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Mechanisms of exchange bias in DyFe,/ YFe, exchange-coupled superlattices
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After cooling a DyFe,/ YFe, superlattice to 12 K in a 1 T field, which aligns the Fe spins parallel to the field,
the magnetization vs field curve of the superlattice was dramatically shifted along the magnetization and
applied field axes. The zero of the unpinned magnetization, i.e., the exchange bias, was —2 T. We developed
a one-dimensional spin-chain model that completely explains the polarized neutron reflectometry, magnetom-
etry, and x-ray magnetic circular dichroism data. Two domain configurations were identified in the model. Both
configurations contribute to the extraordinarily large exchange bias of the DyFe,/YFe, superlattice.
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I. INTRODUCTION

Traditionally, exchange bias is defined as the shift Hg of
the magnetization of a ferromagnet (FM) about the zero of
applied field.!> Exchange bias is often observed when un-
pinned spins of a FM are coupled to pinned spins of an
antiferromagnet (AF) or a ferrimagnet.>* In small applied
fields, the coupling may cause the unpinned spins to point in
a preferred direction—one possibly different from the ap-
plied field—producing a shift of the magnetization hysteresis
loop along the applied field axis.

Exchange bias has important technological applications in
“spin-valve” devices,” which are based on a switch fabri-
cated from two FM layers—one pinned and the other un-
pinned. When the magnetic moment of the unpinned layer
changes relative to the pinned layer, a change in resistance
across the layers is produced. Exchange bias provides the
force necessary to keep the reference magnetic layer pinned;
thus, large exchange bias makes the magnetoresistance of
spin valves robust.® In this paper we describe the origin of
extraordinarily large exchange bias in the DyFe,/YFe,
superlattice.

Alternatively, a shifted magnetization loop can be ob-
served in systems that are not saturated at both extremes of
the field.” For example, if the magnitude of the field at which
the loop closes for negative field is larger than that for posi-
tive field, then a minor (magnetization) loop is measured. A
minor loop is shifted along the applied field axis for reasons
unrelated to exchange anisotropy. Jacobs and Bean’ noted
that a shifted loop (arising from exchange bias) can be dis-
tinguished from a minor loop if the magnitudes of the mag-
netizations in the highest fields (positive and negative) are
equal.

Since 1963, experimental tools have been developed, e.g.,
polarized neutron reflectometry (PNR) (Ref. 8) and x-ray
magnetic circular dichroism (XMCD) (Ref. 9) that allow us
to characterize magnetism in different components of a ma-
terial. With these tools the magnetic response of unpinned
magnetization can be distinguished from the pinned magne-
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tization to determine whether a shift of the magnetization
curve for the unpinned component is due to exchange aniso-
tropy or to an artifact of the measurement (i.e., a minor
loop). These methods allow us to identify the reason for a
shift that would otherwise be ambiguous. The criterion for
distinguishing between shifted and minor loops can be up-
dated as follows: a shifted loop arising from exchange bias
can be distinguished from a minor loop if the unpinned mag-
netizations in the highest fields (positive and negative) have
equal magnitudes.

Most theories of exchange bias require uncompensated
spins in the pinning layer, e.g., the AF or ferrimagnet that
inhibits the response of a proximal FM through exchange
coupling.!>!%-1% Pinned uncompensated magnetization has
been reported in FM/AF bilayers such as Fe/FeF,,!” and
Fe/MnF,,'” and Co/Ni(,_,Fe,F, (Refs. 18 and 19) using su-
perconducting quantum interference device (SQUID) magne-
tometry. In these systems, the direction of the pinned mag-
netization was (anti-)correlated with exchange bias. Pinned
magnetization has been similarly inferred from shifts of the
hysteresis loops along the magnetization axis for XMCD ex-
periments in Co/NiO,?° Co/FeF,,?! and Fe/MnPd (Ref. 22)
bilayers. PNR has measured the thickness and magnitude of
pinned magnetization in Co/LaFeO; (Ref. 23) and Co/FeF,
(Refs. 24 and 25) bilayers. With the exception of
Co/Ni(,_,Fe,F, bilayers,'®!” pinned magnetization of
FM/AF systems is typically a percent or so of the saturation
magnetization, and thus, challenging to detect and quantify.
One motivation for studying the DyFe,/ YFe, model system
is to understand the influence of pinned magnetization on
exchange bias in a system in which the pinned magnetization
is easy to quantify.

The response of unpinned magnetization to applied field,
when the unpinned and pinned magnetizations are exchange
coupled, may lead to an interface domain wall (iDW)—a
domain wall parallel to the unpinned/pinned magnetization
interface. iDWs in FM/AF bilayers (e.g., Co/FeF,) have
been inferred from magneto-optic Kerr effect (MOKE)
spectroscopy’® and PNR.>* iDWs have also been found in
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several rare-earth systems including FeSn/FeGd,”
GdFe/TbFe, %  DyFe,/ YFe,,*!*> TbFeCo/CoPd,*® and
SmCo/NdCo.?*

DyFe, is a hard ferrimagnet with a net magnetization
(4.6p/f.u. at 300 K) along the dominant Dy magnetization
sublattice. YFe, is a soft ferrimagnet, but in contrast to
DyFe,, the Y site has only a small induced moment.>> In
YFe,, the Fe contribution (2.79uz/f.u. at 300 K) dominates.
Due to the strong ferromagnetic exchange between Fe mo-
ments and the antiferromagnetic exchange between the larger
Dy moment and smaller Fe moments, the magnetic coupling
favors long-range antiparallel ordering of the DyFe, and
YFe, magnetizations.

The rare-earth Fe, Laves phase superlattices are among
the few single-crystalline systems®>3%37 that exhibit spring
magnet behavior.® Most of the other systems are either tex-
tured polycrystalline®**? or amorphous? materials, or consist
of randomly oriented magnetically hard grains embedded in
a soft matrix.*'~*3 The DyFe,/YFe, system exhibits a wide
range of magnetization reversal processes, depending on the
relative thicknesses of the two compounds: homogeneous re-
versal as a rigid magnetic block, inhomogeneous reversal in
the soft component reminiscent of a spring magnet, or mag-
netization reversal beginning in the hard layers.>? Recently,
mixtures of these magnetization reversal mechanisms have
been observed in other rare-earth iron systems.*44

Exchange-coupled systems combining hard/soft ferro-
magnetic or ferrimagnetic materials offer opportunities to
study specific issues pertaining to the pinning of the soft
layer by the hard layer analogous to situations seen in
FM/AF systems. In the case of DyFe,/YFe,, the hard layer
(DyFe,) can be relatively easily manipulated at room tem-
perature by choosing the strength (typically a few tesla) and
direction of the magnetic field to create a specific relation-
ship between the magnetizations of the DyFe, and YFe, lay-
ers (for some FM/AF systems, the direction of the uncom-
pensated pinned magnetization with respect to the cooling
field is not known a priori). After cooling to low tempera-
tures DyFe, becomes harder, and its orientation with respect
to the cooling field can be very difficult to alter. Thus, by
choosing the appropriate cooling field conditions, the mag-
netic domain state can be controlled to produce interesting
magnetic phenomena such as exchange bias.

The aim of this study is to develop a microscopic under-
standing of the mechanisms leading to large exchange bias of
the DyFe,/YFe, superlattice. (The exchange bias is more
than 1 order of magnitude larger than that found in FM/AF
systems.) We developed a one-dimensional spin-chain model
that self-consistently reproduces all the experimental data.
The model suggests that the shift of magnetization along the
field axis in our system might have two distinct origins cor-
responding to the behavior of two types of magnetic do-
mains. For one type of domain, the magnetization reversed
through nucleation of an iDW after application of a strong
negative field (i.e., field opposite to the cooling field). For
the second type of domain, an iDW was formed for small
positive fields. After formation of an iDW, the magnetization
rotated slowly and became fully reversed only for several
tesla strong negative fields. This behavior produced a
sheared hysteresis loop with zeros of the magnetization oc-
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curring at large negative fields. Both domain types contrib-
uted to the negative shift of the magnetization along the ap-
plied field axis. The large pinned magnetization shifted the
hysteresis toward negative magnetization which also affected
the shift of the magnetization along the applied field axis.
The trivial consequence of a shift along the magnetization
axis of a sheared loop on exchange bias is often not appre-
ciated.

II. SAMPLE PREPARATION AND CHARACTERIZATION

Growth and structural characterization with x-ray reflec-
tometry of the [DyFe,(3 nm)/YFe,(12 nm)],, Laves phase
sample was described in Ref. 31. Briefly, a 50-nm-thick

single crystal of (110) Nb was grown on a (1120) sapphire
substrate at 700 °C using molecular-beam epitaxy. Next, 22
single-crystalline bilayers beginning with DyFe, and fol-
lowed by YFe, were deposited. The [110] axis of DyFe, (and
YFe,) is along the sample surface normal. The thicknesses of
the DyFe, (2.820.7 nm) and YFe, (11.8*+ 1.2 nm) layers
and interfacial roughness [1.1 +0.2 nm(rms)] were obtained
with x-ray reflectometry.’! The sample was capped with 30
nm of Nb.

To establish exchange bias the sample was magnetized in

a field of uyH=7 T applied parallel to [110] at room tem-
perature. The field was reduced to wgHpc=1 T, and the
sample was cooled to 12 K. Hgc was chosen to be just large
enough to align the Fe spins, thus, favoring the antiparallel
arrangement of magnetizations from the DyFe, (dominated
by Dy) and YFe, (dominated by Fe) layers [Fig. 1(a) of Ref.
31].

After field cooling, magnetometry data were taken with a
SQUID from +7 T to =7 T (blue symbols, Fig. 1) and then
back to +7 T [red symbols, Fig. 1(a)]. Qualitatively, the
magnetization curve for the superlattice sample is remark-
ably similar to that for an ideal exchange-anisotropy-
displaced-loop from NizMn [see Fig. 2(a) of Ref. 46]. The
average of the coercive fields is the exchange bias Hj
=-15.0=0.1 kOe for our sample. In addition to Hp, the
magnetization was shifted along the magnetization axis by
MP=-81 emu/cm’. (The sign of the applied field H, is
positive if H, and Hgc point in the same direction.) The field
at which M=M" was Hj=-20 kOe. Twice the coercive field
H¢ at Hg is approximately 1.1 kOe. The coercive field is
typical of many exchange bias systems and usually attributed
to some response of spins in the AF as the FM magnetization
follows the applied field.?

In Fig. 1(b), we show the ac susceptibility as a function of
applied (dc) field measured using a Quantum Design Physi-
cal Property Measurement System (PPMS). The susceptibil-
ity was obtained by superimposing a time-dependent pertur-
bation on the dc field with a frequency of 10 kHz and peak
amplitude of 15 Oe. The ac field was applied parallel to the
dc field; thus, the measured response from the sample is
related to the transverse component of the sample magneti-
zation perpendicular to the dc field. The susceptibility is the
ratio of the peak amplitude of the time varying magnetization
normalized to the volume of the YFe, (8.6 X107 cm?) in
the sample. The transverse magnetization is largest at H.

144425-2



MECHANISMS OF EXCHANGE BIAS IN DyFe,/YFe...

a0 L (@) —

200

,,,,,,,,,,,,,,, L ¢ Descending | 0.0
* Ascending )

M (emu/cms)
o
!

-200

(syun Ateigle) jeubis @QONWX

-0.02

-1 -0.04

24 22 2 18 -16
1 HU A

(GO/ELUO/nUJe) Anagndaosns onaubew Oy

6 -4 -2 0 2 4 6
TN

FIG. 1. (Color online) (a) Magnetization M| measured along the
applied field H, (solid circles). XMCD taken at the absorption
edges for Y (open squares) and Dy (open circles), and M| integrated
over the magnetization depth profile obtained from neutron scatter-
ing (solid squares) are shown. (b) The susceptibility (green, open
symbols) arising from the component of the magnetization that re-
sponds to an ac field perturbation added to the dc field H,. Inset:
expanded view showing the coercive field H near Hy=Hy.

The XMCD fluorescence measured at the L; absorption
edges of Dy and Y yielded the compound-selective hysteresis
loops [Dy, green circles, and Y, open squares, Fig. 1(a)].#’
The induced moments on the Y site were less than 15%
different for large *|H,|. From these observations we con-
clude that the YFe, magnetization was unpinned. Zero Y
moment coincides with Hy=Hy. We identify Hy, as the ex-
change bias of the unpinned magnetization. In contrast, the
Dy moment exhibited little response to field; consequently,
the DyFe, magnetization was pinned. The large negative mo-
ment of Dy suggests (and later confirmed with PNR) the

pinned magnetization was opposite to Hgcll[110]. This situ-
ation differs from our earlier study wherein pyHr-=7 T and
HpclI[110] resulted in the DyFe, magnetization being pinned
mostly parallel to [001].3! Thus, for small HrclI[110], Fe

spins on both sides of the DyFe,/YFe, interface were paral-
lel, which promoted exchange bias [see Eq. 7 in Ref. 3]. In

contrast, for large Hycll[110], Fe spins on either side of the
interface were perpendicular, which suppressed exchange
bias.?
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III. RESULTS FROM THE NEUTRON-SCATTERING
EXPERIMENT

The field dependence of the magnetization depth profiles
were obtained using PNR (Refs. 48-50) for fields of wyH,
=+7, =7, =0.1, and +1 T (in this order). The sample was
field cooled as previously described. For a detailed discus-
sion of the neutron-scattering experiment see Ref. 31.
Briefly, the polarized neutron reflectivities were measured
with two incident neutron beam polarizations called spin up,
i.e., neutron spin parallel to H,, and spin down (opposite to
H,). Since the direction of H, is fixed for our 11 T super-
conducting magnet, negative values of H, were achieved by
reducing H, to zero, rotating the sample 180° about its sur-
face normal in situ, and then increasing H, to the desired
value.

The instrumental background corresponding to a reflectiv-
ity of order 1077 was removed from the data. The diffuse
scattering at the specular condition (where the angles of in-
cidence and reflection were equal) was estimated from the
off-specular scattering and removed to yield the specular re-
flectivity as a function of wave vector transfer Q. (Q is the
difference between the outgoing and incident neutron wave
vectors.)

The off-specular scattering was weak at 12 K. The scat-
tering was characterized by (Bragg) sheets of intensity that
exhibited no variation with the component of Q parallel to
the sample surface Q) but was sharply peaked with the com-
ponent of Q perpendicular to the sample surface Q , corre-
sponding to a superlattice Bragg reflection. The spin depen-
dence of the off-specular scattering mirrored that of the
Bragg reflections. Measurements of the off-specular x-ray
scattering also found Bragg sheets with little or no variation
in this intensity as a function of Q; over large regions of
reciprocal space. We conclude that the weak off-specular
neutron scattering is a consequence of the chemically rough
(or stepped) DyFe,/YFe, interfaces (see Fig. 2 of Ref. 31)
transcending all lateral length scales.

The specular reflectivity normalized to the Fresnel reflec-
tivity RF=1672/Q* is shown in Fig. 2. The data have been
corrected for the nonperfect polarization of the neutron beam
(polarization ~92%), the flipping efficiency of the neutron
spin flipper (~99.9% efficient),’*>! and the wavelength de-
pendence of the neutron spectrum. The magnetization depth
profiles were obtained for each field from an analysis of the
dependence of the specular reflectivity on neutron polariza-
tion and Q. The solid curves in Fig. 2 are the reflectivities
calculated from the magnetic structures shown in Fig. 3 (dis-
cussed later) that yielded the best fit, i.e., smallest value of
y2.52

We did not observe scattering that flipped the polarization
of the neutron beam, i.e., so-called spin-flip scattering in this
experiment. Previously, for experiments carried out under
different conditions, spin-flip scattering was observed.?! The
conditions of the experiments differed in two ways. First, for
the experiment in which spin-flip scattering was observed,’!
the sample was magnetized by a large field at room tempera-
ture, which induced a domain state with the DyFe, magneti-
zation rotated away from the applied field that was subse-
quently frozen in place after cooling. Second, in the earlier
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FIG. 2. (Color online) Field and neutron spin dependence of the
reflectivities (symbols) normalized to the Fresnel reflectivity are

shown. The curves are the reflectivities calculated from a neutron-
scattering model (Fig. 3).

experiment,’! field reversal (from +7 to =7 T) was achieved
by rotating the sample in the 7 T field. (Magnetization rever-
sal by rotation in a large field may induce coherent rotation
of the magnetization in the same direction.) In the present
experiment, the field was applied parallel (or antiparallel) to

[110] and swept from positive to negative values (relative to
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[110]) through zero field.

IV. DISCUSSION
A. Magnetometry data

The magnetometry data in Fig. 1 are notable because (1)
the zero of magnetization occurs at a large negative field of
the order of tens of kOe (i.e., the magnetization is shifted
along the applied field axis), (2) the magnitudes of the most
positive and negative magnetizations differ by 44% com-
pared to their sum (i.e., the magnetization curve is shifted
along the magnetization axis), (3) the ac susceptibility is
maximum for H,=HY, and (4) magnetization reversal begins
for small positive fields. The shift along the magnetization
axis is due to the pinned magnetization of the DyFe, ferri-
magnet, as made evident by the near-constant value of the
XMCD signal for the Dy moment (Fig. 1). The reductions in
the XMCD signal for the induced Y moment at remanence
and the remanent magnetization are equal to ~75% of their
saturation values, which indicate magnetization reversal be-
gins for positive fields. This suggests that the easy axis of the

unpinned magnetization is not parallel to HgclI[110]. In fact,
had these measurements been obtained from a thin film
rather than a superlattice, one would conclude that the easy

axis of YFe, was rotated from [110] by the angle EvFe,
~ 1r/4. (The neutron-scattering observations of Ref. 31 sug-
gest the unpinned magnetization rotates in the sample plane,
so the easy axis is in the sample plane.) However, to account
for the measured remanent magnetization of the superlattice,
a portion of the YFe, layer must rotate by more than /4,
since other portions of the YFe, layer will be exchange
coupled to the pinned magnetization (and thus less likely to
rotate). The experimental data and results from a micromag-
netic calculation (discussed later) agree best for EyFe,
~ /2 (e.g., the easy axis of YFe, in the superlattice is par-
allel to [001]).

B. Neutron-scattering data

The neutron data show large differences between neutron
spin-up and spin-down reflectivities just beyond the sample
critical edge Q,~0.017 A~! and for 3 orders of superlattice
Bragg reflections Q;=0.045, (0,=0.089, and Q3
=0.127 A~'. Q. is the smallest value of the wave vector
transfer where the neutron wave function is not purely
imaginary.® Modeling of the neutron-scattering data (dis-
cussed later) suggests that spin dependence of the reflectivity
near Q. was primarily influenced by the magnetization of the
uppermost YFe, layer which tended to be aligned with H,.

The intensities and neutron spin dependence of the Bragg
reflections are related to the depth dependence of chemical
and magnetic scattering length densities, respectively, having
the period of the superlattice. The intensities of the Bragg
reflections for one neutron spin state are larger than those of
the other spin state by the same amount (except for the data
taken at ugH,=-7 T). The qualitative implication of this
observation is that the magnetizations, while different for the
two components (DyFe, and YFe,), are reasonably uniform
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FIG. 3. (Color online) Magnetization depth profiles inferred
from neutron scattering (black curves) and the one-dimensional
chain model (light-colored curve) are shown. The error bars in (d)
represent perturbations to the magnetization depth profile that in-
crease the reduced (normalized) x> metric by 1.

in each layer for uyH,=-0.1 T. On the other hand, for the
case of ugH,=-7 T, the spin-up and spin-down Bragg re-
flection intensities are the same for the first-order reflection
(0=0,), very different for the second-order reflection (Q
=(Q,), and somewhat different for the third-order reflection
(0=03). This variation is qualitatively explained by a non-
uniform  distribution of magnetization across the
DyFe,/YFe, bilayer that is repeated with the period of the
superlattice.3>
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In order to understand the nature of the nonuniform mag-
netization, the data in Fig. 2 were quantitatively fitted to a
neutron-scattering model. The neutron-scattering model con-
sists of nuclear (chemical) and magnetic scattering length
density depth profiles. The nuclear scattering length density
was obtained from the chemical structure reported in Ref. 31.
To represent a nonuniform distribution of magnetization
across the periodically repeated DyFe,/ YFe, bilayer, we di-
vided the magnetization of each DyFe, layer into three sepa-
rate parts, and likewise for the YFe, layer. The magnetiza-
tions and thicknesses of the outer parts of each DyFe, layer
were constrained to be the same. Similar constraints were
applied to the YFe, layer. A portion of the magnetization
depth profile for two periodically repeated DyFe,/YFe, bi-
layers is shown in Fig. 3. The total magnetic layer thick-
nesses of the DyFe, and YFe, layers were constrained to be
the same as their chemical thicknesses.

The spin-dependent neutron specular reflectivity was cal-
culated using a variation in co-refine®>—an implementation
of the dynamical formulism of Parratt.’® The process in-
volved choosing six parameters for the neutron-scattering
model from which the spin-dependent neutron-scattering
length density depth profiles were calculated. The magneti-
zations of the DyFe, and YFe, layers were constrained to be
less than their saturation magnetizations of 1055*45 and
401+ 17 emu/cm?, respectively. The saturation magnetiza-
tions were obtained from analysis of PNR data taken from
single-crystal films of each material at 7 T and 12 K (for
DyFe,) and 300 K (for YFe,).%” In addition to the six param-
eters that determine the periodic magnetic structure of the
superlattice, the magnetizations of the uppermost YFe, and
lowermost DyFe, layers were allowed to vary independently
from the periodic bilayer. The two additional degrees of free-
dom are justified since the outermost layers were not pinned
on both surfaces.?!

Optimization of the parameters to minimize the x>
metric>? yielded the magnetization depth profile of the bi-
layer [a portion of the profile is shown in Fig. 3 (black
curves)]. The total magnetization was obtained by integrating
M, over depth (Fig. 1, solid squares). The neutron-scattering
result is in good quantitative agreement with magnetometry.
Further, little change was observed in the magnetization of
the DyFe, layers from neutron scattering, which confirms the
conclusion that the DyFe, layers were pinned as obtained
from the XMCD data.

The magnetization depth profiles for uoH,=-0.1, +1, and
+7 T are very similar, which is not surprising given the
similarity of the Bragg reflections for these fields. [The neu-
tron spin asymmetry of the Bragg reflections for data taken
for uoH,=-0.1 T was reversed compared to that for posi-
tive H, because the sample pinned magnetization was ro-
tated (to gain access to H, <0), and neutron “spin up” and
“spin down” are defined with respect to H,.] However, at
moH,=-7 T, the magnetization M, of regions near the
DyFe,/YFe, interface was suppressed. The thicknesses of
these regions were 28+2 A on the YFe, side of the
DyFe,/YFe, interface and 5+2 A on the DyFe, side.

Suppression of M at high negative field is consistent with
an iDW, since the rotation of the magnetization away from
the applied field increases the component of the magnetiza-
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TABLE 1. Values of the parameters used in the one-dimensional chain model to represent the magneti-
zation of the DyFe,/ YFe, superlattice at 12 K (after field cooling from room temperature in ugHpc=1 T).
The value used for the exchange across the DyFe,/ YFe, interface A;, is the same as the exchange in the

constituent layers, i.e., Apq_fe-

DyFe, YFe, Note
Analysis of PNR data from single-crystal
M (emu/cm?) 1055 +45 401 =17 thin films (this work).
K(erg/cm?3) (1.2+0.7)x 108 1.3 %X 10° (Ref. 67) Reference 31 for 250 K
Apere(erg/cm) 2Xx107° 2Xx107° Reference 68

€ (rad) 0 (easy axis/l[110])

0 (rad) T 0

/2 (easy axisl|[001])

eDyFefo was obtained from analysis
of PNR and XMCD data (this work).
EyFe, =T/ 2
yielded the calculated result.
Orientation of the layer magnetization
with respect to the Fe spin.

tion perpendicular to the applied field M| [as suggested by
the ac susceptibility data in Fig. 1(b)] at the expense of M.
The specular reflectivity is sensitive to the sample magneti-
zation averaged over the lateral coherence of the neutron
beam (tens of microns).>® Therefore, we expect an iDW with
large lateral area to produce spin-flip specular reflectivity
RSF, since RSFoc(M? ) for large domains, provided that M | is
perpendicular to Q. However, RSF was not observed after the
field was swept from positive to negative values through zero
field, so we conclude that if iDWs were present, M | aver-
aged over the lateral coherence of the neutron beam was too
small to detect, and/or M | was parallel to Q.

Off-specular scattering may contain information about
M | for small domains, provided that the scattering is strong
enough to detect, M | is perpendicular to Q, and the scatter-
ing from the domains is accessible to off-specular neutron
reflectometry. The region of reciprocal space accessible to
off-specular neutron reflectometry corresponds to Q, less
than ~10~* A~'. This length scale is sensitive to domains
with lateral size of order 1 um. The off-specular scattering
was weak at 12 K and consistent with the chemical rough-
ness of the interfaces; thus, we lack evidence for scattering
from micron-sized domains in these data.

C. Comparison of exchange bias of the DyFe,/ YFe,
superlattice with other systems

The interface energy density!? AE=H{2tpyMpy
=10.6 erg/cm? is a measure of the strength of exchange
coupling across the YFe,/DyFe, interface. To evaluate AE
Mpy=Mype, =401 emu/cm? (obtained from neutron scatter-
ing) and fpy=tyg,,/2=60 A were used (the factor of % is
required since an YFe, layer is bounded on both sides by
DyFe, layers). The interface energy density for the
YFe,/DyFe, interface is very large—1 order of magnitude
larger than those of FM/AF bilayers and comparable to that
of TbFeCo ferrimagnet/ferrimagnet bilayers.>

Recently, Fitzsimmons et al.?> concluded from a study of
the Co/FeF, system that exchange bias was most likely re-
lated to the areal pinned moment density (the integral of the

pinned interfacial magnetization over its depth). For the
Co/FeF, sample, AE=3 erg/cm’ and the areal pinned mo-
ment density was ~(1.4+0.2) X 10~ emu/cm”.2 Compar-
ing to the DyFe,/YFe, system, the ratios of
AEYFeZ/DyFez/AECO/FeFZ%3.5 and areal pinned moment den-
sity of DyFe,/YFe, to Co/FeF, 1.5X107#/1.4X 107 =~11,
differ by a factor of about 3. If in general, the areal pinned
moment density controls the magnitude of Hy, then only
pinned spins within ~10 A of the interface would play a
direct role in establishing exchange bias in DyFe,/ YFe, (al-
though spins further from the interface may serve as an an-
chor for anisotropy of the interface’®).

Mangin et al.?® used a simple formulism for the free en-
ergy of a compressed domain wall to explain their magne-
tometry observations for GdFe/TbFe/GdFe trilayers. Follow-
ing their approach and using reasonable values for the Fe-
exchange Ag. p., anisotropy of YFe,, Kyre,, and anisotropy
of DyFe,, Kpyr.,(Table I), we calculated Fe-spin rotations ¢
of 86° =9° and 33° =19° on the YFe, and DyFe, sides of
the DyFe,/YFe, interface, respectively. These values were
obtained for uoH,=-7 T using 6= VA/K+2M |H,| where
Syre,=28 A and Spyp,=5 A [Fig. 3(d)]. The sum of the
rotation angles underestimates a 7 rotation of Fe spins across
the iDW by one third. The discrepancy may be due to the
fact that the condition g > 6 for the expression of J is not
satisfied for our system.

Morales et al.®® observed a strong dependence of ex-
change bias in FM/AF/FM trilayers with the relative mag-
netic state of the two FMs during field cooling, thus, imply-
ing a strong coupling (interaction) across a thick AF (in this
instance FeF,). For our sample, the thickness of the DyFe,
layer is only one tenth that of the AF layer studied by Mo-
rales et al.;® therefore, adjacent DyFe,/ YFe, layers may be
coupled across the DyFe, layer. The magnetic behavior
might also be affected by the proximal location of
DyFe,/YFe, interfaces across a thin YFe, layer. For ex-
ample, twice the iDW thickness for a 7 rotation of Fe spins
at Hy=Hp is greater than the thickness of the YFe, layer
(~144 A compared to 120 A). These points argue for the
possibility that the magnetism of adjacent interfaces affects
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each other, and therefore, the formulism of Mangin et al®
may not be applicable to our case.

D. Micromagnetic modeling with the spin-chain model and
mechanisms of exchange bias

In view of this possibility, we calculated the magnetic
depth profile and magnetization for a one-dimensional chain
of spins. The superlattice was represented by a chain of 75
spins in the YFe, layer and 15 spins in the DyFe, layer
(repeated 22 times). The spin configuration ¢, where ¢; is
the orientation of the Fe spins in the ith layer, was optimized
to minimize the free energy [Eq. (1)] for the values of M, A,
K, &, and 6 given in Table I. The value used for the exchange
across the DyFe,/ YFe, interface was A;,=2% 107 erg/cm
(the same value as used for the exchange between two Fe
spins in the adjacent layers),

N-1 A N
E=- 2 ;’_lHCOS(d’m - ¢)+ 2 K; sinz(d)i— &)
i=1 iy i=1
N
—HE M; cos(¢p; + 6). (1)

i=1

6 is the orientation of the layer magnetization with respect to
the Fe spin. ¢ is the easy axis of the layer in the sample plane

with respect to [110] (the direction of positive applied field).
Since the (110) planes of DyFe, and YFe, have hexagonal
symmetry, uniaxial anisotropy leading to the sin?> dependence
on ¢ is a reasonable choice in Eq. (1).°":6> We found three
equal low-energy configurations (domains), which in keep-
ing with the notation used by previous authors,*** are called
o*, o, and o°.

In the spin-chain model, magnetization reversal of o= do-
mains occurred via rotation of the YFe, magnetization start-
ing near the center of the film for small positive fields, and
then progressed toward the DyFe,/YFe, interface with in-
creasingly more negative fields [see insets of Fig. 4(a)]. The
rotation may be positive (o) or negative (¢~) about the
sample surface normal [see Figs. 4(b) and 4(c)]. In order to
produce the rounding of the magnetization for H,>0, the

easy axis of YFe, must not be parallel to [110], i.e., EYFe,
#0.9

We investigated the influence of EyFe, ON the calculated
magnetization curve and found best agreement with the ex-
periment for eyg,,=m/2 [black curve in Fig. 4(a)]. For com-
parison, the magnetization anticipated from an average of o~
and o” domains for EyFe,= /4 is shown by the gray curve in
Fig. 4(a). This choice yielded a curve that greatly overesti-
mated the magnetization for wyH, between -3 and —1 T
compared to the data. In addition, smaller values of EyFe,
predicted much larger exchange bias than was observed. This
prediction suggests a means to increase exchange bias.

Previously, for SmCo/Fe bilayers, the Fe layer was ob-
served to reorient from parallel to perpendicular with respect
to the easy axis of the hard (SmCo) layer.%* The reorientation
was explained by partial remagnetization of the hard layer
after field cycling that produced regions of different bilinear
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FIG. 4. (Color online) (a) The magnetization parallel to the ap-
plied field data from Fig. 1 (circles), calculated for the o domains
(blue/red dashed curve), 0” domain (green dotted curve), and the
average of the three domains 3/3 (black curve) using EyFe,= /2
are shown. The average magnetization from the three domains is
shown (gray curve) for 8YF62=7T/4—. Inset: schematic of the configu-
ration of moments in the YFe, layer surrounded by DyFe, moments
for fields marked by “*”. (b) The magnetization perpendicular to
the applied field. (c) The angle ¢ between the calculated magneti-
zations for each domain in the sample plane with respect to

Hpcll[110].

coupling (i.e., coupling that fluctuated from region to re-
gion). Averaging of the fluctuating magnetization led to bi-
quadratic interlayer exchange coupling. [A similar mecha-
nism was proposed for the appearance of the 45° exchange
coupling in Fe/FeF, (twinned) bilayers.®] It is unclear
whether fluctuating magnetization in the DyFe, layer plays a
role in the appearance of an easy axis in the YFe, layer along
its [001] direction. The x-ray and neutron data indicate that
the DyFe, magnetization does not respond to field; however,
the data would not likely be sensitive to the rotation of Dy
moments in a single monolayer at the interface (such rotation
might also give rise to the observed nonzero value of H).
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For o domains and small enough positive fields, the
magnetic free energy was minimized when many of the YFe,
moments rotated away from the applied field toward the
YFe, easy axis. As the field became negative, minimization
of the Zeeman energy was the driving force that caused the
moments to rotate beyond the easy axis toward the field di-
rection. [Experimental evidence supporting rotation of the
magnetization from the applied field is the ac susceptibility
measurement in Fig. 1(b).] Consequently, the field depen-
dence of M due to compression of an iDW was sheared (or
rounded) as a function of field. Since the magnetization var-
ied slowly over a few tesla for our system, the shift of the
magnetization along the applied field axis was partially de-
pendent on the large pinned DyFe, magnetization. Magneti-
zation reversal of o= domains yielded a shift of the magne-
tization along the applied field axis that was ~3 kOe too
small [see blue and red curves Fig. 4(a)] compared to the
data.

The exchange bias we infer for the 6™ domains from our
spin-chain model can be compared to literature reports for
exchange bias in systems exhibiting similar magnetization
reversal mechanisms. For example, the formation of the par-
tial domain wall in SmCo/NdCo bilayers** and compression
of the iDW giving rise to o domains in TbFe/GdFe
bilayers* are the same. In the case of SmCo/NdCo, ex-
change bias was also observed®* and treated using a variation
in the model of Mauri et al.' for exchange bias. Rather than
allowing for the formation of a domain wall in the hard
(SmCo) layer—akin to the antiferromagnet in the model of
Mauri et al.'>—Guo et al.** considered the situation where
the domain wall formed inside the soft (NdCo) ferromagnet
(a key insight of the Kiwi'' model for exchange bias). An
expression for exchange bias relating it to properties intrinsic
to the soft ferromagnet (anisotropy K, exchange A, and mag-
netization M) and its thickness ¢ was derived. Specifically,
HE=—2V’ﬂ/Mt. Using the values listed in Table I and iden-
tifying ¢ as one half the YFe, thickness (because this layer is
bounded on both sides by pinning layers in our superlattice),
we obtain Hp=-13 kOe. The agreement between this pre-
diction and that (-12 kOe) calculated for the o~ domains of
the spin-chain model is not surprising since both approaches
represent the reversal of magnetization in the soft layer simi-
larly, i.e., by compression of a planar domain wall in the soft
layer. The predicted exchange bias was nevertheless smaller
than observed; thus, compression of the iDW in o~ domains
is not entirely responsible for exchange bias (in the
DyFe,/YFe, superlattice). In addition, the formulism of Guo
et al.3* does not account for the commensurate affect of a
shift of a sheared hysteresis loop along its magnetization axis
(due to pinned magnetization) on exchange bias.

An alternative method to achieve a minimum free energy
involved rotation of the YFe, magnetization away from the
applied field uniformly over the majority of the YFe, layer
[inset of Fig. 4(a)]. This mechanism minimized the total en-
ergy by reducing the exchange and anisotropy energies at the
expense of increased Zeeman energy for small positive
fields. [The exception is for spins in close proximity to the
DyFe,/YFe, interface where the interfacial exchange tended
to keep spins parallel to the applied field (reducing the Zee-
man energy) at the expense of increased exchange energy
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from rotation of the Fe spins on the YFe, side of the inter-
face in proximity to the interface.] For a large enough nega-
tive field, the Zeeman energy would exceed any gains that
could be obtained by minimizing the exchange and aniso-
tropy energies. For this field, the center portion of the soft
magnetization flipped, thus, nucleating an iDW (at the
DyFe,/ YFe, interface). As was the case for the o domains,
minimization of the Zeeman energy was the driving force
that compressed the iDW with increasingly more negative
fields. The primary difference between the two domain types
is that iDWs are formed in o= domains with small positive
fields, whereas modest negative fields are required to trans-
form ¢ domains into o domains. The change in energy of
an iron moment that flips in a field of Hr=-20 kOe is about
one half the thermal energy of the atom at 12 K. Magnetiza-
tion reversal of ¢° domains led to a shift of the magnetiza-
tion along the applied field axis that was ~3 kOe too large
[see green curve in Fig. 4(a)] compared to the data.

Previously, McCord et al.¥ directly observed coexistence
of the three domain types (0, o, and o) in TbFe/GdFe
bilayer samples during magnetization reversal with Kerr mi-
croscopy. Direct observation of these domains using their
technique is not possible in a superlattice.

One could ask whether the rotation of magnetization
across a Néel domain wall—a domain wall that is perpen-
dicular to the sample plane (as opposed to an iDW)—could
be detected as off-specular neutron scattering. (The rotation
of magnetization across a Bloch wall brings the magnetiza-
tion parallel to Q, so PNR is not particularly sensitive to
Bloch walls.) Using the values for the anisotropy and ex-
change given in Table I, the domain-wall widths for DyFe,
and YFe, are at most ~4 and ~39 nm, respectively. The
volume fraction of spins in a domain wall compared to a
1-pum-wide domain is less than 3%. About a third of these
spins may produce spin-flip scattering. The contribution of
these spins to the off-specular scattering would be challeng-
ing to detect from 1-um-size domains. However, for 10-nm-
size domains, the domain walls would contain a larger frac-
tion of spins and might be more easily detected were it not
for the difficulty that off-specular PNR does not have prac-
tical access to such small lateral features.®

Since the difference between the free energies for the o™
and ¢ domains was not computationally significant (less
than 1 part in 5000), we assumed that the three domains were
equally populated. Thus, to compute the depth profile M of
the chain model, the magnetization depth profiles from the
three domains were averaged. The depth profile is shown by
the light-colored curve in Fig. 3. To compare depth profiles
of the chain and neutron-scattering models, we asked how
thick would the interfacial region need to be in the chain
model to have the same magnetization as that of the neutron-
scattering model (for uoH,=-7 T). The answer [shown by
the shaded region in Fig. 3(d)] was 21 A for the chain
model, which is in good agreement with the 28 A value for
the neutron-scattering model.

We compared the calculated values for M (H,) obtained
by integrating the magnetization depth profile from the spin-
chain model with the magnetometry data. (The average mag-
netization perpendicular to the applied field M | (H,) was
also calculated [Fig. 4(b)] and was small relative to M, for
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fields measured in the neutron experiment.) For EyFe,= /2
(the only adjustable parameter in the chain model), good
agreement between the calculated and observed magnetiza-
tion curves was obtained. Specifically, the rounded magneti-
zation observed for puoH,~0 T was reproduced. The round-
ing of the magnetization near zero field was best accounted
for by o~ domains in the chain model. However, these do-
mains alone could not account for the shift of the magneti-
zation along the applied field axis, which was better ex-
plained by a combination of ¢° and o~ domains. The
transverse magnetization from all three domains is maximum
near Hy [Fig. 4(b)] where the ac susceptibility is also maxi-
mum [Fig. 1(b)].

V. CONCLUSIONS

In summary, after cooling the DyFe,/ YFe, superlattice to
12 K in a small field of 1 T, which was used to align the Fe
spins parallel to the field during cooling, the field depen-
dence of the magnetization was shifted dramatically along
the magnetization and applied field axes. From the polarized
neutron reflectivities, we obtained magnetization depth pro-
files for a few applied fields. At uoH,=-7 T, the magneti-
zation along the applied field was nearly zero in a region
~28 A thick residing mostly in the YFe, layer close to the
DyFe,/YFe, interface. The magnetization of the DyFe, was
mostly unchanged with field—a result consistent with obser-
vations from XMCD which suggest that the magnetization of
the DyFe, was pinned. The magnetization integrated over the
entire depth profile obtained from PNR is in good quantita-
tive agreement with the magnetometry data.

The combination of probes with element (XMCD) or po-
sition (PNR) sensitivity to measure the response of magneti-
zation of the constituents of a composite material allowed us
to understand magnetization of the ensemble better than had
we relied solely upon bulk probes. For example, the shift of
the magnetization along the field axis is primarily the result
of exchange bias of the unpinned YFe, magnetization and
not the consequence of incomplete saturation of this magne-
tization (i.e., the shift is not an artifact of a minor loop re-
versal). The shift of the sheared magnetization curve along
the magnetization axis (due to the pinned DyFe, moment)
also affected Hy to a lesser extent but in a manner that tended
to reduce the magnitude of H.

We showed that application of simple analytical relations
to calculate domain-wall widths does not work well for our
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superlattice system. This failure led us to develop a spin-
chain model that reproduced the magnetization depth profiles
inferred from neutron scattering using one adjustable param-
eter (the orientation of the YFe, easy axis). In addition, the
magnetization calculated using the spin-chain model repro-
duced the shifts of the magnetization along the magnetiza-
tion and applied field axes, the field dependence of the mag-
netization, and is consistent with the ac susceptibility data.
The ac susceptibility data imply a maximum in the transverse
magnetization at H;. We found three energetically equivalent
domains for the chain model. Magnetization reversal of the
o° domain was accomplished by coherent rotation of the soft
layer magnetization by a small amount that was mostly uni-
form across its thickness, followed by nucleation of an iDW

at the critical field HZO:—IS kOe, and then compression of
the iDW with more negative fields. In contrast, iDWs were
formed for small positive fields in o= domains with the do-
main wall transcending half the thickness of the soft layer,
and then compressing for more negative fields. A —12 kOe
shift of the magnetization curve along the field axis for the
o~ domains is a consequence of a slowly varying field de-
pendence of the magnetization combined with a shift along
the magnetization axis by a source of pinned magnetization.
The thickness of the iDW at uyH,=-7 T calculated using
the chain model is in close agreement with the thickness of
the region of suppressed magnetization obtained from neu-
tron scattering. The success of the spin-chain model in repro-
ducing all the experimental data gives us confidence that the
model can be used to reliably predict the magnetic behavior
of other related systems.
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