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hcp and bce Cu and Pd Films
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Epitaxial hcp and bcc Cu and Pd films were grown on W(100). The epitaxial relation of the hcp
films is determined by reflection high energy electron diffraction (RHEEDY1420) || (100) and
[0001] || [011]. The growth of hcp Cu and Pd is attributed to the much smaller misfit for this hcp
orientation in either the1[100] or [0001] direction, respectively, than for any fcc orientation. This
misfit difference overcomes the energy difference between hcp and fcc crystal structure. The atomic
diameter of Pd is near that of W, which also gives a good fit for bcc pseudomorphic Pd. The energy
difference between hcp and bcc determines the structure. X-ray photoelectron diffraction measurements
show a bcc Pd film, transmission RHEED hcp islands. [S0031-9007(96)00963-5]

PACS numbers: 68.55.Jk, 61.14.Hg, 61.66.Bi

The difference in physical properties of thin metal filmsfcc and hcp 2D unit cells have different sizes and if the
compared to the bulk material has been the key motivatiomisfit of the hcp structure with the substrate is small.
for the extensive research devoted to the growth of thirThis excludes hcp (0001) (basal plane) growth on fcc
metal films. These differences are due to the reduce(ll11), because the interatomic distances of hcp and fcc
dimensions or a crystalline structure different from themodifications are usually similar. For the hcplZ0)
equilibrium structure. A nonequilibrium crystalline film (prismatic plane) the situation is different. Its 2D unit
structure may arise when the lattice constant or symmetrgell is almost square; the difference between the two
of film and substrate material are different. An exampleorthogonal axes being determined by the length of the
of such a situation is the pseudomorphic growth. In thec axis. The square fcc (100) 2D unit cell of the same
initial stage the film tends to adopt the crystal structurematerial differs from it by at least 25%. Thd 1Q0)
of the substrate and, thus, will have properties differenbrientation of a normally fcc crystal could, therefore, be
from that of its bulk. The stress due to the difference ingrown on a hcp crystal of the same orientation, but hcp
the natural lattice constants of film and substrate limitscrystals that are suitable as a substrate in heteroepitaxy are
the thickness of such a pseudomorphic layer usually toare, let alone that they have a suitable lattice constant.
1 monolayer (ML), or a few monolayers if the lattice Therefore we chose the square bcc (100) surface as a
constant difference is sufficiently small. When the energysubstrate. The misfit for d {20) hcp—(100) bce interface
gain from the lattice fit becomes smaller than the increaswith [0001] || [011] may be described by the differences
of the volume energy of the strained film, pseudomorphicA between the two hcp axes parallel to the surface and the
growth breaks down and the layer usually grows in itsbcc substrate.A can be expressed in terms of the ratio
natural crystal structure with misfit dislocations at theof the atomic radiir and ry.. of the film and substrate,

interface to relieve the strain. respectively:

When a nonequilibrium crystal structure provides a 2\@,
much better fit to the substrate lattice than any orientation Aoy = —F—— —1=p — 1, (1)
of the natural crystal structure, the smaller stress can make 2\/5\@ T'bee
the nonequilibrium structure energetically more favorable 2/3r 3
than the natural structure over quite a large thickness. In Apfoy = —F=— — 1 = “V2p - 1. (2
many transition and noble metals the energy difference 2ﬁ\/§rbm 4

between the fcc, hcp, and bcc structures is quite small
[1-3]. This suggests that nonequilibrium structures mayThe ideal value ofa\/g has been taken for the length
be grown in rather thick layers if well-matching substratesof the ¢ axis, with a the lattice constant. In Fig. 1
can be found. Nonequilibrium structures which have beed is shown as a function ofp. A perfect fit in
obtained in this manner are, for example, bcc Co on GaAsne direction is accompanied by a misfit of 6% in
[4], bcc Co on Cr [5], and bcc Cu on Fe [6]. The bccthe other direction. Heteroepitaxial growth under these
orientation of the latter two is obtained because the atomicircumstances is expected to be very anisotropic resulting
radii of film and substrate are almost equal. In such an strongly elongated crystals, possibly only a few nm
situation, pseudomorphic growth can be extended as theide in the stressed direction. Also in Fig. 1 the value
substrate has a lattice constant necessary for an atomié p for Co, Cu, and Pd on a W substrate is indicated. Cu
volume-conserving bcc oriented film. and Pd are representatives of natural fcc materials which
A fcc material can also be forced into the hcp structurenave different possibilities for hcp epitaxy, one with small
during growth if an orientation is chosen in which the Ap o), the other with smallAjgo017. Co, for which quite
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FIG. 1. Lattice misfitA as a function of the ratiop of
the atomic radii for an fcc film on a bcc substrate. Top:
Schematic of fit of hcp 1(120) orientation to bcc (100) surface

for p = 32 (left) andp = 1 (right).

recently a (120) oriented hcp film was reported on GaAs
(100) [7], has an atomic radius similar to that of Cu. For
Pd, not only the hcp1(120) but also the pseudomorphic
bcc orientation gives a good fit as the atomic radius of Pd
is about equal to that of W. A competition between theF|G. 2. RHEED patterns observed in the W[011] azimuth of
hcp and bcc orientations can be expected, determined kg) 35 ML Cu deposited at 150 K and annealed for 90 s at 500
the anisotropic misfit of hcp and the difference in volumeK. (0) 3 ML Co deposited at 300 K, and (c) 3 ML Pd deposited
energy of hcp and bee. On the basis of the atomic radii o :‘t ;r‘r’gegosmoen %?ttl%rrl]vl(Ldl)D(\jN:f 1tglo<e£ in the W[001] azimuth
Rh, Ir, and Pt, a behavior similar to that of Pd is expected,
while Ni is comparable to Co and Cu. The radii of Au
and Ag are too large to expect hcp or bcc epitaxy orthe Cu and Co results, as for Pd both the hcp and bcc
W(100). Nb and Ta with their larger lattice constantsorientations were observed.
provide more suitable substrates for Ag and Au because A closer look at the transmission patterns shows that
they have comparable atomic radii. they are due to two superimposed transmission patterns,
The heteroepitaxial growth on the W(100) surface hagrising from transmission along the1p0] and [0001]
been was monitored with reflection high energy electrordlirections. The distances parallel to the shadow edge
diffraction (RHEED). The UHV system used has beenwhich are determined by the lengths of the [0001]
described elsewhere [8]. The deposition rates were 0.0and [1100] axes, respectively, are different for the two
ML /s or less. In Fig. 2 the RHEED patterns for Cu, patterns. For Cu and Co an increased splitting of the
Co, and Pd layers are shown. Transmission patterndpots can be seen with increasing order of the diffraction
appeared within 0.1 ML at both 150 and 300 K depositionbeams, confirming the existence of the two different
temperatures after 2.5 ML had been deposited. Theeriodicities. The width to height ratio of these two
transmission patterns in Figs. 2(a)—2(c) which were takefectangular lattices is 1.72 and 1.62 for transmission
with the incident beam parallel to the W[011] azimuthalong the [0001] and 1[100] directions, respectively.
consist of diffuse spots. The elongation of the spotsThese ratios correspond to the ratios expected for a
perpendicular to the shadow edge indicates that thedecp (1120) oriented film, whose orthogonal 100] and
patterns arise from very thin small islands. It should[0001] directions are slightly different. In addition to
be noted that at 150 K up to 40 oscillations in thethe transmission pattern, RHEED also shows surface
specular reflected RHEED beam can be seen despite tIﬁiB‘fraCthﬂ spots for Cu and Co. Diffracted beams at
observation of transmission spots. We will first dlscuss(z, 2) position indicate a(2 X 2) unit cell with respect
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to the W(100) substrate. This pattern was also seen wittern as a two domair2(X 1) superstructure of a2 X 2)
LEED upon deposition of more than 2 ML of Co and unit cell. This ¢(2 X 2) unit cell is the same as that
Cu on the W(100) surface at 300 K [9]. The dominatingobserved in the Cu and Co epitaxy. For Pt on W(100), a
c(2 X 2) pattern indicates a change in the basic 2D unitsimilar type of structure, a two domai < 1)-c(2 X 2),
cell from the W(100)-[ X 1) unit cell to a square unit was reported [15]. These diffraction patterns exclude the
cell with its axes parallel to th&v(011) directions and fcc (110) epitaxy, but cannot discriminate between bcc and
a length v/2 larger than the W lattice constant. This hcp orientation. The film may have, as the bcc W(100)
is consistent with a hcp1(20) oriented film for which ~ surface, ac(2 X 2) reconstruction. The transmission
an almost square unit cell of this size and orientation igattern of Pd [Fig. 2(c)] is slightly different from that
expected, see also the inset in Fig. 1. of Cu and Co. The splitting with increasing order of the
The two different ratios (1.72 and 1.62) observed fordiffraction spot cannot be seen, but this can be obscured by
Cu and Co distinguishes this transmission pattern from ¢he large sizes of these spots. However, the odd vertical
fcc (110) oriented film. Such a fcc orientation would berows with transmission spots are not in the middle of the
expected from the work of Bruce and Jaeger [10,11]. Thegven vertical rows in Fig. 2(c). The deviation from the
found for heteroepitaxy on W(100) heavily faulted fcc middle position of about 5% of the first odd row is due
(110) epitaxy, the stacking faults indicating an about equalo the two different azimuths of a hcg 120) oriented
amount of fcc (110) and hcpl {20) orientation. They film. The transmitted islands have hcp structure. To
studied rather thick filmg>5 nm) deposited from room investigate the coexistence'of _the_ hcp and bcc structure,
temperature upwards and explained the observed epitaxigle measured the angular distribution of the x-ray excited
relations with simple geometric arguments. However Pd 3 photoelectrons.  Figure 3 shows the Rk x-ray
for much thinner layers different structures have beerPhotoelectron diffraction (XPD) pattern measured in the
reported [12—15]. This discrepancy between observation/[011] azimuth for a 20 ML thick film which showed
on thicker layers and layers up to 10 ML is, on secondhe discussed RHEED hcp transmission pattern. Intensity
thought, not surprising. The argument of Bruce andMaxima around 25 35°, and 54 indicate a bce (100)

Jaeger for a fcc (110) oriented film with the epitaxial oriented film. The ma_xima expected for a hcp structure
relation [111]¢cc || [011]pee OF [112]¢cc || [011]pec gives around 30 and 60 which we observed for the hcp Co

¢ ibilities for the minimizati f the misfit bet layer either are obscured by the bcc contributions or are
WO possSIDITUES Torthe minimization ot the MISTItDEWEEN , 40 the experimentally accessible range. Therefore it

film and substrate. These two possibilities are the same : :
those derived for the hcp orientation and depicted in Fig. J%h%fggégztgsihzagﬁlaecsa%eﬁggmamly bee. - However,

Hoyvever, initial gromh in the fcc (110)_orien-tatio.n isquite  The growth of Pd on W(100) may be compared with a
unlikely for the following reason: Inthd [ 1] direction the recently reported study of the growth of Co on Cr [5], for
next nearest neighbor distance of the film is 3 times largefyhich p = 1.004. Starting from a pseudomorphic bcc
than the nearest neighbor distance in the [011] direction ofrriented film, a hcp 1120) oriented film was observed
the substrate. This would lead to an alternating fourfoldafter 50 A. The close connection between the square bcc
hollow and on-top position of the film atoms, which is (100) and the almost square hcplZ0) makes a change
quite unlikely to occur. Only a very strong deformation from one to the other orientation possible, with only a
of the fcc lattice angles and/or lengths could eliminate thismall shift of the atom within the unit cell in Fig. 1. The
problem, but this would cause a much higher stress in thgrowth of a bcc or bct film has been reported for Cu
film. In thicker films, stacking faults may certainly lead to on Fe [6] withp = 1.03 and Ni on Fe, withp = 1.004

a partial fcc (110) orientation. A (110) fcc oriented film [16]. Also in these systems the growth of hcp and bcc
with the epitaxial relations described above would showorientations should be in competition. The bcc orientation
a low energy electron diffraction (LEED) pattern different found provides a very good lattice fit in both directions

from thec(2 X 2) pattern observed by us. parallel to the surface and is more likely to occur from
The transmission pattern of Pd occurred also after

2.5 ML at both 150 and 300 K deposition temperatures Angle []

[Fig. 2(c)] . However, in the growth of Pd at 150 K the 20° 0 20°

transmission RHEED pattern disappears at 7 ML and
reappears again after 11 ML are deposited. Between 7
and 11 ML only a reflection RHEED pattern can be seen
[Fig. 2(d)]. This phenomenon is attributed to changes
of the morphology of the film with increasing thickness.

A diffraction pattern corresponding to that of Fig. 2(d)

has also been observed with LEED [13] beyond 2.5 ML

deposition at 300 K. In our RHEED patterns #1@ X 2) ~ FIG. 3. Pd @ XPD spectrum of 20 ML Pd on W(100). The
spots are the strongest, which leads us to describe the pablar angle is rotated in the [011] azimuth.
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the misfit point of view. The volume energy of the energy determines the structure of thicker films in this
noble metals and the nearly filledshell metals, however, case. In the initial stage the bcc structure is preferred due
favors the fcc structure, followed, in general, by the hcpto the good pseudomorphy. By choosing a fifabstrate
and the bcc structure [1-3]. For @©r this sequence combination withp close to 0.94 instead gf = 1.00 the
indicates preferred growth of the square bcc lattice in thenixing of hcp and bcc structure can be overcome.

initial stage. With increasing thickness, the higher volume This work was supported by the Deutsche Forschungs-
energy of the bcc lattice leads to a change towards the hggemeinschaft. One of the authors (H.W.) acknowledges
structure. The elastic properties of bcc Co [17] show thaain Alexander von Humboldt stipend.

this structure is unstable, so that a change towards hcp
after a critical thickness is very likely. For Pd, the volume
energy of the bcc structure is calculated to be smaller
than that of the hcp structure [1]. This would explain [1] H.L. Skriver, Phys. Rev. B1, 1909 (1985).

the bcc orientation of the Pd film grown on W(100) found [2] B.I. Min, T. Oguchi, and A.J. Freeman, Phys. Rev38
with XPD. However, the transmission patterns show hcp 7852 (1986).

islands, which indicates that hcp is preferred above bcc if[3] A.T. Paxton, M. Methfessel, and H. M. Polatoglou, Phys.
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as the bcc orientation is preferred due to the excellent : . .

fit to the W substrate. For thed3ransition metals, the [6] 2.Q. Wang, S.H. Lu, D. Tian, ¥. S. Li, F. Jona, and P. M.

N Marcus, Phys. Rev. B5, 9322 (1987).
optimization of the length of the axes has been shown [7] E. Gu, M. Gester, R. J. Hicken, C. Daboo, M. Tselepi, S. J.

to give a lower energy for the hcp structure [3] than = ° Gray, J.A.C. Bland, and L. M. Brown, Phys. Rev.5,
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orbit coupling and spin polarization can lead to different [8] H. Knoppe and E. Bauer, Phys. Rev.4B, 1794 (1993).
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difference between fcc and hcp structure is very smallll] L.A. Bruce and H. Jaeger, Philos. Mag.48, 97 (1979).
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