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Abstract. The structural, magnetic and transport properties of Co/Rh sandwiches grown by ultra high
vacuum evaporation and sputtering have been studied. High-energy electron diffraction observations dur-
ing the growth reveal that both Co and Rh layers have been stabilised in the (111) fcc structure for
the evaporated sandwiches. X-ray measurements performed on sputtered samples show a predominant fcc
polycrystalline structure of the stacks with a preferential (111) texture. Magnetisation and magnetoresis-
tance measurements show a very strong antiferromagnetic exchange coupling for thin Rh layers, reaching
39 erg/cm?® for 4.8 A Rh, the strongest ever observed in exchange coupled systems. This value is in good
agreement with the value of 38 erg/cm? obtained by ab initio calculations for Co/Rh (hcp) superlattices.
This is explained by the magnetic nature of the Co/Rh interfaces. Indeed, the variation of the measured
saturation magnetisation as a function of the Co layer thickness shows no evidence of Co moment reduc-
tion for the Co atoms located at the interfaces, even for the very thin layers. The value of the preserved
magnetic moments of the cobalt atoms at the interfaces is confirmed by ab initio calculations for Co/Rh
superlattices taking the intermixing into account.

PACS. 75.70-i Magnetic films and multilayers — 75.70.Cn Interfacial magnetic properties (multilayers,

magnetic quantum wells, superlattices, magnetic heterostructures) — 75.70.Pa Giant magnetoresistance

1 Introduction

The discovery of the interlayer exchange coupling in mag-
netic multilayers [1] has stimulated a great number of
fundamental studies as well as application-oriented re-
search in the field of recording heads and magnetic sensors.
Parkin et al. [2] first reported a large antiferromagnetic
coupling of the order of 5 erg/cm? for magnetic Co films
separated by a non magnetic Ru spacer. Other groups
then studied the Co/Ru system using different prepara-
tion techniques and have shown the effect of preparation
conditions on the antiferromagnetic coupling strength [3,
4]. It has been found that MBE grown Co/Ru multilayers
show a stronger exchange coupling [4] than samples pre-
pared by sputtering or by any other method. Such observa-
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tions are in good agreement with theoretical works which
showed that the strength of the coupling depends on the
geometry of the Fermi surface [5], and as a consequence
is very sensitive to the structural quality of the samples.
Morover, Mathon et al. [6], by using detailed tight-binding
calculations of the coupling, have shown that a mismatch
between the ferromagnetic and spacer layer d bands, which
increases with increasing number of holes in the band of
the spacer, leads to a systematic variation of the coupling
strength across the transition metal series in agreement
with Parkin’s results [7].

The aim of this work is to confirm that the inter-
layer coupling strength effectively increases by increasing
the number of conduction electrons in the d band and
that it depends considerably on the magnetic nature of
the magnetic/non-magnetic interfaces. For the first time,
we show the correlation between the exchange coupling
strength and the nature of the magnetic/nonmagnetic in-
terfaces. The large difference in coupling strengths be-
tween Co/Rh and Co/Ru for very thin spacer layers,
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“7-8 times larger in the Co/Rh system” makes these
two systems particularly appropriate for this topic. Such
a large difference between these two systems cannot be
solely attributed to the additional electron in the Rh “d”
band but can only be explained by taking into account the
nature of the magnetic/ nonmagnetic interfaces. In fact,
a strong reduction in the magnetism of the interfaces is
observed and accounted for in terms of a 2 A thick mag-
netically dead Co at each interface for Co/Ru, while the
magnetization is preserved at the Co/Rh interfaces. This
result is further confirmed by first principles electronic
structure calculations.

This paper is organised as follows. Section 2 is devoted
to the preparation conditions and structural characterisa-
tion through Reflection High Energy Electron Diffraction
(RHEED), X-ray diffraction (XRD) and Nuclear Magnetic
Resonance (NMR). The structural analysis is relevant
to the understanding of the interlayer coupling strength
which is strongly dependent on the structure of the layers
and on the nature of the magnetic/non-magnetic inter-
faces. The study of the magnetic and transport properties
will be presented in Section 3. After a brief description of
the experimental techniques used, we present the variation
of the interlayer coupling strength for both series of sand-
wiches as a function of the Rh spacer layer thickness. Then
we focus our discussion on the giant interlayer coupling
strength observed for MBE grown Co/Rh sandwiches that
reaches 39 erg/cm? for a Rh thickness of about 5 A. To
clearly understand the origin of this giant coupling energy
which is approximately ten times larger than the highest
value observed in sputtered Co/Rh sandwiches, we inves-
tigated the magnetic nature of the interfaces. Section 3.1
will be devoted to the magnetic moment profile. The varia-
tion of the saturation magnetisation with the Co thickness
for a series of Co single layers indicates that there is no
reduction in the Co moment even at the Co/Rh interfaces.
This is supported by ab initio calculations of the magneti-
sation with mixed interfaces which show that even for a
mixed monolayer of 75% of Rh and only 25% of Co, the
Co moment remains close to the bulk value. Section 3.2
presents the magnetoresistance results which confirm the
good quality of the magnetic interfaces.

2 Preparation conditions and structural
characterisations

2.1 MBE grown Co/Rh sandwiches

A serie of samples with the following composition: [100 A
Rh 32 A Coz A Rh32A Co24 A Rh] was prepared
by e-beam evaporation on mica substrates in a ultra high
vacuum (UHV) chamber with a background pressure of
4 x 10719 torr. Six mica substrates of 1 inch diameter
were freshly cleaved and immediately afterwards trans-
ferred to the chamber. They were then heated to 700 °C
for 30 min to desorb surface contaminants. The RHEED
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Fig. 1. RHEED images for completed layers of an MBE grown
Co/Rh sandwich with a Rh (111) buffer layer deposited on a
mica substrate along two principal azimuths.

pattern showed thin streaks and Kikuchi lines which in-
dicate large flat surface areas. Mica substrates exhibit
a pseudo hexagonal surface structure which causes the
densely packed (111) and (0001) atomic planes of de-
posited fcc and hcp metals respectively to align parallel
to the substrate surface.

A 100 A thick Rh (111) buffer layer was deposited
onto six mica substrates simultaneously at a temperature
of 700 °C at a rate of 2 A/ min and a vacuum pressure of
about 6 x 10710 torr. The thickness was monitored using
a quartz crystal oscillator and the samples were rotated
during the growth. The RHEED pattern of the mica sub-
strates vanished quickly and diffraction streaks re-emerged
only after deposition of about 50 A of Rh. As the Rh film
thickness increases, the width of the streaks decreases con-
tinuously indicating that atomically ordered regions be-
come larger.

The RHEED patterns for the completed Rh (111)
buffer layer along the (110) and (211) azimuths (Figs. la
and 1b) are well defined and characteristic of an or-
dered single crystal. The separation of the streaks along
the (110) azimuth is proportional to 1/a(110y whereby
a0y = aRh/\/§ = 2.69 A is the nearest neighbour dis-
tance in the densely packed fcc(111) plane. The corre-
sponding streak separation along the (211) azimuth is
1/apy =1/ (\/§ X a<211>). In Figure 1a, two additional
faint streaks are visible in the zeroth order Laue zone.
Their distance from the specular streak is V/3 times as
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Fig. 2. Co NMR spectrum of the MBE grown Co(32 A)/Rh(19 A)/ Co(32 A) sandwich.

large as the separation between the intense streaks. Thus,
the faint streaks represent diffraction from a surface area
with the (211) crystal direction perpendicular to the inci-
dent electron beam. This indicates the presence of small
structural domains which are rotated through 30° with
respect to the dominating surface orientation.

The first 32 A thick Co layer was deposited at room
temperature at a rate of 5 A/min, with a vacuum pres-
sure of about 4 x 10710 torr. Detailed RHEED analysis
of this layer performed during the growth have indicated
that the relaxation of the Co layer occurs after about five
or six monolayers. This result is similar to what has been
observed on the Co/Ru system [8]. RHEED patterns for
this Co layer are shown for both crystal directions in Fig-
ures 1c and 1d. The streak spacing has increased by 8.5%
with respect to the Rh buffer layer, which gives rise to a
nearest neighbour distance in the hexagonal Co plane of
2.48 A, close to the value expected for bulk Co (2.51 A).
Compared with the Rh buffer, the streaks have become
broader and spottier. While the latter suggests that the
Co surface is rougher, the former indicates that crystalline
regions of Co are smaller than for the Rh buffer. Thus Co
on Rh does not grow in the ideal layer-by-layer mode and
island formation occurs. In fact, the surface energies of
Co and Rh are very similar in contrast to the Co/Cu or
Co/Ru systems for which narrower streaks for the Co lay-
ers are observed [8,9]. The stacking sequence along the
(111) growth direction can be determined from the inten-
sity modulation along the RHEED streaks. The elongated
double spots on the first RHEED streaks next to the spec-
ular streak in Figure 1c clearly indicate that Co has grown
in the fcc phase.

As for the Rh buffer layer, in Figure 1lc additional
spotty streaks are observed on the RHEED patterns along
the (110) azimuth and corresponds to the contribution
of the (211) azimuth. Vice versa, intermediate streaks

are visible in Figure 1d along the (211) RHEED pattern,
which can be assigned to the (110) azimuth. Thus, growth
continues for the two orientational domains which are ro-
tated by 30° with respect to each other and which were
observed already for the Rh buffer. However, those addi-
tional structures appear only for very small angles between
the incident 30 keV electron beam and the surface plane,
which indicates that they do not extend throughout the
whole film thickness and they subsist as surface effects.
_The Rh spacer layers with thicknesses ranging from
4 A to 29 A are deposited at room temperature at a rate
of 2 A /min and a vacuum pressure of about 4 x 10710 torr.
The RHEED streaks have hardly changed (Figs. le and 1f)
with respect to the first Co-layer. Thus, the Co surface
is not smoothed by a Rh overlayer, the crystal structure
remains fcc, and the two orientational domains persist.

The second 32 A thick Co-layer and the 24 A thick Rh
protection layer have been deposited under the conditions
given above for the corresponding material. The RHEED
patterns do not degrade further, and continue to show fcc
islands and two orientational domains.

Zero field NMR measurements have been performed
at 1.5 K with a broad band pulsed NMR spectrometer in
order to confirm the fcc structure of the Co layers. The
NMR spectra of the MBE-grown Cosz i/Rhig 4/Cos2 i
sandwich in Figure 2 shows a clear main resonance line
at a frequency of 217 MHz. This frequency is close to the
bulk fcc Co NMR frequency (216 MHz) which indicates
that the Co layers are stabilised in the fcc structure, in
agreement with RHEED observations. The presence of a
shoulder at the right side of the main line is characteris-
tic of stacking faults which give rise in general to NMR
lines lying between the fcc and hep (228 MHz) Co lines.
It can also be noted that there is no tail below the main
line which would be due to the contribution of Co atoms
at the interfaces with Rh atoms as nearest neighbours.
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We have then prepared CoRh alloys with small Rh con-
centration to study the evolution of the Co resonance
frequency as a function of the number of Rh nearest neigh-
bours. The obtained NMR spectra show that the reso-
nance frequency of the Co atoms with one, two or three
Rh atoms as nearest neighbours is close to the bulk pure
Co. This explains the fact that additional resonance lines
have not been observed below the main line for the Co/Rh
sandwich. This can be related, as we shall see in the next
section, to the fact that Co atoms preserve their moments
at the interfaces even in the case of large interfacial dif-
fusion. As a consequence, the NMR spectra do not allow
a quantitative determination of the topology of the in-
terfaces. The similarity between the phase diagrams for
the CoRu and CoRh alloy may indicate the presence of
intermixing at the Co/Rh interfaces since a large inter-
mixing at the Co/Ru interfaces was found in the Co/Ru
sandwiches [10].

2.2 Sputtered Co/Rh sandwiches

The layers were deposited by DC magnetron sputtering for
Co and RF sputtering for Rh on silicon oxide substrates,
which provides homogeneous stacks with a thickness fluc-
tuation below 1%. The base pressure was 4 x 1077 torr
and the Ar pressure was 102 torr. The sample holder was
rotating during the sputtering process. A series of sand-
wiches with the same geometry as for the MBE grown
sandwiches was prepared in order to study the effect of
the growth conditions on the interlayer coupling strength.
For X-ray diffraction analysis, a multilayer with the ge-
ometry 100 ARh / [30 ACo / 9 ARh];5 / 20 ARh was
grown. To study the magnetic quality of the interfaces,
an additional series of Co single layers was deposited on a
100 A Rh buffer layer and covered by a 30 A Rh protection
layer with Co thicknesses varying from 10 to 70 A.

X-ray measurements were carried out using a high
resolution X-ray Philips diffractometer. The geometry of
the diffractometer allows only experiments in the reflec-
tion mode. We performed both high-angle and small-angle
q/2q scans around the first-order Bragg peak. The small-
angle spectrum in Figure 3a shows the presence of Kiessig
fringes indicating a limited surface roughness. The high-
angle spectrum in Figure 3b shows a well defined main
Bragg peak for 2¢ = 43.6° and indicates a preferential
(111) texture in the Co/Rh layers. The figure shows also
the presence of satellites at each side of the main peak
which is direct evidence of the composition modulation.
The best fit of the experimental data shown in Figure 3
leads to the main Bragg peak with a parameter corre-
sponding to the fcc [111] growth direction. This result
indicates that the Co/Rh MBE-grown and sputtered sand-
wiches have a similar texture.

3 Magnetic and transport properties

The resistance of the samples was measured using a four-
probe low-frequency ac lock-in technique with spring-
loaded gold-plated contacts. For the samples which show
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Fig. 3. X-ray diffraction spectrum recorded for 100 A Rh /
[30 ACo / 9 ARh]15/ 20 A Rh multilayer. (a) small-angle spec-
trum, (b) high angle spectrum.

saturation fields larger than 2 T, the measurements were
performed at the Service National des Champs Magné-
tiques Pulsés (SNCMP) in Toulouse (France) in the slow
decreasing part of a pulsed field cycle (field rise time: 5 ms,
field decay time: 500 ms) with the maximum field reach-
ing 35 T. All magnetoresistance data were measured at
300 K with the magnetic field applied in the film plane
and parallel to the current direction. Magnetisation mea-
surements were performed using alternating gradient force
(AGFM) and SQUID magnetometry. The saturation field
is defined as the field at which the resistance curve first
deviates from the high field slope. This ensures that this
critical field is close to the exchange field. Indeed, small
angles between the magnetisation of successive magnetic
layers have more impact on the resistivity of the sample
than on its total magnetisation. Thus, the saturation field
is more accurately defined from GMR curves than from
the magnetisation curves.

Figure 4a shows the variation of the saturation field
(Hs), measured at 300 K, for the series of MBE grown
and sputtered Co/Rh sandwiches as a function of the
Rh spacer layer thickness. The following differences be-
tween the MBE grown and the sputtered samples can
be observed: (i) The first antiferromagnetic peak occurs
at 8 ARh for the sputtered samples, while the exchange
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Fig. 4. (a) Variation of the saturation field (Hs) and antiferro-
magnetic exchange coupling Jar of two series of twelve MBE
grown and sputtered Co/Rh sandwiches as a function of Rh
spacer layer thickness at 300 K. (b) Magnetisation and mag-
netoresistance curves for the MBE grown Co(32 A)/Rh(8 A)/
Co(32 A) sandwich. The zero MR line is plotted to show that
the saturation is determined as the value at which the MR
curve deviates from this line.

coupling field increases continuously with decreasing Rh
thickness for the evaporated samples down to the 5 ARh
thick sample, which corresponds to the thinnest investi-
gated sample. Thus the thickness for the appearence of the
antiferromagnetic coupling is different between the two se-
ries, which is the first consequence of the structural quality
on the interlayer coupling; (i7) The most striking result in
Figure 4a is the very large saturation field close to 170 kOe
observed for the sample with a Rh spacer layer thickness
of about 5 A. Due to the high field SQUID limitation
(80 kOe maximum field), the saturation of the magnetisa-
tion curves have only been deduced for samples with Rh
spacer layers thicker than 7 A. For thinner Rh layers, the
saturation fields have been determined from the magne-
toresistance (MR) curves using the pulsed field facilities
in Toulouse.

The saturation field reflects the maximum strength of
the antiferromagnetic interlayer exchange coupling (Jar)
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as Jap = HsMstco/2, where M, and tc, are the sat-
uration magnetisation and thickness of the magnetic
layer respectively. Indeed, the shape of both magneti-
sation and magnetoresistance curves (Fig. 4b) suggests
that the coupling is not homogeneous across the sam-
ples. We have used a model allowing bilinear, biquadratic
and anisotropic terms [10]. This model has shown, by
successfully fitting the rounded magnetization curves in
the case of the Co/Ru system, that a biquadratic cou-
pling term exists in a very narrow range of thicknesses
between 4 and 6 A. However, this model was unsuccess-
ful in fitting the rounded magnetization and magnetore-
sistance curves in the case of the Co/Rh system which
implies that a more complicated mechanism takes place,
certainly due to the distribution of coupling strengths.
A possible explanation of this mechanism is related to
the different nature of the magnetic interfaces for Co/Ru
and Co/Rh. In both cases, the profile of the interfaces
is consistent with a fluctuation of the concentration over
a few atomic %. In this case, Jar represents the maxi-
mum coupling value that can be reached in the sample.
With these considerations and on the basis of the exper-
imental data, the exchange constant value (Jar) found
for the evaporated sandwich (tgn, = 4.8 A) is equal to
39 erg/cm? at 300 K. To our knowledge, such a giant indi-
rect exchange coupling is observed for the first time in this
kind of artificial structure, and is much stronger than the
largest antiferromagnetic exchange coupling values found
in MBE grown Co/Ru sandwiches (4.5 erg/cm?) [11] or
in sputtered Co/Ru multilayers (5 erg/cm?) [2]. For the
sputtered series, the antiferromagnetic coupling reaches
its maximum value (3.4 erg/cm?) for a Rh thickness of
about 8 A. Again this coupling is stronger than the value
(1.6 erg/cm?) reported previously [6] for Co/Rh sputtered
multilayers with the same Rh thickness but approximately
ten times smaller than the value observed for the MBE
grown sandwiches. This result is evidence of the effect
of the structural quality, and particularly the interface
morphology, on the interlayer coupling strength. Figure 4
shows that the strongest antiferromagnetic coupling is ob-
served for the thinnest Rh layer investigated (tgn = 4.8 A)
for MBE grown sandwiches as opposed to the sputtered
sandwiches for which the coupling is ferromagnetic for 4 A
and 6 A of Rh thicknesses. This is also an indication of the
influence of the interdiffusion and the morphology of the
interfaces on the antiferromagnetic coupling which shifts
the appearance of the coupling to higher thicknesses.

This can be further confirmed after a close look on
the magnetisation curves measured at room tempera-
ture with the magnetic field applied in the film plane
(Figs. 5 and 6). For sputtered samples, the magnetisa-
tion curves in Figure 5 show a high remanence even for
the strongly antiferromagnetically coupled sandwich with
8 ARh (Mr/Ms = 0.2). As reported in Figure 7, this
remanence decreases as the Rh thickness increases and
vanishes for Rh thicknesses larger than 10 A. In contrast,
for the evaporated sandwiches (Figs. 6 and 7) the rema-
nence is smaller and disappears for thinner Rh thicknesses.
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Fig. 5. Magnetisation curves measured at 300 K with the mag-
netic field applied in the film plane for several sputtered Co/Rh
sandwiches.

For tgrn = 8 A, there is no more remanence. Such results
are strong indications of the difference in the interface
roughness between the evaporated and sputtered samples.

This assumption is supported by ab initio calculations
of the coupling on CoszRh,, superlattices [12]. We use the
first principle Augmented Spherical Wave technique and
the Local Spin Density Approximation (LSDA) formalism
for treating exchange and correlation of a many body elec-
tron system which allows the determination of the elec-
tronic structure of the superlattices. It has been shown
that this method is well suited to study the magnetic in-
terlayer exchange coupling in various superlattice systems
such as Fe/Pd [13,14], Fe/Cr [15], Fe/Mn [16], Co/Cu [17,
18] and Co/Ru [19].

A systematic study of the exchange coupling for vary-
ing Rh thicknesses was performed in the hcp stack of the
Co/Rh superlattice. The calculation for the hep structure
requires only a double cell in the antiferromagnetic ar-
rangement, the calculation for both the ferro and anti-
ferromagnetic structure being performed for the following
cell 2 x [Coz/Rh, | with n =1, 2, 3, 4, 5, 6. However, sim-
ilar calculation in the fcc (111) structure needs a sextuple
cell 6 x [Cos/Rhy,] with n = 1, 2, 4, 5 because of trans-
lational symmetry conditions. Such calculations require
a large number of atoms in each unit cell, much larger
than the maximum number of atoms allowed by the pro-
gramme for reliable calculation (Np,q. = 32). As a conse-
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quence, only specific structures were calculated in the fcc
stack, those which require just a double cell, 2x [Cos/Rhy],
2 X [CO4/Rh2], 2 X [CO3/Rh3].

We determine the interlayer coupling by calculat-
ing the energy difference AEp_ap = Ep — Eap be-
tween the total energies obtained for the two oppo-
site interlayer magnetic arrangements F' and AF. The
F (AF) interlayer magnetic arrangements correspond to
parallel (antiparallel) magnetisation of successive cobalt
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Table 1. Experimental Je,p (erg/cm?) and theoretical Jy, (erg/cm?) magnitude of the antiferromagnetic exchange coupling
and GMR signal for Co/Ru and Co/Rh systems in both fcc and hep configurations.

Jin (erg/cm?) Jexp (erg/cm?)

GMR (%) Thickness (A) reference

Co/Ru (hcp) - 5 (4.2 K)
- 0.5 (300 K)
- 4.5 (300 K)
95 -

6.5 3

0.1

[2] (multilayers)
4]
(11]
This work

Co/Rh (hcp) 38 -

This work

Co/Rh (fcc) 27 -
- 39
- 1.6

- This work
0.5 This work
- 7.9 7]
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Fig. 8. Variation in the energy difference between the fer-
romagnetic and antiferromagnetic state as a function of the
spacer layer thickness for a perfect CosRh,, superlattices.
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Fig. 9. Variation in the measured saturation magnetisation
per unit surface of Co, Mstco, with Co layer thickness tco
for mica/Rh (150 A)/ Co (t A)/Rh (50 A) Co single layers at
T =300 K.

layers. The interlayer coupling J deduced from AE =
J X M1 x M2/(M1 x M2) is calculated from the energy
difference AEp_arp = 2J (according to the definition of
J in Ref. [20], the energy difference per unit cell is 2.J
for one Rh layer and 4J for the total antiferromagnetic
cell). Figure 8 shows the variation of the exchange cou-
pling J as a function of the Rh spacer layer thickness in
the hep stacking while Table 1 gives the values of the ex-
change coupling for some specific fcc stacking structures.
To compare quantitatively the values obtained theoreti-
cally with the experimental data, we have expressed the

meV /(crystallographic cell) unit in erg/cm? [21]. The cal-
culated coupling shows an oscillatory behaviour with a
period of about 5 Rh monolayers and a first antiferromag-
netic maximum for 2 atomic layers of Rh (corresponding
to a 4 A Rh thick layer). The value obtained for the hcp
stacking for the CozRhy equal to 38 erg/cm? can be com-
pared directly to the value obtained for the fcc stacking for
the CosRhy (27 erg/cm?). This slight difference between
both values is due to (i) the structures, the stacking differs
from the ABAB... to the ABCAB... one while the atomic
planes are strictly the same, and also (i) to the variation
of the magnetic layer thickness from 3 to 5 cobalt atomic
planes [22-24]. The comparison between the experimen-
tal and theoretical values shows a very satisfactory agree-
ment. To our knowledge, first principles calculations have
always shown the coupling to be several orders of magni-
tude higher than measured in different multilayered sys-
tems, Fe/Cr [15,25-27], Co/Cu [28,22,29], Co/Ru [19,30,
31]. This striking agreement is certainly due to the fact
that for the first time a very strong coupling has been
found experimentally and can be attributed to the na-
ture of the magnetic/non-magnetic interfaces. This will
be discussed in the next part of the paper. Furthermore,
the theoretically predicted phase of the coupling agrees
well with the experimental one, particularly for the MBE-
grown samples. We have observed, experimentally, an an-
tiferromagnetic coupling for the thin Rh spacer layers (be-
tween 4.8 and 9.6 A), then a large remanence for the sam-
ple with 12 A Rh, indicating that this sample is mostly
ferromagnetically coupled and again an antiferromagnetic
coupling for thicker spacers. Thus, there is an experimen-
tal oscillatory exchange coupling with a period of about
10 A. The only difference with the theoretical behaviour
is the antiferromagnetic coupling for 9.6 A Rh, while a
ferromagnetic coupling is predicted for this thickness, in-
dicating that there is a slight shift of the phase (or period)
between the theory and the experiment.

3.1 Interfacial magnetic properties

Figure 9 shows the variation of the saturation magnetic
moment surface density of Co, Mstco, versus cobalt thick-
ness (tco) for mica/Rh (150 A) /Co (tco A) /Rh (50 A)
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single magnetic layers. The linear decrease in the magneti-
sation with decreasing tc, is expressed by a linear func-
tion which intercepts the abscissa at a thickness of 0 A Co.
This indicates that there is no reduction in the magnetisa-
tion for Co atoms located at the Co/Rh interfaces despite
the fact that the CoRh phase diagram is similar to that
for CoRu and hence mixing at the interfaces is expected.
This result suggests that intermixing is not incompatible
with the preserved Co moment even when Co atoms are
mixed with a large concentration of Rh at the interfaces.
To confirm this result, the magnetic moment profile was
determined from the previous calculations. The profile was
calculated for mixed interfaces and the moments deter-
mined self- consistently on each atomic site. The cell con-
tains 32 inequivalent atoms (4 atoms per in-plane cell) as
shown in Figure 10 and the band structure was computed
with approximately 300 k-points in the irreducible part
of the Brillouin zone. We estimate the accuracy on the
magnetic moment values to be better than 0.01 up [32].
To give a comparison with the experimental results, we
have used mixed interfaces on the basis of the linear pro-
file determined by NMR measurements on Co/Ru sand-
wiches [10] for the following structure (see Fig. 10):

00/00/00/000,75 Rh0_25/000,5Ro,5/COo,25Rho,75/Rh/Rh.

The same profile as the one determined experimentally
for the Co/Ru system [33] has been chosen because of
the possibility to make a direct comparison between both
systems (Co/Ru and Co/Rh) and of the simplicity of the
cell (a fcc Co/Rh stacking gives very similar results [34]).

The results of the calculations are shown in Figure 11,
which presents the evolution of the local magnetic moment
for all atoms in the stack as a function of their position.
The horizontal dashed line corresponds to the bulk Co
moment value. As can be seen in Figure 11, the Co mo-
ment value remains approximately the same (close to the
bulk value) even for the atomic layers with a large Rh
concentration (75 at% Rh) (between vertical lines 5 and 6
in Fig. 11). This result differs from the profile calculated
for the Co/Ru system, shown in Figure 11, for which the
Co moment decreases continuously as a function of the Ru
concentration and vanishes almost completely for high Ru
concentration (75 at% Ru) [12]. These results are in good
agreement with the experimental data discussed above
and confirm the compatibility between mixed interfaces
and preservation of the local magnetic moments. In addi-
tion, the Rh polarization is large (and positive): 0.65 up
for 25 at% Rh (between vertical lines 3 and 4 in Fig. 11)
and 0.25 pp for 75 at% Rh (between vertical lines 5 and 6
in Fig. 11). This is in good agrement with recent experi-
ments reported by Gallet et al. [35] in CoRh alloys which
have shown that Rh is strongly polarized with a magnetic
moment of 0.6 pp. Bliigel [36] has also shown the high de-
gree of polarization of Rh monolayers on Ag (001). Such a
high polarization of Rh atoms in our case finds its origin
in the proximity of the Co atoms with a conserved mo-
ment. Indeed, for pure Rh (or Ru) planes (between verti-
cal lines 6 and 7 in Fig. 11) there is no difference between
Rh and Ru moments, while for the next pure Rh (or Ru)
plane (between vertical lines 7 and 8 in Fig. 11) close to
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Fig. 10. Schematic view of the cell used for the magnetic pro-
file calculation which contains 32 inequivalent atoms. 4 atoms
per in-plane cell. Co atoms (full circles) and Rh (Ru) (dashed
circles).

the pure Co plane, the moment on the Rh atoms present
a large value 0.25 pp compared to 0 up on the Ru atoms.
These results enforce our hypothesis that the magnetic
nature of the magnetic/non-magnetic Co/Rh interfaces is
probably at the origin of the unexpected giant interlayer
exchange coupling strength observed for this system.

The results presented in the last sections have shown
that a giant antiferromagnetic coupling strength and pre-
served local magnetic moments near the magnetic/non-
magnetic interfaces are observed simultaneously in the
evaporated Co(32 A) /Rh(trn)/Co(32 A) sandwich. To
understand the origin of these effects and to discuss their
relation, we do a comprehensive comparison between the
Co/Rh and Co/Ru systems.

The high antiferromagnetic coupling strength in
sandwich and multilayer systems was first discovered
in Co/Ru multilayers (5 erg/cm?) [2] and sandwiches
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line corresponds to the bulk Co moment value.

(4.5 erg/cm?) [11]. These values are approximately 8 times
smaller than the value observed in Co/Rh sandwiches.
This large difference between both systems finds its origin
in the magnetic nature of the interfaces. Indeed, the ex-
perimental study of the Co/Ru sandwiches has shown that
the Co/Ru interfaces are intermixed along three mono-
layers. The calculation of the magnetisation with mixed
interfaces has shown that the Co moment for the Co
atoms located at the interfaces decreases continuously
with increasing the Ru concentration in the considered
layer and disappears completely for high Ru concentra-
tions (Fig. 11). This was in agreement with magnetisation
measurements which have shown that 2 A of Co are mag-
netically dead at each interface.

To understand the differences in the coupling observed
between the Co/Ru and the Co/Rh from an electronic
structure viewpoint, we have determined the density of
states (LDOS) for Co/Rh and Co/Ru sandwiches reported
in Figures 12 and 13 for mixed interfaces as described in
Figure 10. The comparison of Figures 12 and 13 shows
that several factors are at the origin of the differences in
the electronic structure of the considered interfaces. The
polarisation capability of the spacer element, the hybridi-
sation between Co and spacer material, the preservation
of the local magnetic moments, and the band matching of
the densities of states have all to be considered.

It is well-known that Rh has a higher magnetic suscep-
tibility than Ru. This is reflected in Figure 11 by a much
larger induced magnetic moment on the Rh site (0.65 up)
than on the Ru site (0.3 pp) in the first mixed layer (I)
with Cozse, (Ru or Rh),.e (between vertical lines 3 and 4
in Fig. 11). As a consequence, the magnetic Rh atoms

have a LDOS which presents a significant asymmetry in
the spin up and down bands and matches the Co densi-
ties of states better than for the case of Ru. Moreover, the
bulk bandwidth for Rh is smaller than for Ru, resulting in
a smaller enhancement of the bandwidth of the LDOS on
the intermixed Co sites. Consequently, the Co-Rh hybridi-
sation is qualitatively less destructive, from the view point
of the Stoner criterion, for the magnetism of the Co atoms
in the mixed zone than the Co-Ru hybridisation. Most of
the LDOS characteristics can be explained by these quali-
tative arguments. It is interesting to note that the minor-
ity bands are the most different between Ru and Rh, the
majority bands being very similar. When the first mixed
plane (Plane I, between vertical lines 3 and 4 in Fig. 11)
shows only slight differences, the LDOS on the second
plane (Plane II, between vertical lines 4 and 5 in Fig. 11)
with Cosgy, (Ru or Rh), 0, exhibits significant modifica-
tions in the electronic structure. The LDOS on the Co
sites in the mixed zone are less asymmetric for both spin
direction for Ru than for Rh: this is a direct consequence
of the destructive character of the Co/Ru hybridisation
for the Co magnetism. The differences in the LDOS are
found to be larger for the third mixed plane (Plane
ITI, between vertical lines 5 and 6 in Fig. 11) Coase
(Ru or Rh),5,,. Effectively, the Co atom is nearly non
magnetic when mixed with Ru and the spin up and down
LDOS are very similar whereas for the Co atom mixed
with Rh, the LDOS remains nearly unchanged as com-
pared to the other mixed planes. This is a consequence of
the preserved Co magnetism.

The coupling strength can also be qualitatively under-
stood in terms of preserved magnetism and higher spin
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Fig. 12. Density of states calculation for Co/Ru sand-
wiches using the following stacks: Co/Co/Co/Coo.75

Ruo.25/Coo.5 Ruo.5/Coo.25 Ruo 75 /Ru/Ru.

assymmetry of the reflections at the Co/Rh interface. All
theories agree to describe the interlayer exchange cou-
pling for large spacer thicknesses in terms of spin asym-
metric electronic confinement in the spacer layer [3,37].
The strength of the coupling is determined by the spin
asymmetry Ar = [rT —r¥]/2 of the electron wave function
reflection amplitudes at each potential step [38] (the elec-
trons of one spin type, the majority electrons of the Co are
more strongly reflected). In the preasymptotic regime and
in the case of a large polarisation of the spacer layer —
which is the case under consideration in this paper — band
matching between two bulk like wave functions cannot be
assumed because of the absence of bulk like states within
the spacer layer. However, the strength of the exchange
coupling can be explained with the same ingredients i.e.
in terms of quantum well states: the coupling strength is
related to the spin asymmetry of the scattering potential
steps AV = [§VT — §V+]/2, 6V* being the potential step
for the o spin direction. Consequently, even if the cou-
pling results from interference between different reflected
contributions, it is reasonable to assume that the coupling
gets stronger when |AV] is larger.

Each monolayer of the intermixed zone introduces sup-
plementary potential steps (PS) which can be defined as
PS1(X/Plane IIT), PS2(Plane III/Plane II), PS3(Plane
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II/Plane I) and PS4(Plane I/Co) with X= Ru or Rh.
These potential steps add spin independent (via the
average potential (§V) = (§VT + 6V+)/2) and spin de-
pendent (via AV) contributions to the confined wave
function. Within a tight binding approach, the poten-
tial V' can be evaluated for each intermixed plane by
VI(VY) = V(X) + z x V(Co) — (+)(J/2)(M), where x
is the Co concentration, (M) the average local magnetic
moment of the plane and J the effective exchange integral
(which is on the order of 1 eV). As a consequence, the spin
asymmetry of the potential step PSn is directly related to
the average local magnetic moment variation by:

AV = (J/2)((M)nt1 — (M))-

The calculations betray a much stronger polarization of
the Rh, and no loss in the cobalt magnetic moment thus
indicating the stronger impact of an asymmetry on the
electron confinement in the Co/Rh spacer. In contrast,
for the Co/Ru system, reflections at PS1 have no spin
asymmetry, are poorly spin asymmetric at PS2 and highly
spin asymmetric at PS3 and PS4, whereas for the Co/Rh
system, reflections at all potential steps are highly spin
asymmetric. Finally, since the reflections at PS2, PS3 and
PS4 occur on the transmitted fraction of the wave func-
tion, there is a significant reduction of the contributions
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to the exchange coupling coming from PSn + 1 as com-
pared to PSn. Consequently, the coupling strength is en-
hanced when highly spin asymmetric reflections occur at
the potential step PSn with the lowest index n as obtained
for Co/Rh. This is not the case for Co/Ru where PS1
adds mainly a spin independent contribution to the con-
finement and affects only slightly the coupling strength.

All these theoretical considerations give strong support
to the observation of a much stronger coupling strength
in Co/Rh than in Co/Ru, the differences being due to a
larger spin asymmetry in the scattering potential steps at
the strongest contributing planes of the intermixed inter-
faces.

3.2 Magnetoresistance

Another signature of this effect is evidenced on the gi-
ant magnetoresistance results presented in Figure 14. This
shows that the oscillations are similar to those for the cou-
pling strength, deduced from the magnetisation curves.
The second maximum shows a very peculiar behaviour
with a large plateau of the MR values for Rh thicknesses
above 15 A, which is strikingly different from well defined
peaks observed in other systems [Fe/Cr, Co/Cu, Co/Ru].
However, this second maximum is better defined for the
MR than for interlayer coupling oscillations (Fig. 4). This
can be explained by the fact that, first the MR is sensitive
to relative orientations of the consecutive magnetic layers
more than to the strength of the exchange coupling: the
samples corresponding to the second peak present a well
defined 100% antiferromagnetic coupling (strong enough
to overcome the friction of the Co layers), which leads to
MR values close to the ones of the first peak. Second, the
good quality of the magnetic interfaces gives rise to an
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homogeneous magnetic orientation in the Co layers, even
if the coupling is weaker, so the same MR value is reached
for sandwiches around the second peak, since these sam-
ples have the same percentage of antiparallel aligned
regions. This can also explain the decrease of the MR be-
low 8 A Rh for the evaporated samples while the exchange
coupling continues to increase strongly. Indeed as shown
in Figure 7, remanence starts to appear below 8 ARh,
which indicates that the fraction of the sandwich with an-
tiparallel magnetisation at zero field becomes smaller. The
MR for MBE grown samples is approximately three times
larger than for the sputtered samples which is evidence for
the difference in the Co/Rh interface morphology between
the two series and the difference of crystalline quality. On
the other hand, the MR observed for the two Co/Rh se-
ries are very small and do not exceed 0.6%. Such a small
GMR signal is not surprising since there is no asymmetry
in the diffusion coefficients between the spin-up and spin-
down: a = p*/p' is close to one for dilute Rh impurities
in Co [39].

In summary, we present a giant indirect antiferromag-
netic exchange coupling of 39 erg/cm? in fecc (111) epi-
taxial Co/Rh sandwiches which is ten times larger than
the value observed for polycrystalline Co/Rh sandwiches.
We explain this difference as being the consequence of
the interfacial magnetism. By using magnetisation mea-
surements and ab initio magnetisation calculations for the
Co/Rh sandwiches we have evidence for a correlation be-
tween the magnetic nature of the magnetic/non-magnetic
interface and the interlayer exchange coupling strength.
We have shown that the sharper the magnetic nature of
the interface is, the higher is the electronic confinement
in the spacer layer and, consequently, the larger is the
interlayer exchange coupling.

Parts of the ab initio calculations have been computed on the
CRAY C98 of the Institut du Développement et des Ressources
en Informatique Scientifique of the CNRS. This work was sup-
ported by the European Brite-Euram programme.
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