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Abstract. By means of an electron beam deposition technique under ultrahigh vacuum,
Co/Au{001) superlattices were prepared on GaAs(001) substrates with a 500 A thick Au(001)
buffer layer. The superlattices were characterized by reflection high-enetgy electron diffraction
(ReEEED), and x-ray diffraction. We found that well defined single-crystalline Co/Au{001)
superlaftices can be obtained only for samples with Co layer thickness below about 10 A.
The results from x-ray diffraction measurements indicate a slightly strained BCC structure for Co
layers with the lattice constants all =2.88 = 0.01 A in the film plane and ol =278 £0.02 A
along the growth direction.

1. Introduction

The molecular beam epitaxy technique has been widely used to grow new phases of materials
which do not exist in nature [1-4]. Since the pioneering work by Prinz [1] on the epitaxial
growth of metastable BCC Co on GaAs(110) substrates, many studies to characterize the
structure and the magnetic properties of BCC Co have been reported [5-7]. The magnetic
moment per Co atom in a BCC lattice structure is theoretically predicted to be 1.68up
by Moruzzi et al [8]. However a value of 1.53up was obtained from experiment [1].
Later investigations by means of x-ray and polarized neutron reflection have displayed a
distribution of Co magnetic moment as a function of the position of Co atoms along the
growth direction [6]. It was pointed out that the imperfect crystalline quality of the Co layer
and a chemical reaction between the Co and substrate were responsible for the discrepancy
between experiments and caiculations [6]. We note that besides GaAs substrates, Au(001)
substrates can also be used to stabilize the metastable BCC Co phase. Thin films of BCC Fe
can be grown epitaxially on Au(001) layers due to the negligible misfit between BCC Fe and
FCC Au when Fe Bcc[100]{| Au Fcc[100] in the film plane [9]. According to the calculation
by Moruzzi et al [8], the lattice constant for BCC Co (ag, = 2.80 Ay is very near to that
for BCC Fe (ap. = 2.88 A), and the mismatch in the film plane between Co Bcc[110] and
Au Fcc(100] is 2.9% when Co BCC[110]||Au FCC[100]. Also, the binary phase diagram for
the Co—-Au system indicates that the two elements are almost insoluble in each other below
700 K and that there is no intermetallic compound between them [10]. Thus, chemical
reaction can be avoided when Co layers are epitaxially grown on Au layers. In this work,
we report the preparation and the structural characterization of the Co/Au(001) superlattices.
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2, Experimental details

The samples were prepared in an vltrahigh-vacuum chamber equipped with a reflection
high-energy electron diffraction (RHEED) apparatus. A substrate of GaAs(001) single crystal
was chemically etched in a solution composed of H:504, HyOs, and HaO (3:1:1) before
being transferred into the chamber. It was then heated to 300°C for 3 h under vacuum.
Prior to the deposition of the superlattices, an Au buffer layer of 500 A was deposited at a
substrate temperature of 200°C. The superlattices were prepared at a substrate temperature
of 50°C. The deposition rate for Au was about 0.3 A s™!, and that for Co was about
0.2 A s™1. Two series of samples were prepared. In the first series the Co layer thickness
Ige was kept at 9.4 A while the Au layer thickness fs, was varied by 1 A from 22 A to
28 A. In the second series ic, was varied from about 5 A to 19 A while f4, was held
constant at 28 A. These layer thicknesses for Co and Au are those calibrated with x-ray
diffraction measurements, which are described below. The number of Co/Au bilayers was
20 for all samples and a final 50 A thick Au cover layer was deposited for protection
against oxidation of the Co. The in sitw RHEED patterns were recorded on photographic
films during the sample preparation. Smail-angle, high-angle and off-axis x-ray diffraction
measurements were performed using a computer-controlled four-cirele x-ray diffractometer.
Cu Ko radiation (A = 1.542 A) from a rotating-anode source was used.

3. Results and discossion

3.1. RHEED observations

The orientation of the 500 A Au buffer layer deposited on the GaAs(001) single-crystal
substrate was determined from the RHEED observations and the high-angle x-ray diffraction
measurements. We found that Au[110]||GaAs[110], Au(001)||GaAs(001) for all samples.
This orientation is the same as that reported previously by Qkuyama [11] since we have
followed similar preparation conditions. The epitaxial growth of Co/Au{001) superiattices
has been investigated in sifu by RHEED cbservations. Figure 1 shows the RHEED patterns
taken after the depositions of the Au buffer layer and the various Co laver thicknesses
indicated in the figure caption. The sharp streak pattern observed from the 500 A Au buffer
layer indicates good crystalline quality. Streak features with the same spacing as that of
the Au buffer layer were observed after the deposition of Co layers. The RHEED patterns
became gradually blurred with the continuous deposition of Co, but their distinct features
indicate that the Co grows epitaxially up to the thickest Co layer (z¢, = 24 A) we have
deposited in this work.

3.2. Small- and high-angle x-ray diffraction measurements

Small-angle and high-angle 8-26 x-ray diffraction profiles were measured for each sampie.
Figure 2 shows the small-angle x-ray diffraction patterns for three sampies in the first series,
with 40 = 22 A, 25 A, 28 A and ro, = 9.4 A. Bragg peaks up to a very high order were
observed. We conciude that the interdiffusion at the interface of Co and Au is very limited,
since its presence would cause a fast decrease of higher-order Bragg peaks. In order to
avoid the refraction effect on the Bragg peak positions, only Bragg peaks above 6° were
used to determine the actual modulation wavelength A in each superiattice. Figure 3 is the
plot of the observed modulation wavelength A versus the designed Au layer thickness 2.
The straight line in the figure is the least-squares-fitted result. The slope of this line is 1.00,
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Figure 1. ruird patierns recorded with the incident elcetron beam along GaAs[110] for Co
layers deposited on a 500 A Au buffer Jayer: (a) rc, = 0.0 Ay D) tog =47 A (c) tee = 9.4 A;
(d) 100 = 14.1 A; (e) teco = 18.8 A; (f) feo = 23.5 A.

indicating excellent agreement of the actual 14, with the designed ones. The intercept on the
A axis gives the Co layer thickness in each sample, which is equal to 9.40 £ 0.05 A. This
value is used to estimate the lattice spacing along the growth direction. Non-monotonic
changes in the peak intensity were observed in the small-angle x-ray diffraction patterns
shown in figure 2. They indicate that the layer thickness ratios of Co to Au agree well
with the designed ones. According to a step-model calculation [12], the (m + 1)th Bragg
diffraction peak would become extinct when the layer thickness ratio of two constituents is
m:1orl:m. For asample with 5, = 28 A, the designed layer thickness ratio of Au to
Co is 2.98 : 1, very close to 3 : 1. Therefore, in the observed small-angle x-ray diffraction
pattern for this sample, the fourth peak is very weak. The high-angle x-ray diffraction
patterns for all these samples show many satellite peaks around the Au(002) reflection. One
of these patterns measured for the sample with 55, = 28 A is shown in figure 4.

Figure 4 shows observed x-ray diffraction patterns for the four samples in the second
series with 10, = 4.7 A, 9.4 A, 14.1 A, 188 A and taw = 28 A. Sharp diffraction peaks
in the small-angle range were observed for all the samples. However, the high-angle x-ray
diffraction patterns display remarkable variations with increase of fc,. For samples with
thicker Co layers, the satellite peaks are broadened. The satellite peak intensities decreased
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Figure 2. Small-angle x-ray diffraction patterns plotted on a loga- Figure 3. The observed medulation
rithmic scale for [Co(9.4 A)/Au(22 A)la, [Co(9.4 A)/Au(25 Alay,  wavelength A plotted versus the designed
and [Co{9.4 A)/An(28 A)]m The Au layer thicknesses za, are  Au layer thickness £4,. The straight line
shown in the figure. is the least-squares-fitted result.

drastically for the sample with o, = 14.1 A, and almost disappeared for the sample with
tco = 18.8 A. Since the x-ray diffraction pattern in the small-angle range originated mainly
from the composition modulation along the growth direction, the x-ray diffraction patterns
in figure 4 indicate that the designed multilayered structures were fabricated. However, in
the high-angle range, with increase of ic, the broadening in peak width and the decrease
in peak intensity mean that the structural coherence deteriorated because of the increase
of roughness, especially the continuous fluctuation in lattice spacing as has been pointed
out in the literature [13]. Therefore, the above results indicate that the well defined single-
crystalline Co/Au{001) superlattices can be cobtained only for ¢, below about 10 A,

3.3. Measurements of in-plane lattice constants

Estimation of the in-plane lattice constants of both Au and Co layers from x-ray diffraction
measurements is very important to understand the structure of superlattices. However,
because of the strong x-ray absorption due to the thick GaAs substrate, it was difficult to
measure the in-plane lattice constants in the transmitting geometry. Instead, we performed
off-axis x-ray scans to determine the in-phase lattice constants. In the off-axis x-ray
diffraction measurements, the diffracted x-ray intensities were recorded versus @y and @,
instead of 26 as in the conventional measurements. Here (, is defined as the scaitering
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Figure 4, X-ray diffraction patterns plotted on a logarithmic scale for [Co(4.7 A) fAu(28 AYlz0,
[Co(9.4 A)/Au(28 A)lap, and [Co(14.1 A)/An(28 A)lu, and [Co(18.8 A)/Au(28 A)]zp. The
Co layer thicknesses 7, are shown in the figure.

vector component directed perpendicular to the film plane and @, the in-plane component
adjusted to be parallel to the Au[110] direction. The off-axis-scan technique has been used
to evaluate lattice strains and characterize the three-dimensional structures of superlattice
films, such as the FCC/HCP stacking disorder for superiattices [14-18]. A detailed description
of the off-axis geometry used in this study can be found elsewhere [19]. Several {;-scan
profiles were measured around the FCC 113 reciprocal point. By contour plotting these
@, scans at different Q;, the in-plane lattice constants for both layers can be determined
from the positions of superlattice peaks on the O, axis. Figure 5 shows the logarithmic
contour plots for three samples with 75, = 22 A, 25 A, and 28 A, A very strong
diffraction peak of the FcC 113 reflection from the Auw buffer layer was observed at its

bulk position (@, = 2.180 £ 0.005 ﬁ—l, 0, = 4.620 + 0.005 A_l), insuring the precision
of the measurements. The peak positions of superlattice reflections along @, are indicated
by the vertical broken lines in each plot. They are the same for all of these samples
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(@, = 2.1800.005 45:1) and are coincident with that of the Au buffer layer. This is in good
agreement with our RHEED observations. Therefore, from this Qx peak value, the in-plane
lattice constants for Co layers and Au layers are determined as df\ = dCO =2.88£001 A
It is obvious that the result for Au is the d 110 (2,88 A) of Fce bulk Au, while that for Co is
much closer to 4'% (2.80 A) of BCC Co than to 4" (2.50 A) of FcC Co. So the observed
in-plane lattice constant indicates a BCC structure for Co layers.
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Figure 5. Logarithmic contour plots of the off-axis x-ray diffraction measurements around the
Au and Co/Au(113) reflection for (a) [Co(9.4 A)/Au(22 A)lae; (6) [Co(9.4 Ay/Au(2S Alng;
and (¢} [Co{9.4 ;\)/Au(ZS A)lao. The vertical broken lines indicate the O, value at peak

positions. Peaks at {0, 0;) = (2.18 A™',4.62 A™") are Au(113) peaks from bufTer layers and
the other peaks are from the Co/Au(001) superlattices.

3.4. Estimate of lattice spacings in the growth direction

In this section, we describe the estimate of the lattice spacings along the growth direction
for the Co and Au layers. The lattice constant of Co layers along the growth direction
can be obtained by analysing the fundamental reflection peak positions in 6-26 x-ray
diffraction patterns for the first series of samples. As from a theoretical analysis [20,21],
the fundamental reflection in a usual 6-26 x-ray diffraction pattern gives the average lattice
spacing of the two constituents, that is:

do = (Rauda + ncadel}/(nay + nco) (1)

where nay, Re, represent the average numbers of atomic planes contained in one Au layer
and one Co layer and dﬁ,‘u , d2 the lattice spacings in each layer, respectively. Since

= (Randi? + noodll), tay = Ravdsel, and fo = noedie?, we therefore obtain a very
simple expression for A/dp:

Afdo = (naw + nce) = (tan/dWE + teo /de? 2)
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Therefore, if 4222 and dy are assumed to be sample independent, which is reasonable
here since i¢, has been kept constant and ¢, is very thick, then a plot of A/dy versus t4y
should be a straight line. The lattice spacing along the growth direction for the Au layer
can be obtained from the slope 1/d3" and that for the Co layer can be determined from the
intercept f¢o /n:ig((),2 on the A /dy axis with the fc, value determined as discussed in section 3.2.
Before performing this analysis, it is necessary to index the fundamental reflection peak.
This is not straightforward in this case since the lattice spacings are unknown parameters to
be determined. In order to uniquely determine the fundamental reflection peak, diffraction-
peak positions in the x-ray diffraction patterns measured along Q; at O, = 0.0 A7 {which
is the same as a 28 scan) were compared with those measured at Q, = 2.180 A-l. Each
pattern has a fundamental diffraction peak. The Q, value of the Co/Au(002}; fundamental
peak is related to the Co/Au(113) fundamental peak by a factor of 1.5 because of the
relation d% = 1.54%3. Figure 6 shows an example of the two diffraction patterns measured
for the sample [Co(9.4 A)/Au(?.S A)]zg. In this figure, the Au(002) and Au(113) peaks
from the buffer layer and the Co/Au(002)g and Co/Au(113)p fundamental peaks as well as
other satellite peaks from the superlattice are indicated. Having determined the fundamental
reflection peaks, we obtained dy values from these fundamental peaks for each sample plotied
A/dy versus 75, as shown in figure 7. The lattice spacing da.- along the growth direction for
the Au layer is evaluated from the slope of the straight line, and it is dﬁz =2.03£0.01 A (or
aj;u = 4.06 A), which is reasonable compared to its bulk value (g = 4,08 A). Besides, from
the intercept on the dy axis of the least-squares-fitted straight line in the figure, the lattice
spacing along the growth direction for the Co layers is found to be 422 = 1.39 £ 0.01 A
(or at =2.78 A). As d%%2 for rcc Co is 1.77 A but 1.40 A for B Co, the lattice constant
along the growth direction also indicates a BCC structare for Co layers.

Table 1. Structural parameters obtained from the profile-fitting method. For the meaning of
each parameter, see the text.

Sample
Parameters  (g) [Co(9.4 A)/Au(2Z Adlop () [Co(0.4 Ay/Au(S Al (o) [Co@.4 A)/Au(28 Al
Ath) 314 34.5 375
a2 (A) 2.03 2.03 2.04
d%2 (A) 1.38 1.38 1.39
tau (&) 220 250 280
tcp (A) 9,28 9,28 9.27
Alan (A) 1.52 1.40 141
Bicy (A) 0.93 0.60 0.66
Ryg® (%) 14 18 17

* Rigg = ¥ 1oglleu(91)] — 10g[Zabs (@11 T l0g[Fobs (21)].

The lattice spacings along the growth direction for Co and Au layers have also been
estimated using a computer fitting method developed by Nakayama et af [19]. Structurak
parameters such as layer thicknesses 74, and fc,, lattice spacings d30* and 427, the number
N of coherent unit layers and the fluctuations Azay, Afc, in layer thicknesses for the
superlattice and the buffer layer were determined from fitting the #-26 x-ray diffraction
profiles measured for each sample. In the fitting procedure (1) the variations in the
composition and the lattice spacing along the growth direction were approximated to vary
stepwise at interfaces (step model); (2) a discrete Gaussian fluctuation in the number of



6522 Lignjun Wu et al

[y
- g @
E AT ¢
; ; 3
g ' 2
t T ' 8 ":
n
g F 9 by I
E p
=z
| ] i 1 l ! | 1
2.8 3.2 3.6 4.0
F o
[ = (b)
—— E =1
T E <
o
gL &
. E e ®
o E 2
S % o
e Mo S
2 r \ i 3
w - -
E +
£ VAW P
3 Dati SE_ W
E 1 ! | ) | ! .
4.8 5.2 5.6 6.0
Qz(A™)

Figure 6. X-ray diffraction patterns for [Co(9.4 A)/ Au(28 Dg: (2) O, scan at 0, = 0,
which is the same as the ordinary 6-26 scan; (b} @, scan at @, =2.180 AT

atomic planes was assumed; (3) the atomic number densities o,y and ag, in the film plane for

both constituents were set equal (oay, = ogq = 0.120 13,-2) according to RHEED observation
and off-axis x-ray diffraction measurements; and (4) the profile shape was assumed to
be of modified Lorentzian type (L(@}"), where o was fixed to be 2.0. A more detailed
description of the fitting method has been presented in [19]. Figure 8 shows the observed
and fitted profiles for three samples: [Co(9.4 A)/Au(22 A)la, [Co(9.4 A)/Au(25 AYly,
and [Co{9.4 A)/AU(ZS A)]zo. The final parameters from the fitting are summarized in
table 1. The layer thicknesses for both constituents as determined in section 3.1 were
reproduced. The lattice spacings for the Co and Au layers obtained from this profile-fitting
method are d22% = 1.384-0.01 A and d3%? = 2.04::0.01 A, respectively, which are in good
agreement with those obtained in our analysis of average lattice spacing described earlier in
this section. The Rjo; factor listed in table 1 provides a numerical estimate of the reliability
for the present fitting method. Similar Ry, values to that presented in [19] are achieved.
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Figure 8 Measured {O) and fied (——) #-2¢ x-ray diffiaction
profiles in the high-angle range for (a) [Co(9.4 A)/An2 A)]gg,
(b) [Co(9.4 A}/ Au(25 Ay, and (c} [Co(9.4 A)/Au(28 A, They are
plotted on a logarithmic seale. The profile-fitting procedure is described

and the slope of the straight line is  in the text.

equal to the reciprocal value of the
lattice constant £3-2 for the Au layers
along the growth direction.

3.5. Structural aspects of Co layers

The present x-ray diffraction measurements indicate that the lattice constants for the Au
layers in the superlattices (4110 = 2.88+:0.01 A, 3% = 2.03+0.01 A) are nearly the same
as butk ones. This observation is reasonable since the layer thickness of Au layers was
always much thicker than that of the Co layers in the Co/Au(001} superlattices. The results
for Co layers show a small difference between the in-plane lattice constant and that along
the growth direction (), =2.88£0.01 A, at = 2.78+0.02 A). As has been pointed out
in section 3.4, these lattice constants indicate a BCC structure for the Co layers rather than
an FCC structure. The ratio of these two lattice constants, which is aéo/a(":o = 0.965, also
shows that the Co layers in Co/Au(001) superlattices have been grown in a slightly strained
BCC structure. Comparing with the theoretical lattice constant for BCC Co presented in [8],
these Co layers are expanded by 2.9% in the film plane and contracted by 0.7% along the
growth direction of the film. The epitaxial orientation relation between BCC Co and FCC Au
layers was Co{002)]|Au(002) along the growth direction and Co[100][{Au[110] in the film
plane, which is the same as reported between BCC Fe and FCC Au [9, 11].
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4. Summary

We have prepared epitaxial Co/Au(00!) superlattices with high crystalline quality on
GaAs(001) single-crystal substrates. From the x-ray diffraction measurements and RHEED
observations we found that well defined single-crystalline Co/Au(001) superiattices can
be obtained only for s, below about 10 A. We succeeded in determining the lattice
constants, both in the film plane and along the growth direction, for Co layers in Co/Au(001)
superlattices. Measurements of the magnetization and magnetoresistance effect of the
Co/Au((01) superlattices are under way and will be reported in a separate paper.
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