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Orientationally independent antiferromagnetic coupling in

epitaxial Fe/Cr (211) and (100) superlattices*

Eric E. Fullerion, M.J. Conover, J.E. Mattson, C.H. Sowers, and S.D. Bader
Materials Science Division

Argonne National Laboratory
%, Argonne, IL 60439
' )

We present structural and magnetic characterization of epitaxial Fe/Cr(211) and Fe/Cr(100)
superlattices grown simultaneously on MgO(110) and MgO (100) substrates by magnetron
sputtering. The epitaxial orientation of the Fe/Cr(211) superlattice with the MgO(110) substrate is
Fe/Cr[011] // MgO[001] and the orientation of Fe/Cr(100) is Fe/Cr[001] // MgO[011]. We find
that for both orientations, that the interlayer coupling oscillates in sign with a period of 184, and,

furthermore, that the strength and phase of the magnetic coupling are also nearly identical for these

two orientations.
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I. Introduction

Oscillatory interlayer coupling across nonmagnetic spacer layers in
ferromagnetic/nonmagnetic transition-metal multilayers!-4 has become a challenging theoretical
problem.5-13 Most theories are based on a band-structure-modified RKKY treatment of the spacer
layer. Within this framework, the oscillations ir: the coupling arise from spanning vectors normal
to the layers which join extremal pcgints of the bulk Fermi surface. The period of oscillation is
inversely proportional to the length 2)f thesparticular spanning vector giving rise to the coupling.
Whereas the period is thought to be solely a property of the spacer material, the phase and strength
of the coupling will also depend on the ferromagnetic material and structural aspects of the interface
such as roughness and interdiffusion.5-12 A stringent test of this approach is to study the interlayer
coupling along different crystallographic directions of the spacer, since different spanning vectors
should be probed for each orientation. This type of experiment has been performed most
extensively for the Co/Cu system along the three low-Miller-index directions.!3-17 In this paper,
we discuss the interlayer coupling of Fe/Cr(211) and (100) superlattices which have been
epitaxially grown onto MgQO (110) and (100) substra'ies respectively. We find that for both
orientations, that the interlayer coupling oscillates in sig 1 with a period of 18A, and, furthermore,
that the strength and phase of the magnetic coupling are also nearly identical for these two

orientations.
II. Experimental Procedure

The Fe/Cr superlattices were grown by d.c. magnetron sputtering onto single-crystal
MgO(110) and MgO(100) substrates. The sputtering chamber had a base pressure of <5x10-8 Torr
and the sputtering guns were operated in an Ar pressure of 3 mTorr. The (110) and (100)
substrates were mounted side-by-side onta the sample holder and co-deposited. A 100A-Cr buffer
layer was initially deposited at a substrate temperature of 600°C.18 The substrate was then cooled

to 180°C and the samples were grown by sequential deposition of the Fe and Cr layers. A similar



growth sequence has been used by Kamijo and Igarishil? for the growth of Fe/Cr superlattices by
molecular beam epitaxy (MBE) techniques on MgO(100). Two series of samples were grown.
The first was of [Fe(14A)/Cr(tcy)IN superlattices with 8<tcr<70A and N was adjusted so that the
total superlattice thickness was constant at =1200A.20 A second series of samples based on the
design of Parkin and Mauri?! was grown to measure the ferromagnetic interlayer coupling . The
structure was characterized by x-ray diffraction using Cu-Kq radiation. Magnetic properties were
measured by SQUID magnetometry z{;n_d longitudinal Kerr rotation.

}
/)

III. X-ray Diffraction

The high-angle x-ray spectra of [Fe(14A)/Cr(46A)]n0 superlattices grown on MgO(110) and
MgO(100) substrates are shown in Figs. la and 1b, respectively. Figure la contains the
MgO(220) peak and the Fe/Cr(211) reflections, and Fig. 1b contains the MgO(200) and
Fe/Cr(200) reflections. There is no evidence of any other orientations present in the diffraction
data. The crystalline coherence length estimated from the full width at half maximum (FWHM) of
the Fe/Cr reflection Ka] component is =400A and 430A for the (211) and (100) orientations,
respectively. Rocking curves about the Fe/Cr reflections have FWHM that range from 0.6-1.2°
for various Cr thicknesses, which is indicative of a high degree of crystal orientation. Fittings of
the high-angle diffraction spectra to a general structural model?2 yield Fe and Cr lattice spacings
which agree with the bulk values to better than 0.15%, for both 0rientation§.

Asymmetric diffraction scans were performed on selected samples to determine the in-plane
epitaxial orientation of the superlattice with the substrate. For both orientations the (110)
diffraction intensity was monitored as the sample was rotated by angle ¢ about the surface normal.
The results of these scans are shown as the insets of Figs. la and 1b. A two- and four-fold
rotational symmetry is observed for the (211) and (100) orientations, respectively, as expected.
The FWHM of the ¢-scan peaks are 1.4 and 1.0° for the (100) and (211) orientations, respectively.
From the position of the peal :, the fo]lov:/ing epitaxial orientations are determined: Fe/Cr[011] //

MgO{001]for the Fe/Cr(211), and Fe/Cr{011] // MgO[001] for the Fe/Cr(100). The same epitaxial



relation Fe(211)//MgO(110) has been observed for the MBE growth of Fe(211)/Au(110)
superlattices on MgO(110).23

IV. Magnetization

A. Antiferromagnetic coupling

The in-plane magnetization hysteresis loops wérc measured for the superlattices with the
applied field H parallel to the Fc[TI}_] ‘and Fe[011] directions for the (211) orientation and to the
[011] direction for the (100) oricntakion. /For the 14-A Fe(211) layers, there is a strong in-plane
uniaxial anisotropy along the Fe[011] in addition to the expected crystal anisotropy. To quantify
the anisotropy, we analyze the hysteresis loop of a ferromagnetically coupled sample with H along
the hard axis (Fe[111]) utilizing an expression which includes a magnetocrystalline anisotropy
(K1) and a uniaxial anisotropy (Ky) along the Fe[011], as well as a Zeeman term.23:24 From this
analysis, we have determined Ky=9x 105 ergs/cm3 and Kj~4x105 ergs/cm3 for the 14-A Fe layers
at room temperature. These anisotropy values are consistent with other studies of Fe(211)
films.2324 In Refs. 23 and 24 the origin of the uniaxial anisotropy was attributed to strain.
However, in our Fe/Cr superlattices, the strain appears .t'o be quite limited. Additionally, we find
that for a 90-A Fe layer, the value of Ky decreases by an order of magnitude20 which is consistent

with the Ky term originating from a surface anisotropy.

Shown in Fig. 2a are the room-temperature hysteresis loops for AF-coupled (100)- and
(211)-oriented [Fe(l4A)/Cr(26A)]N superlattices. The effect of the in-plane anisotropy is evident
in the shape and saturation fields along orthogonal directions of the (211)-superlattice. There is a
clear spin-flop transition when the field is along the easy axis (Fe[011]). When the field is along
the hard axis (Fe [111]) continuous rotation to saturation is observed, which is similar to the
behavior in the loop for the Fe/Cr(100) sample. As was shown by Folkerts2d, the spin-flop
transition is expected to be observed f:)r H along the easy axis when the antiferromagnetic

interlayer exchange constant JoF is less than Kytpe.



The value of JaE can be calculated from the saturation field Hg and the anisotropy constants

for H applied along the easy and hard axis by the following equations from Refs. 25 and 26:
(Hs + Hg) Mg tge

A for H// Fe[011) and JAF > Kutge (1a)
Jap(211) =
lis—“-géir— for H // Fe[0T1] and Jap < Kutpe (1b)
JAR211) = (HS'HE)MS e for H// Fe[T11] @)
&}-
¥
JAR(100) = (HS‘H‘Z)MS e for H// Fe[011] 3)
Tap100) = Hs+HOMstre oo pyperoo1) 4)

4

where H is the anisotropy field given by 2Ky/Mg for the (211) samples, and 2K/Mg for the
(100) samples. The values of Hk are estimated from the saturation ficlds of the ferromagnetically
coupled superlattices when the field is applied along the hard axis. Applying Eqgs. (1-3) to the
loops shown in Fig. 2, yields JAp(211) = 0.061 and 0.064 ergs/cm2 for the hard and easy axis
respectively and JAR(100) = 0.62 ergs/cm?.

Shown in Fig. 2b are the measured saturation fi‘elds for the Fe/Cr superlattices as a function
of Cr layer thickness for both orientations. Four oscillations are observed with the phase and
period (18A) identical for the two orientations. To compare the interlayer coupling strengths
requires converting Hg using Eqs. (1) and (3) into Jar values. The calculated values for JAF are
shown in Fig. 2c, where Hk for both orientations were determined from the saturation field of
ferromagnetically coupled samples with neighboring Cr thicknesses. We assume that any derived
value of JAr<10-3 ergs/cm? represents either a ferromagnetic or uncoupled case and show only
unambiguously AF-coupled samples in hg 2¢. As can be seen in Fig. 2¢, in addition to the phase
and period of the oscillations, the strength of the AF coupling is independent of the

crystallographic orientation.



B. Ferromagnetic coupling

To explore the coupling of the superlattice across regions where square hysteresis loops were
observed for the superlattices, we have employed the structure suggested by Parkin and Mauri
shown by the lower inset in Fig. 3a.21 The 9-A Cr layer was used to strongly AF-couple the
middle Fe layer to the thicker bottom Fe layer. Monitoring the switching of the top Fe layers
allows the determination of the ferromagnetic interlayer coupling. The measured Kerr intensity for
the (211)-oriented qaﬁplc in which tl'}‘e'top and middle Fe layers are separated by a 19-A Cr layers.
The upper inset shows an expanded view }of the low-field region. There are two switching fields
observed which are labeled Hsy and Hgg in Fig. 3a, which corr _spond to the switching of the top
and middle Fe layers, respectively. Hg; is related to the ferromagnetic coupling across the 19-A
Cr layer, and Hg is related to the AF-coupling across the 9-A Crlayer. The relationship between

the saturation field Hsp and the AF interlayer coupling for strong coupling strengths is given by:27

(Hs2 + Hk)Ms 1)

=
%)

where t] and tp correspond to the thickness of the middle and bottom Fe layers and H is estimated

Jap(211) = for H // Fe[011]

(5)

by measuring the difference in Hgy along both the easy and hard directions. For samples with
to>>t], the saturation field will be roughly 1/4 that of the corresponding superlattice with magnetic

layer thicknesses tj. The ferromagnetic coupling strength when H is along the easy axis is given

by:
JE211) = HgMgtpe  for H//Fe[0T1] and Jg < 2Kuytre . (6)

There are equivalent expressions for the (100) orientations. For the sample shown in Fig. 3a, JAf
determined from Eq. (5) is 0.9 ergs/cm2, which is consistent with the superlattice results for
comparable Cr thicknesses in Fig 2¢. Shown in Fig. 3b is the interlayer coupling measured from 8

to 32A Cr showing the coupling oscillating about zero for both orientations. This result is in

6



quantitative agreement to that of Griinberg et al.2® for the long-period oscillation across a Cr(100)

wedge,
V. Conclusion

The short-period (two monolayers) oscillations Qbserved in Fe/Cr(100)/Fe wedged samples
are thought to be directly related to the nested Fermi surface of Cr which gives rise to the spin-
density wave in Cr.34 The origin of(ghe 18-A long-period oscillation is not as easily related to the
magnetic properties of Cr. Stiles® lgas shbwn that there are a number of spanning vectors in Cr
(100), (110) and (111) orientations which could give rise to long-period oscillations. However, it
is not understood within this theoretical framework which of the many spanning vector will give
rise to the coupling. Unlike the period of the coupling, which is thought to be intrinsic to the
interlayer material, the strength and phase of the coupling depends on the matrix elements in the
numerator of the RKKY expressions,>-12 the lerromagnetic material,? and the structure of the
interface.” In general, it is expected that the strength, phase, and period of the coupling should be
strongly dependent on the crystal orientation. Given this expectation, the results in Figs. 2 and 3
showing no difference between the (100) and (211) oric.tlnted samples is surprising. In addition to
the orientations studied in this paper, oscillations in the AF coupling has been observed with the
same phase and period and similar coupling strengths in (110) textured multilayers.29 At present,
all of the studies of the Fe/Cr system which show oséillatory behavior have found the same 18A

long-period oscillation.

In conclusion , we have grown epitaxial Fe/Cr(100) and (211) superlattices on MgO(100)
and (110) substrates respectively. Both orientation show interlayer coupling which oscillates from
antiferromagnetic to ferromagnetic with a period of 18A. The phase, period, strength of the

coupling is found to be independent of the crystallographic orientation.

The work was supported by the U.S. Department of Energy, Basic Energy Sciences-

Materials Sciences, under contract W-31-109-ENG-38.
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Figure Captions

Figure 1:

Figure 2:

Figure 3:

X-ray diffraction results for Fe/Cr superlattices grown on MgO. High-angle spectra tor
[Fe(14A)/Cr(46A)]20 superlattices grown on (a) MgO(110) and (b) MgO(100). Arrows
at the top identify the position of possible Fe/Cr reflections. The MgO reflections are
also identified. The insets show the Fe/Cr (110) intensity as a function of rotation angle
¢ about the surface n0rp1al for [Fe(14A)/Cr(17A)136 superlattices grown on (a)

MgO(110) and (b) MgO(léO). )

(a) Room-temperature magnetic hysteresis loops for (100)- and (211)-oriented
[Fe(14A)/Cr(26A)]IN superlattices. The applied field is along the Fe[011] direction for
the (100) superlattice and along the easy Fe[011] and hard Fe[111] directions for the
(211) superlattice. (b) Switching field Hg for (211)- and (100)-oriented Fe(14A)/Cr(tcy)
superlattices measured at room temperature with H parallel to the Fe[011] direction. (b)
Antiferromagnetic coupling strength Jog vs tcr for (211)- and (100)-oriented

Fe(14A)/Cr(tcy) superlattices determined from Hg values shown in (b)

.(a) Room-temperature hysteresis loop measured by Kerr rotation of a (211)-oriented
Fe(100A)/Cr(9A)/Fe(20A)/Cr(19A)/Fe(20A)/Cr(20A) sample. The arrows indicate the
magnetization diretions of the three Fe layers. The inset shows an expanded view of the
low-field region. (b) Interlayer coupling J vs tcr for (211)- and (100)-oriented samples,
where antiferromagnetic coupling (J < 0) was determined from the superlattices and
ferromagnetic coupling (J > 0) was determined from the samples shown schematically in

(a). Note the change in scale at ta:lSA.
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