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ABSTRACT

We have performed elastic ncutron scatiering measurements of the staggered magnetization
in (PeFy)(Col), supcrlattices. Thermal expansion measurements, which are proportional to
the magnetic contribution to the specific heat, were also carried out using high resolution x-ray
diffraction. One of the two measured samplos has thicknesses of m = n = 4.5 and the other
m = 26 and n = 28 monolayers, as determined from high angle x-ray # — 260 scans. In the
m = n = 4.5 sample, only one transition is observed at Ty = 62.0K. Analysis of the neutron
data, including the rounding effects, indicates an effective § ~ 0.42. This does not corapare well
with the 3D Ising exponent 8 = 0.326. The X-ray data also shows the existance of only one
specific heat anomaly at T’ = 62.8 K., For the m = 26, n = 28 sample, dips in the staggered
magnetization, and penks in the thermal expansion were observed at T' = 40 K and 74 K. The
higher temperaturc anomaly, associated primarily with the FeF; Inyers, is sharper than the lower
one, which s presumably rounded by the staggered ordering field imposed by the long range order
in the FeF; rcgions on the CoF'; regions.

INTRODUCTION

Multilayered cpitaxial insulating antiferromagnetic films arc promising systems for the study
of a varisty of physical models. Since they can be fabricated with overall thicknesses of a few
microns, they can be used to obtain extinction-free Bragg scattering results, This has been
demonstrated|1) using a single 0.8 ym thick layer of FeF'y grown on a ZnF; substrate to obtain the
critical behavior of the staggered magnetization for reduced temperatures of 0.002 < |¢| < 0.025.
In the same manner, multilayer thin films can be used to obtain the staggered magnetization near
phase transitions using neutron scattering techniques. Additional information may be obtained ,
from high resolution x-ray techniques, For example, the thermal expansion coefficient of 8 film ’:
a, which is proportional to the magnetic contribution to the specific heat, may be measured with
x-rays, thus providing the specific heat eritical behavior.[2, 3, 4]

Bulk crystals of the isomorphic FeF; and CoF; antiferromagnets have been well characterized|7,
8). Both antiferromagnets ave Ising-like in their critical behavior because of the large anisotropics
which force the spins to «lign along the c-axis. The effective exchange interaction strength in
CoF, is much weaker that that of FeFa. In both cases the dominant exchange is between the
body-center and body-corner next-nearest-neighbor jons. The corresponding transition tempera-
tures are T = 78K and T = 38K for FeF; and CoF};, respectively. The FeF3-CoF3 mized systom
can be well modeled by Ising spins for which the next-nearcst-neighbor interactions are equal to
the geometric mean of the interaction strengths of the two materials.(9)

Epitaxial single thin films made of these materials have been studied using a variely of tech-
niques and their behaviors have been described in some detail.[10] An important result of these
measurements is that the fundamental magnetic interactions in single thin films, ranging from
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0.25 um to 3 pm in thickness, do not measurably change from their bulk values.

Convorsely, epitaxially grown multilayers in many instances have unique properties. For
example, antiferromagnetic layers separated by nonmagnetic layers are uscful for studying the
crossover from three-dimensional (3D) to two-dimensional (2D) critical behavior(3, 4). Alter-
natively, multilaycrs consisting of antiferromagnetic materials with differing nonzero exchange
interactions may be fabricated to study the cffects of a modulating exchange interaction along
one direction.[2, 5, 6]

In the study described here, we investigated the dependence of cooperative lsing phase transl-
tions in periodic multilayered structures, composed of two antiferromaguetic matorials which
have considerably different noxt-nearcst-neighbor exchange Interactions. This was done us-
ing x-ray diflraction and neutron Bragg scattcring intensity measurements of antiferromagnetic
(FeF3)m(CoF2)y multilayered structures, whose superlattice period is composed of m monolayers
of FelFy and n monolayers of Col's. The results obtained from the x-ray and neutron scattcring
techniques aro consistent with each other. We find that for a m = n = 4.5 sample only one tran-
sitlon is observed, while for & m = 26, n = 28 sample two anomalies are detected. The anomaly
at the higher temporature, which is associated with the long-range ordering of the Fel', regions,
is sharper thun the lower one, which is presumably rounded by the long range order imposed by
the Fel"; on the Col*; regions.

.

PREPARATION AND STRUCTURAL CHARACTERIZATION

The details of the multilayer growth technique has been described clsewhere.[10] Bricfly, the
samples were grown along the c-axis direction via MIIE at a basc pressure < 5 X 10~9, a substrate
temperature of 300° C, and a rate of approximately 3 A/sec. Polished ZnF, single crystal discs,
1 cm in diameter and oriented along the {001] direction, werc used as substratos because ZnFy is
both non-magnetic and has an excollent lattice match with both FeFy and CoFa. Two satples
werc studied, with m = n = 4.5 and m = 26, n = 28, as determined from X-ray 6 — 20 scans, The
sample thicknesses are 0,20 um and 0.91 um, for the m = n = 4.6 and m = 26, n = 28 sumplea.
respectively. A detailed X-ray analvsis of there camnlesi] indirotas thn neannnan af tos.or.
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Figure 1: Thermal expansion coefficient « along the [001] direction of the m = 26, n = 28 sample,
determined from x-ray scattering moasuroments, The solid curve represents a fit to & rounded
transition. This rounding s presumed to be caused by the step disorder in the superlattice,
resulting in a distribution of layer thickncsses.

EXPERIMENTAL RESULTS

Using the x-ray and neutron scattering techniques described above, we characterized the Ising-
like magnetic ordering teking place in two rogimes of layer thickness, For the m = 26, n = 28
sample, a phase transition takes place at Tas 74K which can be associnted with the ordering in
the FeF; layers. This can be scen in Fig. 1 for the x-ray scattering, which shows the thermal
expansion cocfficient versus 7', and in ¥ig. 2 which shows the neutron scattering behavior of the
staggered magnotization. The x-ray data shown in Fig. 1 clearly has two peake, both of which
are rounded. In order to obtain Tw & T4K, the higher temperature peak was fit to a rounded
3D-leing specific heat function. This function is represented by the eolid curve. The rounding was
presumed to arise from the stop disorder present in the samples, causing different macroscopic
ToF; regions to have different transition temperatures due to finite-size scaling.[3, 5], The baste
form «(T) = Azft°|, with t = 1~ T/Ty , e = 0.11, and the amplitude ratic ApJAL = 0.54,
corresponding to the 3D Ising model, was utilized.

The noutron Bragy scattering intensity is well described by the power law

I~ M2 = M) (1)

where M, Is the staggered magnelization, t = T'/Tn — 1, Ty = 72.5, and B = 0.325, as shown
near the upper transition by the solid curve in Fig. 2. The slight discropancy between the Ty
valucs determined from x-rays and neutrons is probably due to the uncalibrated thermometer
used in the neutron scattering experiment. Wo also show, with a dashed curve, what the second
rise In intensity would look like If it were sharp and simply added to the intensity from the higher
transition. The observed rise at lower temperatures, primarily from the ordering of the CoF,
layers with the staggered field from the FeF; layers imposed at the layer interfaces, is rounded
over a range of temperature of approximately 15 K.

The m = n = 4,5 sample shows only one clear anomaly, al an intermediate temperature
T = 69.2K, Tho thermal expansion coefficient is shown in Fig. 3 and the neutron Bragg scattering
intensity versus 7' is shown in Fig. 4. This sample js clearly noar the limit in which the two
kind of layers aro strongly coupled. "There is some rounding of the transition, presumably due
to different macroscopic regions with slightly different values of m and 8, each independently
going through their phase transitions at elightly different temperatures, It is worth noting that
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Figure 2: Noutron scattering intensity of the (100) magnotic peak for the n = 26, m = 28 sample.

The solid curve represents a fit to I o« |¢]3% with t = 7/Tx — 1 and 8 = 0.325. The dashed curve
representis & second sharp transition added to the intensity of the solid curve.

the rounding of the neutron scattering date cannot be duc to background fluctuations, since it
has been experimentally shown that critical fluctuations are negligible[1]. For both the neutron
and x-ray data, the solid curves ars fits to appropriate power Jaw behaviors with a Gaussian
distribution in the transition temperature. From the thermal expansion data, the rounding was
found to be 6T = 2.2 K, while from the neutron scattering data 6T = 2.3 K. Both fits yleld a value
of Ty = 69,2, However, the fitted value § ~ 0,42 Is not in agreoment with the wall-known 3D
Ising value § = 0.325. This disagreement could be explained if the order parameter in the FeF,;
and CoF'; layers tended to grow at differont rates below Ty. In this case, the intensity would not,
follow the expecied power law behavior, except close enough to T so that the correlation length
spans the ontire superlattico period, This hypothesle is being tested via computer modeling of
these multilayors, with the magnetic interactions at the interfaces equal to the geometric mean
of the two intra-layer interactions.[11]

DISCUSSION

Clearly the YeF'; layers attempt to order first as the temperature s Jowered since bulk FeF;
has a higher Ty than bulk CoF;3. If the FeF; layers are sufficiently thick, the CoF; regions will
only weakly affect the critical behavior in FelF; layers. In this case, the value of T will be
lowered only slightly by the prosence of the more woakly interacting CoF; layers. On tho other
hand, the Col'; layers cannot order independently of the FeF; regions, since the already well
ordered FoFy layors will act on the Co™ apins near the interfaces, thus producing an offective
staggered ordering field on the CoF; layers. Just as in the case of a ferromagnet with an applied
uniform field, tho antiferromagnetic layers with tho effective siaggered fiold on the surface spins
will not experience a sharp phase iransliion, since the ordering field induces spin order above
T. Since the strength of the effect of one kind layer on the other will depend upon the number
of interface spins relative to the spins within layers, sufficiontly thick CoFy layers will be only
slightly affected by tho FeF3. Hence, one would oxpect a, slightly rounded transition only slightly
elevated Ju temperature (with respect to Ty for bulk CoF,) for thick CoF; layers,

As the layer thicknesses decrease, the behavior of the two kinds of layers will become more
interdcpendent. In the oxtremo limit in which the the thicknesses become one atomic layer thick
(m = n = 1), the systcm can be considered to be a new crystalline structure with a single
magnetic exchange interaction. Thus, only a single phase transition occurs, with no remnant of
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Figure 3: Thermal expansion coofficient o along the {001] direction of the m = n = 4.5 samplo,
determined from x-ray scattering measurements, The solid curve represents a fit to a rounded
transition. This rounding is presumed to be caused by different macroscopic regions, with slightly
different values of m and n, going through their transition at slightly different tomperatures,

a second onc, and the transition temperature should be intermediate between the bulk ones.

At intormediate layer thicknesses, one would expect the system to have two anomalies, as
long as the strength of the FeF; layers’ magnetic interactions is not strong enough to overcome
the disorder in CoF; regions. If this is not the case, a eingle transition for the m = n # 1 system
could bo observed for sufficiently small values of m. The evolution of the behavior from large to
small layer thickness has been described previously(3, 5, 12].

In the casc of the present study, we find that for the m = 28, n = 28 sample, the neutron
scattering data indicates that tho higher temperature dip is much sharper than the Jower tem-
perature one. However, the position of the thermal expantion peak and the neutron scattering
dip (T = 74 K), which is about 4 K lower than the transition temperature of bulk and single thin
film FeFy, indicates that the CoF; layers indoed affcct the ordering of the FeF3 regions. On the
other hand, the m = n = 4.5 samplo clearly shows a single rounded transition, indicating that
at this value of m = n, the FeFy and CoF, regions order simultaneously. Hence, the m = 26,
n = 28 sample belongs to the intermediate layer rogime. Conversely, the m = n = 4.5 sample s
clearly In the thin layer regime,

CONCLUSIONS

We have prescnted neutron and x-ray scattering dats for multilayer thin films (FeF3)m(CoF3)y
for two layer thickness regimes. The m = 26, n = 28 sample shows a relatively sharp transjtion
whicl can be associatod with the ordering of the FeF; layers and, at lowor T, arounded transition
from the Col’; layers. ‘The rounding is from the staggered field imposed by the ordered FeFy
layers. The sample with thin layers, m == n = 4.5, shows only une \ransition &t an intermediate
temperature, but does not yield the correct value for the exponent 8, which may indicate that
the order paramoter grows at different rates in the two layers for T < T
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Figure 4: Neutron scattering intensity of the (100) magnetic peak for the n = m = 4.5 sample.
The solid curve represents a fit to & rounded phase transition with § = 0.42.
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