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High-quality Co(1100)/Cr(211) superlattices have been successfully prepared and characterized. Excellent
heteroepitaxial (hep/bee) growth of Co/Cr superlattices was evidenced by fine streaks in reflection high-energy
electron diffraction and superlattice satellites in x-ray diffraction. The magnetic hysteresis loops and magne-
toresistance (MR) show strong crystalline-induced magnetic anisotropy and a field-direction-dependent MR
effect. We have observed large transverse (JLH) MR up to about 18% with magnetic field H along the
in-plane hard axis Co[1120], and current I along the in-plane easy axis Co[0001], and small longitudinal MR
(~0.8%) for IIH|ICo[1120]. On the other hand, negligible longitudinal and transverse MR’s (<0.1%) were

observed for HICo[0001].

Magnetotransport properties of magnetic materials have
been widely studied for many years.! Anisotropic magnetore-
sistance (AMR =<5%) in ferromagnetic (F) materials has
commonly been observed and applied for magnetoresistive
sensors.”® In_the past few years, giant magnetoresistant
(GMR) phenomena in magnetic multilayers has received
much attention both from scientific and advanced technologi-
cal points of view.*~” Note that GMR is quite different from
the AMR. GMR generally correlates with the change of spin
configuration of successive ferromagnetic layers from anti-
ferromagnetic (AF) coupling to F coupling alignment; while
AMR is basically an effect due to the spin-orbital
interaction.>® In addition, it has been found that GMR is
isotropic for relative direction between the field H and the
current /, while AMR depends on relative direction of H and
I

Conventionally AMR is defined by AR sur/Ro
=(Ry—R, )/ Rgy, where Ry and R, are the resistance when
the saturated magnetization is parallel and perpendicular to
the current, respectively, and Ro=(Ry+2R,)/3. On the
other hand, GMR is generally defined as ARgur/
Rr=(Rr— R sp)/Rg, where Rp is the resistance at saturated
magnetic field when spins of ferromagnetic layers are in F
coupling state; R g is the resistance at low (coercive) field
when the ferromagnetic layers are in AF coupling configura-
tion.

Co/Cr multilayers attracted our attention because of its
remarkable structural and magnetic properties, and possible
technological applications such as high-density magnetic and
magneto-optical recording media. Interestingly, it has been
found that Co/Cr (Refs. 9,10) multilayers possess relatively
small GMR (less than 5%) compared to the large GMR (over
40%) in Fe/Cr (Refs. 5,6) and Co/Cu (Refs. 7,8) multilayer
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systems. It is also noted that the magnetic and magnetotrans-
port properties of the magnetic films and multilayers may be
strongly affected by the electronic configuration of the films,
which in turn depends on their crystal structures.'! !¢ There
is, however, scant information about the influence of the
crystal structure and orientation upon the magnetoresistance
{MR) or other magnetic and magnetotransport properties.
Previous studies'’~" on Co/Cr multilayers have often been
restricted to polycrystalline, textured, or semiepitaxial
samples, making the understanding of the structural and
magnetic properties and their interplay more fastidious. One
exception is the epitaxial growth of Co(1120)/Cr(100)
superlattices.zo‘21 In this multilayer system there still are
problems of symmetry (twofold/fourfold) and lattice-spacing
(about 5% in one direction) mismatches.?’ High-quality,
lattice- and symmetry-matched Co(1100)/Cr(211) superlat-
tices presented in this work provide us with a model system
for the study of the relationship between the structural and
magnetic properties.

In this investigation, we report the successful growth
and magnetic and magnetotransport studies of heteroepi-
taxial Co(1100)/Cr(211) superlattices for the first time to our
best knowledge. We have indeed grown more than 30
samples of Co(1100)/Cr(211) superlattices by molecular
beam epitaxy (MBE): [Co(40 A)/Cr(tc)ly 2 A<to=<35
A, 15<N=20). We present here mainly the general and
common features of these samples, especially stress on the
strong magnetic anisotropy and the field-direction-dependent
MR effect induced by the well-defined crystallinity.

The Co(1100)/Cr(211) superlattices were grown on epi-
taxial grade MgO(110) substrates. Before deposition of the
first Cr overlayers of the superlattice, Mo buffer layers of
<50 A were established on the MgO substrates. The initial
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FIG. 1. Schematic diagrams showing the geometry, unit cell
(indicated by bold lines), and epitaxial relationship of the bec
Cr(211) and hep Co(1100).

Mo buffer layers were grown at 900 °C (~0.4T,,). The sub-
sequent Co/Cr superlattices were grown at 350 °C (~0.34
T..). Co, Cr, and Mo (99.99% pure) were evaporated from
three separate e-beam evaporators. The growth pressure of
superlattices was controlled below 5X 1072 Torr, and the
deposition rate at ~0.1 A/s. To enable the growth of high-
quality superlattices, MgO substrates were chemically pre-
cleaned and rinsed in an ultrascnic cleaner. They were then
outgassed at 1000 °C under ultra-high-vacuum conditions for
~4 h before initial deposition.

The crystalline orientation and quality were determined
by reflection high-energy electron diffraction (RHEED) and
x-ray diffraction (XRD). MR and magnetic properties were
studied by using a commercial superconducting quantum in-

terference device x-ray diffraction magnetometer in a mag-

netic field up to 50 kOe with measuring temperature at 10 K.
MR measurements were carried out by the conventional
four-probe technique with 7 and H in the plane of the layers.
Transverse and longitudinal MR’s were measured with
I H and IlH, respectively.

For Co(1100)/Cr(211) superlattices studied here, we
have obtained the following epitaxial relationships:
Co(1 100)IICr(211)I|Mo(211)llMgO(110) Co[llQO]IICr[] 11]
IMo[T11]iMgO[110], and  Co[0001]IC{011]IMo[011]
IMgO[001]. Figure 1 displays the schematic diagrams of the
three-dimensional (3D) geometry of the superlaitice and the
unit cell of the hep Co(1100) and bee Cr(211). Though Co
and Cr possess distinct bulk structures, Co(1100) and
Cr(211) planes match extremely well in symmetry and lattice
parameters. The unit cell of Co(1100), 4.07 Ax2.51 A,
matches perfectly with that of Cr(211), 4.07 AX2.50 A. This
provides us with an unprecedented opportunity to synthesize
high-quality heterostructure superlattices.

Typical RHEED patterns of the surfaces of Mo (211)
buffer layers, and of Cr(211) and Co(1100) layers taken dur-
ing the growth of the superlattice are shown in Figs. 2(a)—
2(c). For a better match to the MgO (110) substrate and
hence better growth of the Co/Cr superlattice, the initial Mo
buffer layers of about 20 to 40 A thick are employed. Note

that for Mo buffer layers thicker than 100 A, the Lotentz
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FIG. 2. Typical RHEED patterns of surfaces of the Mo buffer
layers and successive Cr and Co layers during the growth of the
Co(1100)/Cr(211) superlattices showing: (a) Mo(211) along [111]
(b) Cr(211) along [111], and (c) Co(1100) along [1120]. )

(positive) MR effect becomes a strong competitive factor at
the low temperature of 10 K.22 As can be seen from Fig. 2(a),
Mo buffer layers grow on a nice and atomically flat (211)
plane. The following Cr(211) [Fig. 2(b)] and Co(1100) over-
layers [Fig. 2(c)] remain well ordered but, to some extent,
show rougher surfaces due to the relatively low growth tem-
perature of 350 °C, which is, however, the optimal growth
temperature for Co/Cr superlattices. From both RHEED and
XRD studies, it was found that the bulk and surface order
deteriorate for growth temperatures lower than 300 °C.
While for growth temperatures above 400 °C the XRD su-
perlatice peaks were strongly suppressed, indicating the sig-
nificance of the interfacial interdiffusion between Co and Cr
layers. Figure 3 shows a typical high-angle XRD spectrum of
the Co(1100)/Cr(211) superlattices: [Co(40 A/Cr(20 A)] -
Around the bulk peak positions of Cr(211) and Co(2200)
[shown by dashed lines in Fig. (3)] several satellite peaks
were clearly observed, showing good modulation of the Co
and Cr overlayers.

For a series of [Co(40 A)/Cr(tc)]y superlattices, Fig.
4(b) shows the largest measured transverse MR (~18%) at
10 K of the [Co(40 A)/Cr(15 A)],5 sample for HIICo[1120]
(hard axis), and IIICo[0001] (easy axis). The longitudinal
MR for IliHIICo[1120] is much smaller (~0.8%), as dis-
played in Fig. 4(a) (MR enlarged by 5 times). For all
Co(1100)/Cr(211) superlattices studied, the transverse MR’s
with HIICo[1120] and IIiICo[0001] are between 8 and 18 %
(all negative) and with similar line shapes; while longitudinal
MR’s with I|H lICo[1120] are from O to 1 %. The transverse
MR’s with Hl|Co[1120] are likely dominated by the AMR

effect since the GMR effect is isotropic with respact to the
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FIG. 3. X-ray-diffraction peaks from the Co(1100)/Cr(211) su-
perlattice: [Co(40 A)/Cr(20 A)],/Mo(40 A)/MgO(110). The posi-
tions corresponding to the bulk lattice parameters of Cr(211) and
Co(2200) are indicated by the dashed lines.

relative direction of H and /. The dominance of the AMR
effect is further supported by the systematically observations
of 5 to 8 % transverse MR’s and less than 0.5% longitudinal
MR’s for various thin Co(1100)/Cr(211) bilayer films with
HICo[1120]* The dependence of the transverse MR
(H!/Co[1120]) upon the thickness the Cr spacer layers, how-
ever, shows slight oscillation behavior with large back-
ground, possibly indicating that the observed MR’s are com-
posed of the very small GMR component sitting on top of
the large AMR component. This together with the separation
of the smal! GMR (<3%) from the large AMR components
are in progress and will be published elsewh_ere.z"' Shown in
Fig. 4(c) is the hysteresis loops for HI|Co[1120]. In this field
alignment, the saturation field for both MR and magnetiza-
tion is of about 10 to 15 kOe. The AF-coupling-like hyster-
esis curve is mainly due to the field along the hard axis
(H1ICo[1120]) rather than due to the AF coupling effect be-
tween the neighboring Co layers, since the coupling effect is
weaker than the magnetic anisotropic effect in the Co(1100)/
Cr(211) multilayer system, as discussed below.

For HIICo[0001], on the other hand, the corresponding
hysteresis measurement shows a nice rectangular loop with a
comparatively smaller saturation field of ~700 Oe, as shown
in Fig. 5(c). Interestingly, both the transverse and longitudi-
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FIG. 4. The magnetization and magnetoresistance as a function
of applied magnetic field H|Co[1120] at 10 K for [Co(40 A)/Cr(15
A)l1s superlattice showing (a) longitudinal MR (I{H) with the
magnitude of MR enlarged by 5 times for clarity, (b) transverse MR
(ILH), and (c) hysteresis loops of magnetization.
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FIG. 5. The magnetization and magnetoresistance as a function
of applied magnetic field HlICo[0001] at 10 K for [Co(40 A)/Cr(15
A)1,s superlattice showing (a) longitudinal MR (ZIH), (b) trans-
verse MR (/L H), and (c) hysteresis loops of magnetization.

nal MR’s are almost completely suppressed (MR=<0.1%), as
shown in Figs. 5(a) and 5(b). The above results indicate that
for Co(1100)/Cr(211) superlattices the MR not only depends
on the relative direction of H and /, but also depends
strongly on the relative direction of the magnetic field H and
the crystalline axis. That is, MR=MR(6), where 6 is the
relative direction of H and the in-plane easy axis, Co[0001].
Preliminary results show that transverse MR(6) increases
monotonically with the increasing of 6 from 0
(HIICo[0001]) to 7/2 (HIICo[1120]).

Note that the strong anisotropic effect mentioned above is
also found in the Co/Cr(211) bilayers,? but not observed for
single Co films (hcp or fee phase) directly deposited on MgO
or the other (sapphires, Si, and GaAs) substrates. It appears
that Cr plays a significant role in determining the observed
strong anisotropic effect. Nevertheless, we have also ob-
served that the anisotropic effect is negligible for polycrys-
talline or textured Co/Cr bilayers and multilayers. We there-
fore conclude that both the Cr element and the (211) plane,
which perfectly selects the single hexagonal phase and hence
the uniaxial anisotropy of Co(1100) layers, are required for
the strong anisotropic effect. The fact that MR’s are en-
hanced from less than 8 in bilayers to 18% in multilayers
indicating that interfacial scattering between Co and Cr lay-
ers could be an important factor compared to the scattering
within the ferromagnetic layers. It is possible that some in-
terfacial Cr layers are strongly polarized by the well mag-
netically ordered Co(1100) layers.

Question remains as to why the MR depends so strongly
on the relative direction of H and the crystalline axis for
multilayers such as hep/bee Co(1100)/Cr(211) superlattices,
in marked contrast to cubic/cubic [e.g., bce/bec Fe/Cr
(100)(211)%] multilayer systems which instead exhibit a
stronger coupling effect. Here we make a simple argument
based upon the total energy consideration reported in other
work.” The total energy density {energy per surface area) of
the multilayer system can geperally be given by
Ew=Ey+E,+E., where Ey is the field energy density,
E, is magnetocrystalline anisotropic energy density, and E,
is the coupling energy density.

By neglecting the surface anisotropy term for the
multilayer, E, for each Co layer can be approximated as

i
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—~tcoK, c0s26, where to(=40 A) is the thickness of Co in
one bilayer, K, is the uniaxial anisotropic constant deciding
the strength of anisotropy, and 6 denotes the relative direc-
tion between the magnetization and the easy axis of
Co[0001]. K, is about 4.5X 10° erg/cm® for bulk Co and
therefore E,~— 1.8 cos?8 (erg/cm?). 22 For H=H,=15
kQe (saturatlon field for H along the hard axis, see Flg 4),
M =M, (saturation magnetization ~1.43X10*® emu/cc for
Bulk Co), the field energy density is given by
Ey=—~HM tco~—1.8 (erg/cm?). This amount of field en-
ergy can just balance the (magnetocrystalline-induced) aniso-
tropic energy.

For comparison, the interlayer coupling energy density is
given by E,.=J, cos(A¢), where J, is the coupling strength
and Ag is the relative direction of the magnetization of the
successive ferromagnetic layers. J.>0 (J,<<0) if the neigh-
boring Co layers are AF (F) coupled. The maximum AF cou-
pling strength (if J,=J,>0) of neighboring Co layers
through Cr spacer layers is  estimated by
E .~ —J zp cos(m)~—0.24 (erg/cm?®) for the first AF cou-
plmg peak2 Possibly due to the dominance of the aniso-
tropic effect {AE,~— 1.8[cos*(m/2) — cos’0]=1.8
erg/cm?}  over the interlayer  coupling effect
[AE ~J sp cos(0)—Jap cos(m)~0.48 erg/cm?] and the field
effect at low field, the magnetic and magnetotransport prop-
erties of Co(1100)/Cr(211) superlattices display strong aniso-
tropic behavior.

The strong influence of the strong crystalline to the mag-
netotransport properties discussed above is diminished or
eliminated in a cubic system such as bee Fe/Cr(100) or in
polycrystal multilayers. The peculiarity of the Co(1100)/
Cr{211) system in that there is a well defined, strong (in-
plane) uniaxial anisotropy for hexagonal Co layers and hence
a unique easy axis for magnetization. Indeed, it is found that
all of our Co(1100)/Cr(211) superlattices possess large rem-
anent magnetization even before applying the magnetic field,
and cannot be demagnetized (up to about 3 kOe demagneti-
zation field at room temperature) using standard demagnetiz-
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ing procedures by applying oscillatory damped currents to
the electromagnets to these samples. That is to say, the
Co(1100)/Cr(211) superlattices behave as very large domain-
like crystals, indicating the excellence of the atomic and
magnetic ordering of the samples. On the other hand, there
are two ([010] and [001] of Fe) or more (polycrystallines)
equivalent easy axes for cubic Fe/Cr(100), and thus more
complicated multidomains can usually be formed for cubic
systems at low field. There is no more unique sense for do-
main alignment and motion. Even for Fe/Cr(211) systems
which show strong in-plane magnetic anisotropy, strong
AMR effects have not been observed.? This could be due to
the smallness of the anisotropy energy of Fe (Ref. 25) (by
about a factor of 10 smaller) compared to that of hep Co. The
anisotropic effect in Fe/Cr multilayer and many other cubic/
cubic systems could thus be insignificant compared to their
interlayer coupling effect, and the GMR effect can therefore
become a controlling factor.

In summary, we have reported the epitaxial growth and
the structural and magnetic characterizations of Co(1100)/
Cr(211) superlattices. The magnetic hysteresis loops and MR
show strong crystalline-induced magnetic anisotropy and
field-direction- dependent MR effects. The strong in-plane
magnetic anisotropy is a result of the well-defined hexagonal
crystallininity of the Co(1100) layers, which are epitaxially
selected by the Cr(211) planes. The large AMR effect could
be due to the scattering both from the Co layers and the
Co/Cr interfacial layers. Detailed analyses of the magnetic
and magnetotransport properties of the Co(1100)/Cr(211) su-
perlattices, such as the dependence of the MR upon the
thickness of Co layers and Cr spacer layers, and temperature
dependence of MR, are all under intensive study and will be
published elsewhere.
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