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Vector magnetization depth profile of a Laves-phase exchange-coupled superlattice obtained
using a combined approach of micromagnetic simulation and neutron reflectometry
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Owing to the coexistence of ferromagnetic and antiferromagnetic exchange coupling in an exchange-coupled
Laves-phase superlattice composed of DyFe, and YFe, layers, the field dependence of the magnetization depth
profile is complex. Using an approach that combines micromagnetic simulation and analysis of neutron scat-
tering data, we have obtained the depth dependence of magnetization across the DyFe,/YFe, interfaces. We
find that the exchange interaction across the interface is reduced compared to the exchange interaction of the
constituent layers, thereby compromising the ability of this system to resist magnetization reversal in large

applied fields.
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I. INTRODUCTION

Exchange-coupled magnets'> or “spring” magnets are
heterostructures that consist of hard and soft ferromagnetic
phases. The hard ferromagnetic phase tends to resist magne-
tization reversal in high fields owing to its high anisotropy,
while the soft phase possesses large magnetization. To the
extent the two phases are exchange-coupled, the magnetiza-
tion of the composite material may be both large and difficult
to reverse.>® Materials with such characteristics are attrac-
tive for applications requiring hard magnets, e.g., electric
motors and magnetic force microscopy.

Mixtures of hard and soft magnetic Laves-phase materi-
als, of which DyFe, and YFe, are examples, can be grown as
layered systems (superlattices) that exhibit springlike mag-
netic properties. DyFe, is the hard component, and YFe, is
the soft component. A distinguishing feature of the
DyFe,/YFe, system is that each component can be grown as
a single crystal,'®!! whereas most other exchange spring sys-
tems consist of either textured polycrystalline'>! or amor-
phous materials,!* or as mixtures of randomly oriented hard
magnetic grains embedded in a soft magnetic matrix.'>"'7 In
contrast to conventional exchange spring systems in which
the magnetizations of the hard and soft phases are parallel at
remanence, the situation for Laves-phase magnetic compos-
ites is complicated by the coexistence of ferromagnetic ex-
change coupling among Fe moments and antiferromagnetic
exchange coupling between Fe and rare-earth (RE) moments
(in particular Dy). The low field magnetic structure is one
with the net magnetizations of adjacent DyFe, and YFe, lay-
ers antiparallel at all temperatures (Fig. 1). Because the low
field structure is well understood, and the material is single
crystalline, the Laves-phase DyFe,/YFe, superlattice en-
ables studies of the influence of exchange and anisotropy on
magnetization reversal in materials dominated by exchange
coupling across interfaces.
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The detailed magnetization reversal process of the super-
lattice depends upon a sensitive interplay between the mag-
netizations of the competing components (controlled by the
thicknesses of the DyFe, or YFe, layers), the temperature
dependencies of exchange coupling and anisotropy, and field
strength. For systems with net magnetization dominated by
the DyFe, (hard) component, the reversal process begins
with the reversal of the YFe, (soft) magnetization as the
applied field is reduced and reversed, eventually culminating
in reversal of the hard magnetization for large enough fields.
However, for samples with net magnetization dominated by
the soft YFe, phase (the case of present interest), magneti-
zation reversal exhibits unexpected behavior. For example,
magnetometry data [Fig. 1(b)] show two types of ferromag-
netic hysteresis consisting of small loops at the extremes of
applied field and a large loop centered near zero applied
field. X-ray magnetic circular dichroism'® (XMCD) studies
designed to measure the field dependence of the Dy and Y
moments'® separately showed that the smaller loops are due
to reversal of the Dy moment, while the larger loop is due to
reversal of the Y moment.®?*2! For samples in a field of
moH~7 T at 200 or 300 K with 3 nm thick DyFe, layers,
the net Dy moment is nearly zero along the applied field
direction, while the net Y moment is mostly saturated.?? This
result suggests that one or more of the following scenarios
occur at high fields: (1) The net Dy moment is rotated ~90°
from the large applied field. (2) Magnetic domains are
formed such that the net Dy moment is zero. (3) The net Dy
moment in DyFe, layer is aligned in a single domain with
the net Dy moment of one DyFe, layer opposite to that of the
neighboring DyFe, layers.

Since probes like XMCD or magnetometry measure the
net magnetic response of the system, these probes cannot
distinguish among the three reversal scenarios. However,
each scenario yields a unique neutron scattering signature.>
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FIG. 1. (Color online) (a) Diagram (side view) of the low field
(unfrustrated) configuration of Dy, Y, and Fe moments in DyFe, and
YFe, layers. The lengths of the arrows represent the relative mag-
nitudes of the moments. Right: The net magnetizations of the YFe,
(purple) and DyFe, (black). The sizes of the arrows represent the
relative magnitude of the net magnetizations. (b) The ferromagnetic
hysteresis loop of the sample obtained from magnetometry. Loca-
tions of DyFe, and YFe, hysteresis as observed with XMCD are
shown. (¢) Schematic diagram (top view) of the low field magnetic
structure. (d) Schematic diagram (top view) showing the high field
structure obtained from neutron scattering (discussed in the text).
The arcs indicate the confidence with which the direction of the
magnetization was determined.

For example, the signatures corresponding to the three sce-
narios described previously are, respectively, (1) spin-flip
(SF) of a polarized neutron beam, (2) off-specular diffuse
scattering, and (3) 1/2-order Bragg reflections in the neutron
reflectivity. In order to determine which magnetization rever-
sal scenario is realized, we wused polarized neutron
reflectometry?* to measure the depth profile of the in-plane
vector magnetization of a [(3 nm)DyFe,/(12 nm)YFe,],,
Laves-phase superlattice at 250 K as a function of field. To
model the neutron reflectivity data, the magnetic structure is
parametrized in terms of the exchange, anisotropy, and satu-
ration magnetization, and a micromagnetic simulation is per-
formed to obtain the spin structure. Thus, the resultant spin
structures not only yield the best fit to the neutron data, they
also represent minimum energy magnetic configurations.

II. SAMPLE PREPARATION AND CHARACTERIZATION

The Laves-phase superlattice was prepared by molecular
beam epitaxy in a chamber with a base pressure of

4% 107" Torr. A (1120) sapphire substrate was heated to
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FIG. 2. Cross-sectional transmission electron micrograph of a
DyFe,/YFe, superlattice prepared in the same manner as that of the
sample studied with neutron scattering.

800 °C for several hours; then allowed to cool to 700 °C
prior to deposition of a 50 nm thick layer of (110) Nb buffer
layer. A 1.5 nm thick Fe layer was deposited onto the Nb,
and both were allowed to interdiffuse to produce a layer
whose surface structure was suitable for epitaxial deposition
of 22 bilayers consisting of ~3 nm thick DyFe, and 12 nm
thick YFe,. Finally, the sample was capped with 30 nm of
Nb, which serves to protect the DyFe,/YFe, bilayers
from oxidation. The deposition rate was ~0.01 nm/s.
The single crystalline quality of the DyFe,/YFe,
bilayers was verified with reflection high energy electron
diffraction and transmission electron microscopy. The
in-plane epitaxial relationships are: [001]RE-Fe,lI[001]Nb

and [110]RE-Fe,l[110]Nb. The thicknesses of the DyFe,
and YFe, layers were determined to be 2.8+0.7 nm and
11.8+1.2 nm, respectively, by x-ray reflectometry using
Cu-K, radiation, and the structural roughness of the
DyFe,/YFe, interface was determined to be 1.1£0.2 nm. A
comparison of the off-specular x-ray reflectivity to the specu-
lar x-ray reflectivity indicates that the roughnesses of the two
interfaces were strongly correlated.?

Cross-sectional transmission electron micrographs (Fig.
2) of similarly prepared samples show sharp interfaces over
lateral length scales of tens of nanometers; however, over
longer lateral length scales, the interfaces zigzag by a couple
nanometers in the direction along the surface normal. We
conclude that the interfaces are chemically sharp locally but
rough (stepped) globally, and the correlated roughness de-
tected by the x-ray reflectometry experiment is a measure of
the global roughness.

Magnetometry data taken with a superconducting quan-
tum interference device are shown in Fig. 1(b) for a similarly
prepared sample.

III. NEUTRON SCATTERING EXPERIMENT

Polarized neutron reflectometry involves reflection of a
spin-polarized neutron beam from a flat sample onto a polar-
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FIG. 3. Diagram showing reflection of a spin-up (upper panel)
or spin-down (lower panel) incident neutron beam from a sample in
a magnetic field (directed along the y axis). The angle of incidence
is «, and the angle of reflection B for the associated incident and
reflected neutron spin (+ denotes spin parallel to the applied field).

ization analyzer’®?’ (Fig. 3) and typically consists of four
measurements: two non-spin-flip (NSF) and two spin-flip
(SF) reflectivities. The NSF reflectivities correspond to the
intensities for either spin-up (R**) or spin-down (R™") neu-
trons incident onto and reflected from the sample with unal-
tered polarization. The difference between the NSF reflec-
tivities is related to the projection of the sample

magnetization M (z) onto the direction of the applied field I:I,
i.e., M(z) along the y direction in Fig. 3. On the other hand,

the component of Ajl(z) that lies in the sample plane and

perpendicular to H, i.e., M | (z) along the x direction in Fig. 3
changes the neutron beam polarization upon reflection and
produces so-called spin-flip (SF) reflectivity. SF reflectivity
is related to (M? (z)), where (- --) denotes the average taken
over all domains that scatter coherently.

For our experiment, the magnetic field was applied in the
sample plane and is coincident with the polarization direc-
tion of the incident neutron beam (Fig. 3). The difference
between the outgoing (Ef) and incoming (k;) wave vectors is

the wave vector transfer Q, which is nominally perpendicular
to the sample surface. Prior to taking the neutron scattering
measurements, the sample was cooled to 250 K in zero field,
and then a magnetic field of ugH=7 T was applied in the

sample plane at 30° from [110] DyFe,/YFe,. Next, the
sample was rotated about its surface normal [110]
DyFe,/YFe, in the field, such that after rotation, the field

was applied along [110] DyFe,/YFe, during the neutron
scattering experiment.?8

Preserving neutron beam polarization in an 11 T cryo-
magnet

In order to preserve the polarization of the neutron beam
as it passed through our 11 T superconducting split-pair
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FIG. 4. (Color online) Sample reflectivity plotted vs wavelength
A, and scattering angle a+ 3, for incident beam polarization of spin
up (upper panel) and spin down (lower panel) for uoH=7 T. NSF
specular reflectivity appears in regions centered about a+[B=2a
(arrows). The off-specular peaks near the Bragg reflections corre-
spond to SF reflectivity: + — (upper panel) or — + (lower panel).
White curves correspond to the angular displacements of the SF
reflectivity as a function of A for uyH="7 T. The data shown in this
figure were recorded without polarization analysis.

magnet, whose field axis is in the vertical plane (correspond-
ing to the +y direction into Fig. 3), we applied a relatively
small (120 Oe) horizontal (axial) field into regions of the
superconducting magnet (~20 cm from the sample) where
the polarity of the field generated by the superconducting
magnet switched directions (i.e., from up to down). The field
was applied with permanent magnets that were securely
placed in close proximity to the superconducting magnet
(~0.5 cm from the cryostat’s surface). The added horizontal
field enables the neutron spin to follow the change of mag-
netic field direction adiabatically, thus preserving the polar-
ization of the neutron beam (verified using a polarization
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analyzer before the detector) as the neutrons enter and exit
the superconducting magnet.?

IV. RESULTS

The intensity and scattering angle a+f of the neutron
beam was measured with a linear position-sensitive detector
as a function of three angles of incidence @=0.97, 2.00, and
3.37°. Neutron wavelength was measured using time-of-
flight techniques.®® Measurements for uoH=7 T using
spin-up (upper panel) and spin-down (lower panel) incident
neutron beam polarizations are shown in Fig. 4. The specular
reflectivity corresponds to the position in the image where
a+B=2a. Peaks of intensity at the specular position (to the
left of the arrows shown in Fig. 4) are Bragg reflections
related to the periodic spacing of the DyFe, and YFe, layers
in the superlattice. We inserted a polarization analyzer after
the sample and determined that the specular reflectivity was
purely non-spin-flip scattering (corrections were applied for
the polarization and flipper efficiencies per Ref. 25). For the
case of incident spin-up polarization (upper panel), the
specular reflectivity corresponds to R**. For the case of in-
cident spin-down polarization (lower panel), the specular re-
flectivity corresponds to R™~. On the other hand, peaks of
intensity that lie on the white curves above the specular re-
flectivity in the upper panel were purely R*", i.e., the neutron
spin changed from up to down (also determined using the
polarization analyzer after it was repositioned to intercept the
off-specular scattering). For the case of incident spin-down
polarization, the peaks of intensity that lie on the white
curves below the specular reflectivity in the lower panel were
purely R™*.

In addition to collecting extensive measurements of the
sample reflectivity at uyH=7 and 1.5 T, we also collected
data for «~2° at ugH=6, 5, and 4 T as the field was re-
duced from uyH=7 to 1.5 T. The peaks above and below the
specular reflectivity shifted towards the specular reflectivity
and became less intense as 5 T was approached. For
moH <5 T, no off-specular peaks were observed. Further,
significant diffuse scattering and/or %-order Bragg reflections
were not observed for any field at 250 K.

Influence of high magnetic fields on spin-flip scattering
and neutron beam deflection

It is tempting to attribute the asymmetry in the intensities
of Bragg peaks occurring in R*~ and R™* corresponding to
angles above and below the specular reflectivity, respec-
tively, to a spiral rotation of the sample magnetization as a
function of depth. Indeed, the chirality of a spiral magneti-
zation across an Fe/La multilayer sample was inferred from

an asymmetry in R*~ and R™* for the case when Q and the
polarization axis of the neutron beam were collinear.?!32

However, in our experiment, é is perpendicular to the polar-
ization axis of the neutron beam—a geometry that is insen-
sitive to the chirality of a spiral structure. Rather, the con-
straints of conservation of neutron energy and equality of the
in-plane components of k; and l€f across the interface require
a change of angle upon reflection of a neutron when the
polarization of the neutron beam flips.3>3
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FIG. 5. (Color online) The measured (symbols) specular reflec-
tivity of the DyFe,/YFe, superlattice for the different neutron beam
polarizations and (upper) for ugH=1.5 T and (lower) uoH=7 T.
The solid curves are the reflectivities calculated from models whose
vector magnetization depth profiles are shown in Fig. 6.

The relation for the reflection angle of a spin-flipped neu-
tron in terms of the angle of incidence (in radians), field (in
kOe) and wavelength \ (in A), B=a?+1.47 X 1077H\?, was
derived in Refs. 33 and 34, where the +(—) sign is used to
calculate R*“(R™*). Contours given by this relation are
shown as the white curves in Fig. 4 and coincide with peaks
of off-specular scattering. The coincidence of the intensity
peaks with A, and the expected change of sign in polarization
suggest that these peaks are the spin-flip component of the
Bragg (specular) reflections that are displaced from the
specular reflectivity due to the change of Zeeman energy
(~0.44 peV) of the neutron. Finally, the positions of the
off-specular peaks observed at 6 T coincided with contours
calculated using the smaller field (not shown), adding further
weight to our explanation for the shift of these peaks away
from the specular ridge. We note that testing the dependence
of B on N and H by varying A is a better approach than
varying H, since a change of H can alter the magnetic struc-
ture of the system.

In large fields, we were able to discern SF from NSF
reflectivity without a polarization analyzer because specu-
larly reflected neutrons that are spin-flipped are spatially
separated from non-spin-flip neutrons by the Zeeman
effect. To obtain RS, we calculated the average of the in-
tensities along contours above the specular reflectivity (giv-
ing R*") with those below the specular reflectivity (giving
R™) corresponding to the same Q. The specular polarized
neutron reflectivities of the sample for uoH=7 and 1.5 T are
shown in Fig. 5, after removal of instrumental background
and correction for polarization efficiencies (incident neutron
beam polarization ~91%) per Ref. 25.

V. DISCUSSION

There are two noteworthy features in the data (Fig. 5).
First, the intensities of the NSF Bragg reflections change
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TABLE 1. Magnetization, anisotropy and exchange constants for the DyFe,/YFe, superlattice

DyFe, YFe, interface
M (emu/cm?) 34090 550470 _
0
K (erg/cm’) (1.2%£0.7) X 108 Lax oo 7% 10 _
-1.3%x10°

s oo A5 X 10

A (erg/cm)
-3.1X 107

(2.842.0)x 1073 (2.7+£0.7) X 1077

with field. Specifically, Bragg reflections for R~ are always
more intense than those for R** when uyH=1.5 T. However,
in higher fields, the intensities of Bragg reflections for R**
become increasingly larger with Q, compared to those for
R™". Since the specular reflectivity is related to the depth
dependence of the scattering medium, the redistribution of
Bragg intensities with Q and H imply that the magnetic
structure of the sample projected along H is not uniform
across the DyFe,/YFe, bilayers when H is large.

The second noteworthy feature is the lack of SF reflectiv-
ity for upH=1.5 T and strong SF reflectivity for uoH=7 T.
The lack of SF reflectivity at 1.5 T, which was verified by
using the polarization analyzer (since the small field will no
longer suffice to separate NSF and SF reflectivity in scatter-
ing angle), suggests that (Mi(z)) is near zero, i.e., no rota-
tion of the vector magnetization in the sample plane away
from the applied field was detected. Consequently, the Fe
moments are parallel to the applied field, and ferromagnetic
exchange between the Fe moments in the DyFe, and YFe,
layers is not frustrated (in low field).

For ugH=6 T, SF reflectivity is observed indicating that
larger applied fields cause rotation of some component of the
DyFe,/YFe, bilayer magnetization away from the applied
field. The influence of field on rotation of the sample mag-
netization suggests that the Zeeman energy cost in having a
portion of the DyFe,/YFe, bilayer net magnetization anti-
parallel to the applied field becomes too great. Consequently,
the DyFe, magnetization rotates, and domain walls form in
the superlattice.

Micromagnetic  simulation
analysis—a combined approach

Quantitative information about the spatial variation of the
vector magnetization across the DyFe,/YFe, superlattice
was obtained by combining micromagnetic simulation with
analysis of the Q dependence of the neutron reflectivity—the
latter calculated using the dynamical formalism of Parratt.3
The vector magnetization depth profile was represented by a
one-dimensional chain of N magnetic moments with a spac-
ing corresponding to the nearest neighbor spacing of Fe mo-
ments parallel to the (110) plane in DyFe, or YFe,
(0.1727 nm), subject to the constraint that the net magneti-
zation of YFe, (DyFe,) was parallel (antiparallel) to the Fe
moment. The orientation ¢; of the ith Fe moment relative to
the applied field H was obtained by minimizing the total
magnetic energy, E [Eq. (1)]—the sum of the exchange, an-
isotropy, and Zeeman energies,’-8

and neutron  scattering

N-1

N
E=— 2 2% cos(yy — b)) + 2 K sin®(; + &)
i i=1

-HY, M; cos(¢; + 6,). (1)
i=1

A DyFe,/YFe, bilayer was modeled by a chain of 15
moments representing the ~3 nm thick DyFe, layer fol-
lowed by a chain of 75 moments representing the ~12 nm
thick YFe, layer. The superlattice was represented by repeat-
ing the bilayer block 22 times. The energy was computed
using Eq. (1) with the exchange A;,, across the DyFe,/YFe,
interface, the exchanges Apyr.; and Ayge, the anisotropies
Kpyrer and Kyge, and magnetizations Mpyge, and Myge, for
the DyFe, and YFe, layers, respectively. Since the field was
applied along the easy axis of the superlattice, e=0. For Fe
moments in YFe,, 6=0 (since the magnetization of YFe,
was parallel to the Fe moment), and for Fe moments in
DyFe,, 6= (since the magnetization of the DyFe, layer was
antiparallel to the Fe moment). The energy was minimized
by perturbing ¢; for randomly selected moments subject to
the condition that dE/d¢$;=0, until the fractional change of
energy was less than one part in 107

For each field, the magnetic structure of the superlattice
was obtained from an iterative process that involved: (1) se-
lecting values for A, K, and M, (2) determining ¢; for all i
that minimized E, (3) calculating the magnetic vector contri-
bution to the neutron scattering length density profile from
¢, (4) calculating the neutron reflectivities using the scat-
tering length density profile,?* (5) computing a goodness-of-
fit metric x> between the calculated and observed
reflectivities,® and (6) determining perturbations to the pa-
rameters A, K, and M that reduced )(2 using the Powell op-
timization procedure.*’ Steps 2 through 6 were repeated until
x> was minimized yielding optimum values of A, K, and
M .*' The neutron scattering length density profile also con-
tains information about the depth dependence of the chemi-
cal structure, e.g., layer widths*? and interface roughness,
which was obtained from x-ray reflectometry. Attenuation of
the reflectivity due to chemical and magnetic roughness was
treated using a damped exponential [=exp(-Q%c?)].

Owing to the strong exchange coupling and anisotropy
intrinsic to DyFe, and YFe,, the magnetic structure is un-
likely to be affected by low magnetic fields—the structure is
much like that shown in Figs. 1(a) and 1(c). Therefore, we
used the data obtained in low field uoH=1.5 T to determine
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FIG. 6. (Color online) Upper: The depth profiles showing the
directions of the Fe moments ¢ in the superlattice with respect to
the applied field. The gray curves indicate the range over which ¢
changes within the limits of the parameters given in Table I from
which the magnetic structure is derived. Middle: The components
of the net sample magnetization parallel M,(z) and perpendicular
M | (z) for upH=1.5 T. Lower: The components M(z) and M | (z)
for ugH=7 T. The gray curves represent the range over which
M(z) and M | (z) (for ugH=7 T) change within the limits given in
Table I.

the values of Mpyre, and Myg,. Since the field, magnetiza-
tions, and Fe moments are all parallel (or antiparallel), the
contribution to the magnetic energy from anisotropy is zero;
therefore, the values of Kpyge, and Kyg, do not play a role in
determining the magnetic structure of the superlattice in low
field. The exchange across the interface A;,, is important in
determining the low field magnetic structure only to the ex-
tent that the interface exchange is large enough to force the
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FIG. 7. (Color online) Three-dimensional rendering of the Fe
moment directions near the top and bottom of the sample obtained
from the information in Fig. 6. The DyFe, layers are colored blue
(dark gray).

magnetization of the DyFe, layer to be opposite the low
applied field, otherwise the low field magnetic structure
is mostly insensitive to the exchange. For analysis of
the low field data, we used exchanges in the range
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0.3-2% 107 erg/cm which are observed for bulk Fe.** (The
analysis of the high field data is more sensitive to the values
of A, Apyrer, and Ayge,. Once these values were obtained,
we checked whether they influenced the low field analysis,
and they did not.) The values of Mpg,=340+90 emu/ cm?
and Myp.,=550+70 emu/cm? (Table I), yielded the best fit-
ting structure shown in Fig. 6 whose reflectivity is shown as
the solid curve in Fig. 5 (upper panel).** Our values of
Mpyge, and Myg,, are reasonable in comparison to values
that range from 263 to 868 emu/cm® for DyFe, and
659 to 857 emu/cm® for YFe, derived from Mpy=6 to
7.6 pg and pug, of 1.77 ug (YFe, bulk), 1.5 pp (DyFe, bulk)
and 2.3 up (YFe, or DyFe, film) reported in Ref. 7 for
300 K. In addition to the two fitted magnetic parameters, the
nuclear scattering lengths of DyFe, and YFe, were also op-
timized (since there is no relation between x-ray and neutron
scattering lengths). The interface roughness o was also opti-
mized, but constrained to the range of 1.1+0.2 nm obtained
with x-ray reflectometry.*> The goodness-of-fit between the
reflectivity data and fitted curve for the low field measure-
ment was x>=29 for v=575 (the number of degrees of
freedom).*0

Of paramount interest are the values of K and A for the
constituent components and the interface exchange A,,.
These values can be obtained by examining the response of
the magnetic structure to fields of several T (for our system),
so the analysis described in the previous paragraph was per-
formed for the data taken in high field uoH=7 T. However,
in this instance the nuclear scattering length densities for
DyFe, and YFe, and their magnetizations, Mpyge, and Myge,
were fixed to those obtained from analysis of the low field
data. Thus, the magnetic structure in high field was obtained
by Varying Only the values of KDyFeZ’ KYFCZ’ ADyFeZ’ AYFEZ’
and A,,,. The optimal values of these parameters (see Table I)
yielded the magnetic structure shown in Figs. 6 and 7, whose
reflectivity is shown by the solid curves in Fig. 5 (lower
panel). The goodness-of-fit between the reflectivity data and
fitted curves for the high field measurement was )(,2}=33 for
v=778. Rotation of the Fe moments extends throughout the
DyFe, layer, and approximately 4.8 nm into the YFe, layer
(see Fig. 6, upper panel, and Fig. 7). Considering only the
interior layers, the Fe moments rotate over a range of 105°
from a peak value of 147+12° in the DyFe, layer to 42+ 10°
in the YFe, layer.

Not surprisingly, the magnetizations of the two outermost
magnetic layers (one is DyFe, and the other is YFe,) are
mostly parallel to the large applied field (see Fig. 6, lower
panel, where M|, —0 at the sample boundaries), because
these layers lack symmetric restoring forces that are charac-
teristic of interior layers. The magnetizations of the interior
DyFe, and YFe, layers point —33+12° and 42+ 10°, respec-
tively, from the applied field [a schematic example of two
such layers is shown in Fig. 1(d)].

The qualitative picture of the magnetization reversal pro-
cess obtained from our quantitative analysis is as follows:
First, in a low applied field u,H=1.5 T, the DyFe, magne-
tization is opposite to the field, while that of the YFe, is
parallel to the field [see Fig. 1(c)]. As the field is increased
the DyFe, magnetization rotates towards the field. For
moH=7 T the DyFe, magnetization has rotated 147° about

PHYSICAL REVIEW B 73, 134413 (2006)

the sample’s surface normal [shown as a counter-clockwise
rotation in Fig. 1(c)] to be at an angle of —33° with respect to
the applied field. In addition, the YFe, magnetization has
rotated in the same direction but by a smaller amount (the
YFe, magnetization having started at 0° relative to the
moH=1.5T field) to be at an angle of 42° to the applied
field. The resulting configuration in high field is one with the
components of the DyFe, and YFe, magnetizations perpen-
dicular to the applied field having an antiparallel arrange-
ment. Such a spin-flop configuration is a low energy
configuration.*’

The picture of a magnetization reversal process that in-
volves rotation of both DyFe, and YFe, magnetizations ob-
tained from neutron scattering is somewhat different than
that inferred from XMCD from which only the net Dy mo-
ment was observed to change when the field was increased
from pugH=1.5 to 7 T. The different pictures might stem
from differences in the sample’s magnetic history prior to the
experiments. However, we note that the two techniques mea-
sure different quantities. When tuned to the appropriate x-ray
resonance, XMCD can be made sensitive to either the Dy or
Y moments, while neutron scattering is sensitive to the mag-
netizations of the DyFe, and YFe, layers. If the net magne-
tization of a layer is not parallel to the rare earth moment,
then the two techniques will yield different (but complemen-
tary) results.

The average magnetization projected onto the uoH=7 T
field has a value of (M;)=379+47 emu/cm® (obtained by
computing the average of M(z) from Fig. 6), which can be
compared to the magnetization obtained with magnetometry
for the same field.*® Using for the atomic volume of YFe, a
value of 2=0.398 nm® in which eight YFe, formula units
are contained,* we obtain (M;)=0.68+0.08 ug/atom (from
the neutron scattering experiment).’® This value is in excel-
lent agreement with that of 0.71 ug/atom obtained from
magnetometry [Fig. 1(b)].

The optimum value for the anisotropy of the DyFe, layer
is about three times larger than that for bulk DyFe, of 4.2
X 107 erg/cm? (Refs. 8, 51, and 52) (a difference that might
be attributed to epitaxial strain in the superlattice), although
our value is somewhat uncertain, and the difference may not
be significant. Nevertheless, the anisotropy of the DyFe,
layer is significantly greater than zero. On the other hand, the
anisotropy of the YFe, layer was determined with much less
precision, although the range of values is significantly
smaller than that of DyFe,. We note that for bulk materials,
Kyper (1X10°erg/cm?) (Refs. 8, 51, and 52) is much
smaller than Kpypeo.

The DyFe,/YFe, interfacial exchange A, is at the low
end of the range 0.3—2 X 107 erg/cm reported for exchange
in bulk Fe (a magnetically soft material).**>* An important
result of our analysis is that the interfacial exchange is one to
two orders of magnitude smaller than the exchange found in
the constituent layers. Therefore, the response of the DyFe,
magnetization to large applied fields can be attributed to a
balance between the reduced exchange coupling across the
DyFe,/YFe, interface and the Zeeman energy of the mag-
netic components. We note values of A;,, somewhat larger
than that reported in Table I yield magnetic structures (ob-
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tained from the micromagnetic simulation) with the DyFe,
magnetization opposite to the large applied field, while
somewhat smaller values yield structures with both DyFe,
and YFe, magnetizations aligned parallel to the large field.
Neither configuration is observed with XMCD or neutron
scattering for uoH=7 T in the temperature range of
200 to 300 K.

VI. CONCLUSIONS

In summary, we have used polarized neutron reflectom-
etry to measure the influence of low (uyH=1.5 T) and high
(uoH=T T) magnetic fields on the magnetization depth pro-
file of a DyFe,/YFe, Laves-phase superlattice. In low fields,
we find an antiparallel arrangement of DyFe, and YFe, mag-
netizations (a result consistent with the directions of Dy and
Y moments obtained with XMCD), and the antiparallel ar-
rangement exhibits long-range order with the DyFe, magne-
tization rotated 180° from the direction of the low applied
field. The magnitude of the DyFe, magnetization implies that
the Dy and Fe moments are antiparallel. Thus, ferromagnetic
coupling of Fe moments is not frustrated in this system by
low or moderate fields, since these moments are parallel
throughout the superlattice.

The absence of significant diffuse scattering and
1/2-order Bragg reflections allows us to conclude that high
magnetic fields do not induce formation of magnetic do-
mains or an antiparallel arrangement of spin-flopped mag-
netic layers that conspire to produce no net magnetization
along the applied field direction at 250 K. Rather, the DyFe,
magnetization and to a lesser extent the YFe, magnetization
primarily rotate in response to field. Specifically, the magne-
tization of DyFe, (except for DyFe, near the top of the
sample) is rotated —33+12° from the field, while the magne-
tization of the YFe, (except for YFe, near the bottom of the
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sample) deviates from the applied field by 42+10°. The 75°
separation between the DyFe, and YFe, magnetizations is a
consequence of a 105° domain wall between the Fe moments
across the DyFe,/YFe, interface extending throughout the
DyFe, layer and 4.8 nm into the YFe, layer.

Since the magnetic structure was obtained by combining
micromagnetic simulation with analysis of the neutron scat-
tering data, we were able to show that the response of the Fe
moment depth profile and concomitant response of the
DyFe, and YFe, layer magnetizations were due to the greatly
diminished exchange coupling across the DyFe,/YFe, inter-
face compared to the Fe-Fe exchange coupling in either
layer. The value of the interfacial exchange is similar to that
of bulk Fe (a soft magnetic material). Our approach assures
that the magnetic structure deduced from the neutron scatter-
ing data is also one that minimizes the magnetic energy for a
given set of K, A, and M’s. For our particular problem, mi-
cromagnetic simulation yielded physically realistic perturba-
tions to the magnetic structure at both ends of the superlat-
tice (arising from the lack of competing exchange
interactions on either surface) and led to an improved fit
between the observed and calculated neutron reflectivities.
An additional advantage of our approach is that the fitted
parameters, e.g., exchange, anisotropy, and saturation mag-
netization, are ones that have practical meaning.
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