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Abstract. The results of i siru reflection high-enesgy electron diffraction, x-ray diffraction,
ransmission electron microscopy and magnetization measurements of Ag/Cr metallic
superiattices (with a few monolayers of Cr) are presented. The superiattice structure is
confirmed even in the superlatiice with one monoiayer of Cr. Tt is found from simulations
of the observed x-ray diffraction profiles that dramatic changes in the interplanar distances
of Ag and Cr take place as 2 function of the rumber of Cr monolayers in a perjod. The
interplanar distance of Ag contracts, whilst, on the contrary, the interplanar distance of
Cr is stretched; for the superlattice which includes two monolayers of Cr it is streiched
by up to about 109, Magnetization measurements show that the magnetization per Cr
atom at 5 K with an applied field of 5 T is at 2 maximum for two monolayers of Cr.

1. Introduction

In recent years, the novel magnetic properties predicted for ultra-thin layers of epi-
taxial 3d transition metals have received considerable attention. The enhanced and
induced magnetic moments predicted theoretically are generally caused by the reduc-
tion of atomic coodination numbers {1-10].

Cr is one of the 3d transition metals and it is interesting because of its half-filled
3d shell. The magnetic configuration of the bulk Cr shows an incommensurate spin-
density wave with a magnetic moment per atom of (.6uy [11-14]. Early experiments
show that antiferromagnetism of bulk Cr can change drastically in thin films and
fine particles [15-17). For example Matsuo and Nishida [17] reported that single
crystal particles of diameter 380-750 A with a BCC structure showed a new magnetic
transition with an ordering temperature of about 800 K. These results indicate that
the anomalous behaviour should be associated with the surface. Some theories were
proposed to explain these experimental results [18-22]. Teracka and Kanamori [18]
have claimed that surfaces can induce a new type of ordered magnetic structures
in transition metals with a nearly half-filled d band like Cr. The idea is that for
these metals the local density of states of surface atoms at the Fermi energy can be
enhanced by band narrowing caused by a decrease in the number of neighbouring
atoms and a transition into a more energetically stable magnetic structure occurs.

Recently, owing to new experimental developments [23-28] in the preparation and
characterization of artificial materials, such as thin films, sandwiches and modulated
structures, and to advances in sophisticated theoretical approaches [1-10], a number
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of studies have been made on the ultrathin Cr films [3, 5, 6, 8-10, 29-37]. The self-
consistent, spin-polarized calculations predict that the size of the magnetic moment
will be enhanced by as much as 500% with respect to the bulk value in a Cr monolayer
on a poble metal substrate [3, 5, 6, 8-10]. These results are expiained in terms of
band narrowing, as mentioned above. As for the magnetic configuration of a Cr
monolayer, Bligel et a! [5, 6] concluded that a ¢(2x2) antiferromagnetic configuration
is energetically more stable than a p(1 x 1) ferromagnetic structure. According to
their explanations the antiferromagnetic coupling of Cr seems to be a general trend.

Experimentally, Zajac et al [34] estimated the magnetic moment of Cr atoms
at a Cr/Au(100) interface to be 2.4ug from their UPS spectra, On the other hand,
Hanf et al [35] find large surface moments of about Suy for up to three monoilayers
of Cr on Au(100). The experimental results for the magnetic configurations are
rather controversial. Johnson et al [29] have performed polarized neutron reflection
measurements for Ag/Cr/Ag(001) structures. For a Cr layer equivalent to the coverage
of (.33 of a monolayer, the data suggest the existence of long-range ferromagnetic
order with an enhanced magnetic moment. For a layer which is 3.3 monolayers thick,
no ferromagnetism was detected. Krembel et a! [30] have performed angle-resolved
photoemission measurements for a Cr monolayer on an Ag(100} surface and shown
that it has a ¢(2 x 2) antiferromagnetic configuration.

In the present paper we report the structural and magnetic properties of Ag/Cr
superlattices with a few monolayers of Cr. They were fabricated by the molecular
beam epitaxy (MBE) method. The structures were investigated by in situ reflection
high-energy electron diffraction (RHEED), x-ray diffraction and transmission electron
microscopy (TEM). The magnetization was measured by a SQUID magnetometer.

The Au(001) and Ag(001) surfaces are expected to be good substrates for the
epitaxial growth of BCC Cr because the atomic positions of the (001) plane of Bcc
Cr are almost identical to that of a (001) plane of FcC Ag and the lattice mismatch
is small (~ 0.2%). It is reported that alloying takes place at the interface in the case
of the Au(001) substrate, but that no alloying takes place for the Ag(001) substrate
[31, 32]. Thus the effect of interdiffusion can be removed for Ag/Cr superlattices and
the intrinsic property of the Cr layer is expected to be emphasized.

2. Experimentai details

The Ag/Cr superlattices were prepared by MBE. The residual gas pressure in the
chamber prior to deposition was about 8 x 10~!° Torr and the pressure during
deposition was 1 x 10~° Torr. The thickness of the films and the deposition rates of
Ag and Cr were measured with two quartz crysta! thickness monitors. The mechanical
shutters for the alternate deposition of Ag and Cr were driven using these monitors.
The deposition rates of Ag and Cr were about 0.3 and 0.2 A s~', respectively.

The (001) surface of a cleaved MgO single crystal was used as a substrate. The
substrates were held on an Mo plate whose temperature was controlled by a W:Re
thermocouple and a Ta heater. The substrate was cleaned at 1023 K before deposition.
The first Ag layer was deposited on the substrate at 1023 K to achieve good crystalline
order and the following deposition of the superlattice was started after cooling the
substrate to 373 K. The thickness of the Ag layer in a period was fixed at ten
monolayers and that of Cr was changed in the range of one to twelve monolayers.
The overall thickness of the superlattice was taken to 1000-2000 A.
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The structure of the superlattice was investigated by RHEED during deposition,
x-ray diffraction and TEM. The x-ray diffraction measurements were made using 6 —28
diffraction with Cu Ke radiation. The instrumental resolution was estimated to be
A = 0.01°. The measurements were performed with the scattering vector normal to
the film plane for all superlattices. We have also measured the x-ray diffraction profile
for some samples with its scattering vector not perpendicular to the film plane. The
in-plane magnetization of the superlattice was measured using a SQUID magnetometer
in the temperature range 5-30 K The temperature dependence of the magnetization
was measured with the applied fields kept at 5T

3. Results and discussion

3.1, Sitructure

The RHEED patterns during deposition are shown in figure 1. Figure 1(a) is the
pattern of the MgO(001) surface before deposition. The incident direction of the
electron beam is along MgO [110}. The streaks observed indicate a flat single-crystal
surface. Figure 1(b) is the pattern after the deposition of ten monolayers of Ag and
it is almost the same as that of the MgO(001) surface. This shows that the Ag layer
has grown epitaxially with the same crystallographic orientation as MgO.

Figures 1(c) and (d) are the patterns after the deposition of one monclayer and
three monolayers of Cr, respectively. The incident direction of the electron beam is
along MgQO[110]. The pattern becomes rather spotty which indicates that the surface
of Cr is rougher than that of Ag (figure 1(b), (f) and (g)). However, the streaks
still exist and Cr has grown epitaxially on Ag. The intervals of the streaks do not
change and those of diffraction spots in the streak direction are stretched by up to
about 40%. This suggests that the atomic positions in the Ag and Cr surfaces are
the same and the interplanar distance of Ag is about 40% larger than that of Cr.
This corresponds to the difference in the interplanar distance of the (001) planes of
bulk Ag (2.08 A) and bulk Cr (1.44 A). The patterns after the deposition of four
monolayers of Cr with the electron beam incident along the MgO[100] direction are
also shown in figure 1(e). From these three figures, it is concluded that the Cr layer
has a BCC structure with its (001) plane parallel to the film plane.

Figures 1{f) and (g) are the patterns of the uppermost Ag layer with the electron
beam incident along the MgO[110] and [100] directions, respectively. Although the
patterns are rather diffusive compared to the first layer of Ag, the streaks still exist.
From these patterns, it is clear that the Ag layer has an FCC structure with its (001)
plane parallel to the film plane,

In conclusion the ir sifu RHEED measurements show that the structures of the Ag
and Cr layers are FCC and BCC, respectively, and that both elements have preferential
growth along the [001] direction, as expected. The observed epitaxial relationships
are as follows,

MgO(001)[[Ag(001)[|Cr(001) @
MgO[100]||Ag[100][Cr[110] @

which are shown schematically in figure 2.
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Figure 1. 'The RHEED patterns during deposition.
The incident direction of the elecltron beam is (g)-
(d), (f) along MgO[110] and (), (g) along MgO[100j.
MgC(001) surface (a) before deposition; (b) after the
deposition of ten monolayers of Ag; (¢) after the depo-
sition of one monolayer of Cr; (d) after the depostion
of three monolayers of Cr; (¢) after the deposition of
four monolayers of Cr; and {f), (g) the uppermost Ag

layer.
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Figure 2. The schematic illustration of an Ag/Cr interface.

The x-ray diffraction profiles in the low-angle region for [Ag(10 ML)/Cr(1 ML)}, 40
and [Ag(10 ML)/Cr(6 ML)];; are shown in figure 3. Even in the case of one mono-
layer of Cr, four distinct peaks are observed in the low-angle region which shows
that the superlattice structure is realized. The corresponding x-ray diffraction pro-
files in the high-angle region are shown in figure 4 for the same samples. For
[Ag(10 MLYCr(1 ML)],,, six satellite peaks are observed around the main peak,
which suggests that the fluctuation of the modulation wavelength is relatively small.
For [Ag(10 ML)/Cr(6 ML)],, the satellite peaks appeared around the values of 20
which correspond almost to the interplanar distance of the (001) planes of bulk Ag
and bulk Cr and confirms relationship (1).

5| | [AgioML/CriML) | 5| [[Ag1OML/CroML]
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Figure 3. Measured x-ray diffraction profiles in the low-angle region of (a)
[Ag(10 MLY/Cr(1 MLY100 and (P) [Ap{10 MLY/Cr(6 ML)]s7. The calculated profile (broken
curve) is also shown for [Ag(10 ML)/Cr(1 ML)]100.

We have estimated the interplanar distance of Ag and Cr from the observed x-
ray diffraction profiles. The x-ray diffraction patterns were simulated using a model
proposed by J-P Locquet et al [38] which takes into account the disorders due to
discrete fluctvations in the number of atomic planes in each layer and continuous
fluctuations of the interplanar distance, both of which have Gaussian-type distribution.
We have fitted the high-angle spectra for all samples. Actually, we have considered
only the discrete fluctvations in the simulations to fit the full width at half maximum
of the main peak and assumed that the width of the fluctuations of Ag and Cr are
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Figure 4. Measured (full curve) and caleulated (broken curve) x-ray diffraction profiles
in the high-angle region of (2) [Ag(10 MLYCr(1 ML)]1co and (b) [Ag(10 MLY/Cr{6 ML)]s7.

the same value. The superlattice peaks should appear at the following values of :

., f27%n  27p\ A
sin 8 = (T‘ T) 3 @)

where n and p are running integers, d is the average of the interplanar distance, A is
the modulation wavelength and A the wavelength of the x-rays, respectively. So the
knowledge of A and d obtained from the peak positions of the diffraction data give
us the following set of equations:

A= Nayduy + Nade, | @)
d=A/(Ny + Ng) (5)

where N,,(Ng) is the number of Ag(Cr) monolayers included in a period and
dag(de,) 5 the interplanar distance of Ag(Cr). We assume that the interplanar
distance (d,,) at the Ag/Cr interface is {d,, + d)/2, and that N,, = 10, which
is the value determined from the thlckness monitor during growth. So we have to
determine d,,, de, and the fluctuation of N,,(Ng,) to fit the observed profile. The
calculated profiles are shown in figure 4. Figure 5 shows the values obtained for the
mterplanar distance of Ag and Cr as a function of the number of Cr monolayers
involved in a period. The interplanar distance of Cr is stretched by up to about 10%
for two monolayers of Cr and it is almost identical to the bulk value for more than
five monolayers. On the contrary, the interplanar distance of Ag contracts and the
change is not as large as for Cr. These results are in good agreement with those
reported for Au/Cr superlattices [33]. Given the excellent Jattice matching between
Ag and Cr, these changes cannot be attributed to strains at the interfaces and might
be caused by the change in the electronic structure. _

To evalvate the validity of these results, we have fitted both the low-
angle and high-angle spectra for three samples [Ag(10 ML)/Cr(1 ML)); o0,
[Ag(10 MLYCr(2 MLY); o, and [Ap(10 MLYCr{(S ML)]jqp- In this case, d;, 18 also
considered as a fitting parameter. The results are shown in figure 3 and figure
5. Although the fitting, which considers only the high-angle spectra and assumes
dint = (dag + dey ) /2, Overestimates. dy, and underestimates d,,, the contraction of
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Figure 5. The interplanar distance of Ag (dag), Cr (doy) and the interface (dip) as a
function of Cr layer thickness obtained from the simulation (open circle, fitting without
low-angle spectra; full circle, fitting with low-angle spectra).

dag and expansion of d¢,, especially at two monolayers, seem to be correct results.
Although the value of dg, is also large for one monolayer, it is only meaningful for
Cr layers which include more than one monolayer of Cr which exist because of the
discrete fluctuations. )

To obtain the information about in-plane structure, we performed TEM and x-ray
diffraction with the scattering vector not normal to the film plane. Figure 6(z) shows
the cross-sectional view by TEM of the [Ag(10 ML)/Cr(1 ML)],q, superlattice. Even if
the thickness of the Cr layer is one monolayer, the superlattice structure is clearly
observed in the micrograph, as was indicated in the superlattice peaks of the x-ray
diffraction profile.

Figure 6(b) shows the diffraction spots from the [Ag(10 ML)/Cr(1 ML)],,, super-
lattice and the MgO substrate. The diffraction spots indicated by ‘Ag’ are those of
the superlattice. From the positions of the spots, the interatomic distance of the
superlattice in the film plane is about 3% smaller than that of MgO. This means
that Ag and Cr retain their bulk interatomic distance in the film plane and that the
superlattice has grown epitaxially, but not coherently, on the MgO substrate.

Figure 6(c) shows the diffraction spots from the [Ag(10 ML)/Cr(1 ML)],,, Super-
lattice alone. Since satellite peaks can be seen around each diffraction spot, the
crystalline order is good not only in the perpendicular direction but also in the in-
plane direction.

For some samples, we have performed x-ray diffraction measurements with the
scattering vectors not perpendicular to the film plane. Figure 7 shows the contour
plot of the diffraction intensity of the [Ag(10 ML)/Cr(12 ML)];, superlattice. Two
superlattice peaks can clearly be seen beside the MgOf111] peak, which also shows
that the structural order in the in-plane direction is satisfactory.

3.2. Magnetic properties

We have performed in-plane magnetization measurements on the superlattices with
less than six monolayers of Cr using a SQUID magnetometer. The applied fields
were 5 T at sample temperatures ranging from 5 to 30 K Because of the very small
magnetization of the superlattices, we had to subtract the magnetization of the MgO
substrate for each sample. Firstly, the total magnetization of the superlattice and
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Figure 6. (@) The cross-sectional view by
TEM of the [Ag(10 wmL)/Cr(1 ML)J10e superiat-
tice. (b) The electron diffraction spots from the
[Ag(10 mLY/Cr(1 ML)])100 superlattice and MgO sub-
strate. The diffraction spots indicated by ‘Ag’ are
those of the superlattice. (¢) The electron diffrac-
tion spots from the [Ag(10 ML)/Cr(1 ML)]100 super-
tel lattice.

the substrate was measured. Then we used aqua regia and nitric acid to remove the
superlattice from the substrate and measured the magnetization of the bare substrate
which was used to evaluate the net magnetization of the superlattice. The measured
magnetization of [Ag(10 ML)/Cr(2 ML)],o, With the substrate and that of the bare
substrate are shown in figure 8. As can be seen, the contribution from the superiattice
is small—the maximum value is of the order of 10~* emu. Figure 9 shows the
temperature dependence of the magnetization for each sample. We assumed that Ag
is not polarized and we used the Cr layer thickness evaluated from the x-ray diffraction
profiles, as explained in the previous section, to calculate the magnetization of Cr.
The error bars are evaluated from the difference of the two values of magnetization
measured at 30 K for [Ag(10 ML)/Cr(1 ML)},,,, which is the largest deviation we
observed. Though the error bars are rather large, it scems that the magnetizations of
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s ' dilfraction intensity with the scattering vectors
MgO [110] not perpendicular to the f{im planes for the

[Ag(10 MLY/Cr{l2 ML)]so superlattice.

the samples which include less than four monolayers of Cr increase at low temperature
and those of [Ag(10 ML)/Cr(4 ML)} ;4 and [Ag(10 ML)/Cr(5 ML)];q, are almost
constant at zero throughout the temperature range.
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Figore 8. The temperature dependence of the magnetization of (g) the
[Ag(1d ML)/Cr(2 M)li00 and MgO substrate and (b) the bare substrate.

We can see that the increase of the magnetization at low temperatures of
[Ag(10 ML)/Cr(2 ML)]yq is larger than those of [Ag(10 ML)/Cr(l ML)];,, and
[Ag(10 ML)/Cr(3 ML}],o,- We have plotted 1 /M (where M is magnetization) against
temperatore for [Ag(1G ML)/Cr(2 ML)], 4 the plot was reasonably linear. The de-
duced Curie constant leads to a value of about 1.2uy per Cr atom, which is nearly
twice the value of antiferromagnetic Cr ( 0.6up ), and a Néel temperature of about
2 K However, because of the large error bars this result should be taken as prelimi-
nary.

The origin of the smaller magnetization for a Cr monolayer than for two mono-
layers cannot be attributed to the difference of the magnetic moment per Cr atom
because the enhancement of the magnetic moment of ultrathin layers of 3d transition
metals is caused by the reduction of atomic coordination numbers. Therefore the
magnetic moment of the Cr atom in a monolayer should be larger than that of the Cr
atom in a double layer. The difference in the magnetization of these two superlattices
can be attributed to an antiferromagnetic configuration within a monolayer. The in-
crease of the magnetization of a Cr monolayer at low temperatures might be caused



5134 K Kyuno et al

= h I T S T T T T T T T

c [Ag1OML/Cr ML) (AgLOML/CroML)

= T

o — 20 . -~ H ‘ =

N e )

- p

&=

g‘ - {a) 15

= -75 [ T _ I T T PV |
50 UL B T™T—T 1 1 T

(AgLQML/Cr3ML] {Ag | OML/Cr ML)

_#HW{, ...... -

[c) (o}
_25 | 1 | t | )] . 1 1 t 1 | |
0 5 10,1520.29 30 33

Magnetization
EMU/Crlg
= ]
! 1
+——6—
+
-
=
"
——
-
-
%
— e
—_—
i

f ol 50 3 T 1 T L T TR T K o
° [AgIOML/CraML] Tempsrature (K)
w= O

SO I

P

53 0 -

[ 5]

o {e}

= TR W RS TR B | e n e

5
0 5181520253635
Temperature (K)
Figure 9. The temperature dependence of the magnetization for each superlattice: (2)
[Ag(10 MLYCr(1 ML)]s00, (5) [AS(IO MLYCH(2 ML))z00, (€) [AB(0 MLY/Cr(3 MLhoo, ()
{Ag(10 MLYCr(4 ML)]roo, (¢) [Ag(10 MLY/Cr(S ML)hoo-

by the disorder of the structure. The theoretical calculations suggest that for a Cr
monolayer on Ag(100), the ¢{2 x 2) antiferromagnetic configuration is energetically
more stable than the p(1 x 1) ferromagnetic configuration [5, 6]; these are consistent
with our resulis.

These results are contrary to the experimental data of Brodsky et af [37] for
Au/Cr/Au sandwiches. According to their report, a Cr monolayer gave a paramagnetic
susceptibility with a magnetic moment per atom ranging from 0.02 o 0.34uy, which
is larger than that of two monolayers. Oguchi and Freeman [10] calculated the
electronic structures of Au/Cr/Au sandwiches and concluded that the ferromagnetic
Cr monolayers couple antiferromagnetically and support the results of Brodsky ef al
[37] that the magnetization of a Cr monolayer is larger than two monolayers. Their
calculations assumed that a Cr monolayer is ferromagnetic, but, as mentioned above,
Bliigel et al [5, 6] also considered the antiferromagnetic configuration and concluded
that it is energetically more favourable than the ferromagnetic one. So, if a calculation
is made for two monolayers of Cr in which Cr is aligned antiferromagnetically within
a monolayer, then it might be possible to explain why the magnetization peaks at
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two monolayers and whether it has something to do with the dramatic change in the
interplanar distance of Cr.

For the samples with more than three monolayers of Cr, the magnetization de-
creases and it seems that the antiferromagnetic configuration of the bulk Cr has
already formed.

4. Conclusiens

We have studied the structures and magnetic properties of Ag/Cr metallic superlattices
by in sifu RHEED, x-ray diffraction, TEM and magnetization: measurements. The quality
of the superlattice structure is quite satisfactory, as expected. It is revealed from
the simulations of the x-ray diffraction profiles that the interplanar distance of Ag
contracts and that of Cr is stretched. Surprisingly the interplanar distance of a Cr
double layer is stretched by about 10%.

The magnetizations of the superlattices which include less than four monolayers of
Cr increase at low temperatures and are a maximum for two monolayers. From these
results we conclude that a Cr monolayer is antiferromagnetic. The superlattices which
include more than three monolayers of Cr are not magnetized at low temperature
and it seems that the antiferromagnetic structure of the bulk has already formed at
this thickness.
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