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An epitaxial orientation of Fe/Cr superlattices—Fe/Cr(211) on MgO(110)—is grown by magnetron
sputtering. Its structural and magnetic characterizations are presented and compared to those for
Fe/Cr(100) superlattices grown simultaneously onto MgO(100) substrates. The epitaxial orientation of
the Fe/Cr(211) superlattices is Fe/Cr[011]|MgO[001] and Fe/Cr[111]|MgO[110], while that for
Fe/Cr(100) is Fe/Cr[001]|| MgO[011]. A uniaxial, in-plane surface anisotropy for the Fe/Cr(211) super-
lattices along the Fe[0T1] of 0.06 erg/cm? is obtained from analysis of the magnetization hysteresis loops.
Four oscillations in the antiferromagnetic interlayer coupling and giant magnetoresistance (GMR) are
observed with a period of 18 A for both orientations. The strength, oscillation period, and phase of the
magnetic coupling are identical for the two orientations. The GMR values increase by a factor of ~4 to
5 on cooling from room temperature to 4.2 K. At 4.2 K the maximum GMR value of the [Fe(14
A)/Cr(8 A)]s superlattice is 70% for the (211) orientation and 150% for the (100) orientation.

I. INTRODUCTION

Since the discovery of antiferromagnetic (AF) cou-
pling! and the corresponding giant magnetoresistance
(GMR) effect? in Fe/Cr suPerlattices, there has been con-
siderable experimental® ' and theoretical investiga-
tion!*"2! of these phenomena. Oscillations in the AF
coupling strength and GMR with a period of 18 A have
been observed in sputtered Fe/Cr(110)-textured multilay-
ers.® A similar long-period oscillation in the AF coupling
was reported for Fe/Cr/Fe(100)-wedged samples
prepared at room temperature.* When the wedged sam-
ples were prepared at elevated temperature, a short
period (two monolayers) was observed.*> The two-
monolayer oscillations are thought to be directly related
to the nested Fermi surface of Cr. The origin of the 18-A
long-period oscillation has been related to a spanning
vector of the Cr(100) Fermi surface,!® but remains an
open question. In most transition metals, the long-period
oscillation is closer to 11 A.'"* In order to get deeper in-
sight into the physics of the coupling in this and related
systems, a variety of epitaxial orientations should be stud-
ied. In this paper we study an epitaxial orientation of
Fe/Cr-superlattices: Fe/Cr(211) grown by magnetron
sputtering onto MgO(110). We present structural and
magnetic properties and compare the results to
Fe/Cr(100) superlattices grown simultaneously onto
MgO(100) substrates. We emphasize that these samples
grow epitaxially as single crystals and not just as the tex-
tured polycrystals that are more typical of the sputtering
process. The epitaxy leads to the stabilization of the
unusual (211) low-Miller-index face and to identification
of an in-plane surface anisotropy that stabilizes a low-
field plateau in the magnetic hysteresis loops. Such
features are more commonly encountered in molecular-
beam epitaxy (MBE). We also identify four oscillations
in the AF coupling and magnetoresistance with a period
of 18 A for both the (211) and (100) superlattices. We
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find that the strength, oscillation period and phase of the
AF coupling are independent of the crystallographic
orientation. The GMR does, however, depend on crys-
tallographic orientation; values for the Fe/Cr(100) sam-
ples are roughly twice as large as those for the (2 11) sam-
ples. A value of 150% is obtained for the [Fe(14 A)/Cr(8
A)lsy (100) superlattice at 4.2 K. This is larger than for
the MBE samples of Refs. 2 and 10.

To outline the plan of the paper, we present the experi-
mental procedure, structural characterizations, magneti-
zation, and magnetoresistance in Secs. II-V, respectively,
discuss the coupling energetics and magnetoresistance in
Sec. VI, and summarize major conclusions in Sec. VII.

II. EXPERIMENTAL PROCEDURE

The Fe/Cr superlattices were grown by dc magnetron
sputtering onto epitaxially polished single-crystal
MgO(110) and MgO(100) substrates. The sputtering
chamber had a base pressure of <5X 10~® Torr, and sub-
strates were introduced into the chamber via a load lock.
The 2-in. planar magnetron sputtering guns were operat-
ed in an Ar pressure of 3 mTorr and a target-substrate
distance of 9 cm. The (110) and (100) substrates were
mounted side by side onto the sample holder and codepo-
sited. A 100-A Cr buffer layer was initially deposited at a
substrate temperature of 600 °C to establish the epitaxial
orientation with the substrate.”? The substrate was then
cooled to 180°C, and the superlattice was grown by
sequential deposition of the Fe and Cr layers. The total
number of layers was adjusted so that the total superlat-
tice thickness was constant at =~ 1200 A. The structures
were characterized by x-ray diffraction using Cu K« radi-
ation. Magnetic properties were measured by supercon-
ducting quantum interference device (SQUID) magne-
tometry and longitudinal Kerr rotation. Magnetotrans-
port properties were studied by standard four-probe tech-
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nique using lock-in detection on rectangular pieces of
substrate which were cleaved along the [001] and [110]
directions for the MgO(110) samples and along the [001]
for the MgO(100) samples.

I, X-RAY-DIFFRACTION RESULTS

Shown in Figs. 1 and 2 are representative x-ray-
diffraction results for Fe/Cr superlattices on MgO(110)
and (100) substrates, respectively. Figure 1(a) shows the
low-angle spectrum of an [Fe(14 A)/Cr(46 A1, sample
which has six superlattice reflections due to the chemical
modulation. The combination of sharp diffraction
features with reflections up to sixth order indicates that
the layers are smooth and have well-formed interfaces.
Rocking curves about the superlattice peaks consist of
two components, a sharp specular and broad diffuse com-
ponent resulting from the interfacial roughness. Longitu-
dinal scans with the scattering vector misaligned from
the specular condition (by 0.17°) were strongly peaked at
the same angle as the specular scan, indicating that the
interfacial roughness is correlated from layer to layer.?
Rotating the sample 90° did not qualitatively change the
diffuse scattering; this implies that there are no qualita-
tive changes in the interfacial morphology along orthogo-
nal directions of the superlattice.

Figure 2(a) shows the low-angle spectrum for the corre-
sponding [Fe{14 A)/Cr(46 A)l,, sample on MgO(100).
The low-angle diffraction peaks decay in intensity faster
than in the case of the MgO(110) sample. This indicates
that the interfacial roughness and/or interdiffusion is
somewhat larger. Rocking curves about the superlattice
peaks show a two-component line shape similar fo that
for the MgO(110) sample. However, the intensity of the
diffuse compeonent relative to the specular peak is slightly
increased, which indicates a corresponding increase in
the interfacial roughness relative to that for the
MgO(110) sample. .

The high-angle spectra of the same [Fe(14 A)/Cr(46
;&)]20 superlattices are shown in Figs. 1(b) and 2(b). Fig-
ure 1(b) contains the MgO(220) substrate reflection and
the Fe/Cr(211) reflection flanked by two superlattice
peaks. The full width at half maximum (FWHM) of the
Fe/Cr(211) reflection Ka; component is 0.27°, which
yields a crystal coherence length of ~400 A. Thereis no
indication of the presence of Fe/Cr(110) or (200)
reflections. Since the Fe/Cr(200) reflection would appear
on the tail of the MgO peak, the sample was slightly
misaligned to suppress the MgQ intensity. But, again, no
Fe/Cr(200) reflection was observed. Rocking curves
about the Fe/Cr(211) reflection have FWHM that range
from 0.6° to 1. 1° for various Cr thicknesses, which is indi-
cative of a high degree of crystal orientation. Shown as
the inset of Fig. 1(b) is a rocking curve of the Fe/Cr(211)
peak, with a FWHM of 0.75°, taken with the in-plane
component of the scattering vector parallel to the
MgO][001] direction. The rocking curve with the in-plane
component parallel to the MgO[110] direction has a
FWHM of 1.0°. Fittings of the high-angle diffraction
spectra to a general structural model*®?% yield Fe and
Cr(211) lattice spacings of 1.17010.003 and 1.177+0.002
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A, respectively. Both values agree with the bulk values
for Fe and Cr.

Figure 2(b) consists of the MgO{(200) and Fe/Cr(200)
reflections. No Fe/Cr(110) or (211) reflections were ob-
served. Again, the sample was slightly misaligned to
confirm the absence of an Fe/Cr(110) reflection. The
Fe/Cr(200) reflection has a FWHM of 0.22°, which corre-
sponds to a crystal coherence of =430 A. The inset
shows that the rocking curve about the Fe/Cr(200)
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FIG. 1. X-ray-diffraction results for Fe/Cr superlattices

rown on MgO(110). (a) Low-angle spectrum for an [Fe(14
A)/Cr{46 A)]m superlattice, with Bragg reflections indexed as
shown. (b) High-angle spectrum for the same superlattice as in
(a). The possible Fe/Cr reflections and the MgO(220) reflections
are identified. The inset shows the rocking curve about the
Fe/Cr(211) reflection. (c} Fe/Cr(110) intensity as a function of
rotation aglgle ¢ about the surface normal for an [Fe(14
Aycr17 A)];6 superlattice. The inset shows the epitaxial rela-
tion of the Fe/Cr superlattice (solid circles) with respect to the
MgO substrate (open circles).
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reflection has a FWHM of 0.7°. Fittings of the high-
angle diffraction spectra yield Fe and Cr lattice spacings
of 1.43140.003 and 1.443+0.003 A, respectively, in
agreement with bulk values. For both substrates, the
rocking curves indicate that the superlattices are aligned
with the MgO substrate to within <0.1°,

The in-plane structure and expitaxial orientation were
explored by asymmetric diffraction scans. Figure 1(c)is a
¢ scan of an [Fe(14 Aycra17 A)ls6 superlattice, which
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FIG. 2. X-ray-diffraction results for Fe/Cr superlattices
rown on MgO(100). (a) Low-angle spectrum for an [Fe(14
)/Cr(46 A)]zo superlattice, with Bragg reflections indexed. as
shown. (b) High-angle spectrum for the same superlattice as in
(a). The possible Fe/Cr reflections and the MgO(200) reflections
are identified. The inset shows the rocking curve about the
Fe/Cr(200) reflection. (c) Fe/Cr(110) intensity as a function of
rotation angle ¢ about the surface normal for an [Fe(l4
Aycr(17 A)];s superlattice. The inset shows the epitaxial rela-
tion of the Fe/Cr superlattice (solid circles) with respect to the
MgO substrate (open circles).
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shows the measured Fe/Cr(110) intensity while rotating
the sample about the surface normal. ¢=0° corresponds
to the in-plane component of the scattering vector paral-
lel to the MgO[001] direction. Diffraction peaks at 0° and
180° confirm the expected twofold symmetry of the (211)
face epitaxially oriented with the substrate. The FWHM
of the ¢-scan diffraction peak is 1.4°, indicative of a high
degree of epitaxy. From the angular position of the
peaks, the epitaxial orientations [shown schematically as
an inset of Fig. 1(c)] Fe/Cr[011]|MgO[001] and
Fe/Cr[111]|MgO[110] correspond to a 3.8% and 16.7%
lattice mismatch of the Cr with MgO, respectively. The
100-A Cr base layer should be sufficiently thick to relieve
most of the epitaxial strain prior to the growth of the su-
perlattice. The same orientational relationship between
Fe and MgO(110) was reported recently for MBE-grown
Fe films.?*

Shown in Fig. 2(c) is the ¢ scan of the Fe/Cr(110)
reflection for an [Fe(14 A)/Cr(17 A)y superlattice on
MgO(100). The expected fourfold symmetry is observed

-for the MgO(100) surface, and the FWHM is 1.0°. The

peak at 90° is suppressed for clarity. The epitaxial orien-
tation [shown schematically as an inset in Fig. 2(c)]
Fe/Cr[010]|MgO[011] corresponds to a 3.8% lattice
mismatch of the Cr with the MgO. From the x-ray-
diffraction results presented above, our Fe/Cr-sputtered
superlattices on MgO appear comparable in structural
quality (epitaxial orientation, mosaic spread, flatness of
layers) to those produced by MBE.

IV. MAGNETIZATION RESULTS

A. Fe/Cr(211)

Shown in Figs. 3(a) and 3(b) are the room-temperature
(RT) magnetization hysteresis loops of (211)-oriented
[Fe(14 A)/Cr(38 A)l,, and [Fe(90 A)/Cr(38 A)lg, respec-
tively, with the applied field H parallel to the Fe[111]
and Fe[011] directions. For the 14-A Fe layer, there is a
strong in-plane anisotropy along the Fe[011] direction.
To quantify the anisotropy, we analyze the hysteresis
loop with H along the hard axis (Fe[111]) utilizing an ex-
pression which includes a magnetocrystalline anisotropy
(K,) and a uniaxial anisotropy (K ) along the Fe[011],
as well as a Zeeman term (MH cosf). The anisotropy en-
ergy in the (211) plane is given by*»?’

E,=Kl(00346/,3+Sin46/?‘)A+KU cos?6 , _ (n

where 0 is the in-plane angle between the magnetization
and the [111] direction. In the absence of Ky, the mag-
netic easy axis would be 8=50°. Minimizing the total en-
ergy [Eq. (1) with the inclusion of a Zeeman term] gives
the expression?*

1K,
3M;

M 2Ky—K, M
My Mg Mg’

H= 2)

where My is the saturation magnetization. By least-
squares fitting the hysteresis loops [Figs. 3(a) and 3(b)] to
Eq. (2), the values for K, and Ky are determined. The
solid lines through the measured hard-axis loops show



15758

the best-fit results for K; and K. The values for K, of
4.2X10° and 5.3 X 10° ergs/cm? for the 14- and 90-A Fe
layers, respectively, are close to the bulk value of
4.7X10° ergs/cm>. In contrast, the uniaxial term is
strongly thickness dependent, as shown in Fig. 3(c). K,
varies inversely with Fe thickness (down to 14 ;\), charac-
teristic of a surface anisotropy. Fitting the uniaxial com-
ponent to the expression K;=2Kj /tg, is shown by the
solid line in Fig. 3(c) and gives an in-plane surface anisot-
ropy energy of Kg=0.06 ergs/cm?. We should point out
that a uniaxial in-plane anisotropy was observed for thick
Fe(211) films grown on Cu(110).?’
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FIG. 3. Magnetization results for (211)-oriented Fe/Cr(38 A)
superlattices on MgO(110). (a) Magnetic hysteresis loops for an
[Fe(14 A)/Cr(38 Al superlattice with H parallel to the
Fe[0T1] and Fe[T11] directions. (b) Magnetic hysteresis loops
for an [Fe(90 Ay/cr(38 A)]s superlattice with H parallel to the
Fe[0T1] and Fe[111] directions. For the Fe[111] directions,
the open circles are the measured points and the solid line
represents the best fit to Eq. (2). (c) Uniaxial anisotropy con-
stant Ky determined from the magnetic hysteresis loops vs in-
verse Fe thickness. The solid line is the expected behavior as-
suming an in-plane surface anisotropy of 0.06 erg/cm?.
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Shown in Fig. 4 is the RT magnetization hysteresis
loops for a representative set of the (211)-oriented Fe(14
A)/Cr superlattices with various Cr thicknesses. Mg of
the Fe layers at RT is independent of Cr thickness and
averages to =~ 1400 emu/cm®. The loops were measured
with H along the easy axis. They show the oscillations in
the sign of the magnetic coupling; those to the left in Fig.
4 are characteristic of AF coupling, and those to the
right are ferromagnetic or uncoupled. The loop shapes in
the left panels are representative of superlattices in which
there is a competition between AF coupling of the mag-
netic layers and a uniaxial in-plane anisotropy. A recent
paper by Folkerts?® presents calculations of the magnetic
hysteresis ' loops for superlattices with various types
of anisotropy and AF coupling strengths (J,g). For
the case of uniaxial in-plane anisotropy, if Jor>Kytg,
{e.g., tc,=11 A in Fig. 4), a plateau will form at low
field in which the magnetic layers are AF aligned
along the directions of the easy axes. At a higher field,
the system undergoes a spin-flop transition and rotates
to saturation at the switching field defined by
Hy=4J \g /Mgtee —2Ky/Mg. If Jpp<Kytp (e.g.,
e, =26 and 46 A in Fig. 4), then the layers switch from
AF alignment to parallel alignment at a field
He=2J pp/Mgtg,. Similar loop shapes have been ob-
in CoFe/Cu(110) superlattices grown on
MgO(110) substrates.”® Some caution needs to be used
when comparing measured loops with the above expres-
sions since the system in not purely uniaxial; there is the
additional magnetocrystalline volume anisotropy contri-
bution. However, for the samples shown in Fig. 4, the
uniaxial term dominates. Shown in Fig. 5 is a summary
of Hg values determined from the magnetic hysteresis
loops. Hg was defined as one-half the field required to
switch the magnetization from +90% magnetization to
—90% magnetization. For the samples with square hys-
teresis loops, the switching fields were smaller than the
step size of the measurement (5-10 Oe) , and so Hg was
set at 5 Oe for these samples. Four oscillations in the AF
coupling are observed with the expected period of 18 A.

B. Fe/Cr(100)

Shown in Fig. 6 are the RT magnetization hysteresis
loops for a representative set of the (100)-oriented Fe(14
Aycr superlattices with H parallel to the Fe[110] hard
axis. The magnetic easy axis is along the Fe[001] for all
Fe thicknesses. The average Mg value of =1400
emu/cm® of Fe is similar to that of the Fe/Cr(211) sam-
ples. The loops in the left panels represent AF coupling,
and those in the right panels represent ferromagnetic or
uncoupled cases. Figure 7(a) shows the saturation field
and Fig. 7(b) shows the squareness ratio My /Mg vs Cr
thickness, where My is the remanent magnetization. The
expected My /Mg ratio of 0.71, shown by the arrow in
Fig. 7(b), assumes rotation of the magnetization to the
Fe[001] easy axis from the Fe[110] axis at saturation.
Four oscillations are observed in Hg. The phase and
period are identical to those for the (211) samples.
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A)/C_r(tC,) superlattices measured at RT with H parallel to the
Fel011) direction.

observed. When the field is aligned along the hard axis,
the MR loop is characteristic of continuous rotation of
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FIG. 7. (a) Hs and (b) squareness ratio My /Mg for (100)-
oriented Fe(14 A)/Cr(tc,) superlattices measured at RT with H
parallel to the Fe[011] direction. The arrow indicates the ex-
pected squareness ratio assuming no AF coupling.

saturation resistivity at RT randomly deviates about an
average value of 25 u{) cm for T, >30 A and increases

“to =40 ,u.Q. cm for the ¢, =8 A. The resistivity at 4.2 K

is independent of ¢, at a value of =~ 14 uQcm. The re-
sulting residual resistance ratio p(300 K)/p(4 K) is =~1.7
for the thicker Cr layers and increases to 2.3 for the
e, =8 A sample. The magnitude of the GMR (or AR /R
at the AF-coupled peaks) decays exponentially with Cr
thickness. Fitting the GMR to the expression
A exp(—tcr /A*), a value for the effective mean free path
A* of 14 A is obtained. The GMR at 4.2 K is also includ-
ed in Fig. 9 for the relevant AF-coupled samples. The
maximum GMR for the [Fe(14 A)/Cr(8 A)ls, superlattice
is 70% at 4.2 K. The GMR increases by a factor of
~4-5 on cooling from RT, while A* does not change
significantly with temperature. However, for low temper-
atures { < 50 K), the increased coercivity of the Fe layers
results in the weakly coupled samples (tc,>40 A) no
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FIG. 8. MR loops at RT with H parallel to

the current for the AF-coupled samples of Fig.
] --4, The dashed line is for the current along the

Magnetoresistance (%)

? hard axis [_-_fll] and the solid line along the
] easy axis [011].

longer becoming completely AF aligned. This
phenomenon can be understood from theoretical calcula-
tions which show that for coherent rotation of the Fe lay-
ers (as opposed to domain wall motion), when
Jar/Kytp. <3, the system will switch from +Mjg to
—Mg at the coercive field and bypass the AF
configuration of the Fe layers. The GMR at the third
and fourth oscillations, therefore, may be reduced rela-
tive to its magnitude for complete AF alignment of the
layers.

B. Fe/Cr(100)

The resistivity values for the Fe/Cr(100) samples are
very similar to those for the (211) samples. The samples
have a slightly increased residual resistance ratio of ~2.0
for the thicker Cr layers and 2.7 for the to, =8 A sample.
Shown in Fig. 10(a) are the MR curves for the [Fe(l4
A)/Cr(8)]5, superlattice measured at RT and 4.2 K. The
most striking feature is the magnitude of the GMR:
150% at 4.2 K and 30% at RT. These values are roughly
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RT and 42 K.
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twice as large as those of the corresponding (211) sam-
ples; to our knowledge, the 150% value represents the
largest GMR for any superlattice system to date.’'%11:3
Figure 10(b) is a plot of the MR vs Cr thickness showing
three oscillations. The fourth oscillation is not convinc-
ingly resolved, which most likely results from the high
squareness ratio observed in Fig. 7(b) for the fourth oscii-
lation. As was observed in the (211) samples, there is
roughly a factor of 4-5 increase in MR with decreasing
temperature from RT to 4.2 K. This large increase in
MR with decreasing temperature results from both the
decrease in p and increase in Ap with decreasing tempera-
ture. The changes in Ap have been related to magnon
spin-flip scattering.” We should point out that the mea-
sured value for the MR is somewhat reduced from its
true value as a result of the Cr base layer which shunts
some of the current.

VI. DISCUSSION

We first consider the coupling energetics and then dis-
cuss the magnetotransport results. A striking observa-
tion is that the phase and period of the AF oscillations
for the Fe/Cr(211) and Fe/Cr(100) superlattices are iden-
tical. The results of the present study are also in accord
with the results for the long-period oscillations in
Fe/Cr(100)/Fe wedges and for textured Fe/Cr(110) su-
perlattices. This suggests that the long-period oscillation
in Cr is independent of the crystallographic orientation of
the spacer layer. It is also interesting to explore the
orientational dependence of the strength of the AF cou-
pling. This requires converting the saturation fields in
Figs. 5 and 7(a) into coupling energies J,g by the expres-
sions?®

(Hg+Hyg Mtg,
S 41.< S F for JAF>KUtFC N
Tap(211)= 3)
HoMgt
—S'2L—Fe"for JAF<KUth >
(Hg—Hg )Mty
Jap(100)=-—5 KSR )

4 k4
where Hy is the anisotropy field given by 2K, /My for
the (211) samples and 2K | /M for the (100) samples. Be-
cause Hg is determined with H parallel to the easy and
hard directions for the (211) and (100) orientations, re-
spectively, the contribution of Hy in Eqgs. (3) and (4)
enters with an opposite sign. The calculated values for
Jar are shown in Fig. 11, where Hy for both orientations
were determined from the saturation field of ferromagnet-
ically coupled samples with neighboring Cr thicknesses.
We assume that any thusly derived value of J,p <1073
ergs/cm? represents either a ferromagnetic or uncoupled
case and show only clearly AF-coupled samples in Fig.
11. As can be seen in Fig. 11, in addition to the phase
and period of the oscillations, the strength of the coupling
is independent of the crystallographic orientation. This re-
sult is insensitive to the criterion used for Hy.

There is strong theoretical support for the idea that the
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FIG. 11. Antiferromagnetic coupling strength J g vs ¢, for
(211)- and (100)-oriented Fe(l4 A)/Crlt..) superlattices mea-
sured at RT.

short-period oscillations observed in a number of systems
[e.g., Fe/Cr,%® Co/Cu,” Fe/Mn,*? Fe/Mo (Ref. 33)] de-
pend on the crystal orientation. The dependence is un-
derstood to arise within a band-structure-modified
Ruderman-Kittel-Kasuya-Yosida (RKKY) framework
from spanning vectors which join extremal points of the
bulk Fermi surface of the spacer projected along the
direction normal to the layers.!>~!7 The strength of the
coupling is determined theoretically by matrix elements
which couple these pairs of points on the Fermi surface.
However, experimentally the phase and coupling strength
also will be affected by the structure of the interfaces.
For a spacer material with a complex Fermi surface, such
as a transition metal like Cr, the phase, period, and
strength of the coupling are anticipated to depend strong-
ly on the crystallographic orientation. In various
theoretical treatments, the long-period oscillation is
thought to result from short spanning vectors or
equivalently to discrete sampling of shorter oscillations
(aliasing) in perfectly ordered layers. The observed
period is also thought to depend on roughening of the
layers which tends to wash out the short period by
averaging over variable layer thicknesses. However, the
period and strength of the coupling should still exhibit a
dependence on crystallographic orientation. Given this
expectation, the results in Fig. 11 are very surprising
indeed. However, our empirical observation is similar to
that reported for the Co/Cu system, whose long-period
oscillation associated with each of the low-Miller-index
orientations £(IOO), (110), and (111)] is nearly constant at
~11-14 A.l ,16,34—36

A second interesting result of the present study con-
cerns the large GMR values observed and, in particular,
the 1509 value observed for the (100)-oriented sample.
A number of groups have reported that the GMR value
in Fe/Cr superlattices is enhanced significantly for epi-
taxially deposited samples.>!® This most likely results
from the elimination of grain boundaries and other de-
fects that reduce the electron mean free path, as well as
from improvements in the structural integrity of the in-
terfaces. This viewpoint applies well to the present re-
sults in that both orientations have higher GMR values
than most sputtered Fe/Cr superlattices which are poly-
crystalline and textured. For the first two oscillations,



the GMR values of the Fe/Cr(100) samples are consider-
ably higher than those of the corresponding (211) sam-
ples. An interesting issue is whether this difference is in-
trinsic to the (211) and (100) orientations or results from
extrinsic factors such as interfacial morphology®® and/or
crystalline quality.’* Detailed characterizations of the
specular and diffuse x-ray scattering, studied at an ab-
sorption edge of each of the constituent materials, should
be useful to address this in the future.

VII. SUMMARY OF CONCLUSIONS

We report the achievement of epitaxy in the sputtering
of Fe/Cr superlattices onto MgO single-crystalline sub-
strates. We introduce an epitaxial orientation of the
Fe/Cr system: (211) by growth onto MgO(110). We then
make detailed comparisons of the magnetic coupling en-
ergetics and magnetoresistance of Fe/Cr(211) with
Fe/Cr(100) superlattices grown simultaneously onto
MgO(100) substrates. The epitaxial orientation of the
Fe/Cr(211) superlattices is Fe/Cr[011]|[MgO[001], while
that for Fe/Cr(100) is Fe/Cr[001]||MgO[011]. Six low-
angle x-ray-diffraction peaks are observed for the (211)
superlattice, which is indicative of well-layered films.
The magnetic easy axis is along the Fe[011] for the (211)
samples, and the [001] for the (100) samples and the hard
axes are [111] and [110], respectively. Fitting the hard-
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axis magnetization loops yields magnetocrystalline an-
isotropy energy values that are comparable to that for
bulk Fe. Also, an in-plane surface anisotropy of 0.06
erg/cm? is extracted for the (211) samples; it imparts a
low-field plateau to the hysteresis loops for AF-coupled
samples with H aligned with the easy axis. The interlayer
magnetic coupling oscillates in sign between ferromagnet-
ic and AF as a function of Cr spacer thickness, and four
AF regions are identified via magnetization and MR mea-
surements. The AF coupling period, phase, and strength
for both orientations are identical and coincide with the
known 18-A “long-period” oscillation. The GMR values
for both orientations increase by a factor of ~4-5 upon
cooling from RT to 4.2 XK. There is a 20% decrease in
the GMR when the field and current are aligned along a
hard axis as opposed to an easy axis. The maximum
GMR value at 4.2 K for the (211) orientation is 70% and
for the (100) orientation is 150% for Fe(14 A)/Cr(8 A)
samples.
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