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Abstract

Theinterplay between interfacial disorder and the antiferromagnetic order in Cr leads to
complex behavior in Fe/Cr multilayers. Measurements of interlayer coupling are discussed for
samples with different amounts of disorder ranging from optimally fabricated trilayers of
Fe/Cr/Fe on Fe(001) whiskers, to trilayers with increasing degrees of interfacial roughness, and
finally to superlattices of Fe/Cr. The coupling of ferromagnets through noble metal spacer layers
can be described by amodel that consists of bilinear coupling averaged over thickness
fluctuations and extrinsic biquadratic coupling induced by the thickness fluctuations. This, the
conventional model, also describes much of the behavior observed for Fe/Cr multilayers.
However, in this case, the antiferromagnetism in Cr leads to results not explained by the
conventional model. For nearly ideal interfaces, the Fe-Cr coupling can induce order in Cr,
modifying the temperature dependence of the interlayer coupling. In addition, interfacial
disorder can frustrate the antiferromagnetic order in the Cr, leading to a variety of ordered states
which have been observed by neutron scattering. Each of these ordered states, in turn modifies
the interlayer coupling in unexpected ways. The different ways in which the systems minimize

the frustration can explain the experimental results.



1. Introduction

Fe layers separated by Cr spacer layers have been at the center of many important
discoveries related to magnetic coupling and transport properties. Fe/Cr/Fe trilayers exhibited
thefirst evidence of antiferromagnetic coupling of two ferromagnetic layers through atransition
metal spacer layer [1]. Giant magnetoresistance was discovered in Fe/Cr multilayers [2,3]. Fe/Cr
superlattices were among the first systems to show oscillations in the coupling between the
layers as the Cr thickness was varied [4]. The existence of short period as well aslong period
oscillations was first seen in Fe/Cr/Fe trilayers [5,6]. In spite of the intense study of the Fe/Cr
system asindicated by these many discoveries, there are still many unanswered questions and
apparent discrepancies between experiments.

For noble metal spacer layers, the interlayer exchange coupling iswell described by
guantum well models where the coupling properties are determined by the Fermi surface of the
spacer layer material and the reflection amplitudes for electrons scattering at the interfaces
between the spacer layer and the ferromagnetic layers [7,8,9,10]. Good agreement has been
obtained between quantum well model cal culations and measured periods and strength of the
oscillatory exchange coupling [11,12]. In contrast, measurements of Fe/Cr/Fe trilayers and Fe/Cr
superlattices yield contradictory results on the following topics: observation of short period vs.
long period oscillatory coupling, coupled layers vs uncoupled Fe layers, collinear vs. non-
collinear coupling, commensurate vs. incommensurate antiferromagnetic order in the Cr, etc.
The disparate results are connected with the unique magnetic nature of Cr and the sensitivity of

the Cr magnetic order and the interlayer exchange coupling to a variety of structural details.



The purpose of this paper isto review selected Fe/Cr multilayer coupling measurements,
which may appear at first glance to be contradictory, and interpret them in a consi stent
framework. We attempt to take into account differences in sample structure and to synthesize
various explanations into a coherent picture of the physics that shows how the disparate
experimental results can be understood. Rather than attempting an encyclopedic review, we
select experimental results to illustrate main points and point out areas of agreement and
disagreement in light of current models. For this paper, we concentrate on the coupling of the Fe
layers through Cr up to athickness of about 10 nm, which is roughly the maximum distance over
which exchange coupling is still observed.

Because interface structure is believed to be very important in determining the magnetic
coupling, we will focus on three general classes of samples: 1) “optimal trilayers”, i.e., trilayer
samples fabricated on Fe whiskers under conditions for optimum growth to approach, as closely
as possible, ideal interfaces, 2) “rougher trilayers”, i.e., trilayers fabricated on Ag-buffered GaAs
substrates and trilayers fabricated on Fe whiskers at lower temperatures, both of which have
rougher Fe/Cr interfaces, and 3) “superlattices”, i.e., Fe/Cr superlattices with still rougher
interfaces. After presenting the experimental facts for each of these classes, we discuss the
theories and plausible explanations of the different behavior. Knowledge of the sample
interfaces comes from sample characterization techniques like scanning tunneling microscopy
(STM), reflection high energy electron diffraction (RHEED) and x-ray diffraction (XRD). We
discuss the magnetic coupling and Cr magnetic order in the samples measured with a variety of
techniques: scanning electron microscopy with polarization analysis (SEMPA), magneto-optic

Kerr effect (MOKE), Brillouin light scattering (BLS), neutron scattering, and perturbed angular



correlation spectroscopy (PACS).

The organization of the paper is asfollows. The next three sections give background
information on the special characteristics of Cr as a spacer layer (Sec. 2), the important length
scales and origin of spin frustration (Sec. 3), and the conventional model for describing interlayer
exchange coupling (Sec. 4). The next six sections come in pairs presenting first the experimental
results and then the interpretation for each of the three classes of samples: optimal trilayers (Sec.
5 and 6), trilayers with varying interfacial roughness (Sec. 7 and 8), and superlattices (Sec. 9 and
10). Conclusions are presented in Sec. 11. We list some symbols used frequently in this paper in
Table 1.

2. Special characteristicsof Cr asa spacer layer

In its paramagnetic state, Cr has considerable portions of its Fermi surface nearly parallel,
or nested, as seen in Fig. 1 and labeled with the wave vector Q. The unenhanced susceptibility
xo(Q) istherefore peaked at q=Q. When electron-electron interactions are included we get the
enhanced susceptibility

2(a) = xo(@)/[1 - 1 30(q)] D)
where |, the enhancement factor, accounts for exchange and correlation [13]. The large
susceptibility at Q leads to atransition from paramagnetic Cr to antiferromagnetic order as the
temperature decreases below the Néel temperaturd e nesting wavevect@ is slightly
incommensurate with the lattice wavevector n/d, i.e.Q=x (1-0)/d where d is the
incommensurability parameter [13]. The layer spacirgvigich equal®/2=0.144 nm, whera
Is the lattice constant. When Cr orders antiferromagnetically, a small gap opens at the Fermi level

and that part of the nested Fermi surface connect€ibyrig. 1 disappears. This behavior is



associated with resistivity anomaliesin bulk Cr [13,14].

The antiferromagnetic order of Cr has complex variations. Commensurate
antiferromagnetic order isthe smplest, asillustrated in Fig. 2 (a). The magnetic moments of the
Cr atoms are all of the same magnitude and alternate in direction with each Cr layer in a[001]
direction. Thistype of AF order isseenin Cr alloyed with, for example, small amounts of Mn
[13,14]. In pure bulk Cr, the antiferromagnetic order |eads to an incommensurate spin density
wave (ISDW) with a periodic modulation of the Cr magnetic moment,

L= po CoS(Q 2) = po(-1)"cos(n &' m) @)
where 15~0.62 g for bulk Cr at zero temperature, and the SDW ordering wavevector isQ' ==«
(1-8"y/d. The SDW ordering wavevectors are always closer to commensuration than the nesting
wavevectors Q, i.e., 0< §'< 9 [15]. The distance between nodesisd/ &'. The Cr moments can be
perpendicular to Q to form atransverse SDW asillustrated in Fig. 2 (b). The moments can also
be paralel to Q forming alongitudina SDW that is observed in bulk Cr at temperatures below
123 K. Commensurate, transverse ISDW and longitudinal 1ISDW are also referred to as AFO,
AF1, and AF2 order, respectively
3. Length scales and spin frustration

Wefirst consider how to describe the roughness at an interface. A measure of the lateral
distribution of the roughness can be obtained by cal culating the height-height correlation

function, for example from STM images. The height-height correlation is defined as

G(r) = (Ah(r +r’)Ah(r’)) where Ah(r’) =h(r’) = (h(r")) isthe deviation of the local height,

measured here in monolayers (ML), from the average height, and (- —~) denotes the spatial



average over al points r’ within the region of interest. The rms roughness at the interfaceis

o =(G(0))"2. Thefirst peak in G(r) gives the mean separation between typical features, R,
which for simplicity we will refer to as the mean island separation. An important length for the
discussion of the coupling isthe average terrace length L. For agiven R, the average terrace
length L, in a simple model, decreases with increasing o, that is LOR/6.

We distinguish between interface roughness and thickness fluctuations. If thereisastep
at the bottom interface of the Cr spacer layer that is replicated at the upper interface, the
roughness due to this step is fully correlated and there is no thickness fluctuation. If the lower
interface isflat over the region of interest, as may be the case with an Fe whisker, the thickness
fluctuations are completely specified by the ¢ of the upper interface. For arbitrary interfaces, the
standard deviation of the thickness distribution, o;, depends on the roughness of both interfaces
which can be correlated to varying degrees. For ssmplicity, consider atrilayer with roughness at

the lower interface, o, and at the upper interface, o, . Then, in general,
of =0t + 04 —2(Ah Ah, ), where we have suppressed the spatial arguments that are averaged
over. We consider two limiting cases: 1) the roughness at the upper interface and the roughness

at the lower interface are not correlated, (Ah. Ah., ) =0, sothat o7 = o7, + 0%, , or 2) the Cr
thickness fluctuations and the roughness at the lower interface are not correlated, <AhFeAt> =0,
sothat (Ah.Ah, ) = (Ah (Ahe, +At)) = 07, and 07 = 0Z, —of,. Thus, for these two simple
cases, the standard deviation of the thickness fluctuations is either o, = (2 +0?2,)"*or

o, = (0 —-0o?,)"*. Depending on the growth-induced correlation between the interfaces, the



standard deviation of the thickness fluctuations can be greater or less than the rms roughness of
the upper interface.

The spin configuration in the Fe and Cr layers is affected by interface roughness. Ina
local moment model, the Fe-Fe interactions favor ferromagnetic alignment of spins, while the Cr-

Cr and Cr-Fe interactions favor antiferromagnetic alignment. For perfect interfaces, there are

spin configurations, asin Fig. 3(a), in which all pairs of spins have their preferred alignment. If

there is roughness at the interface as shown in Figs. 3 (b-d), it is not possible to obtain the

preferred alignment for all pairs of spins. Some pairs will necessarily not be in their minimum

energy configuration, that is, the coupling will be “frustrated”. For the same structure there can
be many plausible spin configurations that are local minima of the energy [16, 17,18]. In Fig. 3
(b), the Fe-Fe and Fe-Cr interactions are satisfied, but the Cr-Cr interactions are frustrated
through the Cr film at the position of the steps in the interface. The frustration of the Fe-Cr
interaction at the interface is shown in Fig. 3 (c) and in Fig. 3 (d) the frustration is taken up in the
Fe layer.

The energy minimization that determines where the frustration occurs will depend on the
relative sizes of several length scales such as the thickness of the Fe and Cr layers and the
vertical and lateral extent of the interfacial defects. It will also depend on the strength of the
interactions and on the temperature since the interactions are temperature dependent. It is
expected that the Cr-Cr interaction will be more temperature sensitive since the bulk Cr Néel
temperature, N=311 K, is much smaller than the Fe Curie temperatw=1043 K. Precise
values are not available for the strengths of the Fe-Fe coupling, the Fe-Cr coupling, and the Cr-Cr

coupling. Typical estimates of the relative strengths of the Fe-Fe, Fe-Cr, and Cr-Cr coupling are



1:-0.3:-0.18[15,19] and 1: -0.55: -0.3[20]. Roughly speaking, these estimates have the Fe-Fe
coupling about two to three times the antiferromagnetic Fe-Cr coupling which in turn is about
two times the Cr-Cr coupling. This suggests that it costs less energy for the interface frustration
region of Fig. 3 (c) to bein the Cr rather than right at the interface [16]. The linesdrawn in Fig. 3
to represent the frustration are only schematic. Generally, not much is know about these regions;
for example, we do not know whether the change is fairly abrupt or spread out over many lattice
constants.

Local moments coupled to each other, as shown schematically in Fig. 3, can be a good
description of Cr with commensurate antiferromagnetic order. However, it should be
remembered, that Cr is an itinerant antiferromagnet. This distinction is particularly important
when Cr isin an incommensurate order state. The intineracy may lead to more variation in the
moments than is expected from local moment models. This variability of the size of the moments
complicates even further the determination of the minimum energy state for afrustrated system.

There are also magnetic length scales that must be considered. Of particular importance
Is the length over which the magnetization in Fe can reverse its direction, which we call the
lateral response length |. This length can be estimated, in the simplest approximation, as the

domain wall width in bulk Fe. The Bloch wall width in bulk Feis given by I=n(Ac/K)Y? = 66

nm, where the exchange constant, Ae=2.1x10™J/m, and the cubic crystal anisotropy constant,
K=4.7x10"Jm®. The exchange energy tends to increase the wall width to achieve aslow spatial
variation of spin direction. The anisotropy, on the other hand, tends to decrease the wall width to
reduce the number of spins pointing in hard directions. In the Fe/Cr multilayer, the interlayer

coupling behaves like an anisotropy that favors the Fe magnetization in a given direction. When



the interlayer coupling dominates other anisotropies one can write [21], | = (1/2)(Ae tre/ J,(n) )2
where te iS the thickness of the Fe layer and J,(n) is the interlayer coupling strength at the

discrete Cr layer thickness nd. For athin Fe film in the Fe/Cr/Fe trilayer, the magnetization will

turn in a plane parallel to the interface as a Néel wall. In a more detailed calculation of the wall
width, the anisotropy, the interlayer coupling, and any other contributions to the energy must be
included. Ruhrig and Hubert calculated an Fe wall width of 150 nm for 30 nm thick Fe layers
separated by 13 ML of Cr; this value agreed well with their measurements [22].

Less is known about magnetic transition lengths in Cr. Some calculations find that the
frustration can reduce the moments, reducing in turn the length scale required to relieve
frustration [16,17,23]. In other cases frustration may lead to rotation of the moments [24,25].
Determinations of the minimum energy magnetic order in the presence of frustration will depend
strongly on the model used to describe the Cr. While the model calculations of defect structures
done to date give an indication of what might happen, they are not definitive because they do not
include all the important physics. In particular, these model calculations do not describe
antiferromagnetism in Cr sufficiently accurately to produce incommensurate order in bulk Cr.

4. The conventional model

We present briefly the model most commonly used in describing the exchange coupling
of magnetic layers in order to provide a structure for our later discussion of numerous
experimental results. In the conventional model the coupling is described by a bilinear coupling
term and a biquadratic term. The model assumes a paramagnetic spacer layer in an itinerant
electron picture. Thickness fluctuations of the spacer layer average the coupling, so short period

couplings are not observed if the thickness fluctuations are too large. The thickness fluctuations



also lead to the biquadratic coupling. Beginning in Sec. 6, we will discuss departures from this
conventional model owing to the special nature of Cr.

The total coupling energy per unit area, E_, is described in a phenomenological model
that was proposed to explain certain experimental observations [26,27].

E. =-J,m, [, - J,(M, M, )* = -J, cos(f) — J, cos’ () ©)
Thefirst term in this equation is the Helsenberg-like exchange term. The bar isused to
emphasize that the measured quantities are averaged values. Depending on the sign of J, , the
magnetization directions of the two Fe layers, given by unit vectors m,and m,, will be parallel
or antiparallel. The coupling depends on m, [, , i.e., it isbilinear in the magnetization
directions. The second term, called the biquadratic coupling term sinceit is biquadraticin m,

and M, leads to canted or non-collinear coupling, that is different from 0 or 180°, Jyhe

and ‘jl‘ <-2J,. Minimizing E_ with respect tet gives the angle of the canted coupling as

cosd =-J,/2J,. To find the minimum energy state of a multilayer, in the general case, it is
necessary to include not just the terms in Eq. (3) but also other terms such as the anisotropy
energies of the magnetic films [26,28,29].

In the conventional model, the materials are treated in an intinerant electron picture. For
a paramagnetic spacer layer, the interlayer coupling is determined by the spin dependent
reflections at the interfaces between the spacer layer and the ferromagnet layers [7,9,10]. The
periods of the oscillatory coupling are determined from the critical spanning vectors of the
spacer-layer Fermi surface. The strength of the coupling depends on the Fermi surface geometry
and the reflection amplitudes of electrons at the interfaces between the spacer layer and the

10



ferromagnetic layers. For paramagnetic Cr, assuming two contributions to the oscillatory

coupling, as observed, J, can be written

Jy(n) = Js(n) + I, (n)

= (/nd)Asin(2md /A + D) + (1/n?d?) A sin2md /A + D) )

where Agand A, are the short and long periods, respectively, ®sand @, are the phases, and the

amplitudes As and A include al the Fermi surface geometry and interface reflection
probabilities. The 1/nd thickness dependence for the short period oscillation is unique to Cr
because there is full planar nesting. Not shown in Eq. (4) are additional factors arising from
effects of temperature and disorder that further decrease the coupling with increasing spacer layer
thickness [30]. This model only appliesto paramagnetic Cr. When the Cr is antiferromagnetic, a
gap opens at the Fermi level [13] and quantum well models can no longer be used to describe the
two-layer short period coupling. In this case, the antiferromagnetic order determines the short
period coupling.

The short and the long period parts of the coupling, Jg(n) and J, (n), are defined only at
each discrete thickness nd. In realistic spacer layers, there are thickness fluctuations which act,
within aregion defined by the lateral response length | of the magnetic layer, to average the
coupling contributions from regions of different thickness. Thus, one measures an average

coupling,

L) =35+3,= 3 P I+ T PE0)I, () (5)

where P(t,n) is the fraction of the interlayer areathat is n layers thick when the average thickness

ist. Thus, short period oscillatory coupling will be more rapidly averaged out by the thickness

11



fluctuations than the long period coupling.

When the average bilinear coupling J, becomes small enough, as a result of spacer layer
thickness fluctuations, the multilayer finds its minimum energy state when the magnetic
moments of the Fe layers turn into a direction perpendicular to each other. Thisisthe basis of

the model proposed by Slonczewski [31] that takes into account the fluctuations AJ,(n) in the
bilinear coupling as the coupling J;(n) changes sign from one discrete layer thickness to the
next. In the case of Cr, the unaveraged J(n) islarger than unaveraged J, (n) and dominates the
contribution to the biquadratic coupling so AJ, (n) JAJ¢(n) . When the overlayer thickness tr is

small compared to the characteristic length scale L of the terraces producing the thickness
fluctuations, the leading contribution to the biquadratic term in this model is

J, O =(Ad,)° L1 Avtee = —(AJg(M)°L7 ] Antre (6)
where A iSthe intralayer exchange coupling which hinders magnetization reversals, as would be
dictated by fluctuationsin the bilinear coupling, over the lateral response length |. The model is
invalid when L>I.

Other models have been proposed to explain biquadratic coupling. Intrinsic theories that
consider ideal systems with perfect interfaces predict biquadratic contributions that are much
smaller than what is observed [32]. The dipole fields resulting from rough interfaces in the
layered system provide another extrinsic mechanism that is always present to some degree.
Biquadratic coupling from this mechanism is independent of the material parameters for
nonmagnetic spacer layers. An estimate of its size for 0.5 to 1 nm roughness with a characteristic

length scale of 20 to 50 nm gives J,=0.01 m¥m?. This contribution decreases for smaller L and
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larger spacer layer thickness [32,33]. While it must always be considered, it is likely smaller
than other contributions in the samples considered here.

As an aternative to the conventional model, Egs. (3-6), we mention the torsion or
proximity model that depends on the intrinsic antiferromagnetic stiffness of a spacer layer like Cr
or Mn and is sometimes invoked to explain the resulting special behavior [24]. A strong Fe-Cr
interaction is assumed such that the proximity of the Fe leads to a commensurate
antiferromagnetic structure in the Cr that persists even above its bulk Ty. For an odd or even
number of Cr layers, the minimum energy state has the Fe layers coupled with magnetization
directions parallel or antiparallel respectively. If there are thickness fluctuations so that both odd
and even Cr thicknesses are present, the energy is minimized by the Cr momentsin the region
with an odd number of layers winding like a torsion spring with one sense, and regions with an
even number of layers with the opposite sense, to reach the same average direction of the top Fe
layer. [24]. The coupling per unit areais given by

E. = Jowf” + Joen (0] - )7 ™
where -71 <6 <7 and J,, and J,,, arethe coupling functions associated with areas where the

number n of Cr layersis odd and even respectively [24,25]. For n odd, Eq. (7) isminimized for
0=0 and the Fe layers are ferromagnetically coupled. For equal regions of odd and even layers,
0=1v2. The general case of Cr thickness fluctuationsin this model leads to non-collinear

coupling. Another consequence of this model is that for any small thickness fluctuations there are
both odd and even thicknesses present. In this case, the magnetization remains at afinite (not O

or ) angle for all applied fields, giving hysteresis curves with a gradual approach to saturation.
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We have just described two models for the interlayer coupling, the conventional model
and the torsion model, based on the simplest possible approximations for the variation of the
energy as afunction of the relative orientation of the moments of the two magnetic layers, given
by the angle & . In the conventional model we assume that for ideal interfaces, the energy asa
function of this angle of the moments varies as — J, cos(6) , with the sign of J, depending on
whether parallel or antiparallel alignment is preferred. In the torsion model, the coupling energy

is assumed to vary as J(8)? or J(6| - m)* depending on whether parallel or antiparallel

alignment isfavored. The correct model will have to describe both the itineracy of the electrons
as represented by the conventional model and the atomic-like correlations as represented by the
local moments in the torsion model. Calculations of the variation of the energy as afunction of
relative magnetization angle using tight-binding [25] for six layers of Cr gave aresult consistent
with the form assumed in the torsion model. For lessthan six Cr layers, these calculations gave
significant deviations from that form. While calculations have not been carried out for thicker
films, the functional form isalso likely to be more complicated than either of the simple limits
described above, particularly when the incommensurate state of Cr becomes energetically
competitive with the commensurate state. Since there are no calculations for thick Cr spacer
layers that allow twisting of moments and the formation of the incommensurate state, the correct
angular variation of the energy is not known. In this paper, we will analyze the results using the

form —J,cos(6). Wewill show that there are very few results that are inconsistent with this

form, which only shows that it can be difficult to differentiate between these forms. Whatever

the form of the angular variation, it is necessary to consider the different possible ways to relieve
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the frustration that will be present with disorder, as discussed in Sec. 3.
5. Optimal trilayer structures: M easurements
a. Sample preparation

The starting point for nearly ideal Fe/Cr/Fetrilayer structuresis aFe single crysta
whisker. Fewhiskers are typically afew tenths of amm wide and 10 to 20 mm long with <100>
faces. The whiskers are cleaned by ion bombardment and annealing [34]. Whisker surfaces can
have approximately 1 um terraces between single atom steps [35]. This correspondsto a

misalignment from a perfect (001) surface of lessthan 0.01°. There is some variation in step

density between whiskers and over a given whisker; terraces afew hundred nm wide have also

been observed. For growth of the Cr film nearest to the layer-by-layer ideal, RHEED studies of
intensity oscillations and diffraction spot width have shown that the optimum temperature range

of the Fe whisker substrate is 550<T;qx<590 K [36]. Figure 4 showsan STM image of a3.7 ML
thick Cr film grown at Te=573 + 20 K [37,38]. The layer-by-layer character of the Cr growth is
clearly evident. The mean island separatiynn Fig. 4, is determined from a height-height
correlation analysis to be 85+10 nm.

However, at the optimum temperature for layer-by-layer growth, there is some
interchange of the deposited Cr atoms and the Fe substrate atoms at the interface leading to an
interfacial alloy. This can be seen in the STM image of 0.4 ML Cr deposited on the Fe shown in
Fig. 5 (a) [39,40]. A single atom high island is evident, as are many little bumps both on the
substrate and the island. Unique surface states on Fe(001) and Cr(001) allow positive
identification by scanning tunneling spectroscopy of the bumps as spectroscopic features derived

from Cr atoms [41]. Thus, the islands contain Fe as well as Cr and there are Cr atoms in the Fe
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substrate. Angle resolved Auger studies of 0.5 ML Cr deposited at 570 K on Fe(001) found that
about half of the Cr deposited goes into the first two layers of the substrate and about half
remainsin the first adlayer as shownin Fig. 5 (b) [36,42,43]. The aloying can be reduced by
growing the first layer or first few layers of Cr at areduced temperature followed by increasing
the temperature to Tsqp [36]. Proton induced Auger spectroscopy has also shown evidence of
alloying at the interface [44]. Scanning tunneling spectroscopy measurements indicate that the
second layer deposited is predominantly Cr [39,40]. When Heinrich et al. intentionally deposited
amixed layer of Fe and Cr at the interface, they found that it behaved as if the Fe-Cr aloy was
part of the Fe film for Fe concentrations >15% [36]. The consequences of interfacia alloying for
the coupling are discussed below. It has been suggested that the Fe overlayer is not as
susceptible to alloying with the Cr spacer layer [36]. In any case, the growth of an Fe overlayer at
room temperature is adequate for completing a good trilayer.

Results from two types of optimal trilayers are presented. The MOKE and BLS
measurements [36] discussed in this section were made on Fe/Cr/Fe(001) trilayers with Cr layers
of uniform thickness using RHEED to monitor the completion of each full layer. The SEMPA
measurements, on the other hand, were carried out on atrilayer structure where the average Cr
spacer thickness increases linearly over a distance of approximately 1 mm as shown in Fig. 6 [5].

This wedge-shaped Cr spacer provides a sample that contains alinearly varying range of
thicknesses, all prepared under the same growth conditions. The slope of the Cr wedge is

typically such that the Cr thicknessincreases 1 ML over 10 um. No changes in the magnetic

properties were observed for wedges twice as steep or ten times less steep [45].

b. SEMPA observations of short period oscillations in the magnetic coupling

16



Short period oscillations in the magnetic coupling are strikingly displayed by the SEMPA
image of the magnetization, along the length of the whisker, shownin Fig. 7 (a) [46]. The
SEMPA image is formed by measuring the spin polarization of the secondary electrons as the
SEM beam is rastered across the sample surface. SEMPA is a surface sensitive technique that
gives a polarization image proportional to the magnetization in the top few layers of the
specimen [47,48]. The opposite contrast in the top and bottom half of the magnetization image
of the Fe overlayer in Fig. 7 (a) results from the coupling through the Cr spacer layer to the Fe
whisker which has two domains with magnetization in opposite directions asillustrated in Fig. 6.

The Fe overlayer is seen to be coupled ferromagnetically to the Fe whisker substrate for the first
four layers, and then the coupling begins to oscillate, changing from ferromagnetic to
antiferromagnetic (overlayer magnetization antiparallel to the whisker magnetization) and back
asthe Cr increases by two additional layers. Thiscan be seen clearly in Fig. 7 (b), which shows
the profile of the polarization from Fig. 7 (a). Thischange in the direction of the coupling
continues with each additional Cr layer up to 24 layers. The 24" and 25" layers are both coupled
ferromagnetically and only at the 26™ layer does the coupling switch to antiferromagnetic. At
room temperature, where this was measured, this phase dlip in the coupling is repeated each
subsequent 20 layers as noted by the arrowsin Fig. 7.

Before the Fe overlayer was deposited for the measurements displayed in Fig. 7 (a) and
(b), the thickness and magnetization of the bare Cr were measured. It is possible to scan the
SEM beam along the wedge at grazing incidence and observe RHEED intensity oscillations asit
moves from a thickness where the top Cr layer is partially filled, to a position whereit isfilled,

and so on [5]. The RHEED intensity oscillations measured in this way are shown in Fig. 7 (c).
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The decrease in intensity with increasing thickness correlates with the expected increase in
roughness. The RHEED oscillations not only help characterize the quality of film growth, but

act as a very accurate ruler to give the thickness at each position of the wedge to +0.1 layer.
This, along with the observation of the short period oscillations in the coupling over many

periods, allowed us to accurately determine the short period, As=2.105:0.005 [49].

The SEMPA measurement of the bare Cr polarization P(Cr) is shown in Fig. 7 (d) after
subtracting an exponential to reduce the background from the Fe whisker that is significant for
about the first 10 ML of Cr. Note that the magnitude of P(Cr) is much smaller than the
polarization measured for the Fe overlayer P(Fe). Tdsabhpling depth in Cr for the electrons

measured by SEMPA is 3:8.3d [46] so even though the top Cr layer dominates P(Cr),

subsurface moments with alternating directions reduce the measured value. Comparing P(Cr)
and P(Fe) in Figs. 7 (b) and (d), it can be seen that the polarization of the Fe overlayer is opposite
to that of the Cr at Cr thicknesses of 5 ML and above. This is consistent with antiparallel
coupling at the top Fe-Cr interface assuming that the Cr polarization direction does not change on
the addition of an Fe overlayer. Antiparallel Fe-Cr coupling was also found in spin-polarized
photoemission measurements [50,51].

Like P(Fe), we see that P(Cr) changes sign with each single layer increase in Cr thickness
except for the phase slips at 24-25, 44-45, and 64-65 layers. Up to the first phase slip, for
antiferromagnetic Fe-Cr coupling at both interfaces and antiferromagnetic stacking of the Cr, we
expect the Fe layers of the trilayer to be coupled ferromagnetically for an odd number of Cr
layers and antiferromagnetically for an even number of Cr layers. Just the opposite is observed

in Fig. 7 (b). This one layer offset has been attributed to the alloyed region approximately one
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layer wide at the interface observed for this high temperature growth of Cr on Fe
[36,39,40,42,43,52].
c. Temperature dependence of the phase dlips

The SEMPA measurements described thus far were made at room temperature, that is, in
the neighborhood of the Cr bulk Néel temperatuges3L1 K. It was found that as the sample
temperature during the SEMPA measurement of a bare Cr wedge on the Fe(001) whisker was
varied between room temperature and {,&fe Cr thickness at which phase slips occurred
varied reversibly [46]. The amplitude of the oscillations of P(Cr) changed less than 20% on
heating to 1.8. The displacement by 14 layers of the position of the first phase slip from its
position at 24-25 at 310 K to 38-39 layers at 550 K is displayed in Fig. 8 (a). The phase of the
oscillations below 24 layers was not observed to change in this temperature range. Also shown
in Fig. 8 (a) is the distance between phase slips in bulk Cr measured by neutron scattering [53].

The change in the thickness where the first phase slip occurs can also be seen in the
SEMPA measurements of an Fe/Cr/Fe trilayer at a series of measurement temperatures shown in
Fig. 8 (b) [54]. It is somewhat more difficult to locate the phase slips as a function of
temperature in the trilayer data compared to bare Cr on Fe data because the short period coupling
strength drops off more rapidly with temperature than the long period. Only short period
oscillations are seen in the polarization P(Cr) of the bare Cr. The heavy line marking the change
in the position of the phase slip in the trilayer with temperature is taken from the P(Cr) data of
Fig. 8 (a). Where short period oscillations can be seen above and below the phase slip line, for
example at a Cr thickness of 30 layers, the magnetization direction is reversed. The dashed line

is the same curve displaced 20 layers. There is some evidence of the magnetization reversal at 46
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to 48 layers, e.g., compare the room temperature data with that above the dashed line at
approximately 425 K. All of these measurements are completely reversible and are not due to an
irreversible roughening of the trilayer structure.
d. Observation of non-collinear coupling of the Fe layers

The SEMPA image of Fig. 7 (a) shows the Fe overlayer magnetization component along
the whisker parallel to the magnetization of the whisker substrate, defined here as M. A similar
image from a different trilayer wedge sampleis shown in Fig. 9 (a) [5]. The varying width of the
black and white contrast in Fig. 9 (a) is evidence of the long (12 ML) period coupling
superimposed on the short period coupling. Simultaneously measured with such an image are the
Intensity image, which gives topography information, and the image of the orthogonal in-plane
component of the magnetization, My. The magnetization M liesin the plane of the Fe film and

has constant magnitude, CM C=(M, + M,?)Y2. The direction of M is given by the
angle, 8 = tan™ (M yIM,) . Fig. 9 (b) and (c) show enlarged angle maps of the magnetization

direction from the Cr thickness regions outlined in Fig. 9 (). In the thinner part of the wedge,
Fig. 9 (b) shows that the Fe overlayer does not alternate between parallel and antiparallel, but
instead between canted and roughly antiparallel. This canted coupling observed in the thin part
of the Cr wedges varies from sample to sample due to dlight differencesin preparation. A
variation in the coupling angle across the whisker isvisiblein Fig. 9 (b) and highlighted by the
line scans of Fig. 9 (d). In the thicker part of the wedge, Fig. 9 (c) shows that where M, becomes
small as it goes through zero and reverses direction, there are regions of orthogonal

magnetization, My shown in red and blue, i.e., there is 90° coupling. Of interest for later
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discussion, isthe fact that the 90° coupling regions become narrower at a Cr thickness near 24
ML where the phase slip occurs.

Thefirst observation [26] of such regions of 90° coupling was in Kerr microscopy studies
of Fe/Cryeqgd/ Fe trilayers grown on Ag-buffered GaAs substrates. These structures exhibited long
period coupling. In the transition region between the ferromagnetically and antiferromagnetically
coupled regions, the coupling of the two Fe layers was at 90°. These experiments led to the
addition of the biquadratic coupling term to obtain Eq. (3) [26]. A similar equation was
proposed to explain the hysteresis |loops observed in Co/Cu structures [27].

e. Strength of theinterlayer exchange coupling

The strength of the interlayer exchange coupling, i.e. the coupling energy per unit area E¢
in Eq. (3), can be determined by varying the magnetic field applied to the trilayer structure and
measuring the BL S spectra or MOKE magnetization curves [55]. These optical techniques have
increased the sengitivity to the overlayer as compared to conventional magnetometry where the

signal from the much larger Fe whisker would overwhelm that from the thin Fe overlayer. By
assuming that the form of Eq. (3) holds, the BLS measurements allow the separation of J, and
J, when the coupling is antiferromagnetic [55]. The bilinear and biquadratic coupling strengths,
J, and J,, of an optimally grown trilayer are shown in Fig. 10 taken from Heinrich et al. [36].
The separation at 10 and 12 layersin Fig. 10, where the coupling is ferromagnetic, was made
assuming that J, wasthe same asfor 9,11, and 13 layers. The coupling strength was reported to
be very sensitive to dlight differences in sample fabrication conditions [36,55].

With increasing Cr thickness, J, changes from ferromagnetic to antiferromagnetic at 4
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layers and oscillates around an antiferromagnetic offset until the short period coupling increases
and there is a crossover to ferromagnetic coupling at the tenth layer, with oscillating sign of the
coupling after that. Even though the polarization profile P(Fe) of Fig. 7 (b) looks tantalizingly
similar to the strength measurements of Fig. 10, P(Fe) is proportional not to the bilinear coupling
strength but to My of the top Fe layer. The fact that P(Fe) does not saturate suggests a biquadratic

component nearly equal to the bilinear coupling. On the other hand, BLS measurements find

|3,/>23,|, except near zero crossings of J,, and the coupling is not canted but collinesr, either

ferromagnetic or antiferromagnetic [36]. We attribute this discrepancy between these BLS
measurements and the SEMPA measurements of Fig. 7 to slightly rougher Cr in the Fe/Cryedqd/FE
trilayer as indicated by the less than optimal RHEED oscillationsin Fig. 7 ().

The coupling strength shown in Fig. 10 measured from optimum samplesis still over an
order of magnitude smaller than predicted theoretically [56,57]. The sensitivity of the coupling
strength to the substrate temperature during the deposition of the first few Cr layers suggests that
it is affected by interfacial alloying. An indication that interface alloying affects the coupling
strength is seen from the very different H, and H, in Fig. 11 for samples grown at different
temperatures [43]. For applied fields sightly above H,, the magnetic moments in the Fe whisker
and the Fe overlayer are paralel. For fields dightly below H; the overlayer and whisker

moments are antiparallel [36]. A decreasein J, by afactor of three from -1.23 m¥m?® to -0.41

mJ/'m? was cal culated from the hysteresis curves when the interface was formed at substrate
temperatures of 453 K and 519 K respectively, and the rest of each Cr film was deposited at T ot

[43].
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There are limits on how much the substrate temperature during interface formation can be
reduced to decrease the effect of alloying on the coupling strength. A substrate temperature of at
least 370 K was found to be necessary to obtain reasonable growth [36]. Even with this care
taken to minimize interfacial alloying, these samples showed the reversed phase of the
oscillations in the thinner Cr regions. As seen in the SEMPA measurements, antiferromagnetic
coupling is present for an odd number of Cr layers instead of the ferromagnetic coupling for an
odd number of Cr layers as expected for perfect antiferromagnetic stacking. Heinrich et al. aso
induced variationsin the coupling strength by depositing 1-3 ML of Cu, Ag, or Mn at one of the
Fe-Cr interfaces [36]. The results were compared to recent calculations [58], but further
discussion hereis beyond the scope of this paper.

Atomic scale defects, for example due to interfacial alloying or steps, cause diffuse
scattering of electron states and cause frustration. These effects tend to reduce the coupling for

each discrete thickness, J,(n) . This discrete thickness coupling strength is used to determine the

biquadratic coupling strength, EQ. (6), and the lateral response length |I. While the steps that cause
the thickness fluctuations a so lead to diffuse scattering and frustration, in general, they have a

more important effect. The thickness fluctuations average the coupling at discrete thicknesses
over the growth front to give a reduced average coupling strength J,(t), Eq. (5). This averaging

explains the reduced coupling strength in systems like Fe/Au where no alloying is believed to
occur [12]. The thickness fluctuations al so cause the biquadratic coupling in the conventional

model. In contrast, the interfacial alloying occurs on alateral length scale of atomic dimensions

(see Fig. 5 (@) and only affects J, indirectly through the effect of diffuse scattering on J¢(n) .
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Thecritical fieldsin Fig. 11 are determined from fitting the hysteresis curvesin the
conventional model taking into account the micromagnetic response of the Fe whisker aswell as
the Fe overlayer [28]. The antiferromagnetic alignment of the Fe filmsis expected to show a
jump at H; and awell-defined kink at H,. The remanence observed in Fig. 11 isthat of the Fe
whisker. Heinrich et al. [36] argue that a variation in exchange coupling strengths J, and J, by
+10% over length scales larger than the lateral response length is sufficient to explain the
rounding of the hysteresis curves as well as the differences betwaend H determined by
BLS and MOKE on the same samples. The hysteresis curves can be explained in the
conventional model.

The variation of the coupling strength out to thicker Cr layers is shown in Fig. 12 (a) for a
Au(10 ML)/Fe(15 ML)/Cryege/ Fe whisker sample. The first two layers of the wedge were grown
at 403+10 K and the rest at 623+20 K. This figure is a series of MOKE images, each acquired at
a different applied field [54]. The dark vertical bands are the antiferromagnetically coupled
regions that switch at different applied fields. For this 15 layer Fe film, switching the
magnetization from antiferromagnetic to ferromagnetic in an applied field of 100 kA/m

corresponds to a coupling strengthof 0.47 mJ/m At a Cr thickness of 11 layers and below,

the field available in these experiments was insufficient to switch the Fe. The interpretation of
the fading contrast of the antiferromagnetic peaks at Cr thicknesses of 13 and 15 ML would
require a measurement of the hysteresis loops at those points. Possible explanations include
either a distribution of coupling strengths or the slow approach to saturation expected from the
torsion model. This series of images graphically shows how the exchange coupling depends on

Cr thickness with a clear minimum at the phase slip for a Cr thickness of 24-25 layers.
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It isaso possible from SEMPA datato get some idea of the variation of the strength of
the biquadratic coupling J, from the width of the transition region between thicknesses of
opposite bilinear coupling as was seen in the M, imagein Fig. 9. (c). In samples, like wedges,
where the thickness of the spacer layer varies continuously, there are transition regions where the
averaged bilinear coupling, J,(t), changes from ferromagnetic to antiferromagnetic going
through zero. In these transition regions, the biquadratic coupling, J,, becomes larger than
J,(t)/ 2, and the minimum energy configuration for the Fe magnetizations is non-collinear. The
width of this transition region is the distance between the points where J, (t) = 2J,, and
J,(t) =-2J,. In Fe/Cr multilayers, the unaveraged short period coupling is larger than the

unaveraged long period coupling, so the strength of the biquadratic coupling is proportional to

the square of the change in the short period coupling strength from one layer to the next, see Eq.

(6), J, 0(AJ,)?. Thisdependenceisindependent of whether thickness fluctuations obscure the

short period coupling from J;(t) or not. The constant of proportionality will vary with the

interface quality, represented in Eq. (6) by the terrace length L. Near the thickness t, where the
coupling changes sign, the averaged bilinear coupling varies as J,(t) O J; (t—t,). Thuswe

expect the transition width to vary like w0 (AJg)*/ Jl’. Near a phase dlip in the short period

coupling, the envelope of the unaveraged short period coupling goes through zero linearly,

AJg O (t-tg,). Asitdoes, the biquadratic coupling goes through zero. Based on the simple

arguments presented here, we would expect to see the width of the transition region, w, go to

zero near the phase dlip either linearly if the short period coupling survives the thickness
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fluctuations or quadratically if it doesnot. Theresultsin Fig. 12 (b) are consistent with these
expectations, but insufficient for a quantitative comparison to the model.
6. Optimal trilayer structures: Interpretation

In principle, a perfect multilayer structure composed of thin Feand Cr filmsresultsin a
coherent structure with one thermodynamic phase transition for the whole structure at a
temperature between the Curie temperature of bulk Fe and the Néel temperature of bulk Cr [59].
In the multilayer, we expect the Fe to induce antiferromagnetic order in the Cr up to the transition
temperature of the multilayer. The degree of order in the Cr depends on the temperature, the Cr
thickness, and the distance from the interface. When the Cr becomes thick enough, we expect it
to behave as if it had a transition at the bulk Néel temperature even though the transition is
broadened and not a true thermodynamic phase transition [59]. The coupling can be understood
as the response of the Fe atoms at one interface to the electrons in the Cr spacer that are polarized
by the magnetized states in the other Fe layer. This description also applies for paramagnetic
spacer layers. There, the Fe induces a (weak) spin density that mediates the coupling.

A paramagnetic description of Cr was the basis of the RKKY-like calculation used by
Wang et al. [60,61] to treat the magnetic coupling in Fe/Cr/Fe. The striking feature of the
calculation was the short period oscillatory coupling with a period given by the Fermi surface
nesting vecto@ of the paramagnetic Fermi surface shown in Fig 1. At the time of the
calculation, only the long period coupling oscillations had been observed [4] and Wang et al.
[60,61] showed how interface roughness could average out the short period oscillations and bring
their results into better agreement with that experiment.

The conventional model, which includes such an RKKY calculation, treats Cr in an
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itinerant electron or band picture and ignores the electron-electron interactions in the Cr that
stabilize the antiferromagnetic state. At the other extreme is the localized moment picturein
which atomic Cr moments are antiferromagnetically coupled by a Heisenberg exchange. The
proximity model [24] of Eq. (7) is of thistype. These models do not describe the Cr
Incommensurate spin density wave. Between these extremes are cal culations based on different
models for treating the electron-electron interactions. Examples include calculations such as
those of Mirbt et al. [56] and of van Schilfgaarde and Herman [57] based on the local spin
density approximation, calculations of the Strasbourg group [62] based on the tight binding
approximation and on-site Coulomb interactions, and the calculations of Shi and Fishman [63]
based on models for the free energy of bulk Cr in different ordered states. In most calculations,
the interlayer exchange coupling is taken as the difference between the cal culated energy of the
structure for the ferromagnetic layers aligned parallel and the energy for antiparallel alignment.
Itispossibleinloca spin density approximation calculations to modify the treatment of the
electron-electron interactions so as to suppress the formation of antiferromagnetism in the Cr.
This allows an approximate comparison of the coupling in both paramagnetic and
antiferromagnetic SDW Cr. Short period oscillatory coupling isfound in al cases, but the
strength varies. At a Cr thickness of 11IML, corresponding to the maximum coupling measured
by Heinrich et al. [36], the strength of the calculated coupling through SDW Cr ranges from
approximately 60 to 80 mJ¥/m? and is roughly three times stronger than that cal culated for
paramagnetic Cr [56, 57]. The experimental coupling strength, of order 1 mJm?, is reduced by
theinterfacial alloying and also, we believe, by Cr thickness fluctuations. These are difficult to

avoid even in carefully optimized growth.
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In contrast to local magnetic moments of arare earth metal or of a conventional
antiferromagnet, Cr is an itinerant antiferromagnet with a spin density wave such that ordered
magnetic moments at each lattice site can vary in magnitude. Shi and Fishman have presented a
model of Fe/Cr/Fe that treats the competition between the SDW antiferromagnetism of the Cr
spacer layer and the antiferromagnetic coupling of the Cr and Fe at the interfaces [63]. For ideal
interfaces, the interface coupling tends to increase the SDW amplitude at the interfaces whereas
the intrinsic antiferromagnetism of the Cr favors the temperature dependent bulk SDW values for
the amplitude and wavevector. When the bulk contribution from the Cr spacer is sufficiently
small compared to the interface energies, asis the case for athin Cr spacer or at higher
temperature, Shi and Fishman show that the commensurate SDW (CSDW) is favored over the
incommensurate SDW (ISDW) [63,64]. The thickness and temperature dependence of the
transition from the commensurate phase with n=0 nodes to the first incommensurate phase with
n=1 node in the SDW is shown by the heavy linein Fig. 13 [64]. The variation of the
commensurate to incommensurate transition with temperature shown by the heavy linein Fig. 13
IS consistent with the measured change in the position of the phase slip depicted by the solid line
in Fig. 8 (b). The n=1to n= 2 transition in Fig. 13 corresponds to the second phase sip shown by
the dashed curvein Fig. 8 (b). The increased incommensurability of Cr on Fe, indicated by the
smaller node-to-node distance of 20 ML at 300 K for the Fe/Cr euqe/Fe compared to the 27 ML
for bulk Cr as shown in Fig.8 (a), is attributed to the 0.6% smaller lattice constant for Cr on Fe
than for Cr in the bulk. Using this lattice constant, the model gets the node-to-node distance
correct, but the phase slips occur at smaller Cr thicknesses than in experiment.

The SEMPA measurements are not directly sensitive to the presence of antiferromagnetic
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order in the Cr. However, the qualitative agreement between the model calculation and the
measured temperature dependence of the phase slipsis strong evidence that the Cr layer in these
experiments isin an antiferromagnetic state. Within the conventional model, the change in the
phase slip would have to come from the temperature dependence of the Fermi surface. However,
the temperature dependence of the Cr Fermi surface is too weak to give the observed variation in
the incommensurability. The agreement also implies that the antiferromagnetic order that exists
well above the bulk Néel temperature of Cr is due to the proximity of the Fe.

Also in accord with the model of Shi and Fishman [63] is the fact that the coupling
strength in Fig. 12 (a) decreases with Cr thickness up to the phase slip at the node in the SDW at
a Cr thickness of 24 to 25 layers and then increases again. The family of curves in Fig. 14 gives
the energy of a spin density wave in Cr for n=0, 1, 2, or 3 nodes, calculated with the same model
parameters as Fig. 13 [65]. The ground state of a trilayer is commensurate with alternating
ferromagnetic and antiferromagnetic alignment of the Fe films up to a thickness where the n=0
and n=1 lines cross. After this point the ground state has incommensurate SDW order. The phase
slip occurs at the crossover where the two types of SDW have the same energy. In the region of
the commensurate SDW, reversing the orientation of the Fe layers from the low energy
configuration at a given thickness, introduces a node in the SDW, raising the energy to that given
by the n=1 curve. The coupling energy of the systesmEE, is just the difference between the
two curves that form the boundary of the shaded area. This gives the envelope of the coupling
strength in this model. Comparing Figs. 12 (a) and 14 shows that this result is in qualitative
agreement with what is measured.

With this overall picture of the short period coupling in place, we will now discuss the
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inevitable magnetic frustration at imperfect interfaces. Stepsin the Fe whisker substrate and
roughness at the upper Fe-Cr interface due to the Cr growth lead to frustration that is likely
relieved in two different ways. We first consider frustration due to steps in the whisker substrate.

Thetypical 1 um step separation on the Fe whisker surface is much larger than the Cr thickness

of lessthan 10 nm. The frustration caused by these Fe steps for a number of complete Cr layers
IS therefore expected to be taken up in the Cr film as shown in Fig. 3 (b), rather than asavery
long Fe-Cr interface wall aswould be required in Fig. 3 (c). Even for perfect growth on avery
flat Fe whisker, at other than a perfectly completed layer, there will be thickness fluctuations in
the Cr spacer layer on alength scale L, which is at least an order of magnitude less than the step
spacing on the whisker at the growth temperatures used. Over the lateral response length | (1> L)
that it takes the Fe magnetization in the overlayer to change direction, the Fe overlayer responds
to the average of the coupling strengths for each Cr thickness asin Eq. (5). The magnetization of
the Fe overlayer is constant. This causes the frustration at the Cr-Fe overlayer interface that is
likely relieved by an interface wall of the type shown in Fig. 3 (¢).

One possible consequence of such frustration is canted coupling as is often observed for
the thin part of the Cr wedge, as seenin Fig. 9 (b) for example. A plausible explanation of the
results can be given in terms of Slonczewski’s fluctuation model [31]. The angle of the coupling

comes from the competition betwedpand J,, see Eq. (3), which is highly sensitive to sample

properties. The decrease of the biquadratic coupling relative to the short period bilinear coupling
after a dozen or so layers can be understood from Eq. (6). The biquadratic coupling decreases as
the square of the bilinear coupling, so it decreases faster than the bilinear coupling as the latter

decreases. In the thicker parts of the Cr wedge, the thickness fluctuation model of biquadratic
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coupling explains the 90° coupling in the transition regions where the averaged bilinear coupling,
J,(t), changes from ferromagnetic to antiferromagnetic going through zero.

In summary, the magnetic coupling in optimized Fe whisker trilayers can be described by
Eq. (3) where the bilinear coupling consists of a short period oscillatory coupling that dominates
the long period coupling. To correctly explain the short period coupling, it is necessary to go
beyond the conventional model and include a treatment of the electron-electron interactions of
the type that stabilize the incommensurate order in Cr. The observed non-collinear coupling can
be explained satisfactorily by the Slonczewski thickness fluctuation model [31]. Agreement with
the trends of that model does not imply that other models may not be developed that give better
descriptions of the non-collinear coupling; in fact, the best description may change with the Cr
thickness.
7. Trilayerswith varying interfacial roughness: M easurement

The degree of interface roughness in Fe/Cr/Fe trilayers has a very strong influence on the
magnetic coupling. The roughness of a Cr spacer layer grown on a Fe whisker substrate is very
dependent on the temperature of the substrate during evaporation of the Cr [5,36,49]. A
GaAs(001) substrate with a Ag buffer layer has also been used for the epitaxial growth of
Fe/Cr/Fe trilayers which exhibit long and short period oscillations in the magnetic coupling
[66,67,68,69,70].

We discuss the similarities and differences in the Fe whisker and GaAs based trilayers
with regard to both the interface structure and the magnetic coupling. Results will first be
presented for Fe whisker trilayers with varying degrees of interfacial roughness caused by

different Cr growth temperatures. We then discuss the results from the GaAs based trilayers.
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STM measurements of the roughness and mean island separation are discussed for both types of
samples and summarized in Table 2.

Trilayers grown on Fe whiskers are unique because the interface at the whisker is
exceptionally smooth. Because the Fe(001) whisker surface is very flat, the roughness of the Cr
layer determines the thickness fluctuations, i.e., o; is assumed equal to oc;. STM images of
approximately 5 ML Cr films grown on Fe whisker substrates at 323+20 K and 488+20 K are
shown respectively at the top left and right in Fig. 15 (a) and (d) [37,49]. The height-height
correlation function was computed for each image to obtain the mean island sepaaatibiine
rms roughness ¢ shown at the bottom of Table 2. There is a strong correlation between the
growth temperature of the Cr spacer layers and the observed oscillatory coupling in the rougher
trilayers grown on Fe whiskers. The SEMPA image of a Fe/Cr wedge/Fe(001) trilayer structure
grown at 30310 K and a magnetization profile from this image are shown in Fig. 15 (b) and (c)
respectively. The corresponding figures for the RelfefFe(001) grown at 473+10 K are shown
in (e) and (f) [49]. For the lower temperature growth, the magnetic coupling shows primarily
long period coupling with some fine structure at 6 layers. Although the trilayer with the Cr wedge
grown at 473 K exhibits primarily a long period coupling, short period oscillations can be
observed out to a thickness of 18 Cr layers. As in Fig. 7 (b) and 9 (b), the fact that the
magnetization does not correspond to complete ferromagnetic or antiferromagnetic alignment,
means that there is &f, component and that the magnetization is canted.

The starting point for trilayer growth on GaAs is a substrate quite different from the Fe
whisker. The GaAs based samples are typically prepared by first depositing a 1 nm Fe seed layer

on the GaAs(001) surface followed by a 150 nm Ag buffer layer, all at 373 K, followed by a 1
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hour anneal at 573 K. Fe/Cr/Fe trilayers subsequently deposited at 293 K showed long period
oscillations quite similar to those observed for the trilayer grown at RT on the Fe whisker [68].
When the trilayer was deposited at 523 K, except for the first few Fe layers which were deposited
at room temperature to minimize diffusion of the Ag into the Fe, short period oscillationsin the
coupling strength were observed, but no phase slips[68,69]. The coupling for growth at 523 K
exhibited a strong biquadratic component in addition to the bilinear component. At this growth
temperature, a negative (antiferromagnetic) bias of the coupling up to 25 ML Cr was observed,
which decreased with increasing measurement temperature [68].

Recently, Schmidt et al. [ 70] combined a careful STM characterization of trilayers
fabricated on Ag-buffered GaAs substrates with measurements of the magnetic coupling strength.
The sample preparation differed slightly from those studied by the Griinberg group [68], but the
magnetic coupling results are similar. The combination of structural as well as magnetic
measurements on these samples makes them of particular interest for closer examination. In
samples denoted as room temperature (RT) samples, the entire trilayer was fabricated at room
temperature. A second designation, mixed temperature)(Mdrresponds to samples where the
first 2 nm of the first Fe layer were deposited at 100 K to inhibit segregation of Ag to the surface,
and the remaining 3 nm of the 5 nm bottom Fe layer were deposited at temperature T which was
520 K or 570 K. The Cr layer and the 5 nm Fe overlayer were both deposited at 520 K. STM
images were acquired after deposition of the bottom Fe layer and then again after deposition of
the Cr layer.

From the STM images the rms roughness, 6, and mean island separation, R, were

calculated. The results are summarized at the top of Table 2. From the inequivake faera
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and Cr and from modeling, Schmidt et al. [70] concluded that the roughness of the Fe bottom
layer was not correlated with the roughness at the top of the Cr layer. On the basis of this
argument, they calculated the rms thickness fluctuation of the Cr spacer layer, o; = (cre> + 612 v2
also shownin Table 2.

Interesting correlations are found between the magnetic coupling and the growth
morphology as characterized by the STM. The STM images and the magnetic coupling results for
RT and M Tsy structures are compared in Fig 16. Figure 16 (a-c) show respectively an STM
image of the bottom Fe layer, an STM image of the Cr layer at athickness of 17.4 ML (2.5 nm),
and the magnetic coupling curve, determined from MOKE hysteresis loops, for the RT Fe/
Crwedge/FE(001) trilayer. The STM images include both low and high resolution images. Figure
16 (d-f) contains the corresponding images for the M Tsy trilayer. The magnetic coupling from
the RT trilayer exhibits long period oscillatory coupling with a hint of structure at a Cr thickness
of 6 layers. The MTs70 sample shows along period modul ation modulated by short period
oscillations. A MOKE hysteresis curve for the M Tszo sample a a Cr thickness of 17.4 ML is
shown in Fig. 17. The plateaus in the magnetization, nearly equal to half the saturation
magnetization for zero applied field, are indicative of 90° coupling for this multilayer with Fe
layers of equal thickness. In fact, for both mixed temperature (MT) trilayers, biquadratic
coupling dominated over most of the thickness range. For 7 ML and below, bilinear
antiferromagnetic coupling is apparent in the hysteresis curves [71]. In contrast tosthe MT
samples, the Mzh, coupling data showed only very weak short period oscillations.

8. Trilayerswith varying interfacial roughness: I nterpretation

The long period oscillatory coupling is clearly seen in trilayers on Fe whiskers with the Cr
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grown at room temperature, Fig. 15 (b) and (c), and in trilayers on Ag-buffered GaAs(001), Fig.
16 (c). Unlike the short period coupling that is believed to haveits originsin the
antiferromagnetism of Cr, we believe the long period coupling can be described using a quantum
well model in the same way asis used to describe the coupling through noble metals. However,
even accepting this model, the important part of the Fermi surface is till controversial, as
discussed elsewhere in this volume [11]. One proposal is that the appropriate spanning vectors
for the long period oscillatory coupling would be located at the N-centered ellipsesin Fig. 1
[72,73]. The critical spanning vectors of the N-centered ellipses are similar for the (001), (110)
and (211) interfaces. Since this part of the Fermi surface isnot believed to be strongly dependent
on the presence or absence of antiferromagnetic order, the paramagnetic Fermi surface should be
appropriate. In this case, the long period coupling would is expected to be relatively insensitive
to temperature and disorder.

When there are sizable thickness fluctuations, as seen in the STM images of 15 (a) and 16
(b), the long period coupling is observed, because the short period coupling J. is reduced by

thickness fluctuations as described in EQ. (5). An example of the effect of thickness fluctuations
on the short period coupling is shown in Fig. 18 (a). This plot of the averaged coupling, Jg, was
generated by assuming a coupling Jg oscillating in sign with each one layer changein Cr
thickness, and adding together the coupling contributions from al the layersin the growth front.
Distributions of the discrete thickness fluctuations were generated with varying standard
deviation, o, by sampling Gaussian distributions at integer layer thicknesses and appropriately

normalizing the discrete distributions. Similar distributions were found to be a good
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approximation for rough growth of thin layers of Cr on Fe whiskers[49]. The plot is normalized
to 1 for ideal interfaces. For a thickness distribution with a standard deviation ; = 1 ML the
value of the normalized J. has decreased to 0.014. Asthe strength of the averaged short period
coupling becomes weaker than competing energies such as those of the biquadratic coupling, the
anisotropy, or the long period coupling, it will become more difficult to observe.

For interpreting the magnetic coupling results from trilayers with interfacial roughness, it
Is useful to keep in mind how different quantities vary with the standard deviation of the
thickness distribution, o, and the average terrace length, L. Over the ranges of o; and L

encountered in the trilayers considered in this section, that is o;lessthan 2 ML and L less than 80
nm, we can say the following: 1) The average long period coupling strength J, remains nearly
constant, 2) the average short period coupling J. decreases dramatically with increasing oy while

Jg remains constant, and 3) there is awide variation in the biquadratic coupling. In the thickness

fluctuation model of biquadratic coupling, Eq. (6), J, varies quadratically with the terrace width

L asshownin Fig. 18 (b).
We call attention to an additional experimental result from RT trilayers on Fe whiskers

that places constraints on models of biquadratic coupling. In these samples, L issmall giving a
relatively small J,, but biquadratic coupling is still observed when the long period coupling goes
through zero. This can be understood in terms of the thickness fluctuation model of biquadratic
coupling; even though average short period coupling Jgis small for low temperature growth, it is
the unaveraged Jg, which isnot small, that contributes to the biquadratic coupling. Thisideais

supported by the fact that the widths of the biquadratic coupling regions from a SEMPA image,
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see Fig. 12, are smallest where Jgisat aminimum in the vicinity of the phase slips in the short
period coupling.

A significant feature of the magnetic coupling in the Fe whisker trilayer which we want to
be able to explain is the canted biquadratic coupling observed up to a Cr thickness of 18 ML in
Fig. 15 (f). Unlike optimal trilayers on Fe whiskers where the short period bilinear oscillations
dominate for Cr thicker than about 10 ML, for Cr growth on whiskers at 488 K the short period
coupling is much reduced. The canted coupling can be interpreted as a competition between
biquadratic and bilinear coupling. The variation in the canted coupling with Cr thickness can be
understood in the thickness fluctuation model of biquadratic coupling. The canted coupling dies
out above about 18 ML Cr thickness because, as interface roughness and thickness fluctuations

increase with Cr thickness, L decreases, and thus the biquadratic coupling J, decreases.

Turning to the trilayers on GaAs substrates, Table 2 shows that the roughness of the Cr
grown at room temperature and at 520 K in the M Ts7zo sample is about the same. However, the
mean island spacing R is much larger for high temperature growth, as also can be seen by
comparing the STM imagesin 16 (b) and (e). The magnetic coupling is clearly very different.
The striking STM images of the MTs7 Fe and Cr surfaces show mesa-like structures with deep
canyons between. This morphology is thought to result from relieving the strain in the Fe film
grown on Ag with a 0.8% lattice mismatch. Similar structure is seen in the Cr growth, but the
mean island spacing R increases over that of the Fe film by 52% and 14% for the M Ts,, and the
MTs70 Samples respectively. It isdifficult to analyze these resultsin terms of R, ¢ and o that we
have used to analyze other results because these three parameters do not describe all of the

Important properties of this morphology. The canyons between the mesas dominate the measured
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roughness. The height distribution of the mesas alone has a much smaller ¢ than the surface as a
whole. Also, the average terrace length L on the mesas is much larger than the average L derived
from R/c.

Schmidt et a. [70] recognized that it is not possible to understand the coupling strengths
of the Fe/Cr/Fe trilayers on GaAs only in terms of the measured o; Of the thickness distribution as
was possible for the SEMPA data from trilayers on whiskers [49]. The largest areas over which
the top and bottom interfaces of the Cr film areflat, i.e., regions of constant Cr thickness, called
pillarsin the model of Schmidt et al., are found in the mesa regions. Regions of constant
thickness with alarge L contribute most strongly to the biquadratic coupling. These regions may
also dominate the short period coupling, if there is an imbalance of the area associated with
pillars of an odd rather than even number of Cr layers. Such an imbalance would be possible if
the thickness of these regions is distributed with a o; that is much smaller than the o; of the whole
spacer layer. Schmidt et al. emphasized the importance of the pillar size[70]. From their
analysis, they concluded that even for the mesas, the thickness fluctuations were very similar for
the M Ts70 sample and the M Tsy sample. The MTsz exhibited short period oscillations in the
coupling that were four times larger than those of the M Tspo sample. This correlates with the
higher proportion of pillars with alarge cross-section and with the larger R for the M Ts70 sample.

In summary, the magnetic coupling appears quite similar for the rougher RT Cr growth on
either the Fe whiskers or the Ag-buffered GaAs. Thereislong period oscillatory bilinear
coupling in both cases. For higher temperature Cr growth, the observed magnetic coupling is
different for trilayers on Fe whiskers and on Ag-buffered GaAs. Both types of samples probably

have contributions from both long and short period bilinear coupling as well as biquadratic
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coupling. For Cr growth at 488 K on the Fe whisker, the long period bilinear coupling dominates
with short period, non-collinear oscillations, up to a Cr thickness of 18 ML, due to the short
period coupling and the biquadratic coupling. For Cr growth at 520 K on the GaAs, above a Cr
thickness of 7 ML, the biquadratic coupling dominates [71]. The origin of thisdifferenceliesin
the structural differences at the interfaces as observed by STM.
9. Fe/Cr superlattices: M easur ements

The magnetic ordering within the Cr layers and the interlayer coupling in Fe/Cr
superlattices is complex and sensitive to interfacial roughness. Neutron scattering has been
applied to the study of Fe/Cr multilayersin part because it is directly sensitive to the magnetic
order. Neutron scattering at small angles, referred to as neutron reflectivity, is sensitive to
magnetic structure on length scales of afew nm, such as a superlattice period. For example,
neutron reflectivity distinguishes between ferromagnetic and antiferromagnetic ordering of the Fe
layersin Fe/Cr superlattices. Neutron scattering at high angles, referred to as neutron diffraction,
IS sensitive to magnetic structure on an atomic length scale such as the antiferromagnetic
ordering of the Cr moments. Additionally, using incident polarized neutrons and polarization
analysis, it is possible to determine the orientation of the momentsin the plane of the layer.
However, neutron scattering requires large samples, in particular, superlattices. Since these
structures are grown thicker and with more interfaces than the trilayers discussed in the
preceeding sections, they tend to have more disorder.

Two groups have carried out most of the neutron scattering investigations of Fe/Cr
superlattices. Wefirst review magnetic coupling, transport, and neutron scattering measurements

of Fullerton and coworkers as a function of temperature on a series of superlattices differing in
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the thickness of the Cr layers. The superlattices were epitaxially deposited at temperatures from
350 K t0 450 K on a 10 nm Cr buffer on MgO(001) by dc magnetron sputtering [74,75]. Long
period oscillatory coupling was observed up to a Cr layer thickness of 45 ML in saturation
magnetization measurements at room temperature and magnetoresi stance measurements at room
temperature and 4.2 K. For larger Cr thicknesses, biquadratic coupling was observed. The
biquadratic coupling in an [Fe(10ML)Cr(51ML)] 2 superlattice was characterized in detail by
polarized neutron reflectivity (PNR), magnetization and magnetotransport measurements [ 75,76].
Below the transition temperature for this thickness, Ty=187 K, the biquadratic coupling was not
found and the Fe layers became decoupled. We note in passing that in a set of magnetization and
magnetoresi stance experiments with a Cr(211) spacer carried out in parallel to those
measurements with the Cr(001) spacer, the same phase, period and strength was found for the
long period oscillatory coupling thereby adding an important constraint on theoretical
explanations of the long period coupling [74,77].

Anomaliesin the resistivity and in magnetic properties were used to determine a
transition temperature T, as a function of the thickness of the Cr spacer with a series of
Fe(10ML)/Cr(tc;) superlattices [76]. The transition temperature is plotted as the solid line on Fig.
19, which shows Cr order as afunction of Cr thickness and temperature. Antiferromagnetic
order was not observed for tc,<29 ML. Above this thickness, T, rises rapidly and then
asymptotically approaches the value for thick films. The temperature T, was originally attributed
to atransition from an ordered incommensurate state to a paramagnetic state [76]. Resistivity
anomalies like those measured for the superlattice are seen at the Néel temperature in bulk Cr. In

some dilute alloys of Cr, there are similar resistance anomalies associated with transitions from
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Incommensurate to commensurate states. This type of transition was observed by subsequent
neutron scattering measurements as discussed below. We label the transition T, to indicate |oss
of incommensurate order.

The neutron diffraction measurements for Cr thicknesses greater than about 30 ML and
for temperatures below T, as determined from the resistivity anomaly, confirmed that the Cr has
an incommensurate transverse SDW with Q perpendicular to the interfaces [78]. The ISDW
period was independent of Cr thickness and near that of the bulk Cr ISDW. The best fit to the
data was obtained assuming that the nodes in the ISDW were near the superlattice interfaces.
The scattered neutron intensity for a superlattice with Cr layer thickness of 21 ML, although
weak, could be quantitatively fit assuming commensurate antiferromagnetic order [78]. The
results for superlattices on MgO are summarized on the phase diagram of Fig. 19. Fullerton et al.
[76,78,79] extensively discussed how the magnetic frustration at rough interfaces could cause the
observed behavior as we examine further below.

Schreyer and coworkers investigated the magnetic state of Cr and the magnetic coupling
in superlattices grown on two different types of substrates: 1) Fe/Cr superlattices were grown by
molecular beam epitaxy (MBE) on Ag-buffered GaAs at room temperature and at 523 K in the
same way as for the trilayers, [68,80, 81] and 2) Fe/Cr superlattices were grown by MBE at 570
K on Cr(001)/Nb(001)/ Al,03(1102) as described elsewhere [82, 83].

The superlattices grown on Ag-buffered GaAs(001) had relatively few bilayer repeats.
The superlattices, [Fe(36 ML)/Cr (6 ML)]s and [Fe(36 ML)/Cr(12 ML)]o, were grown at room
temperature and 523 K respectively. X-ray diffraction showed similar correlated roughness for

both superlattice types, presumably due to the starting Ag buffer layer surface. At agiven growth
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temperature, uncorrelated roughness, which affects the coupling, was found to increase with an
increasing number of layersin the superlattice. The estimated terrace lengths were much smaller
for the growth of Cr at RT than at 523 K. For this reason, the bulk of the neutron scattering
measurements were done on the superlattices grown at the higher temperature.

From polarized neutron reflectivity measurements, Schreyer et a. [81] find collinear
ferromagnetic coupling for the RT superlattice consistent with the RT trilayer results of Grinberg
et al. [67]. However, for the 523 K superlattice, PNR measurements at 297, 200 and 42 K
showed that the coupling of the Fe layers was non-collinear and at an angle of 50+4° near
remanence [80,81,84]. The data points representing this non-collinear coupling, which was
associated with commensurate antiferromagnetic order in Cr, are included in Fig. 19. For this
superlattice with Fe layers of equal thickness, the observed non-zero remanence and high
saturation field indicate non-collinear coupling [81]. The occurrence of the non-collinear
coupling is correlated with long terrace lengths (as opposed to short terrace lengths for RT
growth) found for superlattice growth at elevated temperatures [80,81,85].

Two transition temperatures were identified when PNR studies were carried out over an
extended temperature range for two superlattices, [Fe(14 ML)/Cr(564yiahd [Fe(13
ML)/Cr(29 ML)]200, grown on A}O3 substrates [83]. For a Cr thickness of 56 ML, ISDW order
was found for low temperatures. From 175 to 310 K a gradual transition was observed that was
characterized by a superposition of a double peak ISDW spectrum and a single peak CSDW
spectrum of changing relative weight [86]. Finally, at still higher temperatures, a transition to
paramagnetic Cr is observed atcl These two transitions are distinguished in Fig 19, the

transition from paramagnetic to CSDW Cr that takes placg @tand the transition from
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CSDW to ISDW order that takes place in the shaded region around T,.

For the superlattice with 29 ML Cr, small angle PNR and magnetization measurements
found non-collinear ordering of the Fe layersbelow Ty c. Additionally, the high angle neutron
diffraction peaks were split slightly from the locations of the commensurate peaks. The amount
of splitting indicates a periodicity of twice the superlattice periodicity. The magnetic structure
repeats with every other 29 ML Cr layer [83]. The non-collinear coupling of the Fe layers was
thus associated with the spiral antiferromagnetic order of the Cr layers. Above Tyc wherethe
long range Cr order vanishes, MOKE hysteresis loops showed that the Fe layers were no longer
coupled [83]. For thin Cr layers, Ty c increases due to the larger influence of the proximity of the
Fe on the Cr layer.

Perturbed angular correlation spectroscopy (PACS) measurements have been used to
determine the direction of the Cr moments and indirectly the direction of Q. In early
measurements of superlattices grown by MBE on MgO at 420 K (in contrast to the sputtered
superlattices of Fullerton et a. [74]), the Cr was found to be nonmagnetic for thicknesses below
42 ML [87]. When the superlattice Cr layers were thicker than 42 ML, Meersschaut et al. [87]
found alongitudinal ISDW with the Cr moments out of the film plane, that isthe Cr moments
were found to be perpendicular to the Fe moments. Recently, the experiments have been
repeated on an [Fe(12 ML)/Cr(58 ML)] 1o superlattice grown at 580 K [88]. The behavior of the
resistivity anomaly and hysteresis curves for this superlattice were measured and found to be
similar to the work of Fullerton et al. [76]. Above the transition temperature T,=200£10 K,
identified by the resistivity anomaly, the hysteresis curve gave evidence of biquadratic coupling.

At lower temperatures the Fe layers were uncoupled. Also in these samples, in contrast to the
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samples grown at 420 K, PACS measurements at 77 K [88] showed in-plane Cr moments
corresponding to atransverse ISDW fitting onto the phase diagram, Fig. 19, of the neutron
measurements. Thisis a striking demonstration that the growth conditions are decisivein
determining the magnetic ordering of the Cr in Fe/Cr superlattices. 1t would be very interesting
to know what structural changes in the superlattice were caused by the 160 K increase in Fe/Cr
growth temperature.

There are afew remaining discrepancies in the neutron and PACS measurements of the
magnetic order of the Cr layersin Fe/Cr superlattices grown at elevated temperatures as
summarized in Fig. 19. PACS measurements have yet to report other than paramagnetic Cr
below a Cr thickness of 42 ML [87,88]. In this thickness region, neutron measurements of
superlattices on Al,O3 show that the Cr isin acommensurate spiral state that leads to non-
collinear coupling of the Fe layers [83]. Other neutron measurements are not inconsi stent with
this. The superlattice on Ag-buffered GaAs did not have sufficient layers to produce a large
enough signal to determine the existence of the spiral structure. The unpolarized neutron
measurements of superlattices on MgO were not able to determine if the commensurate structure
they observed was from non-collinear Cr order. At thicknesses above 45 ML where long period
coupling is no longer observed, and at low temperatures where Cr isin an ISDW state, the Fe
films are not magnetically coupled. In thisthickness region, Schreyer et al. [83] found a
transition to commensurate order with increasing temperature while Fullerton et a. [ 76,78] found
atransition to paramagnetic order. Thisis the major remaining discrepancy in the results; it can
be attributed to differences in the interface structure of the sputtered and MBE grown samples.

10. Fe/Cr superlattices: Interpretation



The coupling in superlattices is strongly influenced by the presence of a high degree of
disorder and the resulting spin frustration. There are many possible states for Cr in these
disordered superlattices. Fullerton et al. [76,78,79] interpret their results in terms of atransition
between a high temperature paramagnetic state in which there is no antiferromagnetic order and a
low temperature ISDW state with the nodes near the interfaces. Inthe ISDW state, the
frustration is believed to be taken up by interface domain walls discussed in connection with Fig
3(c). Thesewalls connect the Fe steps shown as illustrated schematically by the thick linesin
Fig. 20. While nearly perfect interfaces appear to favor antinodes at the interfaces, it is plausible
that disordered interfaces favor nodes close to the interface because then the moments are
reduced where there is frustration in the coupling with the Fe. The domain walls paralel to the
interface in the Cr essentially decouple Cr antiferromagnetic order from the Fe ferromagnetic
order, asillustrated by the dotted line in Fig. 20. The resulting coupling between Fe layersis
small, presumably because none of the Fe layers are coupled to the Cr.

Bulk Cr makes atransition into the paramagnetic state as the temperature is increased
above the Néel temperature. The resistance anomaly found by Fullerton et al. [76] is consistent
with this type of transition. As the thickness decreases, the Néel temperature also decreases,
either due to the decoupled antiferromagnetic state behaving like a thin film, or due to the
increasing spin frustration due to the closer interfaces. Below a certain thickness, it is no longer
favorable to fit in a half period of the ISDW, and the Cr goes into a different state [78]. There
are indications of weak commensurate antiferromagnetic order for these thin Cr layers. The Cr
may be paramagnetic in parts of the sample and commensurate in others, or may be in a strongly

disordered commensurate state. Fishman [89] has derived a phase diagram consistent with this
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by considering amodel in which the Cr moment is constrained to be zero at both interfaces.
With thisrigid constraint, he predicts an oscillatory component to the transition temperature.
These oscillations have not been seen. Relaxing the strict constraint of the moments being zero
exactly at the interface may weaken these oscillations [89]. Above the transition temperature,
Fullerton et al. [74] observe a combination of long period coupling and biquadratic coupling
which can be interpreted in terms of athickness fluctuation mechanism [31].

As an alternate to taking up the frustration in domain walls paralld to the interface, the
frustration could be taken up in domain walls perpendicular to the interface, allowing the Cr
moments to twist, as shown in Fig. 21. Theresulting helical state is yet another possible state for
the Cr that is found theoretically to be favorable in some situations [25,90]. In this case, regions
of thickness that differ by one layer of Cr favor coupling in opposite directions. In these regions,
the twist has different senses of rotation leading to a non-collinear coupling of subsequent Fe
layers as described by Slonczewski’s torsion or proximity magnetism model [24]. Whether
domain walls parallel or perpendicular to the interfaces are favored depends on many different
properties of the samples including the temperature and the average step spacing.

Schreyer et al. [83] interpret their results in terms of the incommensurate state described
above at large thicknesses and low temperature and the paramagnetic state at high temperatures,
both consistent with the results of Fullerton et al. [76,78]. However, they observe a
commensurate, helical Cr state in a temperature range between the incommensurate state and the
paramagnetic state. In a certain range, they find a coexistence of incommensurate order and
commensurate order, presumably in different parts of the sample. It may be that the terrace

lengths in these samples of Schreyer et al. [83] are larger than those in the samples of Fullerton et
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al. [76,78], alowing the commensurate, helical state to develop for certain samples and
temperatures. Inthe samples of Fullerton et a., smaller terrace lengths could cause frustration at
the interface sufficient to keep the Fe from inducing antiferromagnetic order in the Cr.
Alternatively, there could be CSDW order in domains, but if the structure causes the domains to
be sufficiently small, they are averaged over by the neutrons, and the CSDW order would not be
observed [91]. In either case aresistivity anomaly is expected [13,14,92].
Schreyer et a. [83] support the description of their resultsin terms of the torsion model
by noting that in magnetic hysteresis measurements by MOKE they observe the gradual approach
to saturation predicted by Slonczewski’'s torsion model [24]. However, the gradual approach to
saturation is only observed on the superlattices, not on trilayers prepared the same way on either

GaAs or AbOs substrates [86]. Two explanations for this difference between the superlattices

and the trilayers are the following. If there were variationd,inr J,due to variations in

thickness of one spacer layer to the next, or if there were lateral variatiopsind, within the

MOKE laser spot size, both of which might not be unexpected for a superlattice, such variations
would have the effect of rounding the hysteresis curves as previously described [36].
Alternatively, the interface structure of the superlattices may be sufficiently different from the
trilayers requiring a different description of the coupling that includes aspects of the torsion
model.
11. Conclusion

Interlayer exchange coupling through a Cr spacer layer is special because the Cr can be in
various states of magnetic order itself. The coupling depends intimately on the ordering in the Cr,

whether it has ISDW order, CSDW order, or is paramagnetic. The roughness distribution at the
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interface, both vertically and laterally, also strongly affects the magnetic coupling. In particular,
the interface roughness frustrates the preferred alignments of the magnetic momentsin the
multilayer. Even when the system has found its lowest energy configuration, some pairs of
moments are frustrated. Using what is known about the multilayer, particularly about the
interface structure, measurements of the magnetic configuration can be interpreted in terms of
models that describe different ways of minimizing the frustration.

The magnetic coupling in Fe/Cr/Fe(001) trilayers grown on Fe whiskers, where the
growth is optimized to approach ideal layer-by-layer growth, is best understood. In this case, the
interface morphology is relatively simple and for the most part can be taken into account. There
Is strong evidence in the temperature dependence of the phase slip that the short period bilinear
coupling istied to the SDW state of the Cr spacer. The experimental results are consistent with
CSDW order up to a Cr thickness where the first phase slip occurs and ISDW order beyond that.
The short period oscillatory coupling dominates the long period coupling. The biquadratic
coupling observed when the averaged short period coupling goes to zero can be described by the
Slonczewski thickness fluctuation model, which ignores possible antiferromagnetic order in the
Cr [31]. However, thereis no direct measurement of the Cr moments in these trilayers. Since
the Cr islikely in an ordered state, its moments are likely to have a more complicated behavior
than isimplied by the conventional bilinear/biquadratic model of the coupling. Particularly when
the Fe moments are not collinear, the Cr moments are also likely to be non-collinear. Thus, a
complete description of the behavior of these samples will require treatment of non-collinear Cr
moments [24,25,90]. On the other hand, the simple torsion model used to explain other

measurements does not describe incommensurate order and hence cannot explain the existence of

48



phase slips in the coupling or the behavior of the biquadratic coupling in these samples.

When the roughness at the interfaces increases due to different growth conditions or
substrate conditions, the coupling changes dramatically. For room temperature growth, which
produces roughness with a short terrace lengths, long period oscillatory bilinear coupling
dominates. The long period coupling is consistent with the conventional model for coupling and
Is associated with a part of the Cr Fermi surface that is largely insensitive to the presence or
absence of antiferromagnetic order in the Cr. Over the lateral response length | of the Fe layer,
thickness fluctuations gresatly reduce the contribution of the short period oscillatory coupling.
The biquadratic coupling, which can be observed for Fe whisker samples near zerosin the long

period coupling, varies with the strength of the unaveraged short period oscillations Jg,

suggesting these still exist even if they are obscured by the thickness fluctuations. For moderate
roughness with longer terrace lengths, different coupling is observed for the interfaces of
Fe/Cr/Fe grown on Fe whiskers or on GaAs. For the trilayer on the Fe whisker, the long period
bilinear coupling dominates, but it is modulated by a short period biquadratic component. For
the trilayer on GaAs, the biquadratic coupling dominates, but long and short period oscillations
of the bilinear coupling are still observed.

In the case of superlattices, much of the experimental effort has been aimed at
determining the state of the Cr magnetic order in coupled multilayers. Although there are still
some discrepancies in the experimental results, presumably related to the interface structure,
measurements of superlattices grown in very different ways on different substrates do show
significant similarities that allow a coherent picture to be developed for these samples. The

interfaces in the superlattices are rougher than the trilayers. Asfor the trilayers, the growth
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temperature of superlattices strongly affects the structure and magnetic properties. In the
superlattices, there are regions of Cr thickness and temperature where the Cr is essentially
uncoupled from the Fe layers; in this case, bulk-like ISDW properties are observed. In other
regions of temperature and Cr thickness, novel spiral spin structures were observed and the
magnetic coupling was stronger.

Asone of the very few lattice matched transition metal pairs with one of the materials
ferromagnetic, Fe/Cr multilayers offer excellent opportunities for investigating the exchange
coupling of ferromagnetic layers through an antiferromagnetic spacer layer. The presence of
antiferromagnetism in the Cr, and several different types at that, makesit avery rich system to
study. Consistent explanations of the many seemingly disparate magnetic coupling
measurements lie in understanding how roughness influences spin frustration and the Cr
magnetic order.
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Figure Captions
Fig. 1. A slice through the paramagnetic Cr Fermi surface for an interface in the (001) direction.
The wavevecto) connects parallel "nested" regions of the Fermi surface.
Fig. 2. (a) Commensurate antiferromagnetic order is shown where the solid arrows and dashed

arrows represent the Cr moments on corner atom and body-center atom sites respectively. (b)
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One period of an incommensurate spin density wave (ISDW) isillustrated showing the variation

of the Cr moments.

Fig. 3. Relieving spin frustration at an Fe/Cr interface. (a) Perfect interface, no frustration. (b)
Frustration caused by a step isrelieved by awall in the Cr. (c) Frustration relieved at the

interface. (d) Frustration relieved by wallsin the Fe.

Fig. 4. An STM image of 3.7 ML of Cr evaporated on an Fe whisker at 573 K. Thelarge single

atom high islands show layer-by-layer growth [37].

Fig. 5. (a) A rendered perspective STM image of 0.4 ML deposited on Fe at 563+10 K. The
small bumps on the Fe whisker substrate and on the one atom high islands (much expanded
vertical scale) are Cr atoms which have interchanged with Fe atoms to create an interfacial alloy
[39]. (b) The results of angle resolved Auger measurements of the substrate temperature
dependence of the fraction of deposited Cr atoms in the addgyar the first (surface) Fe layer

of the whiskerq) and in the second (subsurface) Fe laye(36].

Fig. 6. A schematic exploded view of the wedge trilayer sample structure showing the Fe(001)
single Crystal whisker substrate, the evaporated Cr wedge, and the Fe overlayer. The arrows in
the Fe show the direction of magnetization in each domain. The vertical scale is expanded many
times.

Fig. 7. (a) SEMPA image of the component of magnetizatiqnjrihe Fe overlayer along the

Fe whisker. The arrows mark the Cr spacer layer thicknesses where phase slips in the short
period oscillations of the magnetization occur. (b) A line scan through (a) showing the measured
spin polarization profile of the overlayer. (c) Spatial RHEED intensity oscillations along the Cr

wedge before depositing the Fe overlayer give an accurate determination of Cr thickness. (d) The
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spin polarization of the Cr layer P(Cr), before depositing the Fe overlayer, after subtracting the
background from the whisker.

Fig. 8. (a) The temperature dependence of the number of layers between phase slips for bulk Cr

[53] and the change in position of the phase slip in Cr/Fe(001) with temperature. The Néel
temperature for bulk Cr is marked by the arrow. (b) Temperature dependence of SEMPA images
indicating the bilinear coupling in Fe/Cr/Fe(001). The phase slips measured on the bare Cr are
shown by the solid gray line; the dashed line is the estimated position of the next phase slip.
Note that, where visible, the short period oscillations have opposite direction above and below
these lines.

Fig. 9. (a) SEMPA image showing the oscillatory magnetic coupling in anfgiFe(001)

trilayer. (b) and (c) Enlarged angle maps from the regions outlined in (a). The colors give the
direction of the magnetization. Canted non-collinear coupling is evident in (b). 90° biquadratic
coupling regions, shown as red and blue, of varying width are seen in (c). (d) There is some
variation of the canted coupling as seen in the line scans at two positions across the whisker.

Fig. 10. BLS measurements of bilinejrand the biquadratie J, coupling in optimally

fabricated Fe/Cr/Fe(001) trilayers as a function of Cr thickness [36].

Fig. 11. MOKE signal proportional to magnetization vs magnetic field for two Fe(20 ML)/Cr(11
ML)/Fe(001) whisker trilayers. The increase inahd H indicate a larger bilinear coupling
strengthJ, in the sample shown on the right for which the first ML of Cr was deposited at a
substrate temperature of 453 K and subsequent layegg,atdmpared to the other trilayer

shown on the left for which the first 7 ML of Cr were deposited at 519 K and the remaining

layers at Top [43].
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Fig. 12. (a) A seriesof MOKE images from an Au(10 ML)/Fe(15 ML)/Cryeqge/ FE(001) Whisker
taken at various applied magnetic fields showing the field dependence and Cr thickness
dependence of the reversal of the antiferromagnetic regions (dark bands). Below 11 ML thefield
isinsufficient to switch the antiferromagnetic regions. The exchange coupling strength,
proportional to the switching field, reaches a minimum at the thickness of the phase dip, 24-25
ML. A SEMPA image of the same trilayer at zero applied field is shown at the bottom for
reference. (b) The transition width, i.e. the range of Cr thickness where biquadratic coupling is
observed when the bilinear coupling goes through zero, is seen to be a minimum at the phase slip
where the short period bilinear coupling is minimum. Data are presented for two Fe/Cryeqqe/ F€
trilayers: 1) one with the Cr grown at 620 K where the short period coupling dominates, and 2)
one with the Cr grown at RT where the long period coupling dominates.

Fig. 13. Calculated [64] curve showing the transition (heavy line) from commensurate order
(n=0) to incommensurate order, ISDW with one node (n=1), as a function of temperature and Cr
thickness. The lighter curves show the transitions between ISDWs with different number of
nodes.

Fig. 14. The energy of aspin density wavein Cr with 0, 1, 2, 3, or 4 nodes as a function of Cr
thickness calculated for atemperature of 100 K [65]. The boundaries of the shaded regions show
the variation of the coupling strength.

Fig. 15. STM images [49] of approximately 5 ML of Cr grown on a Fe(001) whisker at
temperatures of 323 and 488 K shown in (a) and (d) respectively. Note changein lateral scale.
SEMPA images of Fe/Cryedqe/ FE(001) trilayers where the Cr was grown at 303 and 473 K are

shown in (b) and (e) respectively. The relative magnetization from SEMPA images of (b) and ()
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isshown in (c) and (f) respectively normalized to the saturation value M” in arange of Cr
thickness from 20 to 30 ML.

Fig. 16. Structural characterization and magnetic coupling measurements of Fe/Cryeqqe/Fe(001)
trilayers grown on Ag-buffered GaAs(001) [70] (a) STM overview on left and detail image on
right of first Fe layer grown at RT. (b) Similar images of the Cr layer grown at RT at a thickness
of 17.4 ML. (c) MOKE measurement of the magnetic coupling showing the long period
oscillatory behavior. (d-f) Similar figuresfor the MTsy trilayer. Short period oscillations of the
coupling are now evident.

Fig. 17. MOKE hysteresis |oop from a MTsy trilayer at a Cr spacer layer thickness of 17.4 ML
shows that the magnetic coupling is predominantly biquadratic.

Fig. 18. Model dependence of coupling strengths on structural parameters. (a) The thickness

fluctuations (or equivalently the Cr roughnessiif there is one flat interface at the whisker) reduce

the short period coupling Jg, which alternates in sign with each Cr layer, to J., normalized to

one for ideal interfaces, o;=0. (b) The biquadratic coupling J, varies quadratically with the

terrace length L in Slonczewski’s thickness fluctuation model, Eqg. (6) [31].

Fig. 19. A phase diagram summarizing the magnetic structure of the Cr spacer layers as a
function of temperature and Cr thickness for the measurements on superlattices discussed in the
text. The boundary,Ts from transport measurements of Fullerton et al. [76]. Diamonds denote
CSDW, squares denote ISDW, and circles denote paramagnetic regions. The measurements are
from Fullerton et al. [78] (solid symbols), Schreyer et al. [81,83,84] (open symbols), and
Meersschaut [88] (cross-hatch symbol). The shaded region is the transition region found by

Schreyer et al. [83]. The rise of thg dJboundary at smaller Cr thickness (dashed line) was
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found in recent measurements [86].

Fig. 20. A representation of the possible relief of spin frustration in antiferromagnetic Cr spacers
In superlattices leading to the ISDW state. The heavy lines schematically indicate domain walls
terminated at interfacial steps. The spin frustration is relieved by these walls near the interface
leaving aregion, shown by the dashed line, of ISDW ordered Cr [79].

Fig. 21. Schematic illustration of non-collinearly coupled Fe layers showing how the energy is
minimized in the presence of a Cr thickness fluctuation by a spiral rotation of the Cr moments.

The empty and filled small arrows indicate an opposing sense of rotation of the Cr moments [83].
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Table1l. Commonly used symbols
List of symbols that are commonly used in the paper. Unaveraged coupling strengths are defined

for discrete thicknesses nd, and averaged coupling strengths are defined for continuous average

thicknesst.

Symbol Definition

d Cr layer spacing

n number of layers

c rms roughness

OFe roughness at lower trilayer interface

ocr roughness at upper trilayer interface

Gt standard deviation of Cr thickness distribution

R mean island spacing

L terrace length

I lateral response length of Fe

J,(n) unaveraged bilinear coupling

J,(t),J; averaged bilinear coupling

J,(t),J, averaged biquadratic coupling

Js(n),Jg unaveraged short period coupling

Jg averaged short period coupling

AJg differencein Jg(n) for thicknesses differing by
one layer
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Table2. Interface parametersof Fe/Cr/Fetrilayers

The mean island separation, R, the rms roughness, o, and the standard deviation of the
thickness distribution, o, are given for different films grown at temperatures, Ts, on GaAs and Fe
whisker substrates. Note that the roughness measurements of 17.4 ML thick Cr filmson GaAs
substrates and approximately 5 ML thick Cr films on an Fe whisker cannot be compared directly
because roughness increases with thickness. For example, using the power law dependence of o¢;
from a previous analysis [49], one estimates 65,=0.86 ML for a17.4 ML Cr film grown at 488 K

on an Fe whisker.
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GaAssubstrate, tc; =17.4 ML I nterfaces Spacer layer
Notation Layer Ts (K) R (nm) o (ML) ot (ML)
RT top Fe 300 - - -
Cr 300 6.8 1.25 194
Bottom Fe 300 6.1 1.46 -
MTs7o top Fe 520 - - -
Cr 520 224 1.32 1.88
Bottom Fe 100/570 19.7 1.32 -
MTs20 top Fe 520 - - -
Cr 520 154 111 1.46
Bottom Fe 100/520 10.1 0.90 -
Fewhisker, tc, = 5ML
RT Cr 323K | 10+0.5 0.86 0.86
Intermediate T Cr 488K 31+1 0.47 0.47
High T Cr 573K  85%10 0 ~ ~0
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