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Abstract

The basic principles of the elastic scattering of polarized neutrons from magnetic films and thin film superlattices, both
kinematically as well as dynamically in the continuum limit, are summarized first. The quantitative accuracy presently attainable
in practice is discussed along with other relevant issues regarding experimental technique and data analysis. Investigations
of interlayer coupling and the eflects of strain and finite thickness in single crystalline, epitaxially grown superlattices are
reviewed, focussing on specular neutron diffraction and reflectivity measurements. These superlattices include rare earth and
semiconductor systems in addition to those that exhibit “giant” magnetoresistive effects and which are of particular current
technological interest. A survey of some of the more recent studies of the enhancement/reduction of ferromagnetic moments at
an interface with a nonmagnetic material is then presented. Finally, several future research directions, for example, magnetic
nonspecular scattering and studies of the magnetic state of the materials which form the intervening layers between coherently
coupled ferromagnetic layers in superlattices, are discussed.

1. Introduction The purpose of this paper is to show what has been and
can be learned about the effects of lattice strain, finite size,
and interlayer coupling on the magnetic structure of thin
films or multilayers from the scattering of polarized neu-
trons. Some of the important experiments which illustrate
the power and uniqueness of polarized neutron scattering
are reviewed, although the review is by no means meant to
be comprehensive. The discussion of experimental results
is restricted primarily to single crystalline films and super-
lattices because of the ability to more directly control and
interpret the effects of crystallographic orientation and epi-
taxial strain. Before presenting specific examples, however,
a summary of the experimental methodology and theoreti-
cal analysis of polarized neutron scattering from thin films
and multilayers is given.

Historically, neutron scattering has proved to be the
definitive method for determining both the microscopic
magnetic structure and dynamics in bulk materials [1].
It has been demonstrated in more recent times that elas-
tic neutron scattering can also be used to ascertain the
magnitudes and orientations of ordered configurations of
atomic magnetic moments in thin films and multilayers.
Unlike other important surface-sensitive magnetic probes,
such as MOKE (magneto-optic kerr effect)., which gives
an averaged magnetization over the entire sample film
thickness, or SEMPA (scanning electron microscopy with
polarization analysis), which shows the domain magne-
tization direction at the surface of a material in vacuum,
elastic specular neutron scattering yields the microscopic
in-plane vector magnetization depth profile. Neutron scat-
tering is particularly sensitive to the magnetic state of a
material when the incident beam is polarized and anal-
ysis of the polarization state of the scattered beam is
performed.

2. Theoretical outline

In this section the essential theory describing the scatter-
ing of polarized neutrons by spin-dependent magnetic
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potentials is summarized. One of the greatest advantages of
neutron scattering is that the interaction of the neutron with
the nucleus and atomic magnetic moment is relatively sim-
ple, being described by scattering lengths. The coherent nu-
clear scattering length, b, is in effect a single scalar quantity
if we assume a random or disordered population of nuclear
spin orientations. The coherent magnetic scattering length,
p, is proportional to the magnitude of the atomic magnetic
moment but is also dependent on the scattering angle. The
coherent scattering of neutrons by a collection of ordered
magnetic moments also depends upon the relative orienta-
tions of the neutron polarization vector, the atomic magnetic
moment, and the wave vector transfer. A detailed descrip-
tion of these fundamental interactions is given in Ref. [1].
Because of the vectorial nature of the magnetic interaction,
it is possible to obtain, in addition to its magnitude, the
orientation of the atomic magnetic moment from polarized
neutron scattering (PNS) data.

In Fig. 1 is shown a typical geometry for the specu-
lar elastic scattering of polarized neutrons from a series
of atomic reflecting planes, some of which are magnetic.
Over the lateral coherence length of the incident neutron
plane wave, the individual in-plane atomic moment direc-
tions which contribute to a coherently reflected plane wave
are effectively averaged. The neutron polarization is, in this
particular case, taken to be along the vertical axis, either spin
“up” or “down”, perpendicular to the wave vector transfer
Q. Any out-of-plane component of the magnetization does
not contribute to the scattering. In this particular geometry,
a projection of a given atomic plane’s magnetization onto
the vertical axis gives rise to non-spin-flip (NSF) scatter-
ing of the neutron (which interferes with the nuclear scat-
tering ) whereas a projection onto the horizontal axis creates
spin-flip (SF) scattering (which does not interfere with the
nuclear scattering), as can be determined from the formu-
las in Table 1. The values of the coherent scattering lengths
are assumed to be averaged over either an individual atomic
plane or volume of a layer of prescribed thickness, as the
case may be.

Spin-dependent reflectivities (ratio of reflected to inci-
dent intensity) corresponding to NSF (++ and ——) and
SF (+— and —+) processes can be measured as a func-
tion of angle of incidence or wave vector transfer Q (as will
be demonstrated in Section 3). From such data the vector
magnetization depth profile can be reconstructed using the
formulas summarized in Table 1. It is convenient to sepa-
rate the range of wave vector transfer into two parts, one at
low Q (and relatively high reflectivity), where the scatter-
ing medium can be treated as a continuum, and the other at
high Q (and relatively low reflectivity), where the discrete
nature of the atomic planes becomes manifest. In the low-Q
regime, it is often necessary to use an exact or dynamical
formula for the scattering which takes into account signifi-
cant distortions of the incident plane wave during interaction

Fig. 1. Elastic specular scattering geometry for a single crystalline
superlattice. £ is the neutron polarization vector, & the neutron
wave vector, and Q the wave vector transfer (the subscripts i and
f refer to incident and final states, respectively). The distances d,
D, and L correspond to interatomic plane spacing, chemical bilayer
thickness, and total superlattice thickness, respectively. M is the
net in-plane magnetization of an atomic plane and is proportional
to the magnetic scattering length p.

with the scattering medium. At sufficiently high values of Q
the Born approximation is valid (negligible distortion of the
incident plane wave). We will adopt a somewhat arbitrary
convention and refer to PNS as polarized neutron reflectiv-
ity (PNR) in the low-Q regime and as polarized neutron
diffraction (PND) at high-Q.

A detailed description of PNS in the kinematic limit and
where only the initial and final spin eigenstates of the neu-
tron are determined (in contrast to the neutron polarization
vectors) was given by Blume [2] and by Moon et al. [3]. A
thorough description is also given in Bacon [1]. For those
magnetic structures which rotate the neutron polarization
vector out of alignment with the quantization axis, it is use-
ful to perform three-dimensional polarization analysis, as
first done by Rekveldt [4] and advanced by Okorokov [5],
Tasset et al. (6], and Nunez et al. [7], who utilized a zero-
field sample environment.

Although there have been some more recent discussions
[8, 9], the dynamical theory of polarized neutron scattering
from magnetic materials was fully developed many years
earlier by Mendiratta and Blume [10], Sivardiere [11], and
Belyakov and Bokun [12], among others. Scharpf [13] ex-
tended the dynamical theory to the continuum limit while
Felcher et al. [14], Majkrzak [15], and Majkrzak and Berk
[16] made specific application of the dynamical theory to
polarized neutron reflectivity from magnetic films and mul-
tilayers. The dynamical regime is particularly interesting in
regard to the nonclassical effects on the neutron polariza-
tion as it tunnels through a magnetic thin film barrier. It
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Table 1

Reflectivity formulas (p; = (effective scattering length) (# atoms/unit area), p. = (eflective scattering length) (# atoms/unit volume))

Exact (dynamical), high reflectivity, low Q@

Born approximation (kinematical), low reflectivity, high O

4n

L 2
|R|2= E/ Y(Q,7)p(z)e 9P  dz (continuum)
0

To obtain |R|?, solve the corresponding pair of coupled wave equa-
tions for Y, and Y (¥ = y. + ¥ in case of polarized beams)
in piecewise continuous fashion by imposing continuity of wave
functions and their first derivatives at each boundary in a layered
representation of the scattering medium. In each layer the scatter-
ing length density (scalar nuclear component and vecotor magnetic
part) is taken to be constant. Each layer or slab can be character-
ized by a 4 x 4 matrix 4;. The spin-dependent reflectivities |R|?,
transmissions |7'|?, and incident beam (of polarization defined by
I+ and /_) are then related by

T. Iy +R-

T_ - +R-

. 1 .

1 1

Qo =114 | 2y, —ra
'2 j=N ‘2

£ LV
2 2

Note: (a) Substrates should be included in above matrix equation
if present; and (b) the component of B or M perpendicular to the
interface must be continuous as required by Maxwell’s equations.
Thus, only in-plane components of B result in specular scattering.

2

L <
4r 0= .
|R|? = 5/ pelz)e'? dz (continuum)
0
PE N
IR? = ) Z psj(z )" (discrete atomic planes)
j=0

Consider the particularly useful geometry where the neutron polar-
ization axis and sample magnetizations are perpendicular to @: the
effective coherent spin-dependent scatterings lengths in this con-
figuration are:

bj + pjeosd; (for [R.|?),

bj — pjcos¢; (for |[R__]?) and
pysin¢; (for [Ry_|* and iR—|*),

where b; is a nuclear scattering length and p; is proportional to
M, (scattering angle dependence of p; is implicit).

Note: (a) For a periodic superlattice, the sum over all N atomic
planes can be replaced with a sum over a single unit cell multiplied
by the factor sin(MQD;2)/ sin(QD/2) where M is the number of
unit cells and D is the thickness of a cell; and (b) Debye-Waller
factors which take into account the effects of thermal vibrations
have not been included.

was shown by Buttiker [17] that in tunnelling through such
a barrier, both a precession about as well as a rotation to-
wards the magnetic field axis occurs and that the angle of
precession is independent of the barrier width. These dy-
namical polarization effects have been analyzed in more de-
tail by Nunez et al. [18] and three-dimensional polarization
analyzes of neutrons transmitted through (as well as those
reflected by) an iron thin film barrier, with a remanent mag-
netization in zero applied field, have been performed which
confirm some of Buttiker’s predictions [19, 20]. Bland et al.
[21] have even proposed measuring the rotation of the neu-
tron’s polarization as an alternative means (to conventional
PNR measurements) of inferring the magnetic moment per
atom in an epitaxial film.

Another useful configuration, for investigating helical
magnetic structures, for instance, is to arrange it so that the
neutron polarization axis is parallel to Q (which is perpen-
dicular to the reflecting atomic planes in which the mag-
netization, or at least some rotating component of which,
lies). In this case right- and left-handed spirals have differ-
ent spin-dependent reflectivities and can, consequently, be

distinguished. For more detailed discussions of the scat-
tering of polarized neutrons from superlattices, Refs. [22,
23] can, for example, be consulted. However, in summary,
using either the dynamical or kinematic theories, the re-
flectivity for a model magnetic structure can be calculated
straightforwardly, including the effects of strain and com-
positional variations (e.g., interdiffusion), for comparison
with PNS data. Furthermore, given the chemical structure
from independent X-ray scattering measurements, the mag-
netic structure can be solved for directly, with sufficient
neutron data, at least in the kinematic limit,

3. Experimental methods

A schematic representation of an experimental config-
uration for carrying out PNR or PND is pictured in Fig.
2. A monochromatic neutron beam can be efficiently po-
larized by a magnetic supermirror of the type first pro-
posed by Mezei [24] which makes use of the interference
between nuclear and magnetic scattering from a magnetic
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Fig. 2. Schematic representation of experimental setup for selecting
polarization of incident neutron beam and analyzing polarization
of beam scattered by sample as described in the text.

multilayered thin film structure to reflect predominantly only
one spin state with respect to a fixed magnetic guide field or
quantization axis. The use of a series of separate but adja-
cent magnetic field regions with well-defined, sharp bound-
aries (across which the neutron polarization vector P makes
a sudden transition) makes it possible to select the initial
and analyze the final neutron polarization vectors. Within
the regions preceding and following the sample, an applied
magnetic field can be defined in any direction by appropriate
contributions from three mutually orthogonal components
as supplied, for example, by three intersecting, perpendicu-
lar, rectangular solenoidal wire coils: the neutron polariza-
tion can then be made to precess adiabatically to any desired
orientation prior to entering the adjacent field region. This
method for rotating the neutron polarization was introduced
by Rekveldt [25]. In practice, particularly in the polarime-
try work cited in the preceding section, Meisner shields are
used to create the sharp boundaries needed between adjacent
magnetic field regions.

If the sample is an antiferromagnet, whether collinear or
not, the net magnetization is zero and no field need be ap-
plied in the sample region. Nor does a field need to be ap-
plied if the sample is a remanent single domain ferromagnet
(assuming that the return fields of the ferromagnetic sample
cause negligible precession of the neutron polarization in
this region). Any direction of the incident neutron polariza-
tion can be chosen using the rotation field region preceding
the sample area. Samples with certain magnetic structures
can cause a rotation of the neutron polarization vector other
than flipping from one eigenstate to the other. In any event,
the final neutron polarization direction can be analyzed by
using the rotation field region following the sample to project
out, one at a time, the rectangular components of the final
polarization vector onto the quantization axis or guide field
direction of the polarization analyzer. Of course, a magnetic
field can be applied at the sample position with the incident
and reflected neutron polarization axes parallel to it if only
SF and NSF reflectivities are to be measured.

If, on the other hand, the sample is a multidomain ferro-
or ferrimagnet, then a saturating magnetic field must be ap-
plied to avoid neutron depolarization (unless that is what is
to be measured!). In this case the neutron polarization axis

should be along this applied field with the neutron polariza-
tion either parallel or antiparallel (so that, again, only initial
and final eigenstates of the neutron are measured).

The supermirror polarizers which are presently available
have high reflectivities (~ 95%), high polarizing efficiency
(~95%), and are well-matched to the angular beam diver-
gences and wavelength spreads typically required for neu-
tron scattering (a few minutes of arc and several percent, re-
spectively), at least at longer neutron wavelengths (~ > 2A)
[26, 27). Flipping efficiencies of the type of flipper described
above are also good (~ 99%). Nevertheless, the polarizing
and flipping efficiencies are not perfect and appropriate in-
strumental corrections need to be made for accurate quantita-
tive measurements. In Table 2 is outlined a procedure which
can be used to make the requisite corrections. Any beam de-
polarization which occurs in the guide field is implicitly in-
cluded as part of the effective polarizing element, depending
on where the depolarization occurs, i.e., prior to or follow-
ing the sample. The four spin-dependent reflectivities can be
determined from the measured scattered intensities for the
four possible combinations of front and rear flipper states if
the front and rear polarizer and flipper efficiencies can be
determined using an appropriate reference sample.

As an example of the corrections described above and
their implementation, consider the uncorrected reflectivity
data fora (00 1) [Fe(38 ml)/Cr(8 ml)] x5 (ml = monolayers
or atomic planes) superlattice plotted in Fig. 3 [29]. The
presence of ferromagnetic Fe is clearly evident by the ap-
pearance of two distinct critical cutoffs for total external
mirror reflection near Q = 0.02 and in the greatly different

log o(counts/sec)

!

0.00 0.04 0.08 0.12
Q (&

Fig. 3. Uncorrected polarized neutron reflectivity data fora (001)
[Fe(38 ml)/Cr(8 ml)]x 5 superlattice. Note the difference in (+—)
and (—+) intensities located about a Q of 0.02.
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Table 2
Polarizing and flipping efficiency corrections

The relationship between the intensities measured in the detector and the sample spin-dependent reflectivities [28] are

1o ig — g (1+ FY(1 +R)
+o_+(1 = F)XI +R)
+o_ (1 —FY1—R)
+o4_(14+F)1 —R),

1oonig — g (1 4+ F)[1 + R(1 — 2r))]
+a_(1 = F)[1 +R(1 —2r)]
+o__(1 —F)[1 —R(1 =2r)]
4o (1 +F)[1 —R(1 —2r)],

1eroflg = o (14 R+ F(1 —2/)]
+o_ (1 +R)1 — F(1 —2/)]
+o (1 =R —F(1 =2/)]
+a, (1 —R)1+F( =2
Jonon/p — gy [1 4+ F(E =201 + R(1 —2#)]
4oy [l = F(1 =201+ R(1 —2r)]
+a_ {1 = F(1 =211 — R(1 —~ 2r)]
+ao_[1+F(1 =201 = R = 2r)].

The spin-dependent reflectivities can be solved for from the measured intensities if the instrumental polarizing and flipping

efficiencies and the constant 8 are determined.
The constant f§ is given by
on onloﬁ off _ jon off[off on
_ NS NS NS NS
28 =
jonon ]oﬁoﬁ _ lonoff _ [oﬁ'on
NS NS NS NS

o

where the subscript “NS” signifies measurements at zero scattering angle with “no sample” in place. Also,

1oy = FR 41,

IRy = FR(L = 2/) + 1,

1fon sy = FR(1 — 2r) 4 1,

so that £, r, and the product FR can be determined.

If the sample is replaced with a “reference sample” (RS) which has 0, # ¢__ and 64— = 0__. =0 (044 and a_ _ need not

be known), then F and R can be individually determined.

044.0-_,04_.and g_ are defined as the NSF and SF reflectivities, respectively, corresponding to the sample.
Joftolt - gonon - yoffon g jonoffl are defined as the intensities measured with front and rear flippers, respectively, in “on” (1 rotation of the

neutron spin) or “off” (no rotation) states.

F, R, f,and r are defined as the front and rear polarizer and front and rear flipper efficiencies, respectively.

intensities of the NSF scattering for the primary multilayer
diffraction peak at a Q of approximately 0.09 A™'. These
reflectivity curves also indicate, incidentally, that the mag-
netic and chemical structures are coherent over the entire
thickness of the multilayer. Correcting for refractive shifts,
a pronounced peak appears in the SF reflectivity data at a
Q corresponding to a doubling of the fundamental chemical
bilayer period. Since in this configuration the SF scattering
is purely magnetic in origin, it can be immediately inferred
that the magnetic unit cell is twice that of the chemical spac-
ing and that successive ferromagnetic Fe slabs have relative
moment orientations which are not parallel. (The Fe layers
or slabs are oriented in a noncollinear arrangement in this
sample.) Fig. 4 shows the result of correcting the raw data
for background, beam footprint, and instrumental polarizing
and spin flipping efficiencies. Note especially that the differ-
ence in the +— and —+ SF reflectivities in the region about
Q = 0.02 for the raw data of Fig. 3 is an instrumental artifact
arising from the nonperfect front and rear polarizer and flip-
per efficiencies and is absent in the corrected data of Fig. 4.

Fig. 5 shows corrected neutron reflectivity data for a
different (00 1) [Fe(38 ml)/Cr(6 ml)] x5 superlattice along
with a quantitative nonlinear least-squares fit (solid line) us-
ing the dynamical theory outlined in Table 1 [29]. The cor-
responding nuclear and magnetic scattering length density
profiles and Fe layer magnetization directions are plotted in
Fig. 6 and reveal a simple antiferromagnetic alignment of
the Fe blocks in this specimen. This is a good example of
how PNR can give, both qualitatively and quantitatively, an
accurate picture of the microscopic magnetic structure of
such superlattice structures. What is also remarkable is that
these data were obtained from a sample with a film surface
area less than a square cm and with a volume of only a few
millionths of a cubic cm. With larger surface areas, it has in
fact been possible to measure reflectivities as low as 107",

Before concluding this section, it should be mentioned
that for specular reflectivity measurements of the kind dis-
cussed above, it is important that the sample area be macro-
scopically flat on the order of the instrumental resolution.
That is, in an angular scan about a sample axis of rotation
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Fig. 4. Polarized neutron reflectivities for the same Fe/Cr superlat-
tice of Fig. 3 after correction for geometrical factors and instrumen-
tal polarizing and flipping efficiencies. Note that the discrepancy
between the two SF intensities which appeared in Fig. 3 about a
() of 0.02 has vanished. (After Ref. [29].)
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Fig. 5. Polarized neutron reflectivity data (symbols) for a different
(001) [Fe(38 ml)/Cr(6 ml)] x5 superlattice with simple antiparal-
lel alignment of the Fe layers. The solid line curves are fits obtained
for the scattering length density profiles and magnetization orien-
tations plotted in Fig. 6 and using the dynamical theory outlined
in Table 1. (After Ref. [29].)
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Fig. 6. Scattering length density profiles and relative orientation
angles of the Fe layer magnetizations corresponding to the calcu-
lated reflectivities for the Fe/Cr superlattice shown in Fig. 5. (After
Ref. [29].)

which is perpendicular to the plane of reflection defined by
incident and final neutron wave vectors, and with the detec-
tor at a fixed scattering angle, the angular width of the spec-
ular intensity in this so-called “rocking curve” should be of
the order of the instrumental angular divergence, typically
a minute of arc. If the angular width of the specular compo-
nent is found to be larger than the incident beam divergence
due to a deviation of the sample from perfect flatness, than
the angular acceptance of the analyzer and detector must be
sufficiently open to accept the entire specular contribution.
Furthermore, in the analysis of the specular scattering de-
scribed above, it is assumed that the nonspecular or diffuse
scattering arising from in-plane interfacial roughness is suf-
ficiently small that it constitutes a negligible perturbation.
References to the treatment of nonspecular scattering are
cited in some of the discussions of experiments below.

4. Research review

In the following subsections, some of the PNS work which
has been done on epitaxial thin films and superlattices is
discussed. As mentioned in Section 1, the review is not
intended to be exhaustive. Instead, a number of studies
have been selected which illustrate how the use of PNS in
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determining magnetic microstructures can lead to a better
understanding of fundamental magnetic interactions.

4.1. Rare earth superlattices

Long-range indirect exchange, crystal field anisotropy,
and magnetostrictive effects are characteristic properties of
the magnetic rare earth (RE) elements. In the 1980s it was
learned how to grow RE single-crystalline thin films and su-
perlattices in ultrahigh vacuum by molecular beam epitaxy
with atomic-plane precision and with limited interdiffusion
across dissimilar material interfaces [30, 31]. It consequently
became possible to create magnetic layers thin enough to
exhibit effects of reduced dimensionality, introduce lattice
strain at the interface with another material, and to sepa-
rate successive magnetic layers (each consisting of a certain
number of atomic planes) by an intervening nonmagnetic
spacer of arbitrary thickness. Systematic PNS studies of the
results of such atomic-scale chemical engineering on the
magnetic ordering have subsequently been performed. Some
of the important findings of these studies are discussed be-
low. More comprehensive reviews of the earlier PNS work
on magnetic RE superlattices are given in Refs. [22, 32].

4.11. Gd/Y

The first coherent, long-range, antiparallel coupling of
ferromagnetic layers across intervening nonmagnetic lay-
ers was discovered by PNS to occur in Gd/Y superlattices
[33]. For certain thicknesses of the Y layer, the coupling
between successive Gd layers was parallel whereas for oth-
ers it was antiparallel. It was found that these two relative
orientations of the Gd layer magnetizations had, in fact,
an oscillatory dependence on the Dy layer thickness in a
manner consistent with a simple RKKY indirect exchange
model of the interlayer coupling mechanism [34]. Fig. 7
shows how the antiparallel coupling could be conclusively
identified using PND by the appearance of predominantly
SF scattering at superlattice satellite positions correspond-
ing to a period double that of the chemical bilayer. In Fig.
8 is a schematic representation of the antiparallel configura-
tion (slighty canted by the presence of an applied field) for
a [Gd(10 ml);Y(10 ml)]x 225 superlattice. The inset shows
the relative sign and strength of the coupling between adja-
cent Gd layers across the intervening Y as predicted by the
RKKY interaction model [33, 34].

Given the detailed lattice strain and compositional pro-
files obtained from X-ray diffraction measurements [35}, it
was also possible to obtain by PND the magnetization of
each of the 10 (nominally) (0 0 2) basal planes composing a
Gd layer in a Gd/Y superlattice with parallel alignment [36].
The moment per atom was found to be about 5.7 Bohr mag-
netons for the interior planes, but decreased to zero across
an interfacial width of approximately 3 atomic planes.

Gd10-Y10 T=79K H=2kOe

>

[\

Log,, Intensity (~5 min,/pt)

= Q

Fig. 7. NSF (open circles) and SF (filled circles) scattering from a
[Gd (10 ml1)/Y(10 ml)]x 225 superlattice (the data shown here are
not corrected for instrumental polarizing and flipping efficiencies).
The SF scattering which appears at values of Q corresponding to a
doubling of the chemical bilayer spacing (odd-numbered satellites)
is consistent with an antiparallel alignment (as the applied field
approaches zero) of successive ferromagnetic Gd layers as depicted
schematically in Fig. 8. (After Ref. (33].)
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Fig. 8. Real space schematic of the Gd/Y superlattice of Fig. 7. The
inset shows the relative strength and sign of the coupling between
adjacent Gd layers across the intervening Y as predicted by an
RKKY interaction model. (After Ref. [33].)
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4.1.2. Dy/Y

Bulk Dy orders magnetically as an incommensurate basal
plane spiral with a helical turn angle between adjacent fer-
romagnetic (002) atomic planes that varies with tempera-
ture. At lower temperatures, a first-order transition to a sim-
ple ferromagnetic state occurs, driven by magnetostriction.
Neutron diffraction studies of Dy/Y superlattices first per-
formed by Rhyne et al. showed that, up to a certain Y layer
thickness, both the chirality and phase of the Dy spirals are
preserved across the Y spacers [37], the coherence of the
Dy spiral extending over many chemical bilayer periods (as
evident from the nearly resolution-limited widths of the spi-
ral satellite reflections). Flynn et al. [40] investigated Dy/Y
superlattices grown with the chemical modulation along the
b-axis rather than the HCP c-axis. In this case the Dy spi-
ral was found to be coherent only across the thickness of
an individual Dy slab (the chemical structure was still co-
herent over many bilayer repeats ). This result was predicted
from calculations of the strength of the interaction along
the two different crystallographic directions: the interaction
strength decreases about an order of magnitude faster along
the b-axis compared to the c-axis where the effective range
is approximately 100 A. An extension of the simple RKKY
theory used to explain the interlayer coupling in the Gd/Y
superlattices was formulated by Yafet [38] to correctly pre-
dict some of the observed behavior of the Dy/Y system,
namely the chiral coherency and order of magnitude of the
interlayer coupling strength, in which a helical RKKY field
is set up in the Y. Nonetheless, the actual polarization of the
conduction electrons in the Y metal spacer is not yet cer-
tain. The interlayer coupling in magnetic RE superlattices
is discussed in more depth in Ref. [32] and in a review by
Yafet [39] which focusses on interlayer magnetic coupling
in both localized and itinerant magnet superlattices.

4.1.3. Dy/Lu

In the c-axis Dy/Y superlattices discussed above, it was
also found that the first-order transition to a ferromagnetic
state which occurs in bulk Dy is suppressed to lower and
lower temperatures as the thickness of the Dy layer is de-
creased. This effect has been attributed to the relatively large
mismatch between basal plane lattice constants for Dy and
Y (~1.6%). The a- and b-axis lattice parameters of Dy are
significantly expanded, while its ¢-axis lattice parameter is
contracted, when epitaxially grown on a basal plane of Y.
Thus, the magnetostriction across the Dy layer is modified
from that of bulk Dy, consequently affecting the transition to
the ferromagnetic phase which depends on the appropriate
change in magnetoelastic energy [41]. In contrast, in Dy/Lu
superlattices the epitaxial growth of Dy on Lu results in a
compression of the Dy basal plane lattice parameters with
the result that the transition to a ferromagnetic state is en-
hanced (although a quantitative understanding in terms of
the magnetoelastic energy is not as straightforward as in the

10 i 11 | | | |

Intensity

18 20 22 2.4 26
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Fig. 9. Neutron diffraction scans for a [Dy(21 ml)/Lu(10 ml)] su-
perlattice show that below 160 K the helical order of the Dy layers
is transformed into ferromagnetic blocks which are aligned antipar-
allel to one another. The satellite peak widths demonstrate that the
helimagnetic state is of shorter range than the ferromagnetic state:
note also that there is apparently some remanence of the helix in
the ferromagnetic phase. (After Ref. [42].)

case of Dy/Y) [42]. Fig. 9 shows the difference in the neu-
tron diffraction data for spiral and ferromagnetic Dy layer
states (note that the ferromagnetic Dy layers are themselves
in antiparallel alignment with one another) [42]. For a de-
tailed discussion of the role the magnetoelastic energy plays
in determining the magnetic structure of rare earth superlat-
tices and films, see Rhyne and Erwin [32].

4.1.4. Ho/Y

Bulk Ho has a relatively complicated spiral magnetic
structure in which the in-plane magnetizations of the fer-
romagnetic basal planes are incrementally rotated from one
another along the c-axis, but not exactly uniformly. The spi-
ral is distorted by a bunching of the moments along the six-
fold easy directions defined by the HCP basal plane crystal
field. A unified picture of this distorted structure has been
developed in which the bunching is described by sequences
of “spin-slips” [43-46].

Bohr et al. [47] have argued that the magnetic moment
arrangement inside a given block of Ho planes in a Ho/Y
superlattice might be primarily determined by the interplanar
interactions within that block alone, allowing for the effect of
the strain introduced by the artificial layering. A turn angle
profile sufficiently detailed to allow definite conclusions to
be drawn regarding the possible influence of finite size was
not obtained, however.

More recent work on Ho/Y superlattices has been re-
ported by McMorrow et al. [48, 49], Jehan et al. [50] and
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Cowley et al. [S1]. The primary goal of this work was to
study more completely the interlayer coupling between Ho
layers across the Y as well as the magnetic structure of
the Ho spiral within a given block. By quantitatively fitting
neutron diffraction profiles for the primary and higher-order
satellites arising from the distorted magnetic spiral to model
structures, several important results emerged. The best fits
were consistent with the absence of any moment on the Y
planes and a net turn angle across an intervening Y block
which was independent of both temperature and superlat-
tice period. Furthermore, although there is coherence of the
chirality and average turn angle of the Ho moments over
at least five chemical bilayers, information pertaining to the
positions of spin-slips in a given Ho block is apparently not
transmitted across the Y layers. This latter finding was de-
duced from the observation of a fifth-order diffraction har-
monic, which is indicative of a distorted spiral or spin-slip
structure, whose width implied coherence over only a single
Ho layer thickness and also lacked the fine structure of the
primary satellite.

4.1.5. Ho/Er

The effect of competing crystal-field anisotropies on the
magnetic ordering in Ho/Er superlattices was studied using
neutron diffraction by Simpson et al. [52]. Within a certain
temperature range, the Ho moments are confined predomi-
nantly to the basal plane whereas the Er is aligned primarily
along the c-axis of the HCP crystal structure. The result-
ing magnetic structures deduced from the neutron diffraction
data are relatively complicated and will not be described in
detail here. One of the more striking results, however, is the
observed lack of coherence of the c-axis components of the
Er moments in the Ho/Er superlattices across the Ho blocks,
especially in view of the fact that long-range order has been
observed in Er/Y superlattices [S3]. Simpson et al. make a
convincing argument that their results, in addition to other
inconsistencies in the behavior of various RE superlattices,
cannot be understood in terms of the conventional RKKY
theory used thus far to explain interlayer coupling in the RE
superlattices, but require modifications which explicitly al-
low for the band structure of the superlattice itself. It is a
good example of how the microscopic information obtained
by neutron diffraction can progressively lead to a more com-
plete and accurate understanding of the intricate coupling
mechanisms at work.

4.1.6. Tb single crystals

The critical scattering of neutrons in Tb above its mag-
netic spiral phase transition temperature exhibits a two-
component line shape [54-56], as has also been documented
in Ho [57], implying the existence of a second length scale.
The neutron scattering studies on Tb single crystals cited
above established that the scattering associated with this sec-
ond length scale is strongly enhanced over a few hundred

micron thick region near the surface of the crystal but is not
evident in the bulk interior. (The transverse Q resolution
through the position of the magnetic spiral satellite about
the forward direction was 0.00006 A~' FWHM whereas the
spatial width of the beam was 100 pm FWHM!) This in-
triguing, and possibly surface-related effect, is discussed by
Gehring at this Conference [58].

4.2. Giant magnetoresistance superlattices

In the ongoing search for improved magnetic storage de-
vices, considerable efforts have been devoted to the fabrica-
tion and characterization of magnetic multilayers which ex-
hibit a “giant” magnetoresistance (GMR) [59]. It is believed
that the observed increase in electrical resistivity in GMR
multilayers such as Co/Cu or Fe/Cr is correlated with an
antiparallel alignment of the ferromagnetic Co or Fe blocks:
if a sufficiently large external magnetic field is applied to
align all of the layer magnetizations in a single direction,
then resistance to the transport of electrons diminishes, at-
tributed to a resultant reduction in potential sources of elec-
tron scattering. Neutron scattering measurements are ideally
suited to help establish this correlation. The GMR effect is
observed in both single crystalline superlattices as well as
in more disordered multilayers. Indeed, the degree of dis-
order and crystallographic orientation at the interfaces be-
tween the two different material layers can have a signif-
icant impact on the magnetoresistive behavior. Numerous
neutron reflectivity studies have been performed on Co/Cu
and Fe/Cr multilayers and superlattices to obtain evidence
of antiparallel alignment [60-67].

To determine that the magnetic period is double that of
the chemical bilayer thickness does not require a polarized
beam. However, in order to distinguish collinear from non-
collinear structures and to obtain other information about
moment orientation, it is necessary to use a polarized in-
cident beam and analyze the polarization of the reflected
beam, as has been discussed in preceding sections. For ex-
ample, a PNR investigation of a Co/Cu(1 1 1) superlattice by
Schreyer et al. [68] revealed a new in-plane anisotropy. Figs.
10 and 11 show the PNR data and scattering length density
profiles with magnetization direction, respectively, for this
Co/Cu(111) system as determined from a nonlinear least-
squares fit using the dynamical theory outlined in Table 1.
Table 3 lists the fitted parameter values. Because of the in-
plane anisotropy, the magnetization direction in the Co lay-
ers could be rotated from the vertical neutron polarization
axis (defined by a small applied field of about 14 G), in
this case by 30° (or 60° from the horizontal ). Another PNR
study of Fe/Cr(100) superlattices by Schreyer et al. [69]
has confirmed a noncollinear alignment of ferromagnetic Fe
blocks across the Cr layers which gives credence to the pre-
dictions of a biquadratic exchange coupling. A review of
this work is presented by Schreyer at this Conference [70].
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Table 3

Fitted parameters from SPNR data

! Type Re(Nb) dy op Re(Np) dp op 0
(1076477 (A) (A) (1070 A7) (A) (A) (deg)

1 CuOy 3.3 450 5.8 45.0 5.8 0

2,4,....12 Co 2.0 411433 7.1 36 41.1 £33 7.1 60

3, 5....,11 Cu 5.6 186+ 1.2 7.1 0 186+ 12 7.1 0

13 Al O3 5.2 2.1 0 B 2.1 0

From left to right these are: layer number / (layer 0 is incident air); a brief description of the layer; real part of the average nuclear scattering
density Re(Nb); nuclear layer thickness d; nuclear Gaussian mixing op; magnetic scattering density Re(Ap); magnetic layer thickness dp;
magnetic Gaussian mixing o ,; and the angle of the magnetic moment with respect to the spin-flip (incident beam) direction.
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Fig. 10. PNR data for a Co/Cu(1 1 1) superlattice with a dynamical
fit for the scattering length density profiles shown in Fig. 11. The
SF reflectivities have been combined and are shifted downwards
by two orders of magnitude. (After Ref. [68].)

4.3. Magnetic semiconductor and insulator superlattices

Neutron diffraction studies of antiferromagnetic semicon-
ductor superlattices have been reviewed by Giebultowicz
etal. [71]. The effects of strain and finite size on the magnetic
ordering have been studied in a number of different systems
including MnSe/ZnTe and MnSe/ZnSe. In MnTe/CdTe sys-
tems with very thin nonmagnetic CdTe spacer layers, inter-
layer coupling has been observed. Neutron diffraction stud-
ies of EuTe/PbTe(111) superlattices have shown that the
antiferromagnetic EuTe layers couple across large thick-
nesses of the nonmagnetic PbTe spacers (up to 55 A) despite
the relatively low carrier concentration and consequential
improbability of an RKKY interaction [72].
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Fig. 11. Nuclear (a) and magnetic (b) scattering length density
profiles corresponding to the fit of the PNR data shown in Fig. 10
for the Co/Cu(! 1 1) superlattice. The magnetization is at a constant
angle relative to the neutron polarization axis as described in the
text. (After Ref. [68].)

Neutron diffraction measurements have also revealed the
propagation of the antiferromagnetic spin order in NiO lay-
ers through ostensibly paramagnetic and insulating layers of
CoO in a (111)NiO/CoO superlattice system [73].

4.4. Ultrathin ferromagnetic films

How the magnetic moments of a ferromagnetic mate-
rial at the surface or at an interface with another material
are affected is a problem of fundamental physical interest.
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The thickness of the magnetic layer, its crystallographic
orientation, the epitaxial strain created by a given sub-
strate, and the electronic structure of the substrate all
influence, to some degree, the ultimate magnetic state
of the deposited film. Theoretical predictions based on
ab initio calculations have been made for numerous thin
film systems [74, 75]. A variety of techniques, includ-
ing spin-polarized photo-emmission, the magneto-optic
Kerr effect, spin-polarized low-energy electron diffrac-
tion, Mossbauer spectroscopy, ferromagnetic resonance,
and superconducting quantum interference device mag-
netometry, have been applied, in addition to PNR, to
the study of ultrathin film magnetism (see, for example,
the review by Falicov et al. [75]). Although the deter-
mination of the absolute magnetic moment per atom in
an ultrathin film is extremely challenging for whatever
technique or combination thereof is used, PNR offers
some notable advantages; namely, straightforward quan-
titative analysis of the data and relatively high sensi-
tivity to the ferromagnetic film compared to a possible
diamagnetic response from a substrate of much greater
volume. Felcher et al. [76] showed that certain over-
layers could be used to further enhance the sensitiv-
ity of PNR to the thin ferromagnetic layer. A discus-
sion of the quantitative accuracy to which the magni-
tude of the moment in ultrathin films can be obtained
by PNR measurements is given in a review by Felcher
[77].

The first ultrathin magnetic films studied by PNR were
metastable FCC Co and FCC Fe on Cu(00 1) by Bland et
al. [78]. It was reported that the Co moment was close to
that in the bulk whereas an in-plane ferromagnetic Fe mo-
ment was absent, in marked contrast to a BCC Fe film of
comparable thickness. Subsequent PNR studies on various
Co thin-film sandwiches have been carried out [79-81]. A
systematic PNR study of BCC Fe films of various thick-
nesses (as low as 4 A) on MgO and capped with Au has
also been performed [82]. A dramatic decrease in the Curie
temperature and a magnetization axis tilted out of the film
surface were observed for the thinnest Fe films. However,
at 40K all of the films were found to be ferromagnetic
with an average moment per Fe ion equal to 2.2 +0.2
Bohr magnetons regardless of film thickness [82]. More
recently, Bland et al. [83] have reported enhanced mag-
netic moments in epitaxial Fe films grown on Ag(001)
substrates with various overlayers using both PNR and fer-
romagnetic resonance techniques. Particular consideration
was given to the effects of roughness and the treatment
of diffuse scattering. For instance, for approximately 5
monolayers of (00 1) Fe sandwiched between the Ag sub-
strate and Ag and Au overlayers, a layer-averaged moment
per Fe atom of 2.58 & 0.09 Bohr magnetons was deduced
from the PNR measurements, compared to a bulk value of
2.22.

5. Future directions

In addition to continuing and expanding the types of po-
larized neutron scattering studies described in the preceding
sections, other kinds of measurements with polarized neu-
trons are feasible which could contribute to a better under-
standing of magnetism in thin films and superlattices. In this
section, two specific possibilities will be discussed.

The first has to do with the measurement of nonspecular
or diffuse scattering. In contrast to specular scattering, with
which nearly all of the work described above has exclu-
sively dealt, nonspecular scattering can provide information
about in-plane inhomogeneities in the magnetic structure,
particularly as might occur at an interface. The roughness
of buried interfaces is considered to be one of the most dif-
ficult properties of magnetic thin films and superlattices to
either characterize or control {84] and is suspected to sig-
nificantly affect the behavior of GMR superlattices. A con-
siderable amount of work has been done on the problem
of nonspecular scattering by X-rays and specific studies of
diffuse neutron scattering from magnetic interfaces, though
not yet nearly as extensive, have also been performed. Gen-
cral discussions of the diffuse scattering of neutrons from
magnetic interfaces have been given by Felcher [77, 85],
Sinha [86], and Syromyatnikov et al. [87]. One of the most
interesting measurements of nonspecular neutron scattering
was performed by Takeda et al. [88, 89] on Fe/Cr superlat-
tices. Recall, from the discussions of these GMR superlat-
tices above, that in the case of antiparallel alignment of the
ferromagnetic Fe blocks across the intervening Cr, a super-
lattice satellite peak appears about the forward direction at a
value of Q which corresponds to twice the chemical bilayer
thickness of the Fe and Cr layers. Takeda et al. measured
the diffuse neutron scattering in two transverse scans per-
pendicular to the longitudinal axis which is parallel to the
growth direction. One of these scans intercepted the longi-
tudinal axis at the value of Q associated with the antiparal-
lel satellite position while the other crossed at the chemical
period position. Ridges of diffuse scattering were observed
at both of these locations, each peaking at the respective
specular position on the longitudinal axis. However, the dif-
fuse scattering through the antiparallel superlattice peak po-
sition was found to be stongly suppressed with applied mag-
netic field whereas that through the chemical peak position
was enhanced. The diffuse scattering about the antiparallel
specular peak position must therefore be due to a magnetic
“roughness”. Takeda et al. also found that the magnitude of
this magnetic diffuse scattering is correlated with the size of
the GMR effect [88, 89]. Further analysis of these results,
including the effect of conformal roughness, is discussed by
Sinha [86]. In another study of the off-specular scattering of
neutrons by Fe/Cr superlattices, Hahn et al. [90] concluded
that although the magnetic domains are laterally limited,
their size is not directly correlated to the magnetoresistance,
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i.e., that the GMR effect in Fe/Cr superlattices is not directly
dependent on the number of magnetic domain boundaries.
Their conclusion supports the hypothesis that the origin of
the magnetoresistance is connected with interfacial rough-
ness or imperfections. Magnetic diffuse neutron scattering
has already contributed to the understanding of GMR sys-
tems and has the potential to provide more quantitative de-
tail regarding the magnetic structure of the interface.

A second possible direction for neutron scattering in the
investigation of magnetic superlattices pertains to the role
of the nonferromagnetic spacer in superlattices with coupled
magnetic layers. It would be very interesting to see whether,
for example, a spin density wave exists in the intervening
Y layer between magnetic layers such as Dy. However, be-
cause the magnetic scattering of neutrons is proportional
to the square of the atomic magnetic moment, sensitivity
is limited by moment magnitude. Presumably, a spin den-
sity wave in Y would have an effective moment per atom
that is only a fraction of a Bohr magneton, and significantly
smaller than that of Dy. On the other hand, the situation for
Fe/Cr superlattices is somewhat better since the Cr moment
is fractionally larger compared to Fe.

Recent work has shown that in Fe/Cr(0 0 1) superlattices:
(a) Cr long-range anti-ferromagnetic order (an incommen-
surate spin density wave in the bulk) is suppressed for Cr
layer thicknesses less than 42 A; and (b) the biquadratic cou-
pling of the Fe layers, observed in superlattices where the
Cr does order, vanishes below the Neel temperature of the
Cr layers [91, 92]. These are interesting results. Nonethe-
less, the antiferromagnetic order of the Cr was inferred from
bulk measurements: the actual microscopic structure has not
been confirmed to be that of bulk Cr. Is it possible to dis-
tinguish various magnetic configurations of the Cr moments
in Fe/Cr(0 0 1) superlattices by polarized neutron diffraction
methods? In principle, yes, in practice, probably. In Fig. 12
are shown several calculated PNR curves and correspond-
ing Cr moment arrangements over a range of O where sig-
nificant differences are evident. The calculations were per-
formed assuming the nuclear and magnetic scattering den-
sities for Fe and Cr and using the interplanar spacings of
(001) Fe and Cr. The superlattice consists of 10 Fe planes
and 22 Cr planes in a chemical bilayer repeated 6 times. In
all cases the ferromagnetic layers are aligned antiparallel to
one another (along a vertical axis) so that the magnetic unit
is twice the chemical bilayer thickness. The magnetizations
of both the Fe and Cr atomic planes are taken to lie in-plane
with the neutron polarization taken to be along the vertical
axis. The dynamical reflectivity formulas of Table 1 have
been used, the only artifice being that the scattering densi-
ties are taken to be confined, for each atomic plane, to one-
fourth the interplanar (00 1) spacing: as discussed in Sec-
tion 2, the consequences of this are to affect the intensities
at these higher values of Q by only a few percent. It is clear
from the reflectivity curves that a combination of SF and
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rangements for the Fe/Cr(00 1) superlattice system described in
the text. Over this range of wave vector transfer, PNS can, in prin-
ciple, be used to distinguish these possible moment configurations
from one another.
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NSF PND data can, in principle, distinguish the simple anti-
ferromagnetic, spin density wave, helical, and disordered Cr
layer moment configurations from one another. In practice,
the reflectivity magnitudes are such that a sample with a film
surface area of about 10 cm? and perhaps 10 times as many
bilayers would be enough to measure the more prominent
and key features necessary to identify a particular model by
PND with existing instrumentation. If successful, measure-
ments such as these could help resolve some of the impor-
tant questions regarding the interlayer coupling mechanism
in magnetic superlattices.

6. Conclusion

Neutron scattering techniques have proved to be indis-
pensable in determining the detailed microscopic arrange-
ment of magnetic moments exhibiting long-range order in
atomically engineered epitaxial thin films and superlattices.
From the confirmation of antiparallel interlayer alignment to
the quantitative measurement of magnetization depth pro-
files and absolute values of atomic magnetic moments, neu-
tron scattering measurements, particularly PND and PNR,
have made contributions of fundamental significance to the
understanding of the intricate magnetic interactions mani-
fest in layered film structures. These contributions have both
corroborated and complemented the information obtained
by other important but either volume-averaging or strictly
surface-sensitive magnetic probes. Early scepticism of the
practical application of neutron scattering to the study of
samples with such exceedingly small volumes, compared
to that of conventional bulk specimens, has been shown to
be unfounded. Nonetheless, intensity limitations remain the
principal challenge to practitioners of the method. As neu-
tron sources improve and beam optics become more effi-
cient, further scientific advances in the investigation of mag-
netic phenomena can be expected.
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