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Temperature-dependent growth and structure of Cr deposited on C00J)
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The growth and structure of ultrathin Cr films deposited on #0021 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 thickngS6163-182¢07)06744-1

I. INTRODUCTION sure to avoid the martensitic transition of Co. A carbon- and
oxygen-free, well-ordered substrate can be obtained after

Cobalt-chromium multilayers have been extensively stud- | les. The C ted f ¢ ten b
ied in several crystallographic orientations first because o everal cycles. 1he Lrwas evaporated from a tungsten bas-
et containing high-purity polycrystalline chromium. The

their magnetic anisotropy and magnetoresistance propertie X X
and second because of the possibility of stabilizing Crystalpl’eanlmess of the substrate and Cr films was checked by

lographic phasek:* Since the magnetic properties of multi- AES or XPS. Several hours of outgassing were necessary to

layers are strongly dependent on the sharpness of the intey St c%rblde—free. cr trllaye;f. Thf’. thlcfk?hesi\ ca&l:vrlattlon was
face, the growth mode, and the crystallographic structure, igpne y measuring the attenuation of the Aug ran-

is interesting to compare systems built on various types o ition on .the films grown atroom temperature as dgscribed in
substrates and to determine their respective magnetic pro ef. 6 since these films ShO_W perfec_t exp_onentlal-shaped
erties. Slightly different substrates can lead to very differen rowth kln?ﬁt\l/CS_. Thi e\_/aplora_tmn rate f's estlmhatehd to apout
growth modes or structures. For example, in molecular—A'%Ot%O?_MJ"n' T.(.a Inelastic m(_aglln r?i %atf g osenis 9
beam-epitaxy—(MBE-) Co-Cr multilayers on mica and or the transitions, compatible with Ref. 7.

o ; More than ten samples were grown for various substrate
GaAs substrates giving hexagonal Co layers, it has bee .
shown that a structural transition occurs between 2 and 6 emperatures in the 300-500-K range. Between 370 and 440

from a pseudomorphic growth of Cr towards both K, several samples were repeatedly grown in steps of about

Nishiyama-Wassermann and Kurdjumov-Sachsm""X'Wlum 10 K.

orientations** On the other hand, pseudomorphic Cr layers
have been observed up to nearly 18 A on thick Co layers
deposited on W110).° IIl. RESULTS

In this paper we analyze the growth of ultrathin Cr films  £igre 1 shows several Auger growth kinetics recorded
deposited directly on a @000 single crystal at tempera- ¢, yarigus substrate temperatures between 300 and 470 K.
tures between 300 and 500 K. The growth mode and thgyq main growth regimes are observed: below 41{Figs.

structure of the interface are investigated by means of _Augq(a) and 1b)], the growth kinetics are exponentially shaped
electron spectroscofAES), low-energy electron diffraction 54 upon increasing temperature, they deviate more and

(LEED), and x-ray-photoemission spectroscdpPs). more from the exponential shapeigs. 1c) and Xd)].

Il. EXPERIMENT A. Growth between 300 and 410 K

The growth and the structural studies were performed in  Up to 410 K[Figs. Xa) and 1b)], the intensity of the Co
an ultrahigh vacuum chambégressure in the low 10°mb  substrate Auget: MM transition decays exponentially with
range equipped with a MAC2 Riber Auger analyzer and anthe deposited Cr amount and is nearly zero after about 30 A
Omicron reverse-view LEED optics. The Auger spectra wereCr deposition(one monolayer having a thickness of approxi-
monitored continuously during the Cr evaporation. Addi-mately 2 A. The Cr Auger transition intensity increases con-
tional XPS studies were performed in another chamberyersely. Such exponentially shaped growth kinetics are char-
equipped with a monochromatized Al x-ray source and aacteristic of a sharp interface and a simultaneous layer
hemispherical analyzer. Temperatures were measured withggowth mode, i.e., a mode where new layers start growing
thermocouple pinned near the sample. while the previous ones are not complefédNo clear

The Co single crystal was cleaned by argon-ion sputterindgpreaks, typical of a layer-by-layer growth, are observed in
while annealing at 600 K and finally annealed at 650 K, to bethis temperature range. However, even at 370 K, the experi-
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K. Full lines: simulated growth kinetics for a simultaneous layer
growth mode.
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mental curves already start to deviate slightly from the cal- '§ : °‘\ :.5" yo e
culated ones. A limited interdiffusion is thus probably al- = N [OOi]Jo/
ready starting. I -y ¢
[1010]

The LEED patterns show well-defined additional spots
around the main substrate spots, from submonolayer cove
age up to at least 12 fFig. 2@)]. This pattern is typically (d) (c)
obtained for a bcc GL10) planar epitaxy on the G6007)
surface in one of the two possible Nishiyama-Wassermann FIG. 2. (a) LEED pattern of a 6-A Cr layer grown at 300 K
orientations (NV) as demonstrated in Fig(l®. The simu-  (energy 119 ey, (b) simulation of the NW orientation (6%
lated NW, pattern[Fig. 2(b)] results from the superimposi- strained Cr layer in th¢110] direction; black circles: Co spots;
tion of three equivalent bc(l10) domains: for one domain, gr"?jygi(rC'eS: Cr lsg?ts(c) R%a"j‘pa‘:? '?ttiﬁe E‘ﬁ@'ﬁﬁ?"ﬁ;}
the bcc[001] direction is parallel to the deng&010] sub- ~ 2nd trigray circies for one Lrdomain in the Nk/orientation(c
strate rcgw, gr equivilentlyi,) the bft10] directi;{n is p]arallel Stramd cr layer in th¢110] direction; (d) LEED |c|>attern for a
to the hexagondl1230] direction[Fig. 2(c)]. The two other thick Cr film grown at 370 K(energy 100 ey (see also text

domains are deduced by:260° rotation of the previous one. thicker ones. The expansion is estimated to less than 1.5%,

Actually, three satellite spots should be observed in thehough a simple kinematical approach cannot give a more
LEED patterns for low coverage in the vicinity of a Co spot. precise value.

In the case of Cr on G6001), however, the third spot is
hidden by the main substrate spot. This means that the Cr B. Growth between 410 and 470 K
lattice parameter is expanded by about 6% in the [44€)]

direction, whereas it remains unchanged in [0@1] direc- The growth kinetics recorded for deposition on a substrate

. ! A - held at 420 K[Fig. 1(c)] deviate significantly from the ex-
tion. Notice that in Fig. &) the common origin of the Cr and ponential law of the simultaneous layer growth mode. The

Co lattices is_chose_n ar_bitrarily at the intersection _of thechange is even more drastic at 470fg. 1(d)]. In this latter
[110] and[001] bee directions. Due to the 6% expansion of a5e “\ve clearly see that after ab8uA coverage the inten-

the bcc lattice alond110], there is perfect matching in this sity of the LMM Co (Cr) Auger transition decreasen-
direction, leading to the coincidence of the Co and Cr 'atticebrease)s much more slowly. Since the growth is definitely
points (dark and gray circlgsalong the dasheflL10] direc-  not layer by layer, nor simultaneous, the thickness no longer
tion and leading also to the typical alignment of the NW corresponds to the true film thickness but must be understood
epitaxy in the perpendicular directioifbut no coincidence as an equivalent thickness, i.e., as the amount of Cr that
since there is no distortion of the Cr lattice algr1]). would be deposited to obtain the same thickness in the case
On further Co deposition, the LEED spots become pro-of a layer-by-layer growth mode. Even for a 50-A equivalent
gressively more elongated and the background gets brightéhickness, the low-energy AugdiVV transitions of Co are
as can be seen in Fig(d. A careful look at the inner spots still visible [Fig. 1(d)]. The growth mode thus evolves pro-
shows tiny dark lines connecting the streaky spots together tgressively from a simultaneous layer growth mode below
form a hexagon. 410 K, to either a Stranski-Krastanov growth, or implies a
[(V) LEED curves (not shown here of the specular diffuse interface formation.
LEED reflection indicate a very slight increase of the inter- Together with the growth mode, the structure observed by
layer spacing for the thinner Cr films with respect to theLEED also changes. There is an abrupt structural transition
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parameter, less than 1% along the btt0] axis, though this
- °e° value is at the limit of what can be measured here.
fa o \- .o e For growth temperatures above 440 K, the LEED pattern
’ o® % still switches from the X1 to the KS pattern at a thickness
, of 3 A, but then it does not evolve any more upon increasing
. thicknesses. The substrate spots are still visible at the highest
* : ’ B = coverage analyzed50 A equivalent deposition On the
°e °e other hand, below 440 K, the behavior of the LEED pattern
» °3 is similar to the one observed in the NW case: the back-
ground intensity is getting brighter and the main substrate
spots progressively lose intensity and disappear with increas-
(a) (b) ing thicknesses. The satellite spots become more and more
elongated, leaving concentric andsig. 3(d)].
. J °  o° ° In this temperature range, there is no significant variation
- (less then 0.5%o0f the interlayer spacing with the thickness,
. as monitored by the speculfV) LEED curves.
y \‘\ Two additional experiments were performed by evaporat-
° ing Cr at room temperature on annealed or as grown
3 . . o o Cr/Ca(000)) interfaces. In the first experimeré A Cr was
- deposited at 300 Kin a NW orientation and then annealed
,\\ / ° obmamA o o at about 500 K until a X1 hexagonal LEED pattern was
/ 1 & obtained(the Cr Auger intensities were reduced after anneal-
- o e "5?\’\0 * ing). Further Cr deposition at room temperature led to the
P NW orientation. In the second experiment, ab6Wl Cr was
o S evaporated on a substrate held above 440 K in order to ob-
tain the KS orientation, and then, the sample was cooled
d) (c) down to room temperature. On further Cr deposition on this
interface, the following Cr layers grow in a KS orientation,
FIG. 3. (8) LEED pattern of a thick Cr layer grown at 470 Kk €Ven for room-temperature growth. The interest of these last
(energy 70 eV (b) simulation of the KS orientatiofl% strained WO experiments will become clear in the next section.
Cr layer in theg[110] direction); black circles: Co spots; gray circles:
Cr spots.(c) Real-space lattice of C(hlack circles and Cr(gray
circles for one Cr domain in the KS orientatiofi% strained Cr
layer in the[110] direction; (d) LEED pattern for a thick Cr film In the case of bc€110)//hcp (0009 or bee(110)/fee (111)
grown at 420 K(energy 70 eV (see also text interfaces, there are mainly two types of orientational rela-
tionships, NW or KS, as described aboMeigs. 2c) and
around 410 K in a temperature interval less than 10 K. Be3(c)]. They both consist of a one-dimensional matching; i.e.,
low this temperature, the LEED pattern always shows thdhere is only one direction in the epitaxial plane where the
NW oriented layers, independently of the Cr thickness. Fotattice parameters of the adsorbate and substrate are close
temperatures above 410 K, we observe a thickness depetpgether. From geometrical considerations, justified by en-
dence of the LEED pattern. ALx1) LEED pattern is ob- ergy calculations, it has been shown that the perfect NW
served up to 2 or 3 A, indicating a pseudomorphic growth.orientation occurs when the fcc to bee nearest-neighbor ratio
For thicker films, the LEED pattern changes and is typical ofr is r,=0.9428 (NW,) or r,=1.1547 (NWS)' The perfect
a Kurdjumov-Sach$KS) orientation as can be seen in Fig. KS orientation is obtained far,=1.0887>1% In the case of
3(a). The simulated patterfFig. 3(b)] is obtained by the the Cr/Co interfacer =1.004. This value is just between
superimposition of six bc€110 domains on a hexagonal andr, placing that system in a limit case.
surface. For one damain, th&l1] direction of the adsorbate For growth temperature below 410 K, the NW structure is
is parallel to thg1120] substrate directiofiFig. 3(c)]. This  observed. Considering one doméfig. 2(c)], the lattice pa-
type of orientation corresponds to a dense row matching, anthmeter along th¢110] direction is expanded by about 6%
therefore the bcc cell is_rotated, compared to the NW casewith respect to_bulk Cr, so that a nearly perfect matching
the bcc[001] and hep[1010] directions make an anglg of  with the C41230] direction is thus obtainedspacing be-
5.26°. The five other domains are deduced from the formetween Co atoms in this row is 4.34)AOn the other hand,
one by applying a mirror symmetrfthe symmetry plane there is no distortion of the @d01] direction. This 6% ex-
being the hexagon#&1.100) plane or the bc€112) plang and  pansion allows a nearly perfect NVépitaxy, at least up to a
a *60° rotation. In Figs. @) and 3b) one can see five thickness of several Cr layers. Taking these parameters of the
satellite spots, all well separated from the main substratén-plane cell, one should expect a Poisson contraction of
spot. Actually, there are six satellites: the inner central satelabout 2% in the direction perpendicular to the film plane.
lite is composed of two perfectly superimposed spots occurThis is not observed, but bulk elastic considerations are not
ring from two mirror domains. A precise image analysis in-valid for the very surface or interface layers, because of the
deed shows that the resulting spot is brighter than the othewell-known surface relaxation phenomena. The failure of the
satellite spots. There may be a slight expansion of the latticelastic model has already been observed in similar systems

IV. DISCUSSION
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(see, e.g., Refs. 11 and)1Because of this strong expansion, low thickness consists in a pure hexagonal Cr layer or is
strain release occurs when the film is growing thicker. As aalready a diffuse Cr-Co layer.
consequence, there must be formation of dislocations. The For a film thickness above 3 A, the bcc layers are slightly
lattice parameter matching is thus getting poorer and the exstrained since there is a slight expansion of about 1% in the
tension of the ordered domains is limited to several atomidcc[110] direction. This corresponds actually to a 0.6% ex-
rows along the[110] direction of Cr. Such elongated do- pansion of the spacing between the atoms along[iié]
mains have been observed by scanning tunneling microscomirection. As in the NW case, this expansion allows a perfect
on the Fe/A@l11) system'® The limited extension in the KS matching between the b¢¢11] and hcp[1120] dense
[110] direction will lead to the elongated LEED spots in the directions (the nearest-neighbor spacing of Cr and Co are
corresponding direction as can be seen in Figl).2This  then equal Between 410 and 440 K, upon further Cr depo-
discussion of course also holds for the other domain typessition, the competition between growing further Cr layers
The streaks connecting the spots of two different types ofind alloying is still in favor of the growth. A strain release
domains indeed make an angle of 60°. There is no disorde¥ccurs with increasing film thickness. Here it is less clear
in the other in-plane direction, since stress release is ndiow the strain release occurs. The above-mentioned 1% ex-
needed. In thg110] direction, perpendicular to the film pansion results probably from a more complicated global
plane, there is also strain release as indicated byl distortion of the rectangular Cr cell, since it is also angular
curves. The bulk Cr interlayer spacing is obtained for thick-stressed. The concentric arcs in the LEED pattern of Fig.
nesses where the LEED diagrams show elongated spots &&l) can be explained in two ways: a relaxation of the 5.26°
seen in Fig. &). At this stage the Cr film is strain fre@r ~ angle between the rectangular and hexagonal cells can pro-
nearly in both perpendicular and parallel film plane direc- duce angular disorder, which will lead to arcs in the LEED
tions. pattern; alternatively, a simple model of uniaxial disorder
Above 4D K a 1x1 structure is observed up 8 A film  along the[111] direction (due to the formation of disloca-
thickness. The structure turns to a KS orientation for highetions) shows streaks like those observed in the LEED pat-
thicknesses. The transiton from the NW to the tern. Both explanations probably hold.
pseudomorphic-KS structure takes place at a temperature For temperatures higher than 440 K, the diffusion mecha-
(about 410 K where the Auger growth kinetics deviates hism becomes more active, and there are only several bcc Cr
from the simultaneous layers growth mode. However, thdayers remaining on top of a diffuse hexagonal interface.
evolution with temperature of the growth kinetics is very These layers are nearly strain free and do not get thick
progressive, much less abrupt than the one observed gnough to show any relaxation.
LEED. As mentioned in Sec. Ill B, this behavior is compat-  In the following, we will try to discuss the possible ori-
ible either with the progressive onset of a three-dimensionagins of the structural transition from the NW structure below
growth, or with a diffuse interface formation. Though there410 K to the pseudomorphic-KS structures above 440 K. A
is no evidence of chemical shifts in the 2nd 3 Co and Cr  rather similar behavior has been observed on P41%@ for
core levels analyzed by XPS, several arguments support amhich r=1.009 In this case a pseudomorphic growth fol-
alloying effect at the interface: first, at 470 K the low-energylowed by a NW orientation is obtained at room temperature
Auger transitions of Co are still visible up to thicknesses ofand at 700 K there is a Pd-Mo alloy in a KS orientation on
more than 50 A, as well as the substrate spots in LEED. Iiop of Mo(110).
the assumption of a three-dimensional island growth mode, From the work of Bauer and van der Merwe one can see
in order to keep agreement with the Auger and LEED results(Fig. 4 in Ref. 9 that for certain values of the two parameters
this would imply that there is grossly a full layer of Cr less randl there is a region in the phase diagram where pseudo-
than 5 A thick on top of the Co substrate, and several hunmorphism, NW, or KS orientations are equally probable. The
dred A high Cr columns covering only half of the sample parameterr has already been defined and is the nearest-
surface. Such a rough interface has not been observed freighbor-distance ratio between the fcc/hcp and bcc lattices
multilayers. The reflection high-energy electron diffractionand | = JQS/r?W, whereW is the atomic volume of the
diagrams obtained during multilayer growth clearly demon-adsorbateS is a function of the stiffness coefficients, awi
strate smoother growth at elevated temperatures than at rooisia proportional to the adatoms’ diffusion energy. Very tiny
temperaturd. The NMR experiments in the same study in- changes, either im or |, due, e.g., to the growth of an al-
deed show that there is a diffuse Cr/Co interface when théoyed interface, would be sufficient to explain the different
growth is performed at 370 Khowever, one has to be care- crystallographic structures observed.
ful since NMR averages over two types of interfaces in the In order to test the influence of alloying, we prepared
multilayers, Cr/Co and Co/Cr, which ara priori not Cr/Co substrates as described in the last part of Sec. Ill. In
equivalent.* Moreover, Cr has the low surface energy,,  the first experiment, by annealing Cr films on (G002
=2.1Jm?2 ys,=2.7 Jm?, which does not favor a grown at room temperature we produce a hexagonal Co-Cr
three-dimensional island growth. Though the Co-rich side okurface alloy. However, one can notice that it is not equiva-
the phase diagram is still unknown and discussed, it seenient to grow a film at room temperature and then anneal it at
that Co and Cr are miscible and that ordered hexagonal bul& given temperature or to deposit it directly at the same tem-
alloys and solid solutions should be possitié® Thus, we  perature. If the consequence of alloying is either a surface
think that between 400 and 440 K, a diffuse hexagonaparameter variation, or a change in théactor, we should
Co-Cr interface first starts forming and then bcc Cr layers gmbtain the KS structure when Cr is deposited on this inter-
on growing on top of it. It is, however, difficult to know face. This is actually not the case, since only the NW orien-
experimentally if the pseudomorphical layer observed for dation is observed. On the other hand, the second experiment
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shows that Cr layers keep on growing in the KS structurghe following explanation: the growth temperature of these
even at room temperature when deposited on a Cr/Co interaultilayers is very close to the temperature where we ob-
face in the KS structure. serve the NW to KS transition. At this temperature the NW
These two experiments demonstrate that alloying does n@nd KS structures should be nearly degenerated energetically
play the most important role in the structural transition,and one should indeed observe both structures. However, a
which is certainly related to temperature-driven kinetical ef-low deposition rate, as used in our case, favors the surface
fects. As is known from theoretical calculations and experi-diffusion and the nucleation on surface defects. This process
mental system&’~??the nucleation process is strongly tem- can lift up the degeneracy and thus only one type of structure
perature dependent. Different growth temperatures will leads observed. On the other hand, in the case of multilayer
to different island sizes. The height of the islands and theigrowth the density of defects of the mica and GaAs sub-
morphology, as well as the nucleation sites, may alsastrates is expected to be very different from that of our single
change: at low temperature, the nucleation mainly occurs onrystal, and the evaporation rate used is much higher. This
defects(dislocations, step edges, kinks, reconstruction) etc.will lead to a very different nucleation process, governed by
whereas at higher temperatures the process is governed Hye high deposition rate.
the enhanced surface diffusi¢eee, e.g., Ref. 22Thus, the
epitaxial strain release will not occur in the same way for the V. CONCLUSION

different growth temperatures. In addition, surface defects The growth of Cr on the QG001 surface strongly de-

play an important role in the misfit accommodation pro-
cesses occuring, e, in the NW or kS stuctdreéan 88 20 T EEens FaRe e, B e ayer
elastic calculation of the strain energy for a Cr cluster on top Y

: : . growth of Cr is observed. The layers are in a strained bcc
of Ca(0001), using a simple Keating modél shows that the (110 structure with a Nishiyama-Wassermann orientation.

epitaxial strain energies obtained for the experimentally Obje\bove 410 K the interface is probably getting more and

served NW and KS structures are very sensitive to the UM ore diffuse with increasing temperature. A slightly strained

ber of atoms in the cluster, of its height and even of the(110) bce Cr overlayer remains on top of the interface in a
shape(particularly for clusters in the KS orientatiprThis y P

calculation, however, does not take into account the strairl1< urdjumov-Sachs orientation. For a growth temp.era‘“re.be'
low 440 K, the Cr films show strain release with increasing

release due to dislocation formation, or dynamical Processes. | noce leading to uniaxial disorder as seen in the LEED
occurring during the growth, and is thus unable to give re“_pattern. The temperature-dependent growth mode and struc-

able structure predictions in our case. . . N .
b ure are tentatively ascribed to kinetical nucleation and sur-

This discussion may explain the different results obtainecf e s ) ; .
in other works. In the case of the pseudomorphical growth o ace diffusion Processes leading to @fferent film morpholo-
Cr on CoM(110)5 the Co buffer is strongly distorted, even gies and thus to different ways of misfit accommodation.
fqr a large Co thicknes¥. The surface cgll no Ionger has a ACKNOWLEDGMENTS
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