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Epitaxial monolithic thin films on substrates or individual layers in an A/B multilayered thin film stack can

exhibit crystal structures that differ from the bulk equilibrium phase. The stabilization of these pseudomorphic

phases is a result of the competition between the volumetric and interfacial free energies. Unlike a single film

on a substrate, a multilayered thin film is unique in that each precedent layer can act as a template surface for the

proceeding layer. Recently, a classical thermodynamic model has been properly extended to describe phase

stability in an alternating A/B multilayer [1]. An outcome of this model has been a new type of phase diagram

that depicts phase stability regions as a function of the inverse bilayer thickness, given as λ -1, and the volume

fraction, f
i
, of one of the constituent layers. The bilayer thickness, λ , is defined as the thickness of layer A plus

layer B. Thus the length scale, λ,  and the volume fraction act as two independent degrees of freedom in stabiliz-

ing the pseudomoprhic phase.  This is analogous to temperature and composition in traditional metallurgical

phase diagrams. With the use of this model, a prediction of hcp to bcc phase stability for Ti in Ti/Nb multilayers

has been proposed.

The phase stability in Ti/Nb multilayers as a function λ -1 and f
Nb  

is shown in Fig.1. The phases have been

confirmed by x-ray and electron diffraction techniques. The experimentally determined phase stability bound-

ary (solid line) in Fig. 1 is at a much lower layer thickness than the predicted boundary (dashed line). The slope

of these boundaries can be derived from the classic thermodynamic model [1] to be equal to a ratio of the

volumetric free energy difference, ∆ G
i
 and the interfacial free energy reduction, ∆γ , between the pseudomor-

phic and bulk states. Using a ∆ G
Ti

 from CALPHAD [2] and the measured slope of the boundary in Fig. 1, the

experimentally determined ∆γ  = -580 mJ/m2. A van der Merwe interfacial energy model for a bcc Ti/bcc Nb -

hcp Ti/bcc Nb interface predicted ∆γ  = -280 mJ/m2 [2].

Atom probe tomography is an ideal technique, due to its high spatial resolution, to understand the chemical

profile across a nanostructured interface [5]. The associated thermodynamic free energies used to model the

pseudomorphic phase stability are highly sensitive to the degree of intermixing at the interface and within each

of the constituent layers. Nb, being a bcc-stabilizer in Ti alloys, could have marked influence upon the phase

stability of bcc Ti in the multilayer. A Ti/Nb multilayer at the boundary (λ  = 4.75 nm, f
Nb

= 60%) has been

prepared as an atom probe specimen in a similar manner to that by Martens et al. [3, 6].  Three-dimensional

atom probe maps and a compositional profile normal to the layers are shown in Figs. 2 and 3. It is evident from

these figures that Nb has significantly interdiffused into the Ti layer to a concentration of ≈  15 at%. Refining the

CALPHAD ∆ G
Ti(Nb)

 with this Nb concentration coupled with the slope of Fig. 1, the experimental ∆γ   is ap-

proximately -265 mJ/m2 ; a value in closer agreement with the van der Merwe prediction.  The interdiffusion of

Nb into the Ti layers has significantly altered the free energies associated with stabilization of the pseudomor-

phic phase. One of the potential factors that could be contributing towards the enhanced interdiffusion of Nb

into the bcc Ti layers is the similar atomic radii of  Ti (0.140 nm) and Nb (0.145 nm). Using a Matano construc-

tion, the interdiffusion coefficient across the Ti/Nb interface has been calculated from the compositional curves

of Fig.3 to be of the order 10-22 cm2/s [2].  Similar coefficient values have been reported in other thin film

systems [4].
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Fig. 1 Phase stability diagram for Ti/Nb
multilayers

Fig. 3 Compositional profile normal to the interfaces of the
Ti/Nb multilayer of Fig. 2.

Fig. 2  Reconstructed atom probe image of
a Ti/Nb multilayer.
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