been obsef7éd These
finite size effect due to a competition between the propertiegiclude suppression of the AF ordering temperafligeand
of atoms in the core of a particle or layer and at its surfaceblocking temperaturd g, thermally induced fluctuations of
usually originating from the reduced magnetic coordinationthe Neel vector, increased numbers of AF sublattices, time-
number or surface roughness. As an example, surface spinependent magnetization in high fields, and anomalous hys-
often possess a higher magnetic anisotropy than core spintgresis behavior. The suppressionTgf or Tg has generally
due to their reduced symmetry. In addition, chemical orbeen described in terms of scaling theory, implying intrinsic
structural effects may arise in small particles and layers, duénite size effects; these show a power law dependence on
to phenomena such as surface segregation, relaxation, or iaize or layer thickness, but the details of the dependéhee
terface effects which can dramatically alter the properties oprefactor of the scalingvary widely, suggestive of structural
surface atoms beyond that due to reduced magnetic coordéffects playing a significant role. Furthermofgs is not a
nation number. These possible structural effects are oftethermodynamic transition, and is dependent on details of in-
overlooked, in part because the small particle size maketerfaces; the distinction betwedi, and Tg was experimen-
structural characterization challenging. tally demonstrated and discussed by Caeewl!! and van
As initially noted by Nel, small antiferromagnetiéAF)  der Zaaget al*
particles or thin AF layers may possess a moment due to The dependence offy on layer thickness for two-
inexact compensation of the magnetic sublattices, an effeaimensional layers of AF CoO has been previously investi-
which increases with decreasing AF particle size or layegated using two different systems and methods, with signifi-
thickness: The properties of these uncompensated spins usieantly different resultgdespite showing a similar thickness
ally dominate the net magnetic properties of AF films orscaling exponenf® Specific heat measurements of CoO/
small particles, and their presence simultaneously facilitateigO multilayer (ML) films showed a relatively small de-
and complicates a magnetic characterization. For thin Aerease(~20 K) of the Nesl temperature on reduction of the
films, the uncompensated spins arise primarily from theCoO layer thickness from 100 to 16%Ain contrast, a sharp
lower coordination of surface atoms, but may also includedecreas€~200 K) was found over the same thickness range
loosely coupled spins, e.g., between grains. When these uffor a CoO/SiQ ML, where Ty was identified as the tem-
compensated spins are tightly coupled to the magnetic spinserature of the peak in the dc magnetic susceptilfilityvas
of the AF core, they serve as a measure of the magnetic ordeot clear if the large difference ifiy observed in these sys-
of the core, including the direction of its ‘Wevector, and tems at smaller thicknesses was due to the difference in mea-
hence provide a measure of theeNéemperaturd, . How-  surement technique or the microstructure of the CoO films. A
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magnetization measurement such as susceptibility, is domi- : — _

. X ; X=5A,A=54A
nated by uncompensated surface spins, which may or may ;MA .
not be tightly coupled to, or reflect the magnetic state of, the S R T, Mr*m
AF core. The specific heat measures the sum of the entropy =20A,A=69A
changes of all the spins and hence is dominated by core spins
for any particle size where a core is well defined. The differ-
ence in microstructure is significant. CoO and MgO grow
epitaxially on each other, leading to large columnar grains
which extend through the entire ML and long structural co-
herence lengths. In contrast, $Si® amorphous and hence -
the growth of CoO is structurally terminated at each layer. As 0
a result, the grain size for CoO in the CoO/$ilLs would 20 ()
be expected to be small, whereas it is quite lalgendreds
of A) in the CoO/MgO MLs. FIG. 1. Low angle XRD patterns fofCoO(X)/SiO(50 A)} s

In this paper, we report an experimental investigation ofMLs. Superstructure lengths for each sample are shown.

the microstructural, magnetic, and thermodynamic properties
of antiferromagnetic CoO in CoO/Sj)OMLs with different  quantum intereference devijcenagnetometer. Specific heat
CoO layer thicknesses. The goal was to compare finite sizmeasurements were made using the relaxation method with
effects for CoO layers in systems with very different grain SIN membrane-based microcalorimeters capable of measur-
sizes in order to determine whether the observed effeets ing thin films (~6 ug mas$ from 77 K up to 540 K. Details
duction inTy and thermomagnetic properties of the uncom-of the microcalorimeters and specific heat measurement can
pensated spinswere dominated by reduced thickness orbe found elsewher¥.
grain size. However, we found that due to the complex

X=60

1 i
A A=114

Intensity (arb. uni.)

growth mechanism of the different layers in CoO/$i@Ls, Il RESULTS
the CoO microstructure changes from crystalline to amor- '
phous for CoO layer thicknesses below about 20 A. This A. Microstructure

structural change has a tremendous effect on the ordering Typical low-angle XRD spectra for the MLs are presented
temperatures in the CoO/SjILs as well as on the mag- , gig 1. The well-defined layered structure of the multilay-
netic behavior belowy. We conclude that this microstruc- g s evident from the large number of peaks in the XRD
ture is the principal origin of the previously observed.dlffer- patterns seen for CoO thicknesses as small as 5 A. The
ences between CoO/Sj@nd CoO/MgO MLs. For thicker o iijayer repeat distancéd) were calculated from the po-
CoO layers in the CoO/SIOMLs, we observed microcrys-  gjtions of the peaks and are listed in Fig. 1; these are in close
talline CoO, and small shifts in magnetic properties as func'agreement with the intended bilayer thicknesses.

tions of layer thickness, but these may also be influenced by Figure 2 shows high angle XRD patterns. Samples were

structural disorder. tilted by several degrees during the measurement in order to
reduce the strong intensity of the Si substi@@0) peak; the
Il. EXPERIMENTAL DETAILS broad background peak from#275 to 95° is due to re-

sidual scattering from this peak. For samples with CoO

The{CoO(X)/SiO,(50 A)},5 MLs were made by magne- thicknessX=20 A, polycrystalline CoO with a preferred
tron sputtering onto $100) substrates and onto SiN-

membrane-based microcalorimetry devices designed for thir

film heat capacity measurements. CoO was reactively dc | g "—XjWOA A
sputtered using a Co target in the presence of Ar anar@ L 3 —— X=60
SiO, was rf sputtered from a SiCarget in Ar. The total gas [ T, ——X=40 A
pressure was 2 mTorr during sputtering, with an Ar tp O g ——X=30 A
flow rate ratio of 15. The sputtering rate was 0.4 A/s for CoO © 5 —o—szoé
and 0.3 A/s for SiQ, respectively. The CoO thickne¥sand g —“X:15A
SiO, thickness50 A) were controlled by sputtering time; all 8 ——X=10

films have 25 CoOX)/SiO,(50 A) bilayers. Low and high

angle x-ray diffractionNXRD) and transmission electron mi-
croscopy(TEM) were used to characterize the samples. A=
JEOL 4000EX high-resolution electron microscope operated

at 400 keV was used to observe the local microstructure.

Samples were tilted to tHa.10] projection of the Si substrate " - ' - .
so that the electron beam direction was perpendicular to the 20 40 60 80 100 120
ML growth direction. Standard mechanical polishing and ar- 20 (Degree)

gon ion milling were used to prepare the TEM samples in

this cross-sectional geometry. The magnetic properties were FIG. 2. High angle XRD patterns fiCoO(X)/Si0,(50 A)} 5
measured with a Quantum Design SQUi&iperconducting MLs.

ntensity (arb. uni.)
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FIG. 4. Average grain size vs CoO layer thickness: in-plane
(squaresfrom TEM images, normal to the filittircles from TEM
and XRD.
FIG. 3. Cross-section electron micrographs for B. Magnetic ordering measurements

{Co0O(X)/Si0,(50 A)},5 MLs. Insets: electron diffraction patterns,

showing numerous superlattice spots for the MLs. Three temperature-dependent measurements were used to

investigate magnetic ordering in these samplasthe tem-

(200 texturing is seen. Samples with CoO thickness smalleperature and time decay of the thermoremanent moment
than 20 A show no diffraction peaks. The average CoO graifTRM) obtained by cooling in a field and then measuring on
size in the film normal direction was calculated from the full heating in zero field(b) zero-field-cooledZFC) and field-
width half maximum of the(200 XRD peaks using the cooled(FC) magnetizationboth measured in 100 Qeand
Scherrer equation. (c) the specific heatmeasured in zero fieldWhen a field is

Cross-section electron micrographs and diffraction patapplied to AF particles, the resulting moment is comprised of
terns of several MLs are shown in Fig. 3. All samples showcontributions from the uncompensated spins and from the AF
uniform layer thickness, with thicknesses in good agreemersusceptibility of those portions of the particles’ cores which
with the intended values. The diffraction patterns confirm thehave bulk AF spin configuratiors:*®
quality of the layering, with 5—20 superlattice spots visible For the temperature decay of the TRM, samples were
on both sides of the centré00) diffraction spot; these su- cooled from 330 to 10 K with an in-plane field of 25 kOe.
perlattice spots are clearly visible even for the thinnest layerghe field was then set to zero, and the TRM was measured
(5 A). The superstructure lengths were calculated from with increasing temperature in zero applied field; measure-
these spots for all samples, and are consistent with XRDnents take of order four minutes per temperature, and hence
results. The Si@layers in all samples are uniformly amor- are relatively long time scale. The TRM is due to the pres-
phous. The CoO layers however show a crossover from goo@nce of uncompensated spins whose moments are aligned by
crystallinity for X=20 A to a uniformly amorphous micro- the applied field during cooling and which cannot relax to
structure forX<10 A. For theX=10-15 A samples, iso- the equilibrium zero moment state due to exchange coupling
lated crystalline grains are visible in the CoO layers, with theto an antiferromagnetic core. It thus provides a direct mea-
remainder of the layer amorphous. sure of the blocking temperature of the grains. It will be

Figure 4 shows a plot of grain size normal to the film dominated at higher temperatures by the largest grains in the
determined from high angle XRD peak widths as a functionCoO layers because the uncompensated spins in these larger
of intended CoO thickness. The linearity and unity slopegrains are stabilized by a larger antiferromagnetic core. We
indicate that grain growth in the normal direction is termi- call the temperature at which the TRM moment vanishes the
nated by the amorphous SiGayers, consistent with the maximum blocking temperatur&g®. For X<20 A, both
cross-section electron micrographs shown in Fig. 3. The avXRD and TEM results indicate that the CoO layers are amor-
erage in-plane grain sizes were measured from the crosghous, and thus it is possible that these materials will exhibit
section TEM images and are shown in Fig. 4 as a function o$pin glass-type properties. In this case, we would interpret
CoO layer thicknesX. They increase with increasirj ap-  the vanishing of the TRM moment as a freezing temperature
proximately linearly, but as a weaker functionXfthan the T;. The large cooling field25 kOg was chosen for reasons
grain sizes normal to the film, indicating a crossover in grainof sensitivity; we have found that the magnitude of this cool-
shape withX. For X<60 A, the in-plane grain size is larger ing field has a small but measurable influence on the magni-
than the normal direction grain size and the CoO layer thicktude of the TRM moment but doestinfluence the tempera-
ness(flat platelet$, while for X=60 A, the grain size normal ture at which the TRM moment vanishes, i.e., at which
to the film is larger than the size in-plane, consistent with thghermal energy is sufficient to allow the moments to relax to
columnar CoO grains visible in the thicker MLs of Fig. 3. the equilibriumM =0 state.
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FIG. 5. Temperature dependence of the TRM moment for ri5 6 Time relaxation of the TRM moment measured in zero

{CoO(X)/Si0,(50 A)} 5 MLs. Samples were cooled t0 10 K'in @ ol for {CoO(X)/SI0,(50 A)}»s MLs at 10 K. Cooling field 25
25-kOe in-plane field; then the field was turned off adneasured KOe.

on heating.
We also measured the time dependence of the TRM mo-

The temperature dependence of the TRM is presented iffént at 10 K where the temperature decay exhibits the
Fig. 5 for various CoO layer thicknesses. Assuming that thé{rong upswing for the thinner CoO layers. Figure 6 shows
TRM is dominated by interfacial uncompensated spins, at"€ normalized TRM moment vs time on a log scale for
least in the crystalline samples wik=20 A, the TRM mo- s_ev_eral samples. I_I)e(_:f_;\y times at 10 K Yor-30-100 A are
ment is shown in units of emulinterfaces-Mrthe average similar, and are significantly longer than fir=10 A con-

moment per unit area of each interface layer. Since there arc%;ﬁ)?;gvggi:s]e thinner samples increased number of weakly

.50 interfaces in each samp25 bllgyers, each with two CoO We have also studied the temperature decay of the TRM
|n§]§£face$ all datg were nor.mallzed by the same constant, ¢ for{Co0/SiO}, MLs with fixed CoO and Si@
Tg " decreases with decreasing CoO thickness down t.o 20 'gthickness and varied number of bilayarsfrom 5 to 80.
A much stronger decrease Bf* occurs below 20 A; thisis  The TRM moment per layer decrease with increasirfgr
the same thickness at which TEM started to show a crossovghe same CoO thickness in each layer. No significant struc-
to an amorphous structure. tural variation through the film thickness for= 25 is seen in
The temperature decay of TRM for samples wih TEM images, but a more detailed structural study and a sys-
=20 A generally exhibits two features: a “plateau” occur- tematic study of the TRM moment behavior with increasing
ring over an intermediate temperature range from approxin would be needed to fully understand the TRM moment
mately 40 to 175 K where the TRM magnetization is roughlybehavior. The maximum blocking temperatufg,®* and the
independent of the temperature, and a strong upswing at loyew temperature upturn is however, completely independent
temperaturg<40 K). This behavior was seen previously in of n. We therefore conclude that any possible variations
CoO/MgO superlattices and was ascribed to two kinds othrough the thickness of the 25 bilayer repeats for each
uncompensated spi2’ The “plateau” was associated with sample are unimportant compared to the effects of changing

interfacial uncompensated spins that were strongly couplethe thickness of the individual layers.

to the AF cores, and the upswing at low temperature was Figure 7 presents ZFC/FC magnetization measurements,
associated with spins which were more weakly coupled tdneasured in 100 Oe with increasing temperature on samples
the AF core, possibly associated with spins in the graircooled in 0/100 Oe respectively. There is an upswing of FC
boundaries. We note that as the CoO thickness decreases th@gnetization at low temperatures for all samples, similar to
“plateau” magnetization region moves to lower temperatureshe TRM moment. A clear but broad peak is visible in the
and gradua“y disappearsl For Samp|es with 5- and 10-AZFC magnetization data for a}K, the temperature of this
thick CoO layers, which TEM showed to be amorphous,Peak decreases with decreasiigFor particles, this peak
there is no well defined AF core, hence no plateau, and ghould be related to aaverageblocking temperaturdg’®,
strong increase of TRM at low temperature is seen, assockssociated with an average particle diameter. Figure 7 also
ated with an increased number of weakly-coupled spins. Thehows a temperaturg; at which the ZFC and FC magne-
smaller TRM moment at low temperature f§=5 A com- tization curves bifurcateT; is higher thanT3"® and should
pared toX=10 A is due to the decreased total CoO volumebe associated with the establishment of equilibrium for all
(the units in Fig. 5 are per interface not per unit volun@s  spins. The data show that is equal toTg 2 found from the

well as the possibility of a “frozen” spin-glass state. Pér  vanishing of the TRM in Fig. 6, consistent with it being
=15 A, the sample shows a transition behavior: a poorlyinterpreted as a temperature above which the spins are able
defined “plateau” and a strong upswing, consistent withto reach equilibrium. FoX=100 A, Ty; is the same a%y,
small amounts of crystallinity in an amorphous matrix. the bulk CoO ordering temperature; it decreases with de-
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8.0x10™ ' of the thermal conductivity, which should be the same for all
6.0x10"" | devices from the same processing batch.

X > A peak inCy(T) represents the temperature of the maxi-
4.0x10 | mum change in entropy from a paramagnetic to an antiferro-
2.0x10™"} magnetic state, i.e. the Wetemperaturely for a homoge-

0.0} neous sample. Fot=20 A, this peak should be interpreted
0 50 100 150 200 250 300 as the Nel temperature of thaverageCoO grain because

the magnetic entropy change associated with the ordering of

Temperature (K) the core spins is much larger than that associated with either

their blocking kgIn2 per grain or of any weakly coupled
FIG. 7. ZFCIFC magnetization fofCoO(X)/SiO)(50 A)ls  surface spingsurface spins are a small fraction of the total

MLs. Samples measured in 100 Oe. spins of even relatively small antiferromagnetic partigles

For X<20 A, where the TEM shows the CoO to be largely
creasingX, and the ZFC/FC curves have spin glass like charor entirely amorphous, &, peak would be interpreted as a
acteristics forx=5 A. For X=10, 15, and 20 A, where the freezing temperature, which is typically quite broad and at a
samples are substantially but not completely amorphougemperature somewhat higher than the magnetically deter-
Tyir= T is significantly lower than the temperature of the Mined freezing temperature.
peak in ZFC and FC magnetizationEa’®. For X>20 A, The C, measurement showy =295 K for the 3000-A-

. max_ -ave . . . thick CoO layer, in good agreement with published data.
Toir=Tg™'=Tg™, suggesting a reasonable uniformity of re- g0, i his thick film, the peak, although relatively sharp, is

laxation volumes, consistent with the more uniform grainyoadened from the divergence or cusp expected for an ideal
size seen in TEM. B _ antiferromagnetic transition. This broadening is likely due to
Figure 8 shows the specific he@f of CoO (in J/gK) for  sma|l inhomogeneities in composition and/or structure, but
the CoO/SiQ MLs with different CoO thicknesseX=20,  may also be associated with finite grain si@ehich limits
40, 60, and 100 A as well as for a single 3000-A CoO layerihe divergence of the coherence lengiind spin frustration
To obtain the data shown in Fig. 8, it was necessary to subat the surfaces of these grains. As the CoO thickness in the
tract contributions from the SiOlayers and from the calo- MLs is reduced from 100 to 20 A, the ‘Metemperature
rimeter backgroundtypically called the addenda in specific drops from 275 to 220 K and the peaks significantly broaden.
heat literaturg The SiQ contribution was determined by For X<20 A, no clear peak is seen; this is both because the
measuring the specific heat of a 2500-A-thick Si@yer signal from the very small amount of CoO in these films is
sputtered on a calorimeter device. The addenda include cosmall and because of the expected increased broadening of
tributions from the SiN membrane, the thin film thermom- this peak in these amorphous layers. Their data are therefore
eters, leads, and heater, and a 2000-A-thick Ag layer used teot shown.
provide high internal thermal conductivitpecessary for the
measuremeit It was determined from measurements on a
calorimeter device made in the same processing batch as the
devices used for the MLs; previous work has shown a repeat- Figure 9 summarizes the ordering and blocking tempera-
ability of better than 5% using this meth&8The uncertainty  tures measured from the TRM, ZFC/FC magnetization, and
of the sampleC,, is dominated by the uncertainty in addendaspecific heat vs CoO thickness. We also show thel &m-
Cp and was calculated based on the measured 3% variatiqrerature of CoO in CoO/MgO superlattices determined from

IV. DISCUSSION
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350 Z, both SiGQ and CoO are stoichiometric compounds, and
S 300 would not be expected to show oxygen interdiffusion. It is
3 i o—— e % ] therefore highly likely that the significant changes seen in the
@ . X . . .
S 20} o oF i magnetic properties of samples with thin CoO layers are di-
& A } rectly related to the observed change from crystalline to
& 200 / . amorphous, rather than to any possible interdiffusion.
E sl d / R ] Consldgrlng just the thicker ;amples where aII- tempera-
2 | —A—T7, ] ture coincide andTy is well defined, Ty for CoO in the
® 100} / v —O0—T™, . present CoO/SiQMLs is lower than that found for CoO in
s - ju 9 —¥%—T, ] CoO/MgO superlattices for the san¥e(both from specific
B Nr / Vard —v—T,, from Ref. 6 heat measurementsThere are several possible reasons, all
o] 0 | HAV —O—T, from Ref. 5 1 related to structural differences between the CoO layers in
P S S S S these two types of MLS(1) Because the CoO is epitaxial to
0 20 40 60 80 100 the MgO, there is a relatively large strain induced in the CoO
CoO thickness (A) in the CoO/MgO superlatticé2) The in-plane grain size of

_ e _ CoO in CoO/MgO was found to be 250-500 A, substantially
FIG. 9. Ordering temperaturdg (from peak in ZFC/FC mag-  |arger than the CoO grain size in the CoO/SIBLs (3) The
netization, T§™ (from ZF_(_:/FC bifurcationT,; and from yamshm_g CoO in CoO/SiQ MLs is likely substantially more disor-
of TRM), Ty (from specific heat peakss CoO layer thickness in - ygared than in CoO/MgO superlattices due to the necessarily
{CoO(X)/Si0,(50 A)},5 MLs. Also shown areTy for CoO/MgO disordered interfaces
MLs frqm specific heat from Ref. S, and wh_aF was calfe for Finally, we note that the ordering temperature of CoO in
Co0O/SiG MLs from the dc magnetic susceptibility peak from Ref. CoOJSiO, MLs reported in Ref. 6 is significantly lower than
6 what we obtained here for CoO thickneés 60 A. Since no
detailed structural information on the CoO was given in Ref.
6, we suggest that the ordering temperatures measured there
with decreasing thickness, but with significantly different de-r.rfr? the bdc rr:]agnenc susb(:lepEblllt/¥ measurement is mor(;,\
pendencies. For thicknesses greater than 20 A, fle tde- IKely to_ e the average blocking reezing temperature o
£00 grains rather than a trulg,. The films reported there

perature obtained from the specific heat is very close to th e !
blocking temperatures derived from TRM and FC/ZFC mea nay have been significantly structurally disordered or even

surements, suggesting that these magnetic measurements &f0rPhous forx<40 A (the trar};iﬁor! to the amorphous
curately reflect magnetic ordering for these thicker layers. State which we found below-20 A is likely to depend on

At CoO thicknesses of 20 A and below, the temperaturegrowth conditions o ,
shown in Fig. 9 separate, a result we suggest is due to the In summary, we found that both grain size and the micro-

increasing fraction of amorphous material. This is most noStucture - changes when the CoO layer thickness in

ticeable at 10 and 15 A where the peak in the susceptibility is COOX)/SiOx(50 A)}ZSQALS is reduced. For a CoO layer
nearly 100 °C lower tharmg® obtained from the FC/ZFC wﬁ}fneﬁs less than 20 A, the CoO is ?Ss‘ijnt'?"r']y amorphous.
bifurcation or the vanishing TRM moment. This large split in lle the various temperatures associated with magnetic or-

H H max ave
temperatures, together with the absence of a visgihleeak, dering and blocking Ty, Tg™, andTg") decrease slowly

suggests that there is no true antiferromagnetic phase trand}ith decreasing CoO layer thickness from 100 to EO A a
tion or long range ordering in these thinner samples. EvefharP decrease is seen for thicknesses below 20 A. We at-

for the 20-A sample, th€, peak is at a temperature signifi- tribute this sharper decrease to the amorphous structure of
’ p . “r . . gy oo .
cantly higher than the other temperatures, indicating that th!€ €00 in these layers, rather than an “intrinsic” finite size

specific heat measurementsnd the Nel temperature of
CoO/SiG MLs shown in Ref. 6. All temperatures decrease

appears from TEM to be entirely crystalline with well- @' .
defined lattice planes visible in the micrographs, does nof"iNg studies of the temperature dependence of the AFM

possess a well-defined magnetic ordering temperature Whiclﬁra_gg .elastlc scattering pegk could b.e used to confirm this
we should callTy,. We note that low angle x-ray scattering vanishing of a We7II defined Na vector in the thinner amor-
and TEM both show sharp superlattice peaks and clear con‘f’-hous CoO films.

positional modulations for all these films, even for films with
CoO thickness as thinses A where the CoO layer is amor-
phous. These superlattice ped&s well as the TEM imaggs We thank M. F. Hansen and D. Kim for helpful discus-
indicate that the interfaces remain sharp, with little or nosions. This work was supported by DOE Grant Nos. DE-
interdiffusion and highly periodic multilayer structures even FG03-95ER45529 and DE-FG03-01ER15236. We acknowl-
when both layers are amorphous. While these scatteringdge the use of facilities in the Center for High Resolution
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