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Temperature-dependent growth and structure of Cr deposited on Co„0001…
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The growth and structure of ultrathin Cr films deposited on a Co~0001! single crystal are investigated for
substrate temperatures ranging from 300 to 500 K by means of Auger electron spectroscopy, low-energy
electron diffraction, and photoemission. Below 410 K, the interface is sharp and the Cr layers are in a
Nishiyama-Wassermann-type epitaxy. Above 410 K, Cr grows pseudomorphically up to about one monolayer
and then the structure turns to a Kurdjumov-Sachs orientation. For a growth temperature below 440 K uniaxial
disorder appears when increasing the film thickness.@S0163-1829~97!06744-1#
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I. INTRODUCTION

Cobalt-chromium multilayers have been extensively st
ied in several crystallographic orientations first because
their magnetic anisotropy and magnetoresistance proper
and second because of the possibility of stabilizing crys
lographic phases.1–4 Since the magnetic properties of mult
layers are strongly dependent on the sharpness of the i
face, the growth mode, and the crystallographic structure
is interesting to compare systems built on various types
substrates and to determine their respective magnetic p
erties. Slightly different substrates can lead to very differ
growth modes or structures. For example, in molecu
beam-epitaxy– ~MBE-! Co-Cr multilayers on mica and
GaAs substrates giving hexagonal Co layers, it has b
shown that a structural transition occurs between 2 and
from a pseudomorphic growth of Cr towards bo
Nishiyama-Wassermann and Kurdjumov-Sac
orientations.3,4 On the other hand, pseudomorphic Cr laye
have been observed up to nearly 18 Å on thick Co lay
deposited on W~110!.5

In this paper we analyze the growth of ultrathin Cr film
deposited directly on a Co~0001! single crystal at tempera
tures between 300 and 500 K. The growth mode and
structure of the interface are investigated by means of Au
electron spectroscopy~AES!, low-energy electron diffraction
~LEED!, and x-ray-photoemission spectroscopy~XPS!.

II. EXPERIMENT

The growth and the structural studies were performed
an ultrahigh vacuum chamber~pressure in the low 10210 mb
range! equipped with a MAC2 Riber Auger analyzer and
Omicron reverse-view LEED optics. The Auger spectra w
monitored continuously during the Cr evaporation. Ad
tional XPS studies were performed in another chamb
equipped with a monochromatized Al x-ray source and
hemispherical analyzer. Temperatures were measured w
thermocouple pinned near the sample.

The Co single crystal was cleaned by argon-ion sputte
while annealing at 600 K and finally annealed at 650 K, to
560163-1829/97/56~20!/13490~6!/$10.00
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sure to avoid the martensitic transition of Co. A carbon- a
oxygen-free, well-ordered substrate can be obtained a
several cycles. The Cr was evaporated from a tungsten
ket containing high-purity polycrystalline chromium. Th
cleanliness of the substrate and Cr films was checked
AES or XPS. Several hours of outgassing were necessa
get carbide-free Cr layers. The thickness calibration w
done by measuring the attenuation of the AugerLMM tran-
sition on the films grown at room temperature as describe
Ref. 6 since these films show perfect exponential-sha
growth kinetics. The evaporation rate is estimated to ab
0.1060.03 Å/min. The inelastic mean free path chosen is
Å for the LMM transitions, compatible with Ref. 7.

More than ten samples were grown for various substr
temperatures in the 300–500-K range. Between 370 and
K, several samples were repeatedly grown in steps of ab
maximum 10 K.

III. RESULTS

Figure 1 shows several Auger growth kinetics record
for various substrate temperatures between 300 and 47
Two main growth regimes are observed: below 410 K@Figs.
1~a! and 1~b!#, the growth kinetics are exponentially shap
and upon increasing temperature, they deviate more
more from the exponential shape@Figs. 1~c! and 1~d!#.

A. Growth between 300 and 410 K

Up to 410 K@Figs. 1~a! and 1~b!#, the intensity of the Co
substrate AugerLMM transition decays exponentially wit
the deposited Cr amount and is nearly zero after about 3
Cr deposition~one monolayer having a thickness of appro
mately 2 Å!. The Cr Auger transition intensity increases co
versely. Such exponentially shaped growth kinetics are ch
acteristic of a sharp interface and a simultaneous la
growth mode, i.e., a mode where new layers start grow
while the previous ones are not completed.8,9 No clear
breaks, typical of a layer-by-layer growth, are observed
this temperature range. However, even at 370 K, the exp
13 490 © 1997 The American Physical Society
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56 13 491TEMPERATURE-DEPENDENT GROWTH AND STRUCTURE . . .
mental curves already start to deviate slightly from the c
culated ones. A limited interdiffusion is thus probably a
ready starting.

The LEED patterns show well-defined additional sp
around the main substrate spots, from submonolayer co
age up to at least 12 Å@Fig. 2~a!#. This pattern is typically
obtained for a bcc Cr~110! planar epitaxy on the Co~0001!
surface in one of the two possible Nishiyama-Wasserm
orientations (NWx) as demonstrated in Fig. 2~b!. The simu-
lated NWx pattern@Fig. 2~b!# results from the superimpos
tion of three equivalent bcc~110! domains: for one domain
the bcc@001̄# direction is parallel to the dense@101̄0# sub-
strate row, or equivalently, the bcc@1̄10# direction is parallel
to the hexagonal@123̄0# direction @Fig. 2~c!#. The two other
domains are deduced by a660° rotation of the previous one
Actually, three satellite spots should be observed in
LEED patterns for low coverage in the vicinity of a Co spo
In the case of Cr on Co~0001!, however, the third spot is
hidden by the main substrate spot. This means that the
lattice parameter is expanded by about 6% in the bcc@1̄10#
direction, whereas it remains unchanged in the@001̄# direc-
tion. Notice that in Fig. 2~c! the common origin of the Cr and
Co lattices is chosen arbitrarily at the intersection of
@1̄10# and @001̄# bcc directions. Due to the 6% expansion
the bcc lattice along@1̄10#, there is perfect matching in thi
direction, leading to the coincidence of the Co and Cr latt
points ~dark and gray circles! along the dashed@1̄10# direc-
tion and leading also to the typical alignment of the NWx

epitaxy in the perpendicular direction~but no coincidence
since there is no distortion of the Cr lattice along@001̄#!.

On further Co deposition, the LEED spots become p
gressively more elongated and the background gets brig
as can be seen in Fig. 2~d!. A careful look at the inner spot
shows tiny dark lines connecting the streaky spots togethe
form a hexagon.

I (V) LEED curves ~not shown here! of the specular
LEED reflection indicate a very slight increase of the int
layer spacing for the thinner Cr films with respect to t

FIG. 1. Cr and Co Auger transition intensities as a function
the evaporation time at~a! 300 K, ~b! 370 K, ~c! 420 K, and~d! 470
K. Full lines: simulated growth kinetics for a simultaneous lay
growth mode.
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thicker ones. The expansion is estimated to less than 1.5
though a simple kinematical approach cannot give a mo
precise value.

B. Growth between 410 and 470 K

The growth kinetics recorded for deposition on a substra
held at 420 K@Fig. 1~c!# deviate significantly from the ex-
ponential law of the simultaneous layer growth mode. Th
change is even more drastic at 470 K@Fig. 1~d!#. In this latter
case, we clearly see that after about 2 Å coverage the inten-
sity of the LMM Co ~Cr! Auger transition decreases~in-
creases! much more slowly. Since the growth is definitely
not layer by layer, nor simultaneous, the thickness no long
corresponds to the true film thickness but must be understo
as an equivalent thickness, i.e., as the amount of Cr th
would be deposited to obtain the same thickness in the ca
of a layer-by-layer growth mode. Even for a 50-Å equivalen
thickness, the low-energy AugerMVV transitions of Co are
still visible @Fig. 1~d!#. The growth mode thus evolves pro-
gressively from a simultaneous layer growth mode belo
410 K, to either a Stranski-Krastanov growth, or implies
diffuse interface formation.

Together with the growth mode, the structure observed b
LEED also changes. There is an abrupt structural transitio

f

r

FIG. 2. ~a! LEED pattern of a 6-Å Cr layer grown at 300 K
~energy 119 eV!; ~b! simulation of the NWx orientation ~6%
strained Cr layer in the@1̄10# direction!; black circles: Co spots;
gray circles: Cr spots.~c! Real-space lattice of Co~black circles!
and Cr~gray circles! for one Cr domain in the NWx orientation~6%
strained Cr layer in the@1̄10# direction!; ~d! LEED pattern for a
thick Cr film grown at 370 K~energy 100 eV! ~see also text!.
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13 492 56F. SCHEURERet al.
around 410 K in a temperature interval less than 10 K. B
low this temperature, the LEED pattern always shows
NW oriented layers, independently of the Cr thickness.
temperatures above 410 K, we observe a thickness de
dence of the LEED pattern. A~131! LEED pattern is ob-
served up to 2 or 3 Å, indicating a pseudomorphic grow
For thicker films, the LEED pattern changes and is typica
a Kurdjumov-Sachs~KS! orientation as can be seen in Fi
3~a!. The simulated pattern@Fig. 3~b!# is obtained by the
superimposition of six bcc~110! domains on a hexagona
surface. For one domain, the@1̄11̄# direction of the adsorbate
is parallel to the@112̄0# substrate direction@Fig. 3~c!#. This
type of orientation corresponds to a dense row matching,
therefore the bcc cell is rotated, compared to the NW ca
the bcc@001̄# and hcp@101̄0# directions make an angleu of
5.26°. The five other domains are deduced from the form
one by applying a mirror symmetry@the symmetry plane
being the hexagonal~11̄00! plane or the bcc~1̄12! plane# and
a 660° rotation. In Figs. 3~a! and 3~b! one can see five
satellite spots, all well separated from the main subst
spot. Actually, there are six satellites: the inner central sa
lite is composed of two perfectly superimposed spots occ
ring from two mirror domains. A precise image analysis
deed shows that the resulting spot is brighter than the o
satellite spots. There may be a slight expansion of the lat

FIG. 3. ~a! LEED pattern of a thick Cr layer grown at 470 K
~energy 70 eV!; ~b! simulation of the KS orientation~1% strained
Cr layer in the@1̄10# direction!; black circles: Co spots; gray circles
Cr spots.~c! Real-space lattice of Co~black circles! and Cr~gray
circles! for one Cr domain in the KS orientation~1% strained Cr
layer in the@1̄10# direction!; ~d! LEED pattern for a thick Cr film
grown at 420 K~energy 70 eV! ~see also text!.
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parameter, less than 1% along the bcc@1̄10# axis, though this
value is at the limit of what can be measured here.

For growth temperatures above 440 K, the LEED patt
still switches from the 131 to the KS pattern at a thicknes
of 3 Å, but then it does not evolve any more upon increas
thicknesses. The substrate spots are still visible at the hig
coverage analyzed~50 Å equivalent deposition!. On the
other hand, below 440 K, the behavior of the LEED patte
is similar to the one observed in the NW case: the ba
ground intensity is getting brighter and the main substr
spots progressively lose intensity and disappear with incre
ing thicknesses. The satellite spots become more and m
elongated, leaving concentric arcs@Fig. 3~d!#.

In this temperature range, there is no significant variat
~less then 0.5%! of the interlayer spacing with the thicknes
as monitored by the specularI(V) LEED curves.

Two additional experiments were performed by evapor
ing Cr at room temperature on annealed or as gro
Cr/Co~0001! interfaces. In the first experiment, 6 Å Cr was
deposited at 300 K~in a NW orientation! and then annealed
at about 500 K until a 131 hexagonal LEED pattern wa
obtained~the Cr Auger intensities were reduced after anne
ing!. Further Cr deposition at room temperature led to
NW orientation. In the second experiment, about 6 Å Cr was
evaporated on a substrate held above 440 K in order to
tain the KS orientation, and then, the sample was coo
down to room temperature. On further Cr deposition on t
interface, the following Cr layers grow in a KS orientatio
even for room-temperature growth. The interest of these
two experiments will become clear in the next section.

IV. DISCUSSION

In the case of bcc~110!/hcp ~0001! or bcc~110!/fcc ~111!
interfaces, there are mainly two types of orientational re
tionships, NW or KS, as described above@Figs. 2~c! and
3~c!#. They both consist of a one-dimensional matching; i
there is only one direction in the epitaxial plane where
lattice parameters of the adsorbate and substrate are
together. From geometrical considerations, justified by
ergy calculations, it has been shown that the perfect N
orientation occurs when the fcc to bcc nearest-neighbor r
r is r x50.9428 ~NWx! or r y51.1547 ~NWy!. The perfect
KS orientation is obtained forr k51.0887.9,10 In the case of
the Cr/Co interface,r 51.004. This value is just betweenr x
and r k, placing that system in a limit case.

For growth temperature below 410 K, the NW structure
observed. Considering one domain@Fig. 2~c!#, the lattice pa-
rameter along the@1̄10# direction is expanded by about 6%
with respect to bulk Cr, so that a nearly perfect match
with the Co@123̄0# direction is thus obtained~spacing be-
tween Co atoms in this row is 4.34 Å!. On the other hand
there is no distortion of the Cr@001̄# direction. This 6% ex-
pansion allows a nearly perfect NWx epitaxy, at least up to a
thickness of several Cr layers. Taking these parameters o
in-plane cell, one should expect a Poisson contraction
about 2% in the direction perpendicular to the film plan
This is not observed, but bulk elastic considerations are
valid for the very surface or interface layers, because of
well-known surface relaxation phenomena. The failure of
elastic model has already been observed in similar syst
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~see, e.g., Refs. 11 and 12!. Because of this strong expansio
strain release occurs when the film is growing thicker. A
consequence, there must be formation of dislocations.
lattice parameter matching is thus getting poorer and the
tension of the ordered domains is limited to several ato
rows along the@1̄10# direction of Cr. Such elongated do
mains have been observed by scanning tunneling microsc
on the Fe/Au~111! system.13 The limited extension in the
@1̄10# direction will lead to the elongated LEED spots in th
corresponding direction as can be seen in Fig. 2~d!. This
discussion of course also holds for the other domain typ
The streaks connecting the spots of two different types
domains indeed make an angle of 60°. There is no diso
in the other in-plane direction, since stress release is
needed. In the@110# direction, perpendicular to the film
plane, there is also strain release as indicated by theI(V)
curves. The bulk Cr interlayer spacing is obtained for thic
nesses where the LEED diagrams show elongated spo
seen in Fig. 2~d!. At this stage the Cr film is strain free~or
nearly! in both perpendicular and parallel film plane dire
tions.

Above 410 K a 131 structure is observed up to 3 Å film
thickness. The structure turns to a KS orientation for hig
thicknesses. The transition from the NW to th
pseudomorphic-KS structure takes place at a tempera
~about 410 K! where the Auger growth kinetics deviate
from the simultaneous layers growth mode. However,
evolution with temperature of the growth kinetics is ve
progressive, much less abrupt than the one observed
LEED. As mentioned in Sec. III B, this behavior is compa
ible either with the progressive onset of a three-dimensio
growth, or with a diffuse interface formation. Though the
is no evidence of chemical shifts in the 2p and 3p Co and Cr
core levels analyzed by XPS, several arguments suppo
alloying effect at the interface: first, at 470 K the low-ener
Auger transitions of Co are still visible up to thicknesses
more than 50 Å, as well as the substrate spots in LEED
the assumption of a three-dimensional island growth mo
in order to keep agreement with the Auger and LEED resu
this would imply that there is grossly a full layer of Cr le
than 5 Å thick on top of the Co substrate, and several h
dred Å high Cr columns covering only half of the samp
surface. Such a rough interface has not been observe
multilayers. The reflection high-energy electron diffracti
diagrams obtained during multilayer growth clearly demo
strate smoother growth at elevated temperatures than at r
temperature.4 The NMR experiments in the same study i
deed show that there is a diffuse Cr/Co interface when
growth is performed at 370 K~however, one has to be care
ful since NMR averages over two types of interfaces in
multilayers, Cr/Co and Co/Cr, which area priori not
equivalent!.4 Moreover, Cr has the low surface energy~gCr
52.1 J m22, gCo52.7 J m22!, which does not favor a
three-dimensional island growth. Though the Co-rich side
the phase diagram is still unknown and discussed, it se
that Co and Cr are miscible and that ordered hexagonal
alloys and solid solutions should be possible.14,15 Thus, we
think that between 400 and 440 K, a diffuse hexago
Co-Cr interface first starts forming and then bcc Cr layers
on growing on top of it. It is, however, difficult to know
experimentally if the pseudomorphical layer observed fo
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low thickness consists in a pure hexagonal Cr layer o
already a diffuse Cr-Co layer.

For a film thickness above 3 Å, the bcc layers are sligh
strained since there is a slight expansion of about 1% in
bcc @1̄10# direction. This corresponds actually to a 0.6% e
pansion of the spacing between the atoms along the@1̄11̄#
direction. As in the NW case, this expansion allows a perf
KS matching between the bcc@1̄11̄# and hcp@112̄0# dense
directions ~the nearest-neighbor spacing of Cr and Co
then equal!. Between 410 and 440 K, upon further Cr dep
sition, the competition between growing further Cr laye
and alloying is still in favor of the growth. A strain releas
occurs with increasing film thickness. Here it is less cle
how the strain release occurs. The above-mentioned 1%
pansion results probably from a more complicated glo
distortion of the rectangular Cr cell, since it is also angu
stressed. The concentric arcs in the LEED pattern of F
3~d! can be explained in two ways: a relaxation of the 5.2
angle between the rectangular and hexagonal cells can
duce angular disorder, which will lead to arcs in the LEE
pattern; alternatively, a simple model of uniaxial disord
along the@1̄11# direction ~due to the formation of disloca
tions! shows streaks like those observed in the LEED p
tern. Both explanations probably hold.

For temperatures higher than 440 K, the diffusion mec
nism becomes more active, and there are only several bc
layers remaining on top of a diffuse hexagonal interfa
These layers are nearly strain free and do not get th
enough to show any relaxation.

In the following, we will try to discuss the possible or
gins of the structural transition from the NW structure belo
410 K to the pseudomorphic-KS structures above 440 K
rather similar behavior has been observed on Pd/Mo~110! for
which r 51.009.16 In this case a pseudomorphic growth fo
lowed by a NW orientation is obtained at room temperat
and at 700 K there is a Pd-Mo alloy in a KS orientation
top of Mo~110!.

From the work of Bauer and van der Merwe one can
~Fig. 4 in Ref. 9! that for certain values of the two paramete
rand l there is a region in the phase diagram where pseu
morphism, NW, or KS orientations are equally probable. T
parameterr has already been defined and is the near
neighbor-distance ratio between the fcc/hcp and bcc latt
and l 5AVS/r 2W, where W is the atomic volume of the
adsorbate,S is a function of the stiffness coefficients, andW
is a proportional to the adatoms’ diffusion energy. Very ti
changes, either inr or l , due, e.g., to the growth of an a
loyed interface, would be sufficient to explain the differe
crystallographic structures observed.

In order to test the influence of alloying, we prepar
Cr/Co substrates as described in the last part of Sec. III
the first experiment, by annealing Cr films on Co~0001!
grown at room temperature we produce a hexagonal Co
surface alloy. However, one can notice that it is not equi
lent to grow a film at room temperature and then anneal i
a given temperature or to deposit it directly at the same te
perature. If the consequence of alloying is either a surf
parameter variation, or a change in thel factor, we should
obtain the KS structure when Cr is deposited on this int
face. This is actually not the case, since only the NW ori
tation is observed. On the other hand, the second experim
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13 494 56F. SCHEURERet al.
shows that Cr layers keep on growing in the KS struct
even at room temperature when deposited on a Cr/Co in
face in the KS structure.

These two experiments demonstrate that alloying does
play the most important role in the structural transitio
which is certainly related to temperature-driven kinetical
fects. As is known from theoretical calculations and expe
mental systems,17–22 the nucleation process is strongly tem
perature dependent. Different growth temperatures will le
to different island sizes. The height of the islands and th
morphology, as well as the nucleation sites, may a
change: at low temperature, the nucleation mainly occurs
defects~dislocations, step edges, kinks, reconstruction, e!
whereas at higher temperatures the process is governe
the enhanced surface diffusion~see, e.g., Ref. 22!. Thus, the
epitaxial strain release will not occur in the same way for
different growth temperatures. In addition, surface defe
play an important role in the misfit accommodation pr
cesses occurring, e.g., in the NW or KS structures.23,24 An
elastic calculation of the strain energy for a Cr cluster on
of Co~0001!, using a simple Keating model,25 shows that the
epitaxial strain energies obtained for the experimentally
served NW and KS structures are very sensitive to the n
ber of atoms in the cluster, of its height and even of
shape~particularly for clusters in the KS orientation!. This
calculation, however, does not take into account the st
release due to dislocation formation, or dynamical proces
occurring during the growth, and is thus unable to give re
able structure predictions in our case.

This discussion may explain the different results obtain
in other works. In the case of the pseudomorphical growth
Cr on Co/W~110!,5 the Co buffer is strongly distorted, eve
for a large Co thickness.26 The surface cell no longer has
sixfold symmetry. There is one matching direction that
slightly favored, and thus only one domain orientation
observed. For the Co/Cr multilayers, both NW and KS o
entations are observed simultaneously on the same sam4

This was never the case in our experiment, and we sug
e
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the following explanation: the growth temperature of the
multilayers is very close to the temperature where we
serve the NW to KS transition. At this temperature the N
and KS structures should be nearly degenerated energeti
and one should indeed observe both structures. Howeve
low deposition rate, as used in our case, favors the sur
diffusion and the nucleation on surface defects. This proc
can lift up the degeneracy and thus only one type of struc
is observed. On the other hand, in the case of multila
growth the density of defects of the mica and GaAs s
strates is expected to be very different from that of our sin
crystal, and the evaporation rate used is much higher. T
will lead to a very different nucleation process, governed
the high deposition rate.

V. CONCLUSION

The growth of Cr on the Co~0001! surface strongly de-
pends on the substrate temperature. Between 300 and 4
there is no or limited interdiffusion and a simultaneous lay
growth of Cr is observed. The layers are in a strained
~110! structure with a Nishiyama-Wassermann orientatio
Above 410 K the interface is probably getting more a
more diffuse with increasing temperature. A slightly strain
~110! bcc Cr overlayer remains on top of the interface in
Kurdjumov-Sachs orientation. For a growth temperature
low 440 K, the Cr films show strain release with increasi
thickness, leading to uniaxial disorder as seen in the LE
pattern. The temperature-dependent growth mode and s
ture are tentatively ascribed to kinetical nucleation and s
face diffusion processes leading to different film morpho
gies and thus to different ways of misfit accommodation.
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