THE STUDY OF THE PROXIMITY EFFECT IN Mg/Nb MULTILAYERS

A Dissertation

by

LEVICA MARGARET SMITH

Submitted to the Office of Graduate and Professional Studies of
Texas A&M University
in partial fulfillment of the requirements for the degree of

DOCTOR OF PHILOSOPHY

Chair of Committee, Donald Naugle

Committee Members, Joseph Ross
Glenn Agnolet

Haiyan Wang
Head of Department, Grigory Rogachev

May 2018
Major Subject: Applied Physics

Copyright 2018 Levica Smith



ABSTRACT

The proximity effect in multilayers of alternating superconducting and normal materials has
been studied extensively over the years on various systems due to its transport properties of the
entire system. In this work, Mg/Nb multilayer thin films were investigated through experimental
methods and compared to the theoretical calculations. The crystal structured was studied to

observe if the films followed the bi-phase diagram.

Firstly, a study of the crystal structure of the films was attempted through X-ray diffraction
(XRD) measurements. The XRD images obtained were compared with DFT calculations for
Mg/Nb multilayers to check if the films fell into the expected regions of the bi-phase diagram. The

XRD results were not conclusive.

Next, the resistivity of all the films was measured to study the superconducting transition
temperature of each of the films. The results were compared with calculations using the Cooper-
de Gennes proximity effect model. The measured transition temperatures were a good match for
the calculations, which points to Cooper-de Gennes being an appropriate model for this system, as

long as the films are in the Cooper limit.

The upper critical field of the films was examined both parallel and perpendicular to the film.
The angular dependence of the upper critical field was also studied. Comparing the results with
the theoretical calculations for 3D and 2D upper critical field, it was found that the films matched

the 2D expression for the upper critical field.
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1. INTRODUCTION AND BACKGROUND™

1.1 Superconductivity

Superconductivity was first observed in 1911 by Kamerlingh Onnes, a few years after he
liquefied helium [1-4]. In superconducting metals and alloys, the electrical resistivity drops
suddenly to zero when cooled to a specific temperature, known as the critical temperature T, also
referred to as the transition temperature. Another unique characteristic of superconductors is their
behavior in a magnetic field. The magnetic properties cannot be accounted for by the assumption
that a superconductor is a normal conductor with zero electrical resistivity, because a bulk
superconductor that is in a weak magnetic field will behave as a perfect diamagnet, with zero
magnetic induction in the interior [1-6]. Meissner and Ochsenfeld (1933) found that when a sample
is placed in a magnetic field in its normal state and then cooled through T, the magnetic flux
present in the sample is ejected (Figure 1.1). This behavior is known as the Meissner effect [7].
The Meissner effect shows that a bulk superconductor when it is the superconducting state will
behave as if the magnetic field is zero inside the sample, and implies that perfect diamagnetism is
an essential property of superconductivity. Superconductivity can be destroyed if a sufficiently
strong magnetic field, the critical field, is applied. The value of the field needed for the destruction
of superconductivity is designated the H¢(T) and is a function of temperature.

There are two types of superconductors: Type | and type Il. Both type | and type Il

superconductors have similar thermal properties in zero magnetic field. The difference between

* Portions of this section are reprinted with permission from “Boundary Effects in Superconductor” by P.G. De
Gennes, Rev. Mod. Phys. 36, 225 (1964), Copyright 1964 by the American Physical Society.

T Portions of this section are reprinted with permission from “Theory of the Superconducting Transition Temperature
and Energy Gap Function of Superposed Metal Films” by N.R. Werthamer, Phys. Rev. 132, 2440 (1963), Copyright
1963 by the American Physical Society.



the two types is seen in the Meissner effect (Figure 1.2). Type | superconductors exhibit a complete
Meissner effect up to their critical field Hc. At He, the field penetrates fully, and the superconductor
becomes a normal metal. Type Il superconductors exhibit a complete Meissner effect up to a lower
critical field denoted Hci. At this point, the field starts to penetrate the sample, and the sample is
now in a vortex state, depicted in Figure 1.3. In the vortex state, the sample is normal inside the
vortices where the field penetrates and superconducting outside the vortices. As more field is
applied, the number of vortices grows and the sample is eventually saturated at a second higher

critical field Hez, at which point it becomes normal [1, 2, 5].

T>Tc T<Tc

Figure 1.1: Diagram of the Meissner Effect. Magnetic field lines applied to a superconductor above its transition
temperature (left) and expelled magnetic field below the transition temperature (right). Reprinted from [8].



Type | Type |l

H.(T) H,,(T)

Mixed state
B=0
Meissner effect

B=0
IMeissner effect

T[: TD

Figure 1.2: Magnetic Phase Diagram. Reprinted from [9].

side view

top view

Figure 1.3: Depiction of the Vortex State. Reprinted from [10].

In 1957 Bardeen, Cooper and Schrieffer [11] proposed a theory, now known as the BCS theory,
to explain the microscopic origins of superconductivity and the ordering of the electron pairs. The
theory can also quantitatively predict the properties of superconductors. Cooper showed that an

arbitrarily small attraction between electrons in a metal leads to a paired state of electrons having


http://www.chm.bris.ac.uk/webprojects2000/igrant/history.html#theory

a lower energy than the Fermi energy, which indicates that the pair is bound. These pairs, known
as Cooper pairs, are formed by electron-phonon interactions where phonons are the quanta of
lattice vibration energy. As an electron moves through the ion-lattice, the ions are attracted to the
electron and move toward the electron causing a distortion in the lattice around the electron. This
distortion creates an area of greater positive charge density around the electron. Another electron
at some distance away in the lattice is then attracted to this charge distortion, a phonon. This
attraction between electrons due to the displaced ions can overcome the electrons' repulsion to
each other due to their negative charge, and cause them to form a Cooper pair. Cooper pairs have
slightly lower energy than a single electron and can, therefore, move through the lattice relatively
unaffected by thermal vibrations. This effect also causes the electrons to feel little to no resistance
when traveling through the lattice, thus making the material a “perfect conductor” [1, 2, 6, 12].

In all superconductors, the entropy decreases noticeably on cooling below the critical
temperature, Tc. The entropy of the superconducting state is less than that of the normal state, thus
the conduction electrons are ordered at temperatures below T and disordered above T [1-4]. At
temperatures well below the critical temperature, the electronic specific heat of a superconducting
metal varies with temperature exponentially, (C,;)s = ae~?/%8T where a and b are constants. This
behavior suggests that electrons are excited across an energy gap. The BCS theory accounts for an
energy gap which is characteristic, but not universal, of superconductors [1-5]. The Meissner
effect [4] implies a magnetic susceptibility x = —1/4m in the superconducting state. Ohm’s law,
Jj=cE , describes electrical conduction in the normal state of a metal. It is assumed that the current
density is directly proportional to the vector potential A of the local magnetic field in the
superconducting state. This leads to a modification of Ohm’s law to explain conduction and the

Meissner effect in the superconducting state, B = curl A, and the constant of proportionality is


http://www.chm.bris.ac.uk/webprojects2000/igrant/theory.html#phonon

written as —c/4m\.2 . Here c is the speed of light and A is a constant with the dimensions of length.

Thus

j=—mh @)

Eqn. 1 is the London equation. It is possible to express this another way by taking the curl of both

sides to obtain

curl j=-—B (2

5D .
4mA{

The London equation is written with the vector potential in the London gauge: div A=0, and A,=0

on the external surface where no external current flows. The London equation leads to the

Meissner effect. From a Maxwell equation curl B = %"j. Taking the curl of both sides gives

curl curl B=—V?B = 4Tﬂcurlj, combine with the London equation, resulting in the relations:

VB == (3a)

Vij==j. (3b)

From these equations, one can assume that fields and currents in superconductors can only exist
within a layer of thickness AL. These surface currents screen the interior of the superconductor

from the applied field.



B(r) = Bo= constant is not a solution of equation (3a) unless the constant Bo is zero. The result
follows because V2B,is always zero, but B, /A? is not zero unless By is zero.

The London penetration depth, A;, measures the depth of penetration of the magnetic field. It is a
fundamental length characterizing a superconductor. Another characteristic measurement is the
coherence length &, a measure of the distance within which the superconducting electron density

cannot change drastically in an applied magnetic field [1-5]. Both A, and € are temperature-

dependent quantities and their ratio, = % , IS another way to distinguish between type | and type

Il superconductor.
1.2 Proximity Effect

There has been significant interest over the years in the study of the superconducting proximity
effect. A common type of sample used for studying the proximity effect is layered films of
alternating superconducting and normal materials, called bilayers. A bilayer is formed from one
layer of each material. A multilayer is a unit of repeated bilayers (Figure 1.4). The proximity effect
is possible due to the Cooper pairs being able to maintain their coherence over macroscopic
distances from the superconducting material into a normal metal that is in close proximity, as long

as there is good electrical contact between the two materials.



Superconductor
Bilayer Normal metal
Substrate

Multilayer

Superconductor
Normal Metal

Substrate

Figure 1.4: A representation of a bilayer and a multilayer. A is the bilayer thickness, dy and ds are the thicknesses of
the normal and superconducting metal slabs respectively.

Several authors have composed theoretical explanations of the proximity effect phenomenon
[13-19]. The approach that is common among the authors is assuming the superconductivity in the
bulk state is characterized by an electron pair correlation with an associated coherence length, and
this correlation extends a similar length into a normal metal that is in contact with the
superconductor, which has an assumed coherence length in most cases. It then becomes possible
that superconducting films of thicknesses, ds, less than or comparable to the characteristic
coherence length of the superconductor, &g, will have their transition temperature lowered by
superposition of a normal metal. This lowering should be independent of the normal metal
thickness, dn, when dn is larger than the coherence length of the normal metal, . For ds much
smaller than &, Tc falls rapidly below experimental detection as dn approaches &y .

Besides a new T, the multilayers also acquire a new upper critical field. When the bilayer

thickness is reduced to the nanometer scale, the multilayers exhibit interesting transport and

7



mechanical properties, as well as structural transitions resulting in the adoption of a crystal
structure differing from the bulk form.

Several groups have studied the structure and superconductivity of various multilayers, such
as Nb/Zr, Nb/Ta, Nb/Pd, etc., where the bilayer thicknesses (1) of each metal varied [20-27]. These
groups used either the Cooper-de Gennes proximity effect model or the de Gennes-Werthamer
proximity effect model to calculate the critical temperature for the multilayers. Both of these
models were based on the theory first introduced by Cooper (described in the following sections).
A few groups also studied the crystal structure changes that occurred in some of the multilayer
systems. They observed stabilization of metastable phases in which the materials adopted a crystal
structure different from their bulk [28]. Recently groups have been studying the stabilization of
metastable phases in magnesium (Mg) multilayer systems as well as the effects of layering
magnesium with niobium (Nb), a type Il superconductor, to improve the properties of magnesium.
Magnesium, which in its bulk state has a hexagonal closed packed, hcp, crystal structure, has been
observed to adopt a body centered cubic, bcc, crystal structure when layered with niobium, when
the thicknesses of each are in a certain range. In a bce crystal structure, Mg’s mechanical properties
could be improved [29, 30].

For this study, the proximity effect in Mg/Nb multilayer thin films was examined. This
multilayer system, while having been studied for improving the properties of Mg, has not been
previously studied for the proximity effect. The dependence of the critical temperature and upper
critical field of the multilayers on varying the Mg/NDb ratio within the bilayer was investigated.
Resistivity and magnetoresistance measurements on a variety of Mg/Nb multilayer compositions
were performed with a Quantum Design Physical Property Measurement System (PPMS). A

Quantum Design Dynacool helium 3 system was also used for a few resistivity measurements.



X-ray diffraction (XRD) measurements were used to study the crystal structure of the films. The
results were compared to previous findings found by the group in reference 29.

In the next few sections | introduce the Cooper proximity effect model, the Cooper-de Gennes
proximity effect model and the de Gennes-Werthamer proximity effect model and discuss the

significance of each.

1.3 Cooper Model

Cooper considered a simple case [31] where all electron-electron interactions in the normal
metal are negligible. The penetration length of the Cooper pairs, K, has been determined for two

different cases:

1) If the normal metal (N) is “clean”, i.e., if the mean free path [, in N is large compared to the
coherence length &y, then the probability amplitude F = (y,y,) for finding the Cooper pair

at distance |x| from the N-S boundary has the asymptotic form

F = ¢(x) exp(—K|x]|) (|x|large) (4)

where ¢ (x) is a slowly varying function of x and K~ = hAvy /2mk, T where vyis the Fermi

velocity in the normal metal and T is the temperature. When T goes toward 0, the decrease of

F is not exponential anymore, but becomes very slow [6]:

()

1
F = const.
x+x1

where X1 is some distance from X.



2) If Nis “dirty” (Iy < &y), the pair leakage is controlled by a diffusion process. A diffusion

constant is introduced = éleN . The probability amplitude formula still holds, but now

Aunl 1/2
én = (hD/2mky )2 = (200) . ©®)
In the limit where both N (normal metal) and S (superconductor) are both “dirty” and thin
(compared with &), Cooper made an argument that each electron spends a fraction of its time in

N, nydy/(nydy + ngds). Thus, an average coupling constant can be defined as

nyVndy+ngVsdg

(V) egr = (7)

l’lNdN+nst

where ng y is the density of states for the metals, and Vs is the coupling constant [6, 30, 31].
1.4 Cooper-de Gennes Proximity Effect Theory

De Gennes assumed the excitation spectrum of a superconducting system is constructed by the
self-consistent field method [13]. He also assumed that the electrons are coupled by a point
interaction —V (1;)8(r; — 1;). This is an appropriate approximation since the range of the exact

interaction is of the order of the Fermi wavelength, while the effects take place at a much larger

10



scale. V(r) will not be the same in the N and S regions. In the S regions, V=Vs is positive (attractive
interaction). In the N regions, V=Vn may be either positive or negative, depending on the balance
between Coulomb repulsion and phonon induced attraction.

To derive Fermi-type excitations, De Gennes started with the equation for the one-electron

operator Y} (1)

iaaitz (r) = [% +U (T)] Ya () = V() x L )z (e (r) (8)

where o and [ are spin indices and U is the one-electron potential, with different values in the two

metals. De Gennes then linearized the last term according to the rule
Vng (g (r)p(r) = Vg (g ())e(r) . (9)

The only non-vanishing terms come from

Va(MT i (1) = =V () (1)) = A* (r), which is the pair potential.

The eigenmodes of the linearized equation are

1(rt) = Tp(un (e Fnty + vd (Nentyy,) (10)

i (rt) = Tp(un (e Fnty,y — vi (e ntyy;) (11)
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where y is a fermion operator, and the excitation energy E, is restricted to positive values.

u and v are the eigenfunctions of the following system of equations:

Eu = [(ﬁ) p? + U(r)] u+ Av (12)

Ev =— [(ﬁ) p+ U(r)] v+ Atu . (13)

The fermion states g of energy En have a thermal equilibrium population given by the Fermi

function f(E,) = 1/[1 + exp(E,/T)]. This gives

A(r) = V()i (Mpu(r) = V() X Ty vn Mun(MI1 = 2f (E] (14)

To ensure the convergence of this equation, when the excitation energy ¢, is higher than w,, the
local Debye frequency, the interaction V is cut off, in agreement with the BCS theory. The pair
potential A(r) is space-dependent for both standard variations of A(r) in an N-S sandwich and in
an SNS junction. The space dependence has a significant consequence: the eigenfunctions u,,(r)
and v, (r) are not proportional to the one electron wave functions in the normal state w,, () defined
by [p?/2m + U(r)]wp = €Wy,

The pair potential A(r) is a natural “order parameter” for the inhomogeneous systems. De
Gennes realized that this was not the only possible choice. He determined that one could also use
the “condensation amplitude” F(r) defined by F (r) = (¥;(r)y,(r)). F is the probability amplitude
of finding two electrons in the condensed state at point r. There are two important properties in

connection with A and F.

12



(@) Boundary conditions: on an atomic scale, F(r) and A(r) are continuous functions of r. But
if the interest is in a larger scale and the interface between two metals is described as a
sharp boundary, neither F and A are continuous on this surface. For dirty systems, the
continuous quantity is F(r)/N(r) = A(r)/n(r)V(r), where n(r) is the local density of
states at the Fermi level.

(b) The relation between the pair potential and the energy gap E,: E, was defined as the lowest
excitation energy of the fermions in the self-consistent field A.

When A(r) depends on only one space coordinate X, the energy gap E, is equal to the

minimum value of |A(X)| in the sample.

Based on Gor’Kov’s treatment of superconductivity, A(r) may be written as

A(r) =V(@) Y, [ dr'A(r)H, (rr") (15)

where,

1

€En—iw eqt+iw

H,(r')=TX,YXnm X Wr-ll- (r)W;z (M)Wr (X YWy, (1) (16)

where w = 2nT (v + %) and the sum X represents the sum over all integers v. The functions w,,

are the one-electron wave functions in the normal state. They include the effects of impurity and

boundary scattering. From the orthogonality of the real functions

[ Hy(rr)dr' = Sn s wa (P = n(0) [ 75 = 1m0 (17)

€2+w? |w|
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where n(r) is the local density of states. The one dimensional Fourier transform, where the pair

potential depends only on one space coordinate (A(X)), is

|x-x"|

Ho(XX') = 5[ Hy(@)e' "X dg = (Fhr=)e” T (18)

2|wliw

$w = (D/2|a)|)§ (where D = %vpl , L is the mean free path) gives the range of H,, (XX").

1
The largest range corresponds to w = wy = nT, &, = & = (D/2nT)z , where ¢ is the coherence

length for the alloy. (The dirty superconductor approximation requires [ «< &). In a two-layer
system, De Gennes assumed that the thicknesses dy and d of the slabs are much smaller than the
respective coherence lengths &y (T) and ég(T), dy K &y and dg < & . This is the Cooper limit.

Then the kernel H,,(XX") is essentially constant when X or X' is varied in one of the slabs. From
egn. (17) and the boundary condition [nA/(fB n aEA)] = [nB/(EA n a—l{.'B)]p a= nA/nB, de

Gennes derived the following set of equations:
dyHy,(NN) + dgH,,(NS) = ny(n/|wl), dyH,(SN) + dsH,(SS) = ng(m/|wl]), (19)
Hyy/ny = Hys/ns,  Hsy/ny = Hss/ns .

These give
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Ho(NS) _ Hy(NN) _ Hy(SS) = 1

nyns n% n |lw| nydy+nsds (20)
Since A(X) will be constant for each slab in the limit,
1
Ay= Yo VT ﬁm (nydyAy + nynsdsAg) (21)
Ag= Y, VsT — : (nynsdyAy + nédsAs) . (22)

|lo| nydy+nsds

A non-trivial solution for eqns. (21) and (22) is needed. De Gennes considered the result for only

the case where the frequency cutoff w, is the same in N and S.

T 1.14(1)0 _ l
Tzwmelog T, (23)
_ 5p -t
Tens = 145 €XP [[n(EF)V]eff] 9
B _ vynkdy+Vsnids
p= [Tl(EF)V]eff - nydy+nsdg ) (25)
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T.ns is the critical temperature of the bilayer and p is the effective attraction parameter ‘nV’ in the
BCS formula for T. [13]. Qualitative agreement for the Cooper-de Gennes model with
experimental data can be obtained as long as one keeps in mind that the formulas are valid only
for the Cooper limit, ds and dn, both much smaller than the coherence distance, i.e. for very thin

films.

1.5 De Gennes-Werthamer Proximity Effect Theory

Werthamer [15] refined the de-Gennes model for films that do not fall into the Cooper limit
dy < &y and dg < &5 . The de Gennes-Werthamer model relates the transition temperature of the
bilayer to the bulk parameters of the bilayer constituents. Werthamer adopted the equation of de

Gennes and Guyon [14] for the energy gap function at the transition temperature of the sandwich

A(r) = [d3" K(r,r)A(r") (26)

where the kernel K depends on the bulk properties of the sandwich component specified by

randr’

K(r,r") = NO)V(r) [m (“Tﬂ) 83(r, 1) — X(r, r')] 27)
X(rr") = 2r)~3 [ d3ke™ T y(hvglk?/6mk,T,) (28)
1@ =v(G+32)-v(3) (29)



with 1 being the digamma function. Werthamer rewrote the Eqn. (26) as
A(r") In [Tc(r ] [d3r"X (@ —r')AT") (30)
where T¢(r) is the local bulk transition temperature and has been defined by

NV =n |57 (D)

Next Werthamer introduced the function X (r),
X(r) = @2m)~ [ d®ke™ 1 (§7k?) (32)
with £2 = hvpl/6mkyT,.. Multiplying Eqn (30) on both sides by X(r — r’) integrating over r’,
A(r) = [d&3r'X(r — r)In[T,(r")/T]A"). (33)

Werthamer recognized that X(r)is just the Green’s function for the differential operator

x(—&2V?%), which enabled him to transform Eqn. (32) into the differential form

H(=EV)AM) = In [£2] A(r) . (34)
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Since Egn. (34) looks very much like a Schrodinger equation, a direct mathematical
correspondence can be made with the quantum motion of a particle of energy E in a potential U(r).
The following substitutions were then made: U(r) - Inép, /T.(r), E - In6, /T,, k?/2m —
x(&2k?%). Werthamer then focused on the case of two superposed thin films, one a known

superconductor,

TC(T) = TcSr 0<x < ds (35&)

and one a normal, non-superconducting, metal assumed to have a non-vanishing attractive

electron-electron interaction, and thus a small but non-vanishing transition temperature,

T,(r) =T, —dy<x<0. (35b)

Solutions of Egn. (34) can be written as:

A(r) = ettks* 0 <x <dg, A(r) = et n*, —dy,<x<0 (36)

where k; , satisfies

X(Ezksz‘) =InT. /T, , _X(_Ezkl%l) = InT/Tey - (37)

To choose appropriate boundary conditions, Werthamer required that dA(r)/dx vanish at metal-

insulator or metal-vacuum surfaces, here at x = dg and x = —d,. At the metal-metal interface,
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A(r) cannot be continuous or have a continuous first derivative because A(r) is proportional to
V(r) and is thus discontinuous. Conversely, A(r)/V(r) is directly proportional to the Gor’kov

Green’s function; therefore dA/Adx is continuous. Applying all the boundary conditions led to

A(x) x Vscoskg(x —dg)/cosksds, 0<x<ds
(38)
A(x) < Vycoshky(x +dy)/coshkydy, —dy<x<0

and

ks tan ksds = kN tanh kNdN . (39)

Equations (29), (37), and (39) are sufficient to determine T, of the N-S sandwich [15].
It can be seen in literature that the Cooper-de Gennes model works well for very thin multilayers
due to the use of the Cooper limit in its derivation [20-22]. For multilayer films that do not follow

the Cooper limit, de Gennes-Werthamer model appears to work well [23-27].

1.6 Upper Critical Field in Layered Structures

Besides seeing changes in the critical temperature, another interesting study is the behavior of
the upper critical field Hc, due to the proximity effect [32-43]. The temperature dependence of the
perpendicular upper critical field, H.,, (T), gives important information about the microstructure
and about the nature of superconductivity in layered structures. The temperature dependence of

the critical field parallel to the plane of the layers, Hc,;(T), shows dimensional crossover behavior.
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Due to the decrease of the perpendicular coherence length, &, , as the temperature is cooled below
the critical temperature Te, H,,(T) changes its temperature dependence from a three-dimensional
(3D) behavior at temperatures near the T¢, to two-dimensional (2D) behavior at temperatures well
below the transition. The peculiarities of this crossover strongly depend on the strength and nature
of the interaction between the superconducting layers. When &, is approximately equal to the
thickness of the normal metal, dn, the 2D-3D crossover occurs. When &, > dy the
superconducting layers are coupled, and a 3D behavior is expected. If, instead, ¢, « dy the
superconducting layers are decoupled, and a 2D behavior is predicted if the coherence length of
the superconducting material, &g, is smaller than its thickness ds.

A popular theory to consider for explaining the behavior of the perpendicular upper critical

field in S/N multilayers is the Biagi, Kogan, and Clem (BKC) theory [37]. The expression for

He,  (T) i
qs tan (qszds ) = gy tanh (%) (40)
where:
qs = ki — (2nHez1) /o (41)
ay = ki + (2mHcz1)/ o (42)
k% = 2nTy(ts)/hDs (43)
ki = —2nTy(ty)/hDy (44)
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tsn =T /Ty (45)

me=v()-v () ()

where Y (x) is the digamma function. At the critical temperature of the multilayer T, H.,; = 0
and q3 y = ké .
According to the Ginzburg-Landau theory, the parallel critical field near the T of a three-

dimensional (3D) anisotropic superconductor is given by:

_ bo
Hey (T) = 2m&, (T)E L (T) (47)

where ¢, is the superconducting flux quantum and ¢, and &, are the coherence lengths parallel
and perpendicular, respectively, to the layers.

Tinkham [35] calculated the parallel upper critical field for a thin two-dimensional (2D) film:

_ V12¢
Hey (1) = 2mé(T)ds (48)
where &, and &, are given by:
T g V2
g" - I:anch_] (49)
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g, =[] ™ (50)

2
27'[HC2||

Another way to observe the 3D-2D crossover is to examine the angular dependence of the
upper critical field. For a 3D anisotropic superconductor, the angular dependence of Hc. is

described by [32, 33, 36]

HCZ(T, 9) — : He 1 (T) (51)

(m/M)sin2(8)+cos26]1/2

where,

2
M — [HCZII(T) (52)

m Hep (T)

and where 0 is the angle between the field direction and the sample normal. The angular

dependence for the 2D case is given by [35]

H(T,0)cos6
He1 (T)

H(T,0)sinf 2 _
[ Hez (T) ] =1. (53)
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2. SAMPLE FABRICATION AND EXPERIMENTAL TECHNIQUES

2.1 Magnetron Sputtering

One of the most common ways to prepare thin film samples is by the process of sputtering
which is a physical vapor deposition (PVD) process used for depositing materials onto a substrate.
Deposition occurs in a high vacuum environment by ejecting atoms from the target materials and
condensing the ejected atoms onto a substrate.

The samples for this study were prepared via DC magnetron sputtering by a fellow research
group. Magnetron sputtering [44-46] is a plasma vapor deposition process (Figure 2.1). Sputtering
is a process in which a plasma is created by placing a DC voltage between a target and a substrate.
Positively charged ions (typically argon) from the plasma are accelerated by an electrical field
applied to the negatively charged electrode, designated the target. The negatively charged target
attracts the positive ions at a high velocity. The accelerated ions strike the negative electrode with
enough force to dislodge and eject atoms from the target. These atoms are then ejected in a typical
line-of-sight distribution from the surface of the target, condense on the substrate and start to form
a film. Electrons released during ionization are accelerated to the substrate. They subsequently
collide with other plasma atoms, creating more ions and free electrons in the process, which will
strike the target, continuing the cycle. The substrate is attached to a rotary unit which spins the
substrate at a specified speed. Substrate rotation helps with the uniformity of the deposited films.
In general, sputter guns are not directly facing the substrate; they have a certain angle, normally
10 - 30 degree. Rotation speeds of the substrate are 60-100 rpm.

Magnetron sputtering deposition uses a strong transverse magnetic field, normal to the electric

field, near the target. This magnetic field causes traveling electrons to spiral along magnetic flux
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lines near the target instead of being attracted toward the substrate, which leads to higher sputter
rates. The sputtered atoms are neutrally charged and are thus unaffected by the magnetic trap. The
advantage of this is that the plasma is trapped to an area near the target. This helps increase the
efficiency of the sputtering process, and minimizes both impurities that form in the thin-film and
damage to the film caused by stray electrons and ions. Magnetron sputtered films exhibit better
adhesion to the substrate than evaporated films due to the higher kinetic energy and lower pressures

that can be used.

rotary feedthrough unit

gas I |
—
f
sputtéred atom | substrate
|
) | argonion
| @
! Vacuum
SN,
,,-E -I —_—
target

Figure 2.1: Diagram of the sputtering process. Reprinted from [47].
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Figure 2.2: A representation of the film growth order.

For this study, multilayer films composed of magnesium and niobium were examined. The
individual layer thicknesses varied from 0.20 to 5.00 nm and overall thickness varied from 50.00
to 80.00nm. The four types of substrates used were hydrofluoric (HF) acid etched single crystal
silicon Si (111), Si (110), Si (100), and SiO> (without HF acid etch). The multilayer films were
deposited on the silicon substrates via DC magnetron sputtering at room temperature from pure
Mg (99.95%) and Nb (99.95%) targets. A base pressure of better than 8 x 107 torr was achieved
before deposition, and the argon (Ar) pressure during deposition was 2~3 mtorr. Prior to
deposition, all targets were pre-sputtered to clean the surface of the target itself from
contamination. Multilayers were deposited by alternately sputtering the two targets, Mg and Nb.
The first layer was niobium, then a layer of magnesium was deposited. These two layers were
repeated until the final desired thickness was achieved. A 3.00 nm-thick Nb cap layer was then

deposited after the deposition of the Mg and Nb layers to help reduce oxidation (Figure 2.2). The
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sputter rate (nm/s) was determined before the depositions to control the layer thickness by
adjusting deposition time and power. Good uniformity (of the films) was achieved by rotating the
stage. Thus the group was able to control the layers very precisely. The deposition rate of a target
gradually decreases as the target is gradually used up, and so the sputter rate was monitored from
time to time. These films were prepared using a custom-built magnetron sputtering system, shown
in Figure 2.3. To determine the sputter rate vs texture, the group used the diagram shown in Figure
2.4 which relates the sputter rate to the energy flux [48]. Thicknesses used for calculations were
the thicknesses reported by Dr. Zhang’s group. Due to the thinness of the individual layers and the

potential crystal structure change there is possibly some error in the reported thicknesses.

| 'L_L”u N

Figure 2.3: DC Magnetron Sputter System belonging to Dr. Zhang’s group. Reprinted from [49]
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Figure 2.4: Structure zone diagram applicable to energetic deposition as a function of the generalized
temperature T* and the normalized energy flux E*; t* represents the net thickness. The boundaries between
zones are gradual and for illustration only. Reprinted from [48].

2.2 Sample Preparation

Once the films were deposited onto the Si substrates, | used a diamond scriber pen to cut small
rectangular pieces to fit inside the sample puck for measurement. The cut pieces were then covered
with a mask and placed inside the in-house evaporation chamber shown in Figure 2.5. A 4nm
chromium film was deposited onto the pieces to act as an adhesive layer, then 40nm of silver (Ag)
was deposited on top of the chromium to form four contact pads on the samples. This deposition
was done by thermal evaporation. Thermal evaporation, a PVD method, occurs when a source
material is heated above its melting point via resistive heating. This process must take place in a

high vacuum environment to minimize the amount of collisions between gas particles and the
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source atoms that are being evaporated. This allows the vapor particles to travel in a straight path

until they reach the substrate, where they condense into the film.

The samples were taken out of the evaporator and gold leads were attached. Small squares of
indium were pressed to each of the contact pads, gold wires were pressed onto the indium pieces,

and then another piece of indium was pressed on top of the wire to secure it.

Figure 2.5: In-house Vacuum Technologies Evaporator System
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In this study, low temperature resistivity experiments were conducted using a Quantum Design
model 6000 Physical Property Measurement System (PPMS), as well as a Quantum Design
Dynacool helium 3 system. After leads were attached to the samples, the samples were placed on
a PPMS resistivity puck (Figure 2.6a) and the gold wires were soldered to the puck, which was
then placed in the PPMS for measurement. To obtain the critical field measurements the samples
were attached to a PPMS rotator puck and rotated 0° to 180° (Figure 2.6b). Figure 2.7a is an image

of the PPMS system in my lab. A schematic of the PPMS is shown in Figure 2.7b.

The PPMS operates in a temperature range of 1.7 Kelvin (K) to 400K with a superconducting
solenoid magnet that has a range of £9 Tesla (T) [50]. To minimize the cryogen boil-off, the liquid
helium (He) environment is enclosed in a vacuum jacket with several layers of radiation shields.
The probe, which houses the sample chamber where the sample puck is placed for measurement,
is composed of several concentric stainless steel tubes and other components (Figure 2.7b). The
probe is immersed in the liquid He bath inside the dewar. The outer layer of the probe, an evacuated
region filled with reflective superinsulation, isolates the sample chamber from the liquid He bath.
Liquid He is transferred to the cooling annulus through a series of capillaries in a controlled fashion
to cool the sample space. An electronic control unit monitors the sample temperature with a series
of thermometers attached to the sample space; it heats and cools the sample space until the sample
temperature stabilizes. A platinum thermometer reads temperatures above 80K, while a negative
temperature coefficient (NTC) thermometer reads temperatures below 100K. A weighted average
of the two is used in the crossover region. The 9T superconducting magnet is maintained at 4.2K

by immersion in liquid helium.
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(b)

Figure 2.6: (a) Two samples prepared for resistivity measurement on a PPMS resistivity puck. (b) Two samples
prepared for angular field dependence on a PPMS rotator puck.
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Figure 2.7: (a) Quantum Design PPMS cryostat, control unit, and computer (b) Schematic of the PPMS probe.
Reprinted from [50].
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2.3 Transport Properties

For resistivity and critical field measurements, the PPMS system uses the standard four point
probe method, shown in Figure 2.8. A prepared resistivity sample is shown in Figure 2.6a. In a
four point probe measurement, current is passed through the sample via two current leads, and the
potential difference across the sample is measured via two separate voltage leads. Thus, the
resistance of the contacts has no effect on the measured voltage. Resistance is then calculated by

the PPMS using Ohm’s Law
=Y
I'=— (2.1)
where | is the applied current, V is the potential difference, and R is the resistance.

The resistivity of a material p, measured in ohm meters Q - m, is the quantitative measure of how
a material opposes the flow of electrons that are under the influence of an electric field (E), with

resistance R and current density J. Electrical conductivity, o, is defined as the inverse of resistivity

o= %. Resistivity is not directly measurable but is instead calculated by using the resistance R

measured by the PPMS from a film with voltage leads spaced apart by length L apart and cross

sectional area A, giving

R-A

—E_R4
p=ftt (2.2)

The cross sectional area was calculated using the reported overall thickness of the films and the
measured width of the cut samples. Looking at the representative depiction of the four point prove

set up in Figure 2.8, L is equal to the distance S; depicted, the distance between the voltage leads.

The resistance in different types of materials behaves differently with changing temperature.
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Above the Debye temperature, the resistivity of a typical metal changes linearly with temperature
due to the thermal motion of the ions. This property is often used to calculate the thickness of a
thin film of a known metal by measuring the slope of the resistance versus temperature. At much
lower temperatures, the temperature dependence is predicted as T° due to the electron scattering

by phonons or as T2 due to electron-electron scattering.

rl Is

S >»</S2>< S

Figure 2.8: Drawing showing four point probe set up for resistivity measurement. Reprinted from [51].

2.4 Microstructural Characterization

Magnesium in bulk form has a hexagonal close packed crystal structure (hcp), and niobium in
bulk form has a body centered cubic crystal structure (bcc) (Figure 2.9). X. Zhang’s group
predicted and experimentally proved a bi-phase diagram for Mg/Nb multilayers with coherent
interfaces grown on Si (100). As can be seen in Figure 2.10, there is a region, blue, where bcc

magnesium is stable and a region, red, where hcp niobium is stable. The green region is where the
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films are both in their bulk crystal structure. Films were studied that fall into each of these three

regions for this project.

The effect of this crystal structure change, from a bcc to hep, on the superconducting properties
of niobium was examined through measurements of the transport properties of the Mg/Nb
multilayers. To confirm the crystal structure of the layers of the samples, x-ray diffraction (XRD)
measurements were performed on all of the films using a Bruker-AXS D8 advanced Bragg-
Brentano X-ray powder diffractometer equipped with Cu-Ka source anode, D8 Goniometer,
automatic divergence slit, graphite monochromator on the diffracted beam and Lynxeye PSD for
detection. The films were exposed to a monochromatic beam of X-rays from a Cu-Ka source, with

a wavelength of 1.5406A.

Magnesium Niobium

hexagonal close-packed (hep) body-centred cubic (bec)

Figure 2.9: The bulk crystal structures of Magnesium and Niobium. Reprinted from [52].
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Figure 2.10: The bi-phase diagram is plotted as a function of A (bilayer thickness) and fny (fraction of niobium in
the bilayer). Reprinted with permission from [29].

X-ray diffraction analysis [53, 54] is a non-destructive method primarily used for the
identification and characterization of compounds based on their diffraction pattern. Bragg's law
[55], represented in Figure 2.11, is the basis of X-ray diffraction. Crystalline solids consist of
regular arrays of atoms with interplanar spacing characteristic to a given crystal. X-rays, of a
certain wavelength, impinging the crystal will be scattered by the atoms of the crystal, and undergo
constructive interference when the difference in path lengths is equal to an integer multiple of the
wavelength of the incident X-ray. When this constructive interference occurs, a diffracted beam
of X-rays will leave the crystal at an angle equal to that of the incident beam. This constructive

interference is illustrated in Figure 2.11, by the X-ray paths ABC and A’B’C’. The relationship
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between the spacing of the crystal atom planes, the angle of the incident X-ray, and the incident

X-ray wavelength is known as Bragg’s Law

nl = 2d sinf (2.3)

where n (an integer) is the "order" of reflection, A is the wavelength of the incident x-rays, d is the

interplanar spacing of the crystal, and 6 is the angle of incidence.

X-ray diffraction (XRD) is quite useful in the identification and characterization of
crystalline structures by way of Bragg’s Law. With XRD, the wavelength and incident angle of
the X-rays is known, and by solving the Bragg equation, the spacing between crystal lattice
planes is determined. The atomic arrangement in the crystal structure will affect the direction
of possible diffractions along with the intensity of the diffracted wave. In a typical XRD setup,
a beam of X-rays is directed at the sample, and a detector is used to detect the diffracted beam;
the position of the detector and intensity of the beam are used to determine the crystal structure,

orientation, and interatomic spacing of the sample.

Thus, using X-ray diffraction, the crystal structure of the samples in this project were studied
to see if they followed the bi-phase diagram shown in Figure 2.10. Also of interest was determining
if the crystal structure change would have an effect on the proximity effect, or if the proximity

effect is strictly governed by the thicknesses of the individual films in the bilayer.
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Figure 2.11: A diagram representing Bragg’s Law. Reprinted from [56].
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3. MATERIAL CHARACTERIZATION?

The crystal structure of the as-deposited Mg/Nb multilayer thin films was examined with XRD.
XRD is a useful and non-destructive tool to analyze the microstructure of thin films. This method
does not require any sample preparation, and the sample can be quickly scanned. XRD experiments
in this study were performed using a Bruker-AXS D8 advanced Bragg-Brentano X-ray powder
diffractometer.

The goal was to examine if the samples studied for this thesis fit in with the bi-phase diagram
for Mg/Nb multilayers (Figure 2.9) that had been proposed by A. Junkaew et al. [29]. An XRD
pattern for three different samples from their study is presented here as a basis for comparison.
The XRD was obtained with a Bruker-AXS D8 advanced Bragg-Brentano X-ray powder

diffractometer.

* Part of this section, including Figure 3.1, is reprinted with permission from “Tailoring the formation of metastable
Mg through interfacial engineering: A phase stability analysis” by A. Junkaew, et al., CALPHAD, 2440 (2014) 145,
Copyright 2013 by Elsevier LTD.
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Figure 3.1: XRD profiles of three representative specimens from different regions of the bi-phase diagram. (a) the
Mg (11.58nm)/Nb (0.42nm) multilayers, (b) the Mg (1.8nm)/Nb (0.2nm) multilayers, and (c) the Mg (1.5nm)/Nb
(0.5nm) multilayers. Reprinted with permission from [29].

Fig. 3.1 shows XRD profiles of three samples, each from a different region in the bi-phase
diagram. The dashed vertical lines represent the reference 20 values of hcp Mg (a=3.2°A and
c=5.19°A), bcc Mg (a=3.57°A), bcc Nb (a=3.32°A) and hep Nb (a=2.88°A and ¢=5.26"A) obtained
from DFT calculations. Mg 11.58nm/Nb0.42nm multilayers (Fig. 3.1(a)) shows coherent Mg and
Nb hcp structure. Mg1.8nm/Nb 0.2nm nanolayers (Fig. 3.1(b)) indicates that Mg lattice is slightly
distorted and a possible small bcc Nb peak is observed. However, hcp Mg and hcp Nb peaks are
dominant. As the fraction of Nb in the bilayer increases, the hcp Mg peak shifts toward the bcc
Mg position. The predominant peak in Mg 1.5nm/Nb 0.5nm multilayers (Fig. 3.1(c)) shifted from
hcp to becc Mg position and bec Nb peak with higher intensity than Fig. 3.1(b) specimen is also

shown. However, the hcp Nb peak is still observed indicating a small fraction of hcp lattice exists.
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These three specimens correspond to the Mg-rich region of the phase diagram. Instead of aligning
epitaxially with bcc Nb, hcp Mg is distorted towards bcc Mg’s lattice parameter in Fig. 3.1(b) and
(c). For the same bilayer thickness, changing the volume ratio of components has an effect on the
magnitude of distortion from the hcp to bce structures.

All of the following XRD graphs presented are those done for this study. The dashed lines
correspond to the reference 26 values obtained by A. Jankwae et al. through DFT calculations,
Table 3.1. Figure 3.2 shows the bi-phase diagram with points (diamonds) added in to represent

where the films from this study would be expected to be.

Table 3.1 DFT Calculated Values

X-ray Cu-Kal A=1.540598 | HKL | 26 (degrees)  d(A)

Nb hcp 002 |34.035 2.63200
100 | 35.992 2.49329
101 | 39.980 2.25331
Mg hcp 100 | 32277 277128
002 | 34536 259500
101 | 36.734 2.44461
Mg bcc 110 | 35534 252437
200 | 51.131 1.78500
Nb bcc 110 | 38310 2.34759
200 | 55.29 1.66000
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Figure 3.3: Mg(0.2nm)Nb(3.8nm) film on SiO, XRD Pattern

Figure 3.3 shows the XRD pattern for the film composition MgsNbges, individual layer
thicknesses Mg 0.2nm and Nb 3.8nm. The Nb (110) peak is well pronounced, however, the Mg
peak is not present in this scan. This could be due to the orientation of the film during the scan or
the very low amount of Mg present in the sample. A bcc Mg peak would be expected from the bi-

phase diagram if one did appear.
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Figure 3.4: Mg(0.6nm)Nb(3.4nm) film on SiO, XRD Pattern

Figure 3.4 shows the XRD pattern for the film composition MgisNbgs, individual layer
thicknesses Mg 0.6nm and Nb 3.4nm. The Nb (110) peak is well pronounced, as is a peak that
could be the Mg (1010) peak, but could also be a Si peak. As with the previous film, based on the

bi-phase diagram, a bcc Mg peak was expected, though no evidence of that peak is seen.
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Figure 3.5: Mg(1.2nm)Nb(4.8nm) film on Si(100) XRD Pattern

In Figure 3.5 the Nb (110) peak, for the film Mg(1.2nm)/Nb(4.8nm), is small but apparent.
There is a possible small peak close to 42 degrees that could be a Nb peak or Si peak. The Mg
(0002) peak is shifted towards the Mg bcc peak position. It was expected that the Mg peak would
be shifted closer to the bcc position, or there would be two peaks, one near the hcp peak position
and one near the bcc peak position. There is a small peak near 42 degrees which could be a Si peak
or a shifted Nb peak. The peaks all appear to be equally spaced. Calculating the integer ‘n’ for the
three peaks visible here with the bilayer thickness being the interplanar spacing d in the Bragg’s

formula, the following numbers were obtained.
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Table 3.2 Calculations for integer n, from Bragg’s Law.

20 A (A) d (A) n

40.82 | 1.5406 | 59.64 27
37.865 | 1.5406 | 59.35 25
34958 | 1.5406 | 58.99 23

Lambda here is the wavelength of the incident X-rays from the XRD equipment. The n values are
equally spaced, which indicates that the film is a superlattice film with repeated layers. If this is
true, then the peaks are for the supperlattice film and not the individual materials. For n integer,
the bilayer thickness results are not an exact match for the reported thickness, though it is very
close. This is not unexpected, as it would be difficult to have the bilayers all be exactly an integer

amount. This is seen for all of the following film XRD plots where n was calculated.
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Figure 3.6: Mg(5nm)Nb(5nm) film on Si(100) XRD Pattern

Figure 3.6 shows the XRD pattern for the film composition MgsoNbso, individual layer
thicknesses Mg 5.0nm and Nb 5.0nm. The Nb (110) peak is well pronounced, and a satellite peak
is quite pronounced as well. The Mg (0002) peak is visible next to a larger peak that is either a
(0002) satellite peak or a Mg (110) peak. The (110) peak was not expected based on the bi-phase

diagram, only the (0002) peak was expected.
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Figure 3.7: Mg(1.2nm)Nb(4.8nm) film on Si(100) XRD Pattern

Figure 3.7 shows the XRD pattern for the film Mg(4.8nm)/Nb(1.2nm). The Nb (110) peak
appears to be shifted, and a shifted Nb (1010) peak is visible as well. The Mg (0002) peak is
visible next to a Mg (110) peak. It is plausible to expect all of these peaks, as this film falls in an
area just above the triple point of the phase diagram. Here again the peaks appear to be equally
spaced. Calculating the “n’ for the peaks for this film, the results imply that the observed reflection

spacings are due to the superlattice structure of the sample.
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Table 3.3 Calculations for integer n, from Bragg’s Law.

20 A (A) d (A) n
41.31| 1.5406 58.96 27
39.501 | 1.5406 59.27 26
37.64 | 1.5406 59.69 25
35.78 | 1.5406 60.18 24
33.909 | 1.5406 60.76 23
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Figure 3.8: Mg(3.4nm)Nb(0.6nm) film on Si(100) XRD Pattern

In Figure 3.8 the XRD pattern for the film Mg(3.4nm)/Nb(0.6nm) is shown. The Nb (110) peak
is well defined, and a shifted Nb (1010) peak is visible as well. The small Mg (1010) peak is

visible next to a pronounced Mg (110) peak. Once again, it is reasonable to expect to see all of

these peaks, as this film falls in an area just below the triple point of the phase diagram. The small
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peak around 44 degrees is possibly a Si peak. The peak spacing for this film indicate that this

sample also has a superlattice structure.

Table 3.4 Calculations for integer n, from Bragg’s Law.

20 A (A) d(A) n

43.98 | 1.5406 | 39.09 19
41.22 | 1.5406 | 39.369 18
38.41 | 1.5406| 39.81 17
35.64 1.5406 40.27 16
33.12 | 1.5406| 40.54 15
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Figure 3.9: Mg(3.8nm)Nb(0.2nm) film on SiO, XRD Pattern
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Figure 3.9 shows the XRD pattern for the film Mg(3.8nm)/Nb(0.2nm). The Nb (110) peak is
still visible, and a Nb (1010) peak is visible as well. The Mg (0002) peak is well pronounced. The

spacing is approximately equal between the peaks.

Table 3.5 Calculations for integer n, from Bragg’s Law.

20 A (A) d (A) n
40.777 | 1.5406 | 39.80 18

37.87 | 1.5406| 40.36 17

35.01 1.5406 40.97 16

A few of the films from this study fit well with the bi-phase diagram while the others show
deviation from the expectation. Further XRD studies should be done as well as TEM analysis to

further examine the crystal structure of these films. These will be discussed in Chapter 5.
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4., RESULTS AND DISCUSSION

4.1 Resistivity
4.1.1 TAMU Sputtered Mg/Nb Multilayers

The resistivity of the multilayer films was measured to study the superconducting proximity
effect on the transition temperature. The first batch of samples for this project was sputtered at
Texas A&M University. Copper contact pads were thermally evaporated onto each of the prepared
samples from this batch. The compositions listed below® were each grown on four substrates —
Si(100), Si(110), Si(111) and SiO,. For each sample, a layer of niobium was first deposited
followed by a layer of magnesium. This bilayer was then repeated several times until the desired
overall/total thickness was achieved (see Figure 2.2). Finally, a layer of niobium was deposited to

form a cap to reduce the oxidation of the samples.

e Mg1sNbgs bilayer thickness 4nm (Mg 0.6nm, Nb 3.4nm), 3nm Nb cap, total thickness 51nm

e MgsoNbs bilayer thickness 4nm (Mg 2.0nm, Nb 2.0nm), 2nm Nb cap, total thickness 50nm

e MgsoNbso bilayer thickness 10nm (Mg 5nm, Nb 5nm), 3nm Nb cap total thickness 63nm

e Mg7oNbso bilayer thickness 6nm (Mg 4.2nm, Nb 1.8nm), 2nm Nb cap, total thickness 63nm

Presented first is the resistivity for the film composition MgisNbgs with bilayer thickness 4nm,
12 bilayer repeats, and total thickness 51nm, which includes the Nb cap of 3nm. The individual

thickness of Mg is 0.6nm and Nb is 3.4nm.

$ Three other films were grown, but because they could not be measured with the PPMS system, they are not
included as part of this study. The films were: MgssNbis bilayer thickness 4nm, Nb cap 1nm, total thickness
51nm; MgsoNb1o bilayer thickness 6nm, Nb cap 1nm, total thickness 61nm; and MgssNba bilayer thickness 12nm,
Nb cap 0.5nm, total thickness 61nm.
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As can be seen in Figure 4.1(a), the film on the Si (100) substrate behaves like a normal
superconducting material with decreasing resistivity as the temperature decreases. There is a slight
shift around 200K possibly due to the substrate being slightly conducting at high temperatures or
could be stress due to differential expansion. This shift occurred for all four films, listed above,
grown on the Si (100) substrate. The transition temperature (T¢) is about 6.4K, highlighted in

Figure 4.1 (b).

Next, a look at the same film composition, but on the Si (110) substrate, is shown in Figure
4.2(a). The resistivity, in this case, is three orders of magnitude smaller than the film on the Si
(100) substrate. Such low values are unrealistic for resistivity when compared with resistivity
values for the other substrates and with other similar films seen in the literature [14, 23, 25]. This
irregular behavior was observed on all films deposited on the Si (110) substrate from the first
sample/growth batch at TAMU. The reason for this behavior is not currently known. The T

(Figure 4.2 (b)) is approximately 6.4K as with the film on the Si (100).

52



[ —e— Mg,sNbgs 7 = 4nm Si (100)
60 1 N 1 " 1 " 1 N 1 L 1 " 1
(a) ...".!.‘ oo

W B [¢))
o o o
1 1 L |

\.
(]
[
(]
T T

Resistivity (nOhm-cm)
S
1

01w ' T T T T T T T T o
0 50 100 150 200 250 300

T(K)

—e— Mg,5Nbgs 2 = 4nm Si (100)

40 - (b) o-0-0-9-0-9-0-8-0-0-0-0-4

30 + B

20 - -

Resistivity (uOhm-cm)

10 + -

03006060 00060060006000-9 o
T T T T T T . T T T

3 4 5 6 7 8 9
Temperature (K)

Figure 4.1: (a) Mg(0.6nm)/Nb(3.4nm) film on Si (100). (b) Superconducting transition curve, T ~ 6.4K. Sputtered
at TAMU.
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Figure 4.2: (a) Mg(0.6nm)/Nb(3.4nm) film on Si (110). (b) Superconducting transition curve, T ~ 6.4K. Sputtered
at TAMU.
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The MgisNbgs film deposited on the Si (111), shown in Figure 4.3(a), displays unusual
behavior at high temperatures, which is more consistent with a semiconductor material rather than
metal materials, as the resistivity increases with decreasing temperature until reaching lower
temperatures ( ~150-80K ). This peculiar behavior is noticeable on all films grown on the Si (111)
wafer. The resistivity of the bare Si (111) substrate was measured, and it was discovered that it is
conducting at temperatures above 100K, at which point it becomes insulating, and the resistivity
is due only to the Mg1sNbgs film. The T (Figure 4.3 (b)) for this film on the Si (111) is the expected

6.4K.

For the fourth substrate, SiO,, the MgisNbgs film behaves as expected, Figure 4.4(a), with
decreasing resistivity as the temperature decreases until it reaches its transition temperature (Figure

4.4 (b)) at about 6.4K. This is expected since SiO- is an excellent insulator.
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Figure 4.3: (a) Mg(0.6nm)/Nb(3.4nm) film on Si (111). (b) Superconducting transition curve, T = 6.39K. Sputtered
at TAMU.
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57



To highlight the unique behaviors previously discussed, Figures 4.5-4.8 show a comparison of
the film compositions with transition temperatures above 1.7K for each of the substrates used. The
comparison of the films on the Si(100) substrate, near their transition temperatures, is displayed in
Figure 4.5. Figure 4.6 shows the transitions of the films on the Si(110) substrate, while Figures 4.7
and 4.8 exhibit superconducting transitions of the films on the Si(111) and SiO: substrates,

respectively.

Next, focusing on the film composition MgsoNbso, bilayer thickness 4nm, it is apparent the
behavior of this film on each substrate at high temperatures is consistent with that of the prior film
composition discussed, MgisNbss. Figures 4.5-4.8 show that the transition temperature for the
MgsoNbso film is approximately 2.9K on all four of the substrates. The resistivity values are higher
than expected for this film when compared with resistivity values of MgisNbgs and similar
multilayers in the literature [20-26], except for the film on the Si (110) which is extremely low, as
previously mentioned in the discussion of the MgisNbgs film. For the subsequent set of samples
with same film composition, MgsoNDbso, but with a thicker bilayer of 10 nm, the behavior observed
on each substrate at high temperatures is consistent with the previous two films. The transition
temperature for this film is near 4.3K for each substrate (Fig. 4.5 and 4.8). Finally, with the fourth
film, MgzoNbzo with a bilayer thickness of 6 nm, the behavior on each of the four substrates at high
temperatures once more reflected that of the previous compositions. The transition temperature for

this film is approximately 2.4K on each of the substrates.
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Figure 4.5: Superconducting transition curves for the four films grown on Si(100) substrate, sputtered at TAMU.
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Figure 4.6: Superconducting transition curves for the four films grown on Si(110) substrate, sputtered at TAMU.
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Figure 4.7: Superconducting transition curves for the four films grown on Si(111) substrate, sputtered at TAMU.
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Figure 4.8: Superconducting transition curves for the four films grown on SiO; substrate, sputtered at TAMU.
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As previously mentioned, copper contact pads were evaporated onto the samples. Due to
copper readily oxidizing, and potentially oxidizing the films, some of the films discussed were re-
measured using silver contact pads. The results using the silver contacts compared to the copper
contacts were varied. For the niobium rich samples up to the 50/50 composition, the results were
nearly identical to the measurements with copper contact pads. For example, the MgsoNbso film
with bilayer thickness 10nm had a transition temperature very similar to the measurement of the
same film with copper contacts. Conversely, the magnesium rich sample, MgzoNbzo with bilayer
thickness 6nm, had a transition temperature of about 1.7K for SiO2, Si(110) and Si(100), but for
the Si(111) the film did not transition to zero above 1.7K. It started to decrease at 1.7K and would
most likely have transitioned not far below that. This transition is lower than the previously
measured T of 2.4K on all four substrates using copper pads. The film showed signs of oxidation,

and that is likely the reason for the drop in T..

4.1.2 Purdue Sputtered Mg/Nb Multilayers

The following section discusses a second batch of samples sputtered at Purdue University by
the same group that grew the first sample set discussed previously. Silver contact pads were
evaporated on each of the samples from this growth. As with the first growth, the first layer was
niobium followed by a layer of magnesium, and these layers were then repeated until the desired
overall thickness is achieved. The last layer is a 3nm cap of niobium to reduce the oxidation of the

samples. The compositions grown were:

e MgsNbgs bilayer thickness 4nm (Mg 0.2nm, Nb 3.8nm), 3nm Nb cap, total thickness 83nm

e Mg1sNbss bilayer thickness 4nm (Mg 0.6nm, Nb 3.4nm), 3nm Nb cap, total thickness 63nm
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e Mg20Nbgo bilayer thickness 6nm (Mg 1.2nm, Nb 4.8nm), 3nm Nb cap, total thickness 63nm
e MgsoNbs bilayer thickness 10nm (Mg 5.0nm, Nb 5.0nm), 3nm Nb cap, total thickness 73nm
e MgsoNb2g bilayer thickness 6nm (Mg 4.8nm, Nb 1.2nm), 3nm Nb cap, total thickness 63nm
e MgssNbss bilayer thickness 4nm (Mg 3.4nm, Nb 0.6nm), 3nm Nb cap, total thickness 63nm
e MgosNbs bilayer thickness 4nm (Mg 3.8nm, Nb 0.2nm), 3nm Nb cap, total thickness 83nm
Two of the films have the same composition as two from the sample set sputtered at TAMU.
This was to allow for an evaluation of the sputtering system at the two locations to see if the films

would yield the same results.

Shown first is the film composition MgsNbgs on each of the four substrates for bilayer thickness
4nm, 20 bilayer repeats, and total thickness 83nm. As can be seen in Figure 4.9, the film on the Si
(100) substrate behaves like a normal superconducting material with decreasing resistivity as the
temperature decreases. There is a very slight shift around 200K, comparable to that seen in the
films sputtered at TAMU,; this could be due to either a phase transition or the substrate being
slightly conducting at high temperatures. Review of Figure 4.10 reveals the film on the Si (110)
has behavior very similar to that of the Si (100) with almost identical resistivity values, unlike the

extremely low resistivity values seen on all measured films sputtered on Si (110) at TAMU.
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Figure 4.9: (a) Mg(0.2nm)Nb(3.8nm) film on Si(100). (b) Superconducting transition curve, T = 8.1K. Sputtered at
Purdue.
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Figure 4.10: (a) Mg(0.2nm)Nb(3.8nm) film on Si(110). (b) Superconducting transition curve, T, = 8.1K. Sputtered
at Purdue.
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As expected, the strange behavior seen in films sputtered on Si (111) substrate due to the
conductivity of the substrate is seen for this film as well, Figure 4.11a. The transition is shown in
detail in Figure 4.11b. The film on the SiO> substrate, Figure 4.12, displays behavior similar to the
behavior seen for this film on the Si (100) and Si (110) substrates. As seen in Figure 4.12(b), the

transition temperature is 8.16K for the MgsNbgs film.
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Next, a comparison is presented of all film compositions sputtered at Purdue with transition
temperatures above 1.7K on each of the substrates to highlight the consistency of the behaviors
discussed previously. In Figure 4.13, a comparison is shown of the films on the Si(100) substrate
near their transition temperatures. Figure 4.14 exhibits the transitions of the films on the Si(110)
substrate, while Figures 4.15 and 4.16 show superconducting transitions of the films on the Si(111)
and SiO» substrates respectively. The first film composition, starting on the right, in each

comparison is MgsNDbgs.

The next film composition, moving towards the left, is MgisNbgs, bilayer thickness 4nm, 15
bilayer repeats, and total thickness 63nm. It has a transition temperature of 7.65K. This T¢ is a full
degree higher than the transition temperature for the same film sputtered at TAMU (6.4K as
reported previously). Looking at the film with composition Mg20Nbgo on all four substrates, bilayer
thickness 6nm, 10 bilayer repeats, and total thickness 63nm, it can be seen that the transition
temperature for this film is 7.14K. Continuing the trend of increasing Mg percent, moving to the
left, the composition MgsoNDbso is examined on each of the four substrates for bilayer thickness
10nm, 7 bilayer repeats, and total thickness 73nm, including the 3nm Nb cap. Figures 4.13-4.15
show that the transition temperature for this film is 5.36K on three of the substrates. The film on
the SiO; substrate was marked as not good by the grower, who noted that it might be bad due to
the targets possibly shorting out a few times during the sputter process. The film still had a
transition, but it occurred at a lower temperature of 4.30K, Figure 4.16. The resistivity values were
in an expected range and consistent across the substrates except for the film on the SiO. substrate
which has a high resistivity (~300uOhm-cm prior to transition). Much like with the MgisNbgs
film composition, the transition temperature of this film composition at 5.36K is a 1K higher than

the T measured for the same composition sputtered at TAMU, 4.3K.
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Figure 4.13: Superconducting transition curves for the four films grown on Si(100) substrate, sputtered at Purdue.
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Figure 4.14: Superconducting transition curves for the four films grown on Si(110) substrate, sputtered at Purdue.
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Figure 4.15: Superconducting transition curves for the four films grown on Si(111) substrate, sputtered at Purdue.
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Figure 4.16: Superconducting transition curves for the four films grown on SiO; substrate, sputtered at Purdue.
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There are obviously some differences in the equipment set-up at Purdue versus when it
operated at TAMU, though these differences seemed to have resulted in an improvement in the
film quality. The resistivity values are relatively consistent across each of the four substrates for
all the films sputtered at Purdue. With the exception of the film composition MgsoNbso on the SiO»
substrate, all of the films have reasonable resistivity values in an expected range based on prior

proximity effect studies.

Moving on to the magnesium-rich films, the next film presented is composition MgsoNb2o,
bilayer thickness 6nm, 10 bilayer repeats, and total thickness 63nm. When examined in the PPMS,
the film’s resistivity started to dip into a transition at 1.7K. Next, the film was measured in a

DynaCool He3 system, and as expected, it transitioned just below 1.7K (Figure 4.17).

In comparison, the other two Mg rich films, MgssNb1s and MgesNbs, showed no evidence of a
superconducting transition in the limit of the PPMS. The MgssNb1s was measured in the DynaCool
system. A transition was seen around 0.45K (Figure 4.18), which was close to the limit of the
DynaCool system. Attempts were made to measure the MgssNbis and MgesNbs films in a dilution
refrigerator, however there were some equipment issues that did not allow for accurate

measurement at this time.
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Figure 4.17: Mg(4.8nm)Nb(1.2nm) film on Si(100). Detail of the superconducting transition curve, T = 1.5K.
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Sputtered at Purdue.
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As can be seen from the data presented so far, all of the films, regardless of resistivity values
and high temperature behavior, have consistent transition temperatures across the four substrates,
example as is shown in Figures 4.19 and 4.20. Therefore, as the substrate is not a factor in the T¢
behavior, all subsequent films can be sputtered on only the SiO2 and Si(100) substrates. From
analyzing the resistivity data shown, it is clear that the samples sputtered at Purdue were of higher

quality than those sputtered at TAMU with the same system.
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Figure 4.19: Comparison of the Mg(1.2nm)Nb(4.8nm) film, bilayer thickness 6nm and overall thickness 63nm, on
all four substrates. Sputtered at Purdue.
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Figure 4.20: Comparison of the Mg(1.2nm)Nb(4.8nm) film, bilayer thickness 6nm and overall thickness 63nm, on
all four substrates. Detail of the superconducting transition curve, T, = 7.14K. Sputtered at Purdue.

4.1.3 Theoretical Comparison

The Cooper-de Gennes proximity effect model was chosen to apply to the films in this study
as they fall into the Cooper limit: dy « &y and dg « &;. The coherence length of niobium is 38nm
[1] and the coherence length of magnesium [57] is 0.0245cm, both of which are much larger than
the individual layer thicknesses used in this study, 0.2-5.0nm. Magnesium’s coherence length
comes from Reference 57. Thorp et al. measured magnesium down to 4mK. They did not observe
a superconducting transition, but they believed that this does not completely rule out the possibility
that T¢ is greater than 4 mK, because the sample may have supercooled. To calculate the coherence

length they assumed a T¢ of 4mK, &5 = 0.18(hv} /kpT,).
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Referring back to Chapter 1, in calculating the T values with the Cooper-de Gennes model,

the following two formulas were used:

o= oD [_1] 24
s = 7450 | o] (24)

Vyngdy + Vsn2dg

nydy + ngds

p = [n(Ep)V]esr = (25)

T.ns is the critical temperature of the bilayer and p is the effective attraction parameter ‘nV’, ngy

is the density of states for the metals, and Vs is the coupling constant.

The parameters used for calculating the transition temperature of each multilayer system
studied are given in Table 4.1 (Refs. 57-60 were used to obtain the parameters). Note that the
transition temperature for thin film niobium is used instead of bulk niobium. The bulk transition
temperatures and the density of states values were used to calculate the coupling constant of each
metal. Then the bulk density of states and calculated bulk coupling constants were used to
determine the effective attraction parameter for each film. This value, along with the average 0,

was then used to calculate the T for each sample.

Table 4.2 lists all of the T¢ values calculated and experimentally measured for the Mg/Nb
multilayers. In Figure 4.21, a comparison is shown of the T¢’s values from Table 4.2 as well as a
few additional calculated values of films that were planned for measurement but were not sputtered
due to equipment failures. The transition temperature is plotted as a function of the fractional
percentage of niobium within the bilayer. The squares are the calculated values from the Cooper-
de Gennes model. The spheres are the experimental values from the Purdue batch. And the

triangles are the experimental values from the TAMU batch. The comparison shows good
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agreement between the calculated values and the T¢’s obtained from the films sputtered at Purdue.
The difference between the calculated and experimental values (Purdue batch) is about +0.1-0.3K.
One exception to this was the MgssNbis film, which had a T. about 0.4K difference from its
calculated Te. This film is right at the triple point and the possible crystal structure change in Nb
could be a potential cause for the larger difference in Tc. The only film that was this close to the
calculated value from the TAMU sputtered films was the MgzoNbzo film. The calculated values
represented by the solid squares are the films that should fall into the green area of the bi-phase
diagram (Figure 3.2) where the materials are in their respective bulk crystal forms. The squares
that are half filled vertically are the films that are expected to be in the blue region of the bi-phase
diagram where both materials are bce crystal structure. The square that is half-filled horizontally
is for a film that at the triple point. The film that falls into the red region of the bi-phase diagram
is represented by a square that is open in the center. Due to the fact that the Mg T¢ is an assumed

value, the film T values were calculated for Mg T.=0 and plotted in Figure 4.22.

TABLE 4.1. Parameters for the two constituent layers of MbxNb1go-x.

&(nm) n(Er)(states eV-tatom?)

38 0.91
2.45 x 10° 0.275
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TABLE 4.2. Superconducting Transition values for measured MbyxNbzoo-x films.

Film A (bilayer thickness) Tc (K) Tc (K) (Calculated) Tc (K)
(Calculated) MgT.=0 (Experiment)

TAMU:
MgisNbss dnm 7.59 7.22 ~6.4
MgsoNbsg 10nm 5.23 3.78 ~4.3
MgsoNbsg 4nm 5.23 3.78 ~2.9
Mg7oNb3o 6nm 2.79 1.13 ~2.5
Purdue:
MgsNbgs 4dnm 7.89 7.78 8.16
MgisNbss 4dnm 7.59 7.22 7.65
Mg2oNbso 6nm 7.38 6.87 7.14
MgsoNbsg 10nm 5.23 3.78 5.36
MgsoNb2o 6nm 1.42 0.24 1.5
MgssNb1s 4nm 0.82 0.049 ~0.45
MgosNbs 4nm 0.081 1.44x107
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Figure 4.21: Critical temperature vs fractional percentage of Nb in the bilayer. Squares are calculated film T.’s and
spheres are the T¢’s obtained experimentally from the Purdue batch. Triangles are the T’s obtained experimentally
from the TAMU batch.
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Figure 4.22: Critical temperature vs fractional percentage of Nb in the bilayer. Squares are calculated film T¢’s using
the values from Table 4.1. Diamonds are calculated using the same values with Mg’s T, = 0.

4.2 Upper Critical Field

The upper critical field was measured by the four-point probe technique in the Quantum Design
PPMS. The change in the resistivity behavior with increasing perpendicular field was studied, as
well as the temperature dependence of the upper critical field both parallel and perpendicular to

the film’s surface.

Superconducting transition curves are shown for different applied perpendicular magnetic
fields for samples MgsNbgs A=4nm (Figure 4.23), MgisNbgs A=4nm (Figure 4.24), Mg2oNbsgo

A=6nm (Figure 4.25), MgsoNbso A=10nm (Figure 4.26), and MgssNbis A=4nm (Figure 4.27).
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Figure 4.23: Transition curves for increasing perpendicular magnetic fields for sample Mg(0.2nm)/Nb(3.8nm) Film
on Si (100).
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Figure 4.24: Transition curves for increasing perpendicular magnetic fields for sample Mg(0.6nm)/Nb(3.4nm) Film
on Si (100).
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Figure 4.27: Transition curves for increasing perpendicular magnetic fields for sample Mg(4.8nm)/Nb(1.2nm) Film
on Si(100).

The temperature dependencies of the parallel and perpendicular critical magnetic fields are
presented for samples MgsNbgs A=4nm (Figure 4.28), MgisNbgs A=4nm (Figure 4.29), Mg20Nbso

A=6nm (Figure 4.30), and MgsoNbso A=10nm (Figure 4.31).
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Figure 4.28: Perpendicular (squares) and parallel (spheres) critical fields for the sample Mg(0.2nm)/Nb(3.8nm) Film

on Si(100).
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Figure 4.29: Perpendicular (squares) and parallel (spheres) critical fields for the sample Mg(0.6nm)/Nb(3.4nm)
Film on SiOa.
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The angular dependence of the upper critical field was analyzed for each of the films that had

transitions above 1.7K using a rotational puck holder. The results are shown in Figures 4.32-4.35.

The 3D behavior was plotted using the formula [32, 33, 36]

H (T 0) = Hepy (T)
(T,0) = [(m/M)sin2(8) + cos26]1/2
where,
M Ichu(T) ’
m Hey, (T)

and where 0 is the angle between the field direction and the sample normal.

The 2D case was plotted using the formulas developed by Tinkham [35]

H.,(T,0)cosb
HCZJ_(T)

lHCz (T, e)siner ~
HCZII (T) B

The results point to the films having a 2D nature at low temperatures. When the &, > d, , the
thickness of the normal metal layer, the superconducting layers are coupled, and a 3D behavior is
expected. If, instead, £, « dy the superconducting layers are decoupled, and a 2D behavior is
predicted if the coherence length of the superconducting material, &g, is smaller than its thickness
ds. The theories predict that the crossover occurs when the perpendicular coherence length is

approximately equal to the separation between the superconducting layers.
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Figure 4.32: Angular dependence of the H, at 4.0K for the Mg(0.2nm)/Nb(3.8nm) film on Si (100). The solid line is
a theoretical fit to the 3D equation for Heo(®). The dashed line is the theoretical fit to the 2D expression.
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Figure 4.33: Angular dependence of the H, at 4.0K for sample Mg(0.6nm)/Nb(3.4nm) Film on Si (100). The solid
line is a theoretical fit to the 3D equation for He2(®).The dashed line is the theoretical fit to the 2D expression.

85



Mg,,Nbsg, 2=6nm Si(100) T=3.5K

4.5 4

4.0

H.o(T)

3.5 1

3.0+

2.5+ >3
PR

) I
0O 20 40 60 80 100 120 140 160 180
© (degrees)

Figure 4.34: Angular dependence of the Hc, at 3.5K for sample Mg(1.2nm)/Nb(4.8nm) Film on Si (100). The solid
line is a theoretical fit to the 3D equation for He2(®). The dashed line is the theoretical fit to the 2D expression.
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Figure 4.35: Angular dependence of the He, at 4.0 K for sample Mg(5nm)/Nb(5nm) Film on Si (100). The solid line
is a theoretical fit to the 3D equation for He2(®). The dashed line is the theoretical fit to the 2D expression.
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5. CONCLUSIONS AND FUTURE WORK™ "

5.1 Conclusions

In this study, the proximity effect of Mg/Nb multilayer films grown on four separate substrates
(Si(100), Si(110), Si(111), and SiO2) was carefully studied. Each film was sputtered onto all four
substrates simultaneously by magnetron sputtering. X-ray diffraction scans were performed on the
Purdue sample batch and compared to the XRD patterns of Reference 19. The XRD data alone is
not enough to say with certainty if the films fall into the expected regions of the bi-phase diagram,
though it appears at least some of them do. Further studies, mentioned below, will be needed to
fully determine the crystal structure of the multilayer films and discover if metastable phases are
present. Additional studies will also be needed to determine if the crystal structure plays a part in

the proximity effect.

The influence of the proximity effect on the transition temperature and upper critical field were
studied through resistivity and magnetoresistance measurements. Both parallel and perpendicular

upper critical field were studied as well as the angular dependence.

The resistivity measurements had varying results based on the sputter batch. The experimental
results were compared with the theoretical values, calculated using the Cooper-de Gennes
proximity effect theory. The sputter batch made at TAMU was the least consistent. Three of the

four films that had superconducting transitions in the range of the Quantum Design PPMS (i.e.,

™ Part of this section, including Figure 5.3, is reprinted with permission from “High strength Mg/Nb nanolayer
composites” by B. Ham and X. Zhang, Mater. Scien. Engin.: A, 528 (2011) 2028, Copyright 2013 by Elsevier LTD.

't Part of this section is reprinted, including Figure 5.4, with permission from “Tailoring the formation of metastable
Mg through interfacial engineering: A phase stability analysis” by A. Junkaew, et al., CALPHAD, 2440 (2014) 145,
Copyright 2013 by Elsevier LTD.
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above 1.7K) had T¢’s quite a bit different from the theoretical calculations. Only the MgzoNbzo
film was close to its calculated value. However, all of the films from the Purdue sputter batch
were in good agreement with the theoretical T¢’s. These films also had more consistency in the
resistance values across the substrates. Another determination was that the substrate on which the

film was deposited had no effect on the superconducting transition.

For the upper critical field study, only measurements from the Purdue sputter batch were
presented, due to the inconsistency of the TAMU sample batch. The change in the superconducting
transition as the field was increased, in the perpendicular direction, was presented for several of
the films. Parallel and perpendicular fields were compared across four of the seven films, while
the other three films (T below the 1.7K range of PPMS) were measured with other equipment and
full field scans could not be obtained. Only perpendicular field sweeps were obtained for the
MgsoNb2o, which was measured with a Dynacool He3 system. No field scans were acquired for
the MgssNbis and MgesNbs films. For the four films measured with the PPMS above 1.7K, the
angular dependence of the upper critical field was investigated at temperatures a few degrees below
Tc. Comparing the results with the theoretical calculations for 3D and 2D upper critical field, it

was found that all four films matched quite well with the 2D expression for the upper critical field.

5.2 Future Work

5.2.1 Additional Proximity Effect Studies

Due to multiple equipment malfunctions recently, the research group who sputtered the films
were unable to send additional films for further study. Once their equipment is functioning again,
or if another group is found that can produce the films with equal or better quality, there are

additional measurements that would be interesting to pursue, as they could provide further insights
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to what has been learned from this study. One such experiment would be the examination of the
proximity effect on the transition temperature when holding either the Mg or Nb thickness constant
and changing the thickness of the other. Such a study would give a better understanding of the
effect of the thickness on the T.. Measurements of the critical field would also need to be done on
those films. Graphs of calculated values for a study of the effect on the transition temperature while
holding either the Mg or Nb thickness constant are shown in Figures 5.1 and 5.2. The points plotted
were calculated using the Cooper-de Gennes proximity effect model and show the expected
behavior of the thickness dependence of Tc¢. This experiment could help to further understand the

proximity effect in this system of films.
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Figure 5.1: Calculated dependence of critical temperature on thickness of Nb in the bilayer while holding the Mg
thickness constant at 2nm.
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Figure 5.2: Calculated dependence of critical temperature on thickness of Mg in the bilayer while holding Nb
constant at 2nm.

5.22TEM

Further examination of the crystal structure of the multilayer films is needed. Besides
additional XRD measurements, another way to characterize the crystal structure of the films and
to check for coherent interfaces is through transmission electron microscopy (TEM) imaging. For
a thorough investigation, high resolution TEM (HRTEM) images, diffraction patterns, and bright
and dark field patterns would need to be acquired, as well as Fast Fourier Transform (FFT) images
for films measured in this study. A. Junkaew, B. Ham, et al. [29, 61] obtained TEM images for
their films when first investigating the Mg/Nb multilayer system. Figures 5.3 and 5.4 show results

from their study as an example of what could be expected from TEM measurements of films from
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the current study. As can be seen in Figure 5.3, a bright field cross-sectional TEM image of Mg
5nm/Nb 5nm multilayers reveals the discrete layer interface between Mg and Nb. The inserted
selected area diffraction (SAD) pattern in Figure 5.3a shows strong Mg (0002) and Nb (110) fiber
textures. A cross-sectional TEM micrograph of Mg/Nb 100 nm multilayer, Figure 5.3b, shows
weaker texture of the same orientations and a clear interface. Chemically sharp interfaces were
also observed in the same specimen as shown in a cross-sectional FESEM micrograph captured in

the backscattering mode in Figure 5.3c.

Mg/Nb 5nm Mg/Nb 100nm

mem —>§< Mg (0002)
Mg (2713)

Mg (1123)—> -*<€— Mg (0004)

Figure 5.3. (a) Bright field cross-sectional TEM micrograph and inserted select area diffraction pattern of as-
deposited Mg/Nb 5 nm multilayers showing orientation relationship between hcp Mg {0002} and bce Nb {110}. (b)
Cross-sectional TEM image and diffraction pattern of as-deposited Mg/Nb 100nm multilayer films showing discrete
layer interface. (c) Cross-sectional FESEM micrograph of Mg/Nb 100 nm multilayers taken in backscattering mode

confirms chemically sharp interface in the same specimen. Reprinted with permission from [61].
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Figure 5.3. Continued

Mg 1.5 nm/Nb 0.5 nm multilayers shown in Fig. 5.4(a) show that a metastable bcc Mg structure
formed and the interface was coherent between bcc Mg and bce Nb. This is consistent with the
prediction based on the calculated bi-phase diagram. Mg appears to grow epitaxially on Nb as
confirmed by the fast fourier transforms (FFTs) inserts of the image examined along Nb [111]
zone axis; also, the layer interface was chemically-abrupt. In the second case, HRTEM micrograph
of Mg 1.8 nm/Nb 0.2 nm multilayers (Fig. 5.4(b)) shows that hcp Nb has grown epitaxially on hcp
Mg. The orientation of crystals was confirmed by the inserted FFT of the micrograph examined
along hcp [2110] zone axis. HRTEM micrograph and FFT patterns of Mg 5nm/Nb 5nm
multilayers in (Fig. 5.4(c)) show growth of bcc Nb on hcp Mg.

TEM measurements, as well as additional XRD work, will allow future researchers to gain
more insight into the bi-phase diagram of the Mg/Nb system, as well as to better define the

boundary lines and aid in further understanding the metastable structures observed.
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Figure 5.4: (a) High resolution TEM image and corresponding fast Fourier transform (FFT) pattern of Mg 1.5
nm/Nb 0.5 nm multilayers, (b) HRTEM micrograph of Mg 1.8 nm/Nb 0.2 nm multilayers and correlated FFT
pattern, and (¢) HRTEM micrograph of Mg 5 nm/Nb 5 nm multilayers and correlated FFT patterns in Mg and Nb.
Reprinted with permission from [29].
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