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insight into the dynamics of this dramatic phase transition. Electron-beam evapora-
tion was used to deposit 100 nm thick films of Y;_,Sc, alloys for 0.00 < z < 1.00.
The films are capped with a protective, 10 nm overlayer of palladium (Pd) to pre-
vent oxidation and to catalyze hydrogen absorption. Despite a significant decrease
in the unit cell volume of approximately 30%, optical spectral transmission and
resistivity measurements reveal that a transition persists far into the alloy phase
diagram. The optical transmittance behavior smoothly transitions from trihydride
behavior to dihydride behavior with a total decrease in optical transmittance by
a factor of 12. Electrical resistivity measurements indicate a similar reduction in

the metal to insulator transition with Sc concentration. In addition, large disorder
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Chapter 1

Introduction and Overview

“When I was just a little bitty baby, my daddy sat me down on his knee, and he
said to me, ‘Som, you’ve gotta work real hard; you’ve gotta work all day; you’ve

gotta work those fingers right down to the bone’.”

- Don’t Even Hoig Around by Ten Hands

1.1 The Dawn of a New Experiment

The title may be misleading. I do not intend to imply that experiments
on metal-hydride systems or, more specifically, on switchable mirror systems is a
new endeavor. However, the University of Texas is the first research institution in
the United States to attempt to elucidate the physics behind the metallic-mirror
to transparent-insulator transition that occurs in some rare-earth metals due to
hydrogen absorption. In addition, this is the first dissertation to be completed on
the topic here at UT. This being so, the research required development of many
new experimental facilities including an ultra-high vacuum (UHV) film deposition
chamber, thin film structure and transport characterization techniques, and optical
spectroscopy. In light of the the novelty of these experiments on the local level,

Chapter 2 is dedicated to describing these experiments.



Figure 1.1: An optically switching yttrium film. Before hydrogen is introduced, the film
reflects the American flag. After hydrogen has time to infuse, the film becoms visibly more
transparent, and one can see objects behind the substrate (the longhorn).

Studies of metal-hydride systems date back at least as far as 1866 when
Graham discovered that palladium absorbs large amounts of hydrogen [1]. It was
only a short time later that the utilities of hydrogen storage in metals were realized.
For example, metals can be used for rechargable batteries where hydrogen is reloaded
into an electrode from a hydrogen-rich electrolyte. Similar applications already exist
using lithium and hydrogen. Such batteries can be found in laptop computers and
mobile telephones. Even Duracell has a patented metal-hydride technology! This
technology has also found itself a home in the automotive industry as well. The
“drive” for lower emissions has spotlighted hydrogen as a fuel source, however, it
is necessary to store the hydrogen safely as well as densely. Metal-hydride systems

provide both safety and a storage density greater than that of liquid hydrogen.



1.2 Switchable Mirrors

More in line with these studies, hydrogen is able to create an optical gap
in some rare-earth metals such as yttrium and lanthanum. Reversible transitions
between the metallic-mirror and optically transparent-insulator states are possible
by changing the metal’s hydrogen contentover a small range. With such dramatic
switching properties, it may be possible to create energy efficiency devices such as
“smart windows” which act as a mirror to deflect sunlight or as a transparent window
to allow natural lighting. These characteristics can be seen in the 100 nm yttrium
film pictured in Fig. 1.1. Prior to exposure to hydrogen the film reflects an object in
front of it (the American flag), and after exposure, one can see an object behind the
substrate (the longhorn). The residual reflecting properties seen after hydrogenation
are due mostly to the protective capping layer of palladium. The existence of this
quick and reversible optical transition was discovered in yttrium and lanthanum in
1996 by the group of Ronald Griessen at the Vrije University of Amsterdam [2].
The discovery occured while looking into dirty, atomic, metallic hydrogen in a high
pressure diamond anvil cell at low temperatures. However, the earliest signs of this
behavior were actually seen as early as 1977 in the accompanying metal-insulator
transition and in band structure studies [52, 53, 48, 41]. Studies on bulk materials
described the transition as one from shiny metal, at the dihydride phase (MHoy;
M = metal), to a dark, unstable powder, in the trihydride (MHgs) [17]. Due to
this instability, combined with a lack of film growth capabilities, only more recent
experiments on thin films have observed the drastic change in optical and electrical

properties between these two states, simultaneously. Furthermore, the transition can



Figure 1.2: Dissociation of Hs at the surface of a metal film capped with Pd.

occur at room temperature in one atmosphere of hydrogen (1.0x10° Pa), provided
the film is protected from oxidation by a thin layer of palladium (Pd) [2]. In addition,
palladium is found to enhance hydrogen absorption by assisting the dissociation of

molecular hydrogen at the film interface. See Fig. 1.2 for a schematic of this process.

In Fig. 1.3 the various phases of YH, can be seen based on changing optical
and electrical behavior. The system has a solid-solution a-phase (0.00 < z < 0.21)
where resistivity increases slightly due to an increase in scattering centers created
by the hydrogen interstitials and the optical transmittance varies negligibly. Upon
further hydrogenation, the system enters the dihydride g-phase (1.83 < z < 2.09)

where hydrogen forms a sublattice of tetrahedral interstices. In this phase, the re-
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Figure 1.3: Hydrogen loading phenomena for a 100 nm Y film capped with 10 nm of
Pd. On the left axis is the normalized transmittance at 700 nm. On the right axis is the
resistivity. The scale at the bottom gives approximately the YH, phases corresponding to
the graphical data. The arbitrary timescale is roughly in seconds.

sistivity decreases and there is a small transmittance window near 700 nm. For
x > 2.85, the system finally enters the trihydride y-phase where both optical trans-
mittance and resistivity increase dramatically. Between each pair of these three
phases are coexistence regions of the adjoining phases. An approximate correspon-
dence to the data for the phases is also shown in Fig. 1.3. The specifics of the

different phases are discussed in more detail in section 1.3.

1.3 Previous Work

The rare-earth hydrides YH,, LaH,, and their alloy system, La;_,Y,H,,
have been extensively studied by Griessen et al. at the Vrije University in Ams-

terdam [6, and references therein|. These systems attracted much interest because



of their inherent differences in structure throughout the hydride phase diagram.
Yttrium, from its pure metal to its a-phase (YH;) has a hexagonal (hcp) lattice
structure. The « phase finds H atoms distributed upon tetrahedral interstitial sites.
Further hydrogenation reveals the 3-phase (YHs2) where the lattice becomes face-
centered-cubic (fcc) and H atoms have nearly fully occupied the two tetrahedral sites
per metal atom with some very small fractional filling of octahedral sites, although
this is energetically much less favorable. Finally, in the trihydride -phase (YHs),
the lattice returns to a hcp structure with a larger unit cell than the previous hcp
structure. In this phase, the H atoms fill both the tetrahedral and the octahedral
interstitial sites. Lanthanum, on the other hand, begins as an hcp structure and
becomes fcc for the 5 and v phases. As in yttrium, hydrogen atoms fill the same
respective locations throughout the phase diagram. Figure 1.4 shows the metal-
hydride phase diagram with lattice structure noted for each phase for yttrium [76].
The hep and fcc lattice structures are shown in Figs. 1.5 and 1.6, respectively. The
basis for tetrahedral (a) and octahedral (b) hydrogen atoms is indicated by the thick

dashed lines.

In the La;_,Y, alloy system, the lattice behavior is similar to that of La for
0 < z <£0.67, and like that of Y when z > 0.67. The switching time remains more or
less constant throughout the La-Y system at about 1040 seconds in the first loading.
However, the switching time is 5.0 £ 3.1 times shorter for the second and subsequent
hydrogen loads probably due to pre-existing distortions in the lattice created by the
irreversible a—@ transition of the first loading. These results are interesting as

they suggest that crystal structure plays very little role in the metallic-mirror to
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tranparent-insulator transition.

Theoretical calculations for YH3 and LaHg predicted metallic behavior un-
til as late as 1997. It was not until the optical switching was discovered that the
differences between experiment and theory were taken seriously. In more recent ex-
planations, theory has taken two paths. The first line of reasoning explains changes
in band structure by small displacements of atoms. Ab initio, self-consistent, LDA
calculations show that these small displacements from the HoDj structure result
in a lower energy and a small band gap due to band hybridization [21]. More re-
cent total energy calculations using GW methods suggest a HoD3 structure with an
optical gap of 3 eV agreeing with experiment [27]; however, these methods do not
account for the ionic behavior of YH3 observed experimentally [28]. In the second
theoretical approach, strong electron correlations on hydrogen sites have been con-
sidered within the LDA framework. Here, hydrogen is treated as H™ as observed
experimentally. The correlated electrons tend to avoid one another which induces

valence band narrowing and a gap between valence and conduction band [23].

1.4 This Work

Because there is, as yet, so little understood about this phase transition, we
have chosen to look further into the role of structure. By substituting scandium
(Sc) into the yttrium lattice one can investigate the dependence of the transition
on lattice dimensions. The smaller lattice of Sc allows a maximum of two H atoms
per Sc atom as shown in Fig. 1.7 [76]. These phases extend to room temperature in

thin films, and therefore, there is no octahedral filling. All rare-earth metals which
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Figure 1.5: Hexagonal lattice with corresponding tetrahedral (a) and octahedral (b) sites.
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Figure 1.6: Face-centered cubic lattice with corresponding tetrahedral (a) and octahedral
(b) sites.
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exhibit the transition of interest form a trihydride. It was believed substitution of
Sc could lead to a structural instability when the lattice is just large enough to store
three H atoms per metal atom. In such strained situations many exotic behaviors
are seen. Indeed, we have found rather interesting results for this alloy system.
Figure 1.8 shows that the entire alloy phase diagram from pure Y to pure Sc forms
at relatively low temperature [76]. Previous research on bulk Y;_.Sc. H, properties
indicate hydrogen absorption beyond a dihydride composition for alloys of z < 0.4
near 240°C [7]. Our results indicate hydrogen concentrations in excess of dihydride
occur for all alloys at room temperature and one atmosphere of hydrogen for thin
films. Also, we observe the most dramatic changes in the transition near z = 0.20.
We discuss these observations in terms of the local structure around interstitial sites

in the alloy.

The poorly understood dynamics of the optical switching properties in Y and
La thin films have initiated this study. Although the technical prospects for these
materials are interesting and should be investigated, the aim of this dissertation is
to aid the understanding of the physics behind the metallic-mirror to transparent-
insulator transition. We have primarily studied the optical and electrical behavior
of the Yi1_,Sc.H, system. These properties are discussed extensively in Chap. 4
after a short comment on the structural analysis from x-ray diffraction in Chap. 3.
A summary and a brief mention of possible future directions for this work appear

in Chap. 5.

11



Atomie Percent Scandium

10 20 30 40 50 50D 100
1200 1 T T 1 II 1 1 1 Il
1541°C NP
1100 (aSc) |
fcc fec! fee
1000 4 F
[
L]
T
=
B o
@ 900 i -
e Pl
o]
o +
g 3
]
=t o
800 Hy + Hgle o L
1
i
1
[
700 VR, F
-
1
'
1
i
1
800 ; T T
a0 Ba a0 95 100
Weight Percent Scandium Qe

Figure 1.7: Hydride structure and phase diagram for Sc. There are two distinct phases: «
(fcc monohydride) and 3 (fcc dihydride).

12



Atomie Percent Yitrium

4] 10 20 a0 40 518 a0 70 Bl gi 100
1600 ; ] ] ] ] 1 ] 1 ] ]

15\{1“0 L.

1522°C
1500 4

1478%

1400 F
o
b=
oL
-
=
=
T 1300 (B2c.A7Y) i
b
fa
g
K
12004 F
60
1100 ] {aSeaT) L
1000 T T T T T T T T T
0 10 20 30 40 a0 80 0 80 20 100
Qo Weight Percent Yttrium Y

Figure 1.8: Phase diagram for the Y;_,Sc, alloy system. The diagram indicates a solid
solution is possible of all alloys of Y-Sc.

13



Chapter 2

Experimental

“Ross: So, I just finished this fascinating book. By the year 2030, there’ll be
computers that can carry out the same amount of functions as an actual human
brain. So, theoretically, you could download your thoughts and memories into this

computer and live forever as a machine.
Chandler: And I just realized I can sleep with my eyes open.”

- from Friends on NBC

Various elements of our main experimental techniques are described in this
chapter. Included are sections about sample preparation and characterization using

x-ray diffraction (XRD), optical spectrometry, and ac electrical resistivity (p(x) and

p(T))-

2.1 Sample Preparation

The thin film sample preparation for this metal-hydride work was performed
in two stages. The active layer metals and alloys were cast into 0.125” diameter rods
from stoichiometric combinations of 99.9% (or better) yttrium (Y) and scandium

(Sc). To do this, the metals were first arc-melted on a water-cooled copper hearth

14



in an under-pressure of ultra-high purity argon (= 125 torr below atmosphere).
The actual argon pressure used depended on the fluidity of the alloy melt. For
high surface tension alloys, higher pressures made pulling the melt into a copper
mold easier. The inert argon environment was gettered to remove oxygen using
(99.9% purity) zirconium sponge. To ensure homogeneity, the samples were turned
over and arc melted 3-5 times. The alloy lumps were weighed to ensure that loss
of constituents is less than 0.1%. Palladium (Pd) of 99.95% purity is purchased
commercially in 2 mm diameter rods. The Y-Sc alloys and the palladium were then
cast into rods, also by arc-melting. When these rods became too short for use in
the e-beam evaporators, arc-melting was used to combine several scrap pieces into

one useful rod.

The alloys and Pd were electron-beam evaporated in vacuum (=~ 102 torr)
using two pendant-drop-type evaporators. The vacuum chamber used was con-
structed by the author and is shown in the photo of Fig. 2.1. A tutorial on film
growth can be found in Appendix A. Figure 2.2 is a photograph of one of the e-beam
evaporators. A close-up of the metal to be evaporated and the tungsten filament
which produces the electron beam are shown on the right. Leybold Inficon crys-
tal growth monitors were used to monitor film deposition rates and total thickness.
The monitors were calibrated using a reference table supplied by Leybold which lists
density and Z-number for each element. The alloy densities and Z-numbers were
calculated from the parent elements based on the molar ratios. It is suggested for
future film growth to obtain ellipsometric, low-angle x-ray scattering, profilmetric,

or some other measurement to verify the film thickness. All films were grown on

15



Figure 2.1: Vacuum chamber used for metal-hydride film growth: la-b) Leybold crystal
growth monitors, 2) rotating substrate/shutter feedthrough, 3-4) e-beam evaporators, 5)
leak valve, 6) e-beam evaporator power supply, 7) turbo and roughing pump station, 8)
substrate viewport.
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Figure 2.2: Pendant-drop electron beam evaporator. The rectangular section on the left
image is blown up in the image on the right. 1) Sample rod, 2) filament, 3) linear-motion
sample manipulator, 4) external electrical connections.

1x1 cm? glass microscope slides and amorphous quartz. No substrate heating was
used during film growth. Typical chamber temperatures were 23-30°C. The alloy
active layers were grown to 100 + 5 nm, as verified by the growth monitors. The

protective palladium layers were deposited as 10 £+ 1 nm.

The substrates were cut from the larger pieces using a diamond saw and
acetone for cutting fluid. The saw tends to leave rough edges, which were pol-

ished smooth by the diamond blade edge in order to make mounting easier in the

17



spectrometer and low-temperature resistivity probe. Systematic studies have been
performed to achieve the best substrate cleaning procedure [6]. In this study, it
was found that rubbing with fingers is superior to cotton-wool swabs. Ultrasonic
cleaning did not lower particle densities, and, surprisingly, acetone contaminates
substrate surfaces regardless of its initial purity. Conversations with Ben Shoulders
of the Chemistry Department at the University of Texas at Austin suggest that
acetone contains polymers that are easily broken causing them to adhere to surfaces
such as substrates and vacuum chamber interiors. These polymers behave like dirt,
and, therefore, acetone should not be used for cleaning substrates or vacuum com-
ponents. The following procedure has been adopted for these studies and resulted

in long-lasting films which were resistant to peeling.

1. Wash hands with soap.

2. Rub the substrate with Glass Plus”™ glass cleaner for 30 seconds with bare

fingers.
3. Remove excess glass cleaner with n-propanol

4. Soak substrates for 10 seconds in n-propanol and rub with bare fingers until

they feel squeaky clean.

5. Spin the substrates dry in a modified coffee grinder spinner.

For film evaporation, the substrates were mounted to a rotating substrate holder
with double-sided tape. This method of adhesion is not the optimal method; how-

ever, silver epoxy, Torr Seal, and two-part epoxy all resulted in substrate breakage

18



nA=2dsin 0

Figure 2.3: Diagram for Bragg scattering and diffraction of x-rays from parallel layers of a
material. The bolded lines identify the path difference of the two outgoing rays.

upon removal, regardless of the amount of epoxy used. The tape residue was also
easily removed with methanol after deposition, unlike the epoxies. Superglue should

never be used in vacuum!

2.2 X-ray Diffraction

Crystallinity and lattice structure were studied using x-ray diffraction. A
schematic of x-ray scattering is shown in Fig. 2.3. Crystallites in the metal films
elastically scatter x-rays. The detected x-rays will have phase differences dependent
upon scattering specifics leading to the Bragg scattering condition for constructive
interference, nA = 2d sin 6. This creates an angle-dependent interference pattern
with information about lattice spacing and unit cell structure. Because of the poly-

crystallinity, all crystal orientations are expected to appear in the diffraction pattern.
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The samples are scanned over the range 20 = 10°-70° at 0.05° increments. Each
angle is integrated for 3-7 seconds. The machines used were Philips (model PW
1720) RIGAKU diffractometers which produce x-rays with A = 1.540562 A (Cu
Kqz2 line). MDI Datascan software was used to control the goniometer (also manu-
factured by Philips). Powder diffraction references for Y, YHs, YHs, Sc, ScH, ScHa,

and Pd were obtained from MDI Jade pattern analysis software [26].

2.3 Optical Spectroscopy

Optical spectra were measured using a Bausch and Lomb Spectronic 20
spectral analyzer shown in Fig. 2.4. This type of spectrometer used a rotating
reflection grating to split light into specific wavelengths as shown in Fig. 2.5. The
spectral bandwidth incident on the sample was 20 nm. The diffraction grating was
the blazed angle variety which consists of stepped edges with angle v to the normal.
Without the blazed angles the interference peaks would be described by the standard

diffraction grating equation
asin O, = mA, (2.1)

for normal incidence, line spacing, a, and 6,, is the angle to the m** order peak. If

the incoming light is at an oblique angle, 6;, this equation is generalized to
a(sin @, — sin6;) = mA. (2.2)

It follows when 6,,, = 6;, the zeroth order peak is observed, however, this is the same
angle for all wavelengths. Therefore, a large amount of reflected intensity is wasted

in an unresolvable region. Use of a blazed angle grating, however, circumvents this
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Figure 2.4: Bausch and Lomb Optical Spectrometer: (1) customized sample insert tube,
(2) wavelength selector (340-960 nm), (3) switch box for in-line and van der Pauw resistivity,

(4) film mounting apparatus for 4-point resistivity and simultaneous optical transmission
measurements during hydrogen loading.
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Oureq Reflection Grating

Detector Film

Figure 2.5: Schematic of the Bausch & Lomb Spectronic 20 rotating reflection grating.

issue. The blazed angles make it possible to shift reflected light energy away from
the specular 0" order peak. Referring to Fig. 2.6, specular reflection occurs for
0; — 0, = 2v. Now, light incident at an angle normal to the grating implies 6, = —
27 (negative because both incident and reflected rays are on the same side of the
grating normal. The specular energy now corresponds to a nonzero order peak, or

0, = —27, and the grating now satisfies
asin(—27v) = mA, (2.3)

for the desired A and m. For more details on this type of spectrometer, see, for

example, Hecht [73].

The Spectronic 20 measures relative transmission intensity between wave-
lengths of 340 and 960 nm. The original design included a vacuum tube photode-
tector. It was outdated, and degradation had made it insensitive to the intensities
transmitted through our unhydrided films. The vacuum tube was replaced with a

normal response, silicon photodiode (Edmund Scientific stock #:A54-035) with a
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\

Figure 2.6: White light incident on the blaze angle reflection grating is split into constituent
colors, which one can select on the spectrometer based on the angle of the reflection grating.
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44 mm? square sensor area. Current induced in the photodiode due to light trans-
mission was converted to voltage using a simple current-to-voltage conversion circuit
(see Fig. 2.7). A large resistor is necessary to make the voltage drop appreciable.
A 1 MQ variable resistor was used to tune the circuit such that the full intensity
of the spectrometer bulb would not saturate the photodiode current. Replacing
the original photodetector removed the capability to “zero” the dark current. The
plot in Fig. 2.7 shows a typical photodiode response curve with the minimum de-
tectable signal plotted as a solid line. All transmittance values are calculated using
a response spectra measured at the time of hydrogen loading and the noise level.
The response spectra are measured with the sample probe completely removed from
the spectrometer. Response spectra measured with the sample probe in place do
not vary significantly from those without it or those with a quartz substrate in the

beamline. Transmittance is reported as

T(w) = (2.4)

where I7(w) and I,(w) are the measured transmission during hydrogenation and the
diode response, respectively. Both spectra have the baseline noise subtracted from

them.

The sample space tube was changed to a larger diameter in order to insert a
Delrin sample holder and to enable gas flow through the spectrometer. The sample
holder is capable of making four-contact resistivity measurements in several different
contact configurations discussed in the following section. The larger sample tube of

the spectrometer was able to be filled with partial pressure hydrogen concentrations

24



1MQ

M NC NC
@—— +15V in
to voltmeter
photodiode i +in
Z B out
z NC -15V
T T T T T
:(E 000000000,
S 0.4 . =
2
3 d
c 02— o. _
o o’
o .
8 [ ]
O 0.0k _saass 4
400 600 800 1000

Wavelength (nm)

Figure 2.7: Current-to-voltage circuit diagram for the photodiode measuring optical trans-

mission in the Bausch and Lomb spectrometer.

The graph shows a typical photodiode

response as a function of incident wavelength. The solid line is the baseline due to dark

current.
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t0 0.75 torr (=~ 1 mbar or 0.1% hydrogen:argon). This flow control was important for
slowing the hydrogen absorption, and thus, the optical switching rate, so that many
optical spectra could be recorded throughout the transition. Typically, the total
switching time was on the order of 2 hours. The gas flow control was performed
using an MKS Baratron mass flow controller. Hydrogen loading is performed in

1 atm of mixtures of hydrogen in argon with typical flow rates of 10-50 sccm.

2.4 AC Electrical Resistivity

The room temperature resistivity probe was machined from delrin and de-
signed to measure resistivity in an in-line 4-point configuration or by the van der
Pauw method (see Fig. 2.8). Selection between these two configurations was made
by a rotary switch box. The in-line 4-point method (Fig. 2.9) was used exclusively
due to speed and simplicity. In this geometry, resistivity can be calculated directly

from the resistance measured and the geometry of the pins as

_ RA

- (2.5)

p

where R is the measured resistance, A is the cross-sectional film area (w x h) through
which current flows, and [ is the distance between the voltage contacts. Error from
this technique is inherent due to the assumption that | > w and difficulty measuring
the sample dimensions. The van der Pauw method requires switching between two

orthogonal configurations shown in Fig. 2.10. Resistivity is calculated as

_ mh Ro+ Reo . Ro.
P= 2~ 2 Roo”’
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Figure 2.8: Contact configuration of the room temperature resistivity probe.
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Figure 2.9: In-line 4-point contact geometry for ac resistivity measurements. The entire
sample represents a 1-2 mm wide strip from a 1 x 1 cm? film. In this configuration, p =
Rhw/l.

where f(Ry/Rgo) =~ 1 for isotropic materials, such as polycrystalline films. This
technique has smaller error and is roughly independent of the sample geometry, how-
ever, it is more difficult to estimate and requires some analysis due to the function
I

The sample contacts were gold-coated pogo sticks mounted into the sample
holder with spacings shown in Fig. 2.8. The films were sectioned using a diamond-
tipped scribe such that a 1-2 mm width area of the film was used for resistivity and
the other 8-9 mm was used for spectroscopy. Contact resistances were monitored
and kept below 1 €. A Linear Research LR-400 ac resistance bridge was used to
record resistance of the films. Use of an ac resistance bridge eliminates effects due

to temperature gradients and high contact resistances.

Temperature-dependent resistivity measurements were subsequently made
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Figure 2.10: The van der Pauw technique for 4-contact ac resistivity measurements.
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Figure 2.11: Sample mount for temperature-dependent in-line 4-contact resistivity mea-

surements on films.
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independent of spectroscopic measurements. The sample holder was designed from
brass to mount to a copper base. This is shown in Fig. 2.11. Gold coated pogo sticks
were again used for sample contact. In this probe, the voltage contact spacing was
0.635”. A set screw was used to guide a piece of macor and compress the pogo
sticks to make contact with copper wires inserted into the macor. A calibrated RuO
thermometer (2-300 K range) was mounted to the copper base with cry-con grease
for good thermal conductivity. The copper base was attached to the probe stick
with gold coated pin-socket connections. Some metal surfaces were coated with cry-
con grease to ensure thermal conductivity. The probe design made simultaneous
measurement of four samples possible; however, the film mount was only made to
hold one sample per temperature run. The probe and Cryolab liquid helium dewar
were connected to a pumping station and gas manifold. It was possible to evacuate
or flow helium to the dewar and probe. The probe could also be pumped or filled

with hydrogen, separately.

2.5 Block Diagrams

The room temperature measurements were designed for simplicity. All of
measurements were recorded using commercial software, LabVIEW v.6. The virtual
instrument (VI) programs are discussed in Appendix B. LabVIEW was interfaced
via GPIB connections from a Macintosh G4 to two Keithley 195(A) digital multime-
ters. One multimeter was connected to the LR400 +2 VDC output for monitoring
resistance of the sample. This output scales with the range selected on the LR400

front panel. The second multimeter was connected to the voltage output of the
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Linear Research .
LR400 Rotary Switch

AC Resistance Bridge Box

MKS Baratron
Gas Handling -
Manifold

Figure 2.12: Block diagram of the room temperature optical spectroscopy and resistivity
measurement system. Transmission spectroscopy (340-960 nm wavelengths) was measured
simultaneously with electrical resistivity. Phototransmission induces a current in a photo-
diode, which was converted to voltage and measured with a Keithley 195 DMM. In-line
4-point resistivity was measured with an LR-400 ac resistance bridge. All measurements
were recorded using Labview v.6.
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Figure 2.13: Block diagram of the temperature dependent resistivity measurement system.
In-line 4-point resistivity was measured with an LR-400 ac resistance bridge and output to
a Keithley 195A DMM. Temperature was monitored with a calibrated RuO thermometer
connected in a 4-contact geometry to a Keithley 195 DMM. All measurements are recorded
using LabVIEW v.6.

current-to-voltage circuit of Fig. 2.7. The rotary switch box (discussed in the pre-
vious section) was used to select between the possible resistivity pin configurations.
Gas flow connections were made with brass and stainless steel Swagelock or VCR fit-
tings. Plastic and stainless steel gas conduits directed gas through the spectrometer.

Figure 2.12 shows the block diagram of the room temperature experiment.

For temperature dependent resistivity measurements, a similar LabVIEW

VI was created (also discussed in Appendix B). One multimeter monitored film
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resistance, while the second measured the RuO thermometer resistance. The ther-
mometer resistance was converted to temperature within the VI. Both the dewar

and the probe were connected to a pumping station and gas flow manifold.
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Chapter 3

Structural Analysis

“Well, we talk about physics, the properties of physics...”

- Brian in The Breakfast Club

This study is based on lattice size effects on the switchable mirror transition
in yttrium. X-ray diffraction, as discussed in the previous chapter, is a powerful tool
for detailing both structure and lattice dimensions upon substitution of Sc into the
Y lattice. The following is an analysis of x-ray diffraction for both the as-deposited

(not hydrided) and unloaded (dihydride) films.

3.1 As-Deposited Films

In a perfect world, where delta functions truly exist, the Bragg condition
would result in sharp, delta-function peaks at angles of constructive interference.
Figure 3.1, shows the expected diffraction patterns for hep Y, hep Sc, and fec Pd.
Also shown in Fig. 3.1 is the measured diffraction pattern for three as-deposited
alloys. The low intensities are typical of polycrystalline thin films. A broad amor-
phous peak near 20° has been removed from the data. Immediately obvious is the
partial c-axis ordering in our films. In most alloys, the only observable peaks are

the (100), (002), and (101); in the measured data, the (100) and (002) peaks can
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Figure 3.1: Expected and measured x-ray diffraction patterns for the as-deposited films.
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be observed near 28° and just above 30°, respectively. The (101) reflection is found
as a shoulder on the right of the (002) peak. The peak near 26 = 40° corresponds
to Pd (111). From these, we obtain the alloy composition dependence of the lattice
constants a and ¢, shown in Fig. 3.2. The trend is a nearly linear decrease in both
lattice parameters with increasing z. The resulting total decrease in cell volume

(Vee = 3v3a%c/2) is ~ 38% from z = 0 to z = 1.

For z < 0.20, we find larger cell parameters than expected. This is due to
hydrogen incorporation during evaporation. By linearly fitting literature values of
a and c of YH, for 0 < x < 0.3, we calculate an initial hydrogen concentration of
x = 0.30 £ 0.05 [15]. This value is larger than 0.21, the maximum H concentration
for the solid-solution a-phase, which implies existence of a mixed phase of hexagonal
YH, (with § < 0.21) and cubic YHs_5. In addition, the hydrogen incorporation
varies with each alloy which leads to the deviation from the expected linear behavior.
Electron diffraction studies by Curzon and Singh report that films with thickness
less than or equal to 100 nm have significant dihydride formation when prepared in
~ 1077 torr. The hydrogen concentration decreases as a function of film thickness

[48].

For z > 0.20, the resulting lattice is smaller than expected possibly due to
the presence of the cubic ScH phase. The Sc hep (100) and (002) reflections have
close angular correspondence to the fcc (111) and (100) ones, respectively. These
films, grown on room temperature substrates, have very small grains. For example,
an angular width of ~ 1° corresponds to a particle size of 0.1 pum [75]. This, coupled

with the high hydrogen content, causes the XRD peak widths to be on the order of
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Figure 3.2: Unit cell lattice parameters, a and ¢, as a function of Sc concentration, z, for

the hcp as-deposited films. The trend is nearly linear, as expected, with some deviations
due to hydrogen incorporation during film growth and small grain size.

the separation of the peaks of these two phases (1-2°). This causes unidentifiable

overlap of the two phases.

3.2 Dihydride Films

Films which have been loaded one or more times were also evaluated. The
expected and measured XRD patterns for polycrystalline fcc YHo, fcc ScHe, and fcc
Pd are shown in Fig. 3.3. As expected, the predominant peak is the fcc (111), which
corresponds to the hep (001) in the unhydrided Y and Sc metals. The measured
unit cell parameter, a, is 5.197 A for YHy and 4.768 A for ScHy. These values
are within 1% of the expected values [26]. One would then predict the alloy lattice
parameters to fall on a line between these two values. The data in Fig. 3.4 indicate
smaller than expected values for a in the range 0.20 < z < 0.60. The arrow on

the z = 0.60 data of FIg. 3.3 indicates a small peak corresponding to YHs (111).

37



1.0 .
— . g =
08~ =] |8 g1 ° 5 A
:5 == @& g § 5
= 06 ez e | A A .71 =
5 NE § | 5| § | ¢
8 A B g =l = g
oo w =
T 04l : - 1 7 |81
£ s
[+ &
=
0.2 : - L |
20 30 40 50 60 70
20

Normalized (l/l,)
| |
N
1]
o
3
| I

20 30 40 50 60 70
20

Figure 3.3: Expected and measured x-ray diffraction patterns for the dihydride concentra-
tion films.
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Figure 3.4: Unit cell lattice parameter, a, as a function of Sc concentration, z, for the fcc
dihydride films.

This is likely due to phase separation. In the data, before the amorphous peak is
substracted, the ratio of the two (111) peaks is approximately 2:3, indicating total
phase separation. Similar phase separation has been observed in alloys of Y-Mg
when the alloy mixture is near 1:1. Like the Y-Mg system, optical switching still
occurs, however, the shutter effect discussed in Chap. 4, is not seen in these alloys.
It is possible that all alloys with 0.20 < z < 0.60 experience some phase separation
after hydrogenation. Total phase separation can be ruled out, however the signal to

noise is too small to identify partial separation.
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Chapter 4

Results and Analysis

“Fats, man, let me tell you my story man...”

- Gary in Weird Science

4.1 Introduction

The reflecting metal to transparent insulator transition is dependent on for-
mation of a trihydride phase in rare-earth metals. The transition occurs between the
dihydride and trihydride concentrations [2]. It has been observed that trihydride-
forming alloys (e.g., Laj_,Y,) undergo different switching mechanisms than combi-
nations of trihydride- and dihydride-forming metals (e.g., Mgy 50Y0.50), where the
latter phase separate [24, 29, 31]. In the Mg,Y;_,H, system, disproportionation
creates a mixture of YHy and metallic Mg. Further hydrogenation forms insulat-
ing MgHs and YH3. The magnesium behaves as a microscopic shutter, enhancing
reflectivity in the metallic state and increasing the optical gap in the transparent
state. The result is a switchable mirror with large hydride transmittance over the

entire optical spectrum.

Scandium also maximally forms a dihydride. For this reason, Sc does not

undergo a phase transition from a metallic-mirror to a transparent-insulator. How-
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ever, yttrium and scandium are chemically very similar with d's? valence electrons,
as reflected in the bulk phase diagram of Chap. 1. Optical transmission spectroscopy
of the Yy_,Sc,H, alloys reveals that the optical gap seen in YHj3_s is strongly sup-
pressed for scandium concentrations of 20% and greater. For alloys with greater
than twenty percent Sc, dihydride transmittance is observed as in the YH, and
La;_,Y.H, systems [2, 24]. Electrical properties also exhibit a transition from insu-
lating to metallic as a function of Sc concentration. In addition there is an interesting

metal-insulator transition observed between z = 0.00 and z = 0.10.

In this chapter details of the optical transmittance and electrical resistivity
are discussed. Disproportionation, discussed in the previous chapter, elucidates

some of the observed behavior.

4.2 Optical Spectroscopy Results

We have performed optical transmittance spectroscopy on the alloy system
Y1_,Sc,H, over the range 340-960 nm as a function of hydrogen content, x. Mea-
surements on the alloys with z < 0.10 show dramatic optical switching properties
commensurate with previous results for YH, [4]. Figure 4.1 exhibits optical spec-
tra (uncorrected for the Pd overlayer) as a function of hydrogen loading time for
YH, and Yg.90Sco.10Hz. The first hydrogen loading results in a transmittance for
YH, and Yg.90Sco.10Hz of 0.11 and 0.14, respectively.  Although the maximum
transmittance for z = 0.10 is slightly larger than for z = 0.00, the z = 0.10 alloy
has some transmittance before hydrogen is introduced. This low-hydrogen content

transmittance is echoed in the resistivty data and will be discussed more thoroughly
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Figure 4.1: Optical transmittance spectra as a function of hydrogen loading time (in
arbitrary units) starting from as-deposited films of Y and Y. 90Sco.10. The optical switching
capability is approximately equivalent for both samples. The full loading time scale is
typically 1-2 hours.
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Figure 4.2: Optical transmittance spectra as a function of hydrogen loading time (in
arbitrary units) starting from as-deposited films Y gpSco.20 and Sc. The vertical axis is
scaled to that of the z = 0.00 and z = 0.10 samples. The loss of optical switching capability
is evident. The full loading time scale is typically 1-2 hours.
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later. The change in transmittance from as-deposited to fully hydrogenated is ap-
proximately the same for both of these alloys, AT = 0.10. We find that for z > 0.20
(Fig. 4.2) the trihydride transmittance is heavily suppressed. The reduction in fully

loaded transmittance is a factor of 3 for z = 0.20 and a factor of 10 for z = 1.00.

Because the real interest is in the optical transition region, it is fortunate
that these alloys form stable dihydrides. The films are allowed to desorb hydro-
gen in flowing argon or in air for approximately 24 hours after the initial hydro-
gen loading; the resulting material is a stable phase very near the dihydride state
(Y1_.Sc.Hois). This state can be verified by observing the well-known dihydride
transmission peak seen in the initial spectrum near A = 700 nm [2, 4]. Interestingly,
the z = 0.10 exhibits no dihydride transmittance maximum; however, the film does
exhibit reversible switching properties similar to yttrium. If one looks at the change
in transmittance between the dihydride and fully hydrogenated state, the loss of
optical switching is even more apparent than in as-deposited spectra. The spectra
in Fig. 4.3 are for the z = 0.00 and z = 0.10 alloys. The change in transmittance
between dihydride and trihydride is a factor of 6 in the z = 0.00 film and a factor
of 2.3 in the z = 0.10 film. We believe the z = 0.10 films form a stable hydride
with z > 2, explaining the lack of dihydride transparency peak. It can be seen in
Fig. 4.4 that the transmittance increase for x > 2 in the z = 0.20 and z = 1.00
films is 2.3 and 1.7, respectively. Other alloys with z > 0.20 exhibit qualitatively
similar transmittance spectra to those of Figs. 4.2 and 4.4. For films with z = 0.40
(Fig. 4.5), the transmittance is trihydride-like, with a maximum at the highest mea-

sured wavelength (A = 960 nm). This is consistent the phase separation seen in
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Figure 4.3: Optical transmittance as a function of hydrogen loading time (in arbitrary
units) starting from unloaded (z =~ 2) films of YH, and Y¢.90Sco.10H,. The full loading
time scale is typically 1-2 hours.
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Figure 4.4: Optical transmittance spectra as a function of hydrogen loading time (in
arbitrary units) starting from unloaded films (near z = 2) of Yg.50Sco.20H, and ScH,.
The full loading time scale is typically 1-2 hours.
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Figure 4.5: Optical transmittance spectra as a function of hydrogen loading time (in
arbitrary units) starting from an as-deposited film of Y 60Sco.40. This alloy exhibits phase
separation upon hydrogenation. The spectrum, therefore, has a trihydride-like appearance
with maximal transmittance at A = 960 nm due to YH3 formation. The full loading time
scale is typically 1-2 hours.

XRD data. Furthermore, we observe an increase in the transmittance for z = 0.40
and z = 0.50, that is likely due to phase separated yttrium (which is able to form a

trihydride).

Figure 4.6 shows hydrogen loading spectra for as-deposited and unloaded
(near x = 2) films of Y 50Sco50. The different hydrogen concentration behavior of

(x = 0.3 and x ~ 2.0) at the beginning of the loadings is evident.

The dihydride resistivity mimimum has been mentioned in the Introduction
and is further discussed in the next section. This minimum has been used as a

concentration marker to identify the dihydride transmittance maxima for all of the
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Figure 4.6: Optical transmittance spectra as a function of hydrogen loading time (in arbi-
trary units) starting from as-deposited (top) and unloaded (bottom) films of Y 50Sco 50Hz-
The unloaded film is expected to have x =~ 2. The full loading time scale is typically 1-2
hours.
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alloys. In Fig. 4.7, we have plotted the resistivity and transmittance as a function of
hydrogen loading time for several alloys. The transmittance is shown for the wave-
length of maximum dihydride transmittance. The dihydride transmittance peak
generally appears as an individual peak or a shoulder on the transmittance curve.
It is indicated by a vertical arrow in the graphs. In this set of plots, alloys with
z > 0.50, show little or no increase in transmittance beyond the dihydride peak
indicated, suggestive that hydride formation is maximally x = 2 for these alloys.
However, the resistivity increases beyond the dihydride minimum for all alloys with
z < 0.90, which suggests that a fractional amount of hydrogen is able to incorporate
beyond x = 2. We compare the transmittance at the A = 820 nm (fw = 1.51 eV)
for unloaded and fully loaded films of various alloys in Fig. 4.8. The value for A
was chosen because it is the median value of the dihydride transmittance maxima.
The difference between loaded and unloaded transmittance for Y is AT (w) = 0.067,
where as for Y .gpSco.20, AT(w) = 0.025, and Sc, AT(w) = 0.0056. In this plot a
converging trend towards dihydride levels of transmittance is apparent. The scatter
in the data may be due to atomic disorder (discussed in the following section) or

phase separation.

To make more evident the suppression of optical transmittance, the spectra
of fully loaded films for various Y;_,Sc,H, alloys are displayed in Fig. 4.9a and the
dihydride spectra are shown in Fig. 4.9b. In Fig. 4.9a, the large decrease in optical
transmittance for z > 0.20 is apparent, as well as the change in qualitative behav-
ior from trihydride to dihydride with increasing scandium concentration. Similar to

what is seen for La;_, Y, alloys, Fig. 4.9b shows a significant quenching of the dihy-
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Figure 4.7: Transmittance and ac resistivity as a function of hydrogen loading time. The
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ranged from 10 minutes to 2 hours. The transmittance is plotted for the wavelength of
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Figure 4.9: (a) Fully hydrogen loaded and (b) unloaded (near x = 2) film optical spectra
showing transmittance maxima dependence on alloy composition.
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Figure 4.10: Energy of maximum transmittance (for the range 1.29 < fw < 3.65 eV)
as a function of Sc concentration, z. The transparency energy of the fully loaded films
approaches that of the unloaded films (near x = 2) as z increases. The lines are shown to
guide the eye. The scatter in the data may be due to atomic disorder effects.

dride transparency window as well as a shift to lower energies as a function scandium
content. Comparing the energy of maximum transmittance in Fig. 4.10, one sees
that the behavior of the fully loaded films approaches that of the unloaded (z =
2) films for increasing z. This convergence occurs primarily above z = 0.20, where
trihydride formation is no longer possible. Interestingly, the unit cell volume we cal-
culate from XRD lattice parameters for z = 0.20 is V¢ = 3\/§a20/2 = 176.63 A?’,

which is equal to that of Lu, the largest dihydride-maximally-forming rare-earth.

From Fig. 4.9, one can linearly extrapolate the transmission edge to zero
transmittance to get an idea of the optical gap energy. This would result in an
estimation of 2.7-2.9 eV for z = 0.00 and 0.10. To calculate a more accurate

number, analysis can be made using the absorption coefficient, a(w), derived by
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Lambert and Beer, where frequency-dependent transmittance is
T(w) = Trexp[—a(w)d]. (4.1)

The rare-earth film thickness is denoted d, and T, is a parameter which contains
absorptions of the Pd and substrate layers and reflections due to interfaces. If the

bands are parabolic, then, a(w) has the form [61]

(fw — Eg)”

aw)=C T

(4.2)

where C is a fit parameter and v = 2 for an allowed, indirect gap [60]. Values for
v that would indicate an allowed, direct gap (1/2), forbidden, direct gap (3/2), and
forbidden, indirect gap (3) did not result in good fits to the data. Results from fits
are plotted in Fig. 4.11 and parameters of the fits are shown in Table 4.1. The
optical gap is approximately the same for z = 0.00 and z = 0.10, with a value of 3.3
eV. The value for the gap decreases for alloys with 0.20 < z < 0.40. In the region
of disproportionation, the gap again increases due to the contribution from YHs.
For alloys with z > 0.60, the gap energy again decreases. The value for the optical
gap in YHs is approximately 15% larger than the value found by van Gogh [6]. This
difference may be attributable to differences in film thicknesses, grain structure, or

spectroscopic sensitivity.

4.3 Electrical Resistivity
4.3.1 Room Temperature Measurements
Room temperature resistivity measurements made simultaneously with spec-

troscopic measurements reveal a concentration-dependent transition. Resistivity for
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Figure 4.11: Lambert-Beer fits to the transmission edge.

Optical Transmission Edge Fit Parameters
Lz | T, | C [ Bg(eV) [ x|
0.00 || 1.7140.06x1072 | -6.3440.16x10~° | 3.25+0.03 | 6.02x10~°
0.10 || 2.00£0.04x1072 | -8.074+0.92x 107 | 3.3240.12 | 4.59x107°
0.20 || 7.714£0.80x1073 | -4.5040.30x10™* | 2.90+0.06 | 2.04x10~©
0.60 || 3.8140.92x1073 | -1.84+0.15x10™* | 3.2840.10 | 2.91x10~7
1.00 || 1.1940.11x1073 | -3.724+0.20x10~% | 2.4240.02 | 4.68x10~7

Table 4.1: Fit parameters from the Lambert-Beer model of the transmission edge for
YlfzSCZHgf(;.
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several alloys is plotted in Fig. 4.12. Assuming the two-layer films act as parallel
resistors of rare-earth and palladium, Rrg/pq = Rre-Rpa/(Rre+Rpg), we are able
to extract the rare-earth layer resistivity. We measured the resistivity of Pd to be
27-29 pf2-cm, for all hydrogen concentrations. The resistivity calculated for yttrium
is p &~ 73 ufl-cm, and for Sc, p ~ 91 pQ-cm. These values are larger than bulk
literature values likely due to lattice defects, small grain size, and the deposition-
incorporated hydrogen mentioned previously. For yttrium, bulk resistivity has been
reported as 59 p-cm [54], and scandium bulk resistivity is 5270 u2-cm, depending
on purity [54, 44]. As the scandium content is increased the metal to insulator tran-
sition that occurs between the dihydride and fully hydrogenated phases decreases
until, in scandium, the resistivity remains at the dihydride minimum. This is to be
expected, since yttrium was previously known to have a metal to insulator transition
for this range, while scandium maximally incorporates only two hydrogen per scan-
dium atom. Due to the similarities in electronic structure with yttrium, one would
expect ScHo to be more metallic than pure Sc. Our measurements and literature
support this expectation [17, 43, 44]. Again assuming the parallel resistance model
for our two-layer system, the resistivity of the active, rare-earth layer when fully
hydrogenated (z = 3) of z = 0.00 and z = 0.10 is estimated to be 500-1000 u£2-cm.
This is an increase of up to an order of magnitude in resistivity. The hydrogen
loading time (x-axis) for the measurements in Fig. 4.12 have been scaled such that

the dihydride minimum is at the same time.

In addition to the scandium dependent transition to more metallic behavior,

large disorder effects due to alloying have been found in the electrical transport

56



3
: ! ! ' 2=060

2——-~r—-‘\/ 2=0.80 -
g : \f/r 2=0.20
| L ” o -
G 100 - | z=0.001
2 & z=0.90]
a 75____‘__’\\ A |

or | 72=1.00]

5 _

4t ' .

3 : | | |

0 1000 2000 3000

Time (scaled)
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properties. This is observed for most metal-alloy systems with large differences in
atomic radii, and has been reported for La;_.Y, also [25]. The disorder can be

modeled as

p(z) = [py + (pse = py) - 2] + 4pao - 2(1 = 2), (4.3)

where py and pg. are the measured yttrium, scandium resistivities, and pg, is the
contribution due to alloy disorder effects. These values are uncorrected for the
palladium capping layer. Figure 4.13, plots the measured room temperature resis-
tivity values for as-deposited and dihydride resistivities as marked by the vertical
lines in Fig. 4.12. As shown, we find that the disorder fits this equation well with
a maximum near the middle of the alloy phase diagram. The disorder scattering
contributes 121.6 u2-cm for x = 0 and 112.4 p2-cm for x = 2. These values are ap-
proximately twice that of the parent metals indicating that phonon scattering may
be comparable to conduction-electron scattering by impurities. However, since the
fit to the disorder equation is good, effects which typically obscure disorder effects,
such as concentration inhomogeneities, oxidation effects, and film thickness varia-
tions can be ruled out. Curzon and Singh showed that oxide contamination due to
film thickness is overcome for films with thickness d > 90 nm [49]. There is always
an exception to the rule as shown by the z = 0.10 alloy. The as-deposited alloy fits
reasonably to the disorder; however, the unloaded film, expected to be dihydride,
exhibits resistivity much greater than one would expect from the disorder function.
Although it is possible that this is a result of grain structure inherent to this admix-
ture, we believe this is further support of stable hydride formation beyond dihydride

ie,x > 2.
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Figure 4.13: Modeling of disorder in room temperature electrical resistivity from Eqn. 4.1.
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One can determine whether surface effects due to film thickness should be ob-
served. These contributions typically occur for films of thickness on the order of the
electron mean free path, d ~ A, s,. The electron mean free pathis A, ), = vp7. The
Fermi energies for yttrium and scandium are taken from the band structure models of
Altmann and Bradley [55]. These values are ex(Y) = 4.58 eV and er(Sc) = 5.98 eV.
Scandium fermi surface calculations have also been reported by Fleming and Loucks
[56] with a value of ez (Sc) = 5.66 eV. Then, the Fermi velocities may be estimated
to be, vp(Y) = 1.3x10% m/s and vp(Sc) = 1.5x10% m/s. From our resistivities,
we estimate 7 using the Drude model and obtain 7 = m/ne?p = 1.6x1071° s for
yttrium and 7 = 9.1x107 !¢ s for scandium. From these values we compute a mean
free path of Az, = 2.0 nm in yttrium and A, f, = 1.3 nm in scandium. Therefore,
our films have d > A, ), and surface effects are not expected to have an affect on
resistivity measurements. This is in agreement with findings for the La-Y system

[6].

Finally, because the fit to the disorder model is good, and the mean free
path of electrons is much smaller than the film dimensions, we can conclude that
the alloy resistivities are dominated by impurity scattering with length scales on the

order of several atomic lengths.

4.3.2 Temperature-Dependent Measurements

To get a better understanding of the electrical behavior discussed in the
previous section, we have measured the temperature dependent ac resistivity for

the temperature range 4-295 K. Results for the unloaded, nearly dihydride concen-
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Figure 4.14: Temperature dependence of the ac resistivity for dihydrides of several alloys.
All show metallic behavior with the exception of Yq.99Sco.10-

trations of several alloys are shown in Fig. 4.14. It is important to note that the
10 nm of palladium deposited to protect the rare-earths is thick enough to form a
continuous film, rather than islands. Therefore, the temperature dependence has a
metallic contribution from the palladium. Previously, it was mentioned that ScH»
is expected to be metallic based on literature and measurements made in this study.
Figure 4.14 shows metallic behavior for this film. In fact, all alloys measured ex-
hibited metallic behavior in the nearly dihydride composition with the exception of
z = 0.10. Interestingly, the z = 0.10 alloy was insulating for all hydrogen concentra-
tions measured. This is consistent with the spectroscopic data, which showed some

transmittance for this alloy regardless of hydrogen content.

Temperature dependent resistivity was also measured on the fully hydro-
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Figure 4.15: Temperature dependence of the ac resistivity for fully hydrogenated (295 K;
1 atm Hy) films of the same alloys as Fig. 4.14. YH3_s and Y(.90Sco.10H3—s indicate insu-
lating behavior at low temperatures with an up-turned resistivity. A transition occurs from
z = 0.10 and z = 0.20 supporting the spectroscopy results.

genated films. The films are first loaded in one atmosphere of hydrogen at room
temperature (295 K) until the resistivity saturates to a constant value. Figure 4.15
plots data for z = 0.00, 0.10, 0.20, 0.50, and 1.00. For all alloys measured, we
find that the resitivity behaves as seen in the literature on bulk La and Y thin films
above 150 K. Between 300 and 150 K, the resistivity transitions through a maximum.
This has been attributed to localization of octahedral hydrogen vacancies acting as
a donor-like defect band [53]. Above this transition temperature, the resistivity
is characterized by thermally activated transport, roughly linear in T'. Below the
transition region, there is an alloy concentration dependence found. For z = 0.00,

the range of 50-150 K is best fit by p o< In (7). Figure 4.16 is plotted to show this
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linear dependence. This has been observed previously by Huiberts et al. [36]. It
is believed that this is attributable to one of two mechanisms. Kondo scattering is
one possibility. Hydrogen vacancies introduce magnetic moments due to the H™ na-
ture of hydrogen in yttrium [23]. These act as scatterers inducing a spin-scattering
resistivity term that depends logarithmically on temperature. The implications of
Kondo scattering are that local magnetic moments appear as one approaches the
metal-insulator transition. Hall effect measurements by Huiberts et al. [36], reveal
a quadratic, negative magnetoresistance consistent with the presence of the Kondo
effect. Another suggestion for the logarithmic temperature dependence is in terms
of 2D weak electron localization. In this model, the film is stratified into layers of
conducting YHs and insulating YHs. The spacing between layers is comparable to
the c-axis lattice spacing. Since the slope of the logarithmic dependence will depend
on spin scattering and disorder effects of electron interactions, the observed behavior
would not be inconsistent with 2D localization. In the reference by Huiberts, one

can extract the trihydride deficiency from,

RP(50K) = ?(0.32 —2.16). (4.4)

In this equation, RF = p /d, where d is the film thickness. The choice of 50 K comes
from the minimum temperature of the logarithmic dependence. We find 6 = 0.15,

which is reasonable for the observed behavior.

The z = 0.10 and 0.20 alloys are poorly fit by the p o In(7") over the 50—
150 K range; however, at lower temperatures (4-20 K), all measured alloys can be fit

to In(p) o« T~/4. This is indicative of variable range hopping (VRH) seen in many
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Figure 4.17: Temperature dependence of alloys with z > 0.20. Qualitatively the data is
similar for all alloys with z > 0.20. The low temperature up-turn is best modeled with a
Mott transition (7-1/4).

insulators. The T4 power law implies a Mott insulator where the insulating gap
is governed by thermally activated hopping processes. Electrons are able to hop to
nearby states of slightly different energies by absorption of phonons, or the electrons
may hop to more distant sites provided the energy is very close to the original energy

state. The hopping distance is, therefore, related to the difference in energy between

the initial and final states.

Qualitatively, all alloys with z > 0.20 have similar temperature dependent
resistivities. They are distinquished mainly by the alloy disorder discussed in the
previous section. The resistivity is largely metallic below the localization peak near

200 K. A small impurity-like tail at low temperatures is observed. The deviation
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Figure 4.18: Scandium resistivity for 4-50 K. The data is plotted as p o In(T") on top and
In(p) oc T~/4) on bottom. The best agreement is with the Mott model.

from monotonic behavior in the z = 1.00 data around 250 K is due to a temporary
fluctuation in hydrogen pressure. The resistivity of scandium is plotted in Fig. 4.18,

which shows the temperature dependence below 8 K can be fit to In(p) oc T4,

Several hydrogen concentrations near the fully loaded state were measured
for most alloys in order to observe transitions between the metallic dihydride and
insulating trihydride. It was observed that trihydride-forming films left in an over-
pressure (= 1 psi) of hydrogen for more than 24 hours would shunt the active layer,
and effectively, one would simply measure the palladium capping layer. This can be
seen in both YHj3_s plots of Fig. 4.19. The upper curve is data for a film soaked in
an overpressure of hydrogen over 2 days. The behavior is metallic below the local-

ization temperature, and the low-temperature resistivity is equivalent to the lower
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Figure 4.19: Films of YH3_s showing a temperature induced shunt and a hydrogen content
induced shunt. These resistivities are calculated assuming a film thickness of 110 nm. The
resistivity near 4 K is equivalent to that of palladium when calculated for a 10 nm film.
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curve, where the yttrium resistance becomes so large at low temperatures that the
resistivity saturates at a value that is, for a 10 nm Pd film, consistent with measured
palladium resistivities (ppgm, =~ 29 u€2-cm). The inset is the same data as the upper
curve plotted to show that for the metallic behavior of palladium, neither insulat-
ing scheme discussed above (In(T") or T-1/*) addresses the temperature dependence

appropriately. Similar behavior was observed in the z = 0.10 alloys.

4.4 Discussion

The loss of octahedral site occupancy as a function of Sc concentration in
Y1-.Sc.H, causes the suppression of the optical switching properties seen in metal
trihydrides. Substitution of Sc for Y indicates that there is a minimum cell vol-
ume for trihydride forming rare-earth metals around 177 A3, For an hcp (or fec)
structure, the combinatorics can be easily calculated to determine the fraction of
hydrogen that have a specific number of nearest neighbor scandium atoms. For
our samples, we have a lattice with N octahedral sites each having X = 6 nearest-
neighbor lattice sites. For a homogeneous alloy, where the atomic distribution is
essentially random, the fraction of octahedrals, N, /N, with X — n yttrium and n
scandium nearest neighbors is

N, X! .
Sno_ A ()Xo 4.
N (X- n)!n!( 27 (45)

where 2 is the scandium concentration as it has been denoted previously. Figure 4.20
plots N,,/N for scandium concentrations 0.00 < z < 1.00, in increments of 0.05.
The first thing that jumps out is the sharp drop of the fraction of octahedral sites

with n = 0 nearest neighbor scandiums. In addition, the fraction with n = 1 becomes
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significantly smaller for z > 0.20. If one assumes that it is necessary to have no
nearest-neighbor scandium atoms in order to permit octahedral site occupancy, then
the expected total hydrogen content for each alloy might be calculated as x =2 4 (1-
z)No /N, where N,/N is the fraction of octahedral sites with all yttrium nearest-
neighbors. A similar calculation can be made if n = 0 and 1 want to be considered.
These maximal hydrogen contents are plotted as a function of scandium content in
Fig. 4.21. If one assumes that transmittance is directly proportional to the number
of hydrogen incorporated beyond the dihydride, equivalent to an assumption that
the effective medium has a volume-averaged transmittance, then Eqn. 4.5 can be
used to fit the data of Fig. 4.8. Figure 4.22 replots this data with the functional fits
described here. As can be seen the result is a reasonable fit, especially for n = 0.

The scatter of the z = 0.10 and 0.60 points have been discussed previously.

Studies of pressure-composition isotherms for bulk Y-Sc hydrides support
our stoichiometry conclusions. In bulk powders, Lieberman and Wahlbeck find
hydrogen deficient trihydrides for 0.00 < 2z < 0.40 similar to our calculated con-
centrations. The values for bulk are approximately 10% less due to the difficulty to
fully hydrogenate bulk powders [7]. In addition, the immiscibility of the dihydrides
has been observed in the same work. This was attributed to the large differences
in atomic radii. Thermodynamically, YHs is more stable than ScHs. The hydrogen
tend to reside near yttrium atoms, creating a YHs/ScH mixture until the dihydride
filling is completed. In alloys with near equal proportions of each metal, phase sep-
aration would be expected due to stresses induced from lattice expansion in YH,

before formation of ScHs. The phase diagrams of Fig. 4.23 are obtained from results
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Figure 4.21: Expected maximum hydrogen content as calculated from data observations
and the combinatorics of Fig. 4.20.

of this study and using the maximal hydrogen concentration calculated as discussed
above. The shaded region is the region where a solid-solution phase exists. The re-
gion between the two dashed lines indicate possible phase separation observed after

hydriding the alloys.

It is not surprising that we observe the suppression of optical switching at
the scandium concentration of z = 0.20. Unlike the Y-Mg system with the optical
shutter effect, the Y-Sc system does not have enhanced transmittance in regions
of phase separation. This is to be expected since ScHy is metallic, in contrast to
MgHs, which is insulating. It is the insulating character of MgHs that enhances the
optical band gap. What is not clearly understood is the apparent metal-insulator

transition that occurs for the unloaded, presumed dihydride Yg.99Scg.19 composition.
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Figure 4.23: Phase diagrams for the 3-element system with the maximal hydrogen contents
calculated from the model discussed in the text. a) assumes n = 0 and b) n = 0 and 1.
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It may be that this composition forms a trihydride phase that is more stable than
other alloy compositions studied. This is in accord with our lack of observation of
a dihydride transmittance peak. The possibility of an unusually stable trihydride
phase may be useful for applications such as pixel-switching in flat-panel displays,
where remaining closer to the phase transition might reduce switching speeds, which

are currently an order of magnitude too large.
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Chapter 5

Summary and Future Investigations

“That rug really tied the room together... did it not?... did it not?

- Walter in The Big Lebowski

The change in optical properties of the Y;_,Sc. H, system is due to reduction
of the unit cell volume of approximately 30%. Up to the dihydride phase, hydrogen
in yttrium primarily fills the tetrahedral sites. Typically up to = 2, only a few
atomic percent of hydrogen occupy octahedral sites, which have higher mobility than
tetrahedral sites [15]. Because the transition occurs beyond the dihydride phase,
when octahedral sites become significantly occupied, it is assumed that this filling
is responsible for the optical transition. Therefore, in the yttrium-scandium alloys,
the quenching of the optical transmittance is most likely due to the loss of available
octahedral sites caused by the reduction of lattice dimensions. In the Y;_,Sc, H, we
have studied, the optical and metal to insulator transitions are largely suppressed
for scandium concentrations above z = 0.20. It is interesting to note that the unit
cell volume we measure for Y goSco.20 (176.63 AS) is equal to the unit cell volume
of lutetium (Vz,, = 176.64 A3), the largest known rare-earth element that does not
form a trihydride. This suggests that studies on the Y;_.Lu,H, alloy system would

be very interesting, and the lutetium 5d'6s? electronic structure make it simple
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to correlate results to these studies. We have also identified a metal to insulator
transition between Y and Y(.995¢g.10, apparently in the middle of the the transition

from an optically switchable material to a non-switchable material.

From statistical modeling it was found that z = 0.20 is not an unexpected
concentration beyond which to observe the optical switching to be quenched. Fur-
ther study of the alloy phase diagram for the transition region 0.00 < 2z < 0.20
is underway. It is important that the phase separation be better identified. Two
possible directions for this study have been planned. The first is to use substrate
heating, which will increase the crystallinity of the films. This would provide better
XRD for analysis. Another regime for the study of phase separation is to investi-
gate epitaxial films. Epitaxial materials provide an extremely simple way to identify
phase separation, as well as additional effects, for example, epitaxial strain from a
substrate or buffer-layer. Design, construction, and installation of the equipment to
enable these two capabilities have been initiated by the author. In addition, x-ray
diffraction capabilities for fully hydrided films should also be developed along with
electrochemistry for hydrogen loading. Electrochemical loading enables the deter-
mination of hydrogen concentration. Finally, modifications of an AFM and/or STM
head to permit topographical and spectroscopic studies during hydrogen loading

would provide complementary microscopic information.
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Appendix A

Vacuum and Film Deposition

Much of the following material was written in my Master’s thesis, however, at
that time I still had not grown a single film [74]. I have since had much experience
with the chamber. This is an updated user’s guide to growing thin films using
e-beam evaporation. I will avoid discussions of the evaporators, power supplies,
pumps, substrate stage, and leak detection because I feel my past thesis is adequate

for these topics.

A.1 Growing a Film

The vacuum chamber is designed such that it is able to sustain vacuum
pressures of 10710 torr or better. However, to date, ultimate pressures on the order
of 1078 have been achieved. The current mode of operation is to break vacuum
about once a week to change evaporant material for a new set of films. This is
partly why the chamber pressure is not optimal. There is also likely a leak in this
range that should be sealed. The metal-hydrides did not require lower pressures,

and I therefore forewent further leak detection.

Since my Master’s thesis, we have a purchased a new dry pumping station
which requires only a flick of a switch (once the chamber is sealed). The station will

bring the chamber to ~ 107> torr within one hour and 10~7 torr overnight. At 107>
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torr, the ion gauge can be turned on (making sure it is on the lowest, 1074, scale).
When the chamber reaches 10~ torr, the ion pump should be turned on in “start”
mode until the chamber reaches 1077 torr. I generally leave it in “start” mode
because the beginning of evaporations can create lots of vapor pressure, and it gets
frustrating to turn the ion pump on over and over. I have always left the valve open
so that both the turbo pump and ion pump are actively pumping the chamber at
all times. The pressure during evaporation will rise too much if both pumps are not
active. Once the chamber is in the 1077 torr range, gettering due to the evaporation
will reduce the pressure to 1078 torr. To achieve this, simply turn on the evaporator
filaments to 14 amps. This should be done slowly, as long as several hours, such
that the pressure doesn’t get above 107¢ torr. When the current is 14 amps, turn on
the voltage to the first evaporant. Slowly increase the voltage keeping the pressure
as low as possible. Typically, 300-700 V is enough. As a rule of thumb, I switch to
the emission current setting rather than the accelerating voltage. If the evaporant
is properly located within a couple of millimeters of the filament loop, the emission
current will rise to the first mark (10 mA). This is enough emission current and
voltage to cause evaporation. It may take some tweaking of the evaporant position
with respect to the filament. If this amount of emission current is not obtained
with less than 1000 V, something is wrong. When the metal is heated sufficiently,
it will begin to reduce the chamber pressure. Wait until the pressure has dropped
to 1078 torr and the growth monitor is measuring 0.1-0.8 A /sec before moving the
substrates into the beam. A growth rate of more than 0.8 A/sec will melt the

evaporant. The growth rate should be kept as constant as possible by feeding the
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evaporant toward the filament and adjusting the voltage/emission current.

A.2 Some Suggested Modifications

Hopefully, the reader realizes that film crystallization is very low for room
temperature substrate growth. This has a few adverse effects on material charac-
terization. It is therefore recommended that the vacuum chamber be rearranged to
allow for substrate heating. As mentioned in my Master’s thesis, there is a machined
substrate holder and heater spool for this purpose. However, the e-beam evaporators
need to be moved to the port 90° from where they are currently mounted without
the 14” extension tube. This would put them directly across from the 6” view-
port, which has the advantage of seeing the evaporators. There were many failed
attempts to incorporate mirrors in the current configuration. In order to make this
change, the growth monitors will require re-routing. The top flange has already
been adapted with rotary, push/pull, thermocouple, and heater feedthroughs. By
rearranging in this manner, one is able to maintain the highest growth rates of 0.3—
0.8 A/ sec and the growth monitors stay close to the substrate for more accurate
film thickness measurement. Finally, substrate shuttering is optimized with the use

of the rotary feedthrough.
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Appendix B

LabVIEW VIs

Historically, the Markert lab has included Appendices about LabVIEW VIs
which run experiments applicable to the dissertation. It seems that many have
simply inserted the images of the front panel and the diagrams of the wiring with-
out any explanation. These are easily viewed by simply opening the VI. So, why
were they included? Maybe their dissertation needed a few more pages in length.
Maybe it is simply to baffle new students who have never before seen LabVIEW.
So, hopefully, this Appendix will be not only a review of the metal-hydride VIs, but
a decent primer on LabVIEW programming. First, I should state that the acronym

VI stands for virtual instrument. For simplicity, I will continue to use VI.

B.1 Room Temperature VI

The first of two VIs used is the room temperature measurement application,
Metal Hydride TzR.vi. This was designed to measure resistance and transmittance
simultaneously while loading hydrogen into the sample. Originally, resistance would
be read directly from the Linear Research ac resistance bridge (LR-400). For some
unidentified reason, the IEEE interface was causing an older Macintosh to freeze-up.
Before switching to a newer computer, we abandoned reading the LR-400 directly,

and set up the program to read two Keithley 195(A) DMMs set to GPIB addresses
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Figure B.1: Room temperature spectrometry and resistivity LabVIEW VI front panel.

16 (for the transmission) and 25 (for the resistance). The front panel, shown in
Fig. B.1, displays the output voltage of the photodiode circuit, the resistance of
the sample, and elapsed time. The “Reading GPIB...” readouts are the values read

from the DMMs before formatting and displaying in the larger upper readouts.

To start the VI, click the continuous run button on the top left of the Lab-
VIEW window. A prompt will appear to enter the title of the file to write. The
user can also select the path of the file at this time. Inside the VI, the program has
started the opening sequence, Fig. B.2. Here, the VI initializes the timer by taking
the current time and date and converting into a t = 0 start reference. Once the
filename has been entered, the VI opens the file for writing, adds column headers
to the file, and will run continuously until the user clicks the pause or stop button.
The file identification information is wired into a while loop which runs “while” the

stop button has not been pressed. Inside of the while loop, there are three sequen-
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Figure B.2: The opening sequence of the room temperature VI. This sequence sets up the
timer and opens a file with column headers for writing data. The time and file information
are sent into a while loop that runs until the stop button is clicked. The while loop contains
sequential frames which do all of the other operations.
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tial frames. The first frame is where the DMMs are read using GPIB commands
embedded in sub-VIs designed by Keithley. These sub-VIs are set to read voltage
on autorange with no filtering (the 3 wired zeroes). Even resistance is set to read
voltage because it is measuring the + 2 V output of the LR-400. The two values

from the DMMs and the current time are sent out of this frame and into the next.

The second frame inside the while loop (Fig. B.3) takes the measured volt-
ages and converts them into strings with specific number formatting. The number
formatting (%e\t) sets the file output to exponential with a tab afterwards. The
tab creates a space between each measured value. The data that has been converted
to string is then concatenated with a carriage return at the end to start a new line

for the next data set of time, transmission, and resistance.

Finally, after concatenation, the data string is written to the file. The file
is closed after each new set of data is written. The next event of writing to the file
automatically goes to the end of file (EOF) to write. This works as an appendage

to the existing file.

B.2 Temperature Dependent VI

The temperature dependent VI (MHz-lowTrho-graph.vi) is very similar to
the room temperature VI. Refer to Fig. B.5. This VI still reads two Keithley
195(A) DMMs with addresses 16 (RuO thermometer) and 25 (sample resistance).
The RuO thermometer has calibration tables in Excel spreadsheets (RuOtestT and
RuOtestR). The user should guard these with their life. (I accidentally altered one

by mistake and spent a week figuring out why LabVIEW would not read them prop-
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Figure B.3: The second frame of the room temperature VI. The values for resistance and
transmittance voltages are formatted and converted to strings.
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Figure B.5: Temperature dependent resistivity LabVIEW VI front panel.

erly.) The calibration tables are read into LabVIEW on each use of the program
and fed to a spline interpolation (Spline Interpolant) which creates matrices for cal-
culating the temperature of the probe. After the calibration files are read, a file is
opened for writing, and the time is initialized, the program enters two while loops
— one for the canonical stop button and one for the data collection button. Figure
B.6 shows the initialization, while loops, and the final frame which writes data to

the file. Error output was also added to this VI and wired to the front panel.

Another difference in this program from the room temperature one is that
it has a button on the front panel which starts and stops data collection (mentioned

above). This was implemented so that data could be collected only when the tem-
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Figure B.6: A similar startup algorithm to initialize the time and start the file with column
headers. This VI also opens thermometer calibration files and creates interpolation matrices
to convert RuO resistance to a temperature.

perature or resistance had changed. The data collection for temperature dependence
can take 3—4 hours, and therefore, would create extremely large files if left running
continuously. A second major difference is the graph which plots each data point
as it is being collected. There is a buffer in the diagram (Fig. B.6) set to 10000.
This is the number of bits which can be stored. It may be changed if necessary, but

10000 seems to be plenty.

A requirement for these experiments was that the DMM for the RuO ther-
mometer act as a 4-point probe. It sends current to the thermometer and measures
the resistance of the thermometer. Therefore, GPIB 16 has a numeric “2” wired into

it to select “ohms” instead of “volts”. This is shown in Fig. B.7. The multiplier on
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Figure B.7: The RuO resistance is interpolated, and the temperature and sample resistance
are formatted and converted to strings.

the front panel is shown in the diagram in Fig. B.7. The LR-400 +2 V output scales
with the range selection on the LR-400 front panel. The multiplier, then rescales
the values from the GPIB 25 DMM so that the file does not have to be corrected

later.

The frame shown in Fig. B.8 is only different from the room temperature VI
in that it contains the Spline Interp sub-VI. This takes the matrices created from

Spline Interpolant and the thermometer resistance value to calculate the temper-
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ature, which is then sent to the front panel and to the file along with the time,
sample resistance, and actual thermometer resistance. The thermometer resistance

is written to the file in the event that the interpolation goes wrong.

These Vs are about as simple as they can be written. If something should go
wrong with them, hopefully, the information and images here can help reconstruct
them or even better programs. It was originally my intent to make the temperature
dependent VI be automated such that it would take data on its own. This was done
in Boem-Hoan O’s old version by checking the temperature and sample resistance
and taking a data point if a significant change in either had occured. In any event,

good luck, we are all counting on you.
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Appendix C

Nuclear Magnetic Resonance Force Microscopy

Nuclear Magnetic Resonance Force Microscopy (NMRFM) designs are aimed
towards measurements with resolution of a single nuclear spin. In relation to work
on hydrogen in metal systems, this will make very local measurements of hydrogen
concentration and diffusion possible such that one can examine the dynamics behind
the metal-insulator transition in specific metal-hydrides. In fact, simply improving
force microscopy resolution to sub—micron scales (~ 100 nm) creates the capability

to study the thin films of interest in this work.

C.1 NMR-FM Overview

The technique of NMRFM, as implied by the name, combines nuclear mag-
netic resonance and force microscopy techniques. Our experimental design is out-
lined in Fig. C.1 [67, 68]. The idea is to couple the magnetic moment of a sample to
a mechanical oscillator through a field gradient produced by a permanent magnet.
For the eventual practical use of NMRFM in solid state and biological applications,
it will be necessary to convert to a magnet-on-oscillator geometry. The study re-
ported here was the first attempt at such a configuration in our lab. In Fig. C.1, the

permanent magnet is located on the surface of a mechanical oscillator. The force
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Figure C.1: Nuclear Magnetic Resonance Force Microscope (NMRFM) schematic shown
in the magnet-on-oscillator geometry.

produced due to this coupling is

F(t) = M(t) - Cfl—]j (C.1)

The moment is shown to have time dependence because we adiabatically invert
the spins of the sample using an rf coil [64]. Using frequency modulated rf fields,
it is possible to cyclically invert the sample moment at the resonant frequency of
the mechanical oscillator. This makes the force described by Eqn. C.1 drive the
oscillator at resonance. Detection of the motion of the driven oscillator is performed

using fiber optic interferometry with an optical laser operating at 660 nm. As seen in
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Figure C.2: Interferometry of a diode laser reflecting from a fiber optic cleave and a
mechanical oscillator surface.

Fig. C.2, for a smoothly cleaved optical fiber, light reflects from the cleaved surface
back into the fiber. When the optical fiber is aligned to the oscillator (see Fig. C.1
for the more realistic positioning), light reflects from the surface of the oscillator
back through the fiber. As the oscillator shakes, the optical path of the reflected
light changes by a factor of 2 times the amplitude of oscillation. This reflected light

then interferes with light reflected from the cleaved fiber end.

Measurement stability is provided by locking onto a specific interference
fringe. This is done using an op-amp feedback circuit developed by Tobias Graf
[69] and improved upon by Michelle Chabot [68]. The steep slope portion of the
interference pattern gives great stability because of easily detectable, large changes
in signal over small ranges of position. Amplitude measurement is accurate to

0.002 nm/+/Hz using this stabilization circuitry.
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Figure C.3: Fiber optic interferometry circuit developed by Tobias Graf and Michelle
Chabot.
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As derived by Nyquist, the minimum force which can be measured is

N )= 4kpTkysc
vVHz B Qw

Therefore, the sensitivity of this type of force detection relies solely on the thermo-

(C.2)

dynamic and mechanical properties of the oscillators used [63]. Looking at Eqn. C.1
and C.2, one can see that there are several considerations to be made. One, which
is extremely important, is that of the field gradient in Eqn. C.1. However, there
exists a trade—off between the field gradient magnitude and number of contributing
spins which will lie within a “resonant slice” of appropriate field gradient. If the
field gradient becomes too small, the force created may not be large enough to be
measured above thermal noise of the oscillator. When the field gradient becomes too
large, the resonant slice becomes thin, reducing the number of contributing spins.

In this case, M (t) becomes small, and again, the force is too small to be detected.

Since the metal-hydride films are on the order of 0.1 pum thick and have a
surface area of lcmxlcm, One obtains a necessary field gradient of

dB 10G G
— = =100— .
dz  0.1um Oo,um (C.3)

resulting from the use of a pulsed rf field of 10 Gauss. Eventually, it will be interest-
ing to increase this field gradient to see the hydrogen behavior on an atomic scale.
However, even observation of hydrogen behavior within the entire film is a vast im-
provement to bulk interstitial hydrogen studies. For this purpose, characterization

studies have been made of micron sized magnets on oscillators.

The magnitude of the field gradient is directly related to the aspect ra-

tio of the permanent magnet. Magnetic field gradients have been modeled using
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Figure C.4: Contour plot of magnetic field gradient for a micron—sized magnet with 1 ym
diameter and 0.1 pum thickness. The lines are drawn to indicate a 3 um distance from the
magnet face where the field gradient for this magnet aspect ratio is 100 G/um, as desired.

Mathematica’. For cylindrically shaped magnets of cobalt (Co), with an aspect
ratio of 1 ym diameter and 0.1 pm thickness, a field gradient of 100 G/um at ap-
proximately 3 pum distance from the magnet surface was determined. Figure C.4
illustrates the field gradient contours, where the lines indicate a distance of 3 pum
from the surface directly in front of the magnet face. Figure C.5 plots the field
gradient magnitude (for the contours shown in Fig. C.4) with respect to distance
from the micro-magnet surface. The lines are to indicate a 100 G/um field gradient

at a distance of 3 um from the magnet surface.

Pictorially, one can think of the field gradient contours such that two con-
tours defining the region around 100 u% encase the film thickness. In addition, the
curvature of the gradient contours, ideally, is low enough to span 1-4 pm? of the

film sample lateral surface as shown in Fig. C.6.
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Figure C.5: Magnetic field gradient as a function of distance from the surface of a micron—
sized magnet with 1 pm diameter and 0.1 pm thickness. The lines indicate that a distance
of 3 um from the surface provides a field gradient of 100 G/pm.
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Figure C.6: Ideal spatial relationship between magnetic field gradient contours and sample
film being measured.



Commercial and Micro—Machined Oscillators
Type | Q | kG [ P () |
Nanoprobe | 10-100 | 10-100 | 0.7-2.3 x 10~13

Ultralever | 10-100 | 0.01-0.05 | 1.5-5.7 x 10~ 14
Torsional | 1-10k 0.005 1.5-5.0 x 10716

Table C.1: Quality factors, spring constants, and minimal detectable forces for oscillators
prior to magnet deposition.

C.2 Oscillators

Availability of commercial cantilever—type oscillators and their characteris-
tic data made these types of oscillators desirable for initial magnet—on—oscillator

characterization. Two types of commercial cantilevers have been used.

The first type is a high resonant frequency (300 kHz) cantilever produced by
Digital Instruments for use in their Nanoprobe atomic force microscope (AFM). The
second type is a Park Scientific Ultralever AFM cantilever with resonance frequen-
cies in the 1-22 kHz range. In addition, using silicon micro—machining techniques,
torsional oscillators have been developed by our group with much higher force sensi-
tivity and Q factor for force measurement on the order of 10716 N/v/Hz. Figure C.7
shows the approximate dimensions of these cantilevers, and Table C.1 lists quality
factors (Q), spring constants (k) and minimal detectable forces (Fy,in — Eqn. C.2)
for the oscillators. Free—standing torsional oscillators as shown in Fig. C.7 have only
recently been developed, and thus, magnet-on-oscillator characterization is still in

progress. All measurements were taken at room temperature.
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Figure C.7: Commercial and micro-machined oscillators used for magnet characterization.

C.3 Micro—Magnets

The vacuum and film deposition system described in Chapter 2 was used
to deposit cobalt magnets capped with an anti-oxidation layer of gold. Accurate
monitoring of film thickness was possible using Inficon crystal growth monitors.
Cobalt layers were measured to be between 0.06 — 0.10 yum. Due to their lower
sensitivity, Nanoprobe cantilevers were shadow masked with aluminum foil such
that a section of the tip was coated. Micron—sized pinholes in aluminum foil were
used to shadow mask the Ultralevers. Figures C.8 — C.10 are scanning electron

microscope (SEM) images of some typical magnets obtained.

Typically, magnetic films of this thickness have an easy magnetic axis in the

plane of the film, however, this shape anisotropy was overcome by applying a large
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Figure C.8: SEM image of Nanoprobe cantilever with an approximately (30 um)? magnet
of 83 nm cobalt capped with 12 nm gold.

10 pm 1 pm

Figure C.9: SEM image of Ultralever cantilever with a cobalt magnet 4 ym in diameter,
60 nm thick capped with 8 nm of gold.
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10 pm 1 pm

Figure C.10: SEM image of Ultralever cantilever with a cobalt magnet a 2 ym in diameter,
60 nm thick capped with 12 nm of gold.

static field of approximately 1 tesla. Figure C.11 shows magnetization data taken
previously on larger area films (=1 mm?) where 1 tesla was large enough to reach
saturation of the magnetic moment. Thus, for these micron—sized magnet areas, we

assume a fully saturated magnetic moment perpendicular to the plane of the film.

It is important to note the interest in this study is in flat pancake geometry
magnets for their well-understood field gradient geometry. This is different from
applications such as magnetic force microscopy (MFM) where a sharp magnetic tip
is needed for high resolution. It is, therefore, desirable to deposit the magnet on
flat regions of the oscillator and as close to the tip end as possible for the greatest

induced vibration amplitude.
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Figure C.11: Measurement of magnetic saturation perpendicular to the plane of a 0.06 ym
cobalt film.

C.4 Magnet-on-Oscillator Characterization

In order to measure the magnetic moment produced, a wire coil with radius
1.4 mm was placed in the NMR—-FM probe with the optical fiber through its center
5 mm from the oscillator surface. The well defined field gradient of the coil interacts
with the Co magnetic moment to produce a force on the oscillator. The experimental
arrangement is shown in Fig. C.12. The oscillator is driven by operating the coil
with a sinusoidal current at the resonant frequency of the oscillator. The magnetic
field gradient produced is approximately 1072 T/m. Assuming the micro-magnet
geometries are truly flat, one can calculate by volume the moment produced by the

cobalt to get the expected force from Eqn. C.1. These values are compared with the
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Figure C.12: NMR-FM probe modified with a coil around the optical fiber to measure
micro—magnets on oscillators.
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Commercial and Micro-Machined Oscillators

Micromagnet Calculated Expected | Measured Force
(Figure #) Cobalt Moment (£) | Force (N) in air (N)
Nanoprobe (5.8) 1.1x10710 3x10712 7x10712
Ultralever (5.9) 1.1x10712 8.6x10714 9x 1014
Ultralever (5.10) 7x10713 4.3x10714 3x10714

Table C.2: Comparison of calculated and measured forces from micro-magnets on can-
tilevers.

force detected on the oscillator by rewriting Eqn. C.2 as

AkOSC

F=73

(C.4)

The values for Q and wy are determined from frequency scans, and K,s. is the
oscillator spring constant, estimated to be 0.01N/m. Table 5.2 summarizes these
comparisons. The agreement is reasonable between the expected and measured
forces, indicating a successful demonstration of the magnetic excitation of micro-
oscillators. The Nanoprobe expected forces were smaller than measured due to the

faceted edges of the cantilever leading to an underestimation of the total moment.

More details may be extracted by continuing this research using a probe
geometry where the excitation coil is perpendicular to the oscillator surface. Then,

the torque on the oscillator is
F=igxH (C.5)

which is the torque applied to the micro-magnet moment, p, by the applied magnetic
field, H. Recently, studies were made to see the effects of external magnetic field

on the oscillator characteristics [72]. These results combined with probe and micro-
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magnet improvements indicate readiness of our NMR force microscopy for solid-state

applications.
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Appendix D

Some Pictures

I have absolutely no reason for adding these pictures. They are just a few
of the things that kept me going or gave me a good laugh during graduate school.
Hopefully, the students who supercede me have as good a time as I did living in
Austin, knowing John and his family, and studying condensed matter physics. Adios,

Amigos.
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Figure D.2: Troy marrying Jodi at his parents’ house in Rockwall, Texas, April 7, 2001.
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Figure D.3: Troy showing off his super-cool boron tattoo.

110



Figure D.4: Troy bangin’ the skins at Steamboat with former band Megalo.
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