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Dimensionally Induced Structural transformations in Titanium-Aluminum Multilayers
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TiyAl multilayered thin films with a range of bilayer thicknesses have been fabricated by dc
magnetron sputtering and characterized by transmission electron microscopy and high resolution
electron microscopy. A series of structural transitions in the form of changes in the stacking sequence
of the closed packed atomic planes in the Ti and Al layers have been observed as a function of the
bilayer thickness. A possible explanation for these transitions based on the model initially proposed by
Redfield and Zangwill is presented in this Letter. [S0031-9007(96)00213-X]

PACS numbers: 68.60.–p, 68.35.Rh, 68.65.+g
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Synthetically modulated structures, like multilayer
thin films, exhibit interesting magnetic and electron
properties. Consequently, there has been a conside
effort directed towards the study of these propert
Much less effort has involved the investigation of t
structural and phase transitions occurring in such
films [1,2].

In this Letter, the mechanism underlying a ser
of novel structural transitions occurring in titaniumy
aluminum thin film multilayers [3,4] has been address
These transitions are dimensionally induced in the mu
layers as the compositionally modulated wavelength,
ferred to here as the bilayer thickness, of the multilay
is reduced (fromø20 to 5 nm). At room temperature
bulk Ti and Al have hcp and fcc crystal structures,
spectively. However, in the thin film form, multilayer
of TiyAl exhibit very interesting structural transitions
the bilayer thickness decreases. Ti transforms from
to fcc. Al, on the other hand, transforms from fcc
hcp within the range of bilayer thicknesses studied.
attempt was made to rationalize some of these obse
tions on the basis of the model proposed by Redfield
Zangwill [5] for predicting stacking sequences in clos
packed metallic superlattices. Schechtman, van Heer
and Josell [6] have published results of similar structu
transitions in TiyAl multilayers, but attributed their result
to artifacts introduced by sample preparation techniqu
In their work, they studied multilayer samples with co
siderably larger bilayer thicknessessø30 nmd than those
to which reference is made above (i.e., [3,4]). With su
large bilayer thicknesses, it is unlikely that the model
Redfield and Zangwill [5] is appropriate. However, it
important to determine whether at smaller bilayer thi
nesses, such a structurally sensitive model does ap
This determination is the subject of the present Letter.

The Ti-Al multilayers were fabricated in a custom d
signed UHV magnetron sputtering apparatus. The b
pressure prior to sputtering was7 3 1029 torr and argon
pressure during sputtering was 2 mtorr. Ti was sputte
using 200 W and Al using 160 W of dc power, corr
78 0031-9007y96y76(20)y3778(4)$10.00
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sponding to a sputtering rate of close to0.1 nmysec for
both Ti and Al. The multilayers were deposited on ox
dized (100) silicon wafers. The substrate temperat
during deposition did not exceed 45±C. The individual
thicknesses of Ti and Al layers were nominally equ
Structural characterization of the multilayers was done
ing transmission electron microscopy (TEM). The deta
of cross-section TEM sample preparation are given e
where [7]. Specimens were examined in a JEOL 200
TEM and a Hitachi 9000NAR TEM operating at accele
ating voltages of 200 and 300 kV, respectively.

The bilayer thicknesses for the multilayers which ha
been studied are 108, 21, 9.8, and 5.2 nm. A selected
diffraction (SAD) pattern obtained from a cross section
the 108 nm multilayer is shown in Fig. 1. The reflectio

FIG. 1. SAD pattern from the cross section of the multilay
which has a bilayer thickness of 108 nm. The spots in the S
pattern correspond to thek21 10l and k1010l zone axes for hcp
Ti and thek110l andk121l zone axes for fcc Al.
© 1996 The American Physical Society
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in the SAD pattern correspond to thek21 10l and k1010l
zone axes for hcp Ti and thek110l and k121l zone axes
for fcc Al indicating that the Ti and Al layers grow with
a {0002} and {111} texture, respectively, parallel to th
substrate. At this value of bilayer thickness both Ti a
Al retain their bulk stable crystal structures resulting
a stacking sequence of hcp Tiyfcc Al. Figure 2 shows
a HRTEM image from a cross section of the 21 n
multilayer showing clear evidence of the presence of
Ti regions in the hcp Ti layers; SAD patterns (not show
here) contain reflections consistent with this observat
[4]. Reducing the bilayer thickness to 21 nm results
a stacking sequence ofsfcc Ti 1 hcp Tidysfcc Ald. The
proportion of fcc Ti in the Ti layer is significantly smalle
than that of hcp Ti in the same layer as indicated
diffraction evidence [3]. An HRTEM image from th
9.8 nm multilayer (Fig. 3) shows that the Ti layers ha
transformed completely into an fcc lattice resulting
a stacking sequence fcc Tiyfcc Al. Further reduction
of the bilayer thickness to 5.2 nm results in transitio
occurring in both the Ti and Al layers. A cross-section
HRTEM image from this multilayer, shown in Fig. 4
indicates a stacking sequence hcp Tiyhcp Al. The results
are tabulated in Table I.

It is possible to transform an fcc ABCABC. . . stacking
sequence into an hcp ABABAB. . . stacking sequence o
vice versa by introducing successive intrinsic stack
faults in the atomic layers of the parent structure. T
Redfield-Zangwill model [5] calculates the potentialmsdd
of a stacking fault as a function of its distanced from a
bicrystal interface between two dissimilar metals given

msdd  mb 1 DFDV2BsEFd
3 sinh2d cos21fsEFy6V1d 1 1g 1 djyd2 , (1)

FIG. 2. HREM image from the cross section of the multilay
which has a bilayer thickness of 21 nm. It shows the
stacking sequence in the Al layer and the mixed fcc1 hcp
stacking sequence in the Ti layer.
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FIG. 3. HREM image from the cross section of the multilay
which has a bilayer thickness of 9.8 nm. The fcc stack
sequence existing in both the Al layer and the Ti layer is sho
in the figure.

wheremb is the bulk stacking fault energy,d is in units of
the interplanar distance,DV2 is the difference in the sec
ond nearest neighbor interaction between a faulted la
and an unfaulted one,EF is the Fermi level,BsEFd is
a slowly varying function of the band occupancy,V1 is
the nearest neighbor hopping integral, andd is the phase
shift. DF stands for a difference in the bandwidths, ba
fillings, interfacial bonding, or a combination of these [5
The bicrystal interface introduces a Friedel-like oscil
tory modulation of wavelengthlF to the bulk stacking
fault chemical potential. A metallic superlattice can
considered to be a system which consists of a sequen
bimetallic interfaces and the stacking sequence is de
mined by the resultant of the superposition of the prim
bounding oscillatory potentials in each layer.

The Redfield-Zangwill model is applicable to metal
superlattices formed from two different close-packed m
als with similar lattice parameters [5]. Bulk Ti and Al a
hcp and fcc, respectively, and the interplanar distanc
closed-packed planes in both metals differ by only 0.07
Therefore, it would be appropriate to apply this model
TiyAl superlattices where the effect of elastic distortio
on the structural transitions occurring in these multilay
is not expected to be dominant. Furthermore, low an
x-ray diffraction (XRD) studies revealed that the interfa
fluctuation width in each multilayer was less than 0.3
of the bilayer thickness [7]. An interesting observation
that for Ti, at a layer thickness ofø5 nm, the structure
changes to fcc, whereas for layer thicknessesø2.5 nm,
the structure reverts to hcp. It is of interest to determ
whether the Redfield-Zangwill model can predict su
a behavior.

As stated earlier, the stacking sequence in each l
of a metallic superlattice is determined by the super
3779
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FIG. 4. HREM image from the cross section of the multilay
which has a bilayer thickness of 5.2 nm. It shows the h
stacking sequence present in both the Ti and the Al layers.

sition of symmetrical Friedel-like oscillatory modulation
of wavelengthlF , arising from the bounding bicrystal in
terfaces. For simplicity, assume a linear superposi
of these bounding modulations. Consequently, the
potential of stacking faults in a layer is determined
the phase difference between the two bounding mod
tions which in turn is a function of the layer thicknes
Since the bounding modulations are basically dam
sinusoidal waves, as the layer thickness reduces, the
perposition of the modulations oscillates between c
structive and destructive interference regimes. At la
layer thickness values, much larger than the value oflF ,
the effect of superposition is not felt and the bulk cry
tal structures dominate; for example, this applies to
108 nm multilayer. As the layer thickness is reduc
to the extent that superposition effects contribute to
stacking sequence, constructive interference can resu
certain regions of a layer having a negative net stack
fault potential and a positive value in other regions of
same layer. This leads to a mixed fcc1 hcp structure
within the same layer, such as is observed in the Ti lay
of the 21 nm multilayer. It should be noted that the lay
thickness is still greater than the wavelengthlF, of the
oscillatory modulations. Further reduction of the lay
3780
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thickness belowlF will initially result in a constructive
interference such that the stacking fault potential is ne
tive throughout the layer, converting an entire layer of h
to fcc or vice versa [5]. This is observed in the Ti lay
of the 9.8 nm multilayer and in the Al layer of the 5.2 n
multilayer suggesting that thelF for Ti is larger than that
for Al. However, on further reduction of the layer thick
ness, the interference again becomes destructive, stab
ing the bulk crystal structure in the layer; this is observ
in the Ti layers of the 5.2 nm multilayer. It appears fro
the above discussion that the Redfield-Zangwill mode
able to predict, in principle, a sequence of transformatio
in a multilayer with reducing layer thickness as follows:

hcp ! fcc 1 hcp ! fcc ! hcp

or

fcc ! hcp 1 fcc ! hcp ! fcc .

From the discussion given above it is clear that the criti
quantity in Eq. (1) is the Friedel oscillatory wavelengt
and, therefore, it would be more satisfactory if a mo
quantitative approximation oflF were to be deduced
which would lend credibility to the model. This is don
by deriving an expression forlF from Eq. (1) as follows:

lF  py cos21fsEFy6V1d 1 1g , (2)

where lF is in units of the interplanar distance. Sinc
a first principles computation of the nearest neig
bor hopping integrals and Fermi levels is beyo
the scope of this paper, an approximate estimate
these quantities has been made on the basis of a
ear combination of atomic orbitals (LCAO) using th
Slater-Koster (SK) method as an interpolation sche
[8]. The Redfield-Zangwill model assumes the simple
possible tight binding model of the metals with ones site
per atom with site energyE [5]. Consequently, the only
energy integral of interest isVsss. The computed values
of Vsss for bulk Ti and Al areVssssTid  20.5182 Ry
and VssssAl d  20.5153 Ry. The corresponding
Fermi energy values areEFsTid  0.1392 Ry and
EFsAl d  0.1637 Ry. As a first approximation, the
Fermi energy level of the multilayered structure as
whole has been assumed to be midway in between
s
TABLE I. Table showing the structural parameters of the four different TiyAl multilayers, having a range of bilayer thicknes
values, which have been investigated in the present study.

Bilayer Ti Al
Thickness Ti Al d-spacing d-spacing

(nm) structure structure (nm) (nm)

108 hcp fcc h0002j  0.2316 h111j  0.2333
21 hcp1 fcc fcc h0002j  0.2244 h111j  0.2296

h111j  0.2485
9.8 fcc fcc h111j  0.2501 h111j  0.2296
5.2 hcp hcp h0002j  0.2314 h0002j  0.2314
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Fermi levels of bulk Ti and Al givingEF  0.1515 Ry.
The values ofV1 have been calculated by a process
normalization which involves multiplying the values o
Vsss by the number of valence electrons for both
and Al given by V1sTid  4VssssTid  22.0728 Ry
and V1sAl d  3VssssAl d  21.5459 Ry. Substituting
these values in Eq. (2),lFsTid  20 and lFsAl d  17
(in units of the relevant interplanar spacing) ha
been determined.

From the experimental observations, it can be c
cluded that the total transformation of the Ti layers fro
an hcp structure to an fcc structure occurs in the ra
of layer thickness of 10.5 to 4.9 nm, corresponding
a range of 45 to 20 close-packed atomic layers. T
range is on the higher side of the theoretically calc
lated value of 20 atomic layers forlF of Ti, although
it is a reasonably good first approximation. In the ca
of Al, the theoretically predicted value oflF  17 lies
within the experimentally determined range of 21 to
close-packed atomic planes. On the basis of this ag
ment it seems that the Redfield-Zangwill model can ma
reasonable order of magnitude predictions about the la
thickness at which fcc$ hcp type of structural transition
occur in metallic multilayers. Another predication of th
model [5] is the possibility of the occurrence of order
sequences of stacking faults in the layers of a metallic
perlattice leading to the formation of long period polyty
structures such as those which have been observed in
Ir superlattices [1]. However, no such ordered seque
of stacking faults was observed in any of the TiyAl multi-
layers investigated.

An additional point to be considered is the differen
in the value of mb for Ti and Al, which decides the
extent of shift of the bounding modulation in the positi
sense. The values ofmb for Ti [9] and Al [10] are 30
and 135 mJym2, respectively. Since the bulk stackin
fault potential for Al is much greater than that for T
the modulations in the Al layers are shifted to a larg
extent in the positive sense. Consequently, the regio
negative potential in the bounding modulations is confin
nearer to the interface in the Al layers as compared
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the Ti layers. So the net potential in the Al layers fa
below zero only for a smaller layer thickness when t
superposition of modulations close to the interface reg
is in effect.

In this Letter a series of novel structural transitio
occurring in TiyAl multilayered thin films, dependen
on the bilayer thickness of the multilayers has be
discussed. It is evident from the experimental resu
that the stability of the competing closed packed crys
structures, hcp and fcc, is a strong function of the la
thickness which imposes a dimensional constraint.
possible explanation for the structural transformatio
occurring in these multilayers has been proposed base
the Redfield-Zangwill model. However, a comprehens
model would need to account for other factors,
example, elastic distortions, and this complex problem
the subject of future research.
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