GEOMETRIC STRUCTURE AND DESORPTION KINETICS OF CO ON THE

Cr,03(0001)/Cr(110) SURFACE

THESIS

Presented to the Graduate Council of
Texas State University — San Marcos
in Partial Fulfillment
of the Requirements

for the Degree

Master of SCIENCE

by

Gabriel Arellano, B.S.

San Marcos, Texas
May 2010



GEOMETRIC STRUCTURE AND DESORPTION KINETICS OF CO ON THE

Cr,03(0001)/Cr(110) SURFACE

Approved:

J. Michael Willoughby
Dean of the Graduate College

Committees Members Approved:

Carl A. Ventrice, Jr., Chair

Nikoleta Theodoropoulou

Wilhelmus J. Geerts



COPYRIGHT
by
Gabriel Arellano

2010



ACKNOWLEDGEMENTS

I am indebted to Dr. Carl A Ventrice Jr. for his dedication as a mentor throughout
my research, as an instructor here at Texas State University-San Marcos and for his
patience and inviting manner of imparting his knowledge on the subject of Physics and
everyday mechanics. Dr. Ventrice revitalized my interest in Physics by making the
subject interesting, sensibly applicable and approachable and by never dismissing my
questions or understanding about the subject. My loving appreciation is also extended to
my friends and classmates here at Texas State; Nick Clark, Chris Cumby, Dan Fields,
Greg Hodges, Rob Kilbourn, Chris Lohn, Nick Miller, Dan Ralls, Simona Rieman,
Jennifer Walters, Jason Williams and Craig and to my friends and classmates at the
University of Texas at Austin; Jay Palermo, Arturo Perez, Yingyue Li Boretz and Maia.
Their humor, consideration and persistence were my therapy and motivation throughout
my scholastic endeavors. To my best friends; Cesar R. Favela, Humberto E. Rodriguez,
Richard Coronado, Felipe S. Ulloa, Tommy Murillo and Jason Williams; | thank you for
pulling me out of my studies and helping me relax and for reminding me of the truly
important qualities of life. | can never fully thank my mother, Chela Arellano, and my
father, Lalo Arellano, for happily and unquestionably devoting so much of their life, their
love and their guidance in raising me. | hope that they are as proud of me as their child
as | am of them as my parents. To my brothers and sisters; Mickey, Magali, Becky,
Rafael and Lupe, | thank you for always loving and accepting me for who I am and for

who | want to be, but mostly for the humbling manner in which you sincerely show your



love and pride for me and for each other. To my beautiful wife, Lindsay Scott Rose-
Arellano, | thank God for you, for you have shared all the hardships and blessings that
have come with loving me as a husband and as a father with unwavering patience,
attentiveness and with an unfathomable sense of humor. Finally, to my beautiful
daughter Amalia Isabel Arellano, | thank you because, through you, | get to see the
beauty of this world and reflect on the wonders of life and because you have made me a

happier and better person.



TABLE OF CONTENTS

ACKNOWLEDGEMENTS .....ooovvveeereeeseeeeeeesseseeeeesssesssessesssesssesseesessssee s ssssee s iv

LIST OF FIGURES ... vvvecooeeeeeeeceeeeeeseeeeeeesees e esssesesesseessessseseseessesssesesesseessses oo viii

LIST OF TABLES ... ovveceeeeeeeeeeeeeeesesseeeeeseeessseeeeeesessseeseessesseeseesssessseeeeesessseseeseesseenee X

FN =13 127 Yo PO O xi
CHAPTER

I, INTRODUCTION w..ovveeeoeeeeeeeeeeeeeeeeeeeeessseeseeesesseeseseeeesssessseeeseessessseees e 1

Il. CRYSTAL LATTICES AND ELECTRON DIFFRACTION........ovvvveerrernneee. 5

A. OVERVIEW OF CRYSTAL STRUCTURE .....ovvrevvveereesreeereeseessessees 5

B. THE Cr(110) SURFACE ......ocomorieveeereesseseeeesessseeesesesssesssesseeseessseesesssens 6

C. THE Cry05(0001) SURFACE .......coormrereeeeeeeseeeeresseesseeesessseseseesesseeseeees 8

D. ELECTRON DIFFRACTION FROM A CRYSTAL SURFACE........... 10

E. CONSTRUCTING THE RECIPROCAL LATTICE OF Cr(110)............. 18

1. EXPERIMENTAL TECHNIQUE .......cooorveeeoeeseeeeeeseeeseeseeeseeseeseeeesesseenen 20

A. ULTRA HIGH VACUUM .......ccommmmrirerecoseeeeeeeeeceseeeeeseveeseessessseeseesseseneann 20

B. VACUUM TECHNIQUES.........oiooveeeeeeereseeeeresseesseeesesssesseeesesssesssesreens 24

C. LOW ENERGY ELECTRON DIFFRACTION OPTICS ......ovvvveerrenne. 28

D. CRYSTAL SAMPLE HOLDER .....oocormrveeeeeeseeeeeeeseeseeseseesesssesseeereens 30

E. TEMPERATURE-PROGRAMMED DESORPTION ......ovveorrirrverees 33

F. ANALYSIS OF ACTIVATION ENERGY USING TPD ANALYSIS....36
IV. EXPERIMENTAL RESULTS ..ot 39

A. PREPARATION OF THE Cr(110) SURFACE .......ccccoeiiiiniieniiiseie 39

Vi



B. GROWTH OF EPITAXIAL Cr,05(0001) ON Cr(110) .....vveerrerrreeen 43
C. TEMPERATURE DEPENDENT LEED ANALYSES OF
Cr205(0001)/CI(L10)...... rveeeeeeereeeeeeeeereeeeeeeeeseeeee e eeeesseeeeseeee e 45

D. ADSORPTION OF CARBON MONOXIDE ON Cr,05(0001)/Cr(110)..47

I. CO DOSING SEQUENCE........cccoiiiiiiiiiseseeeee s 47

ii. DEPENDENCE OF TPD SPECTRA ON HEATING RATE........... 51

iii. ACTIVATION ENERGY ANALYSIS ..o 54

V. DISCUSSION ..ot S7

VI CONCLUSIONS ..o 61
REFERENCES ... .ottt 63

vii



Figure
2-1.
2-2.
2-3.
2-4.
2-5.
2-6.
2-7.

2-8.

2-9.

3-1.

LIST OF FIGURES

Page
Five Bravais Lattices for 2-dimensional surface StruCtures. ............cccocvevvrivererennenn. 6
Schematic 0f Chromium (CF).....ccoiiiiiiie e 7
Schematic of Cr;03(0001) CrysStal........ccoiviieieiiiierieie e 9
Plane wave incident on a spherical scattering Center............cccoceveveienineivinnnns 11
Electron plane wave scattering from two electrons............ccoovveieieieninesiienins 13
Coordinate system and position vectors of electron cloud and " atom................ 15
Theoretical real lattice drawing of Cr(110) ......cccooiviiiiiniiiiieee e 18
Theoretical Reciprocal Lattice Drawing of Cr(110) based on the
T L= 0T To 1 T o ST PS USSR 18
Observed LEED image of Cr(110) at room temperature with overlaid
theoretical reciprocal lattice Of Cr(110).......cccoeririiiiiiiiieieee e 19
Ultra-High Vacuum chamber with pumping system labeled..............cc.ccocoovinnne. 26

Ultra-High VVacuum chamber with mass spectrometer and X, y, z manipulator ....27
Schematic of electron gun and detector of LEED ..........ccccoevvivivieicice e 29
Interior view of ultra-high vacuum chamber ..............ccoooiiiii 31

X,y,Z manipulator and ultra-high vacuum chamber viewport housing Cr(110)
SAMIPIE ettt bbb 32

Schematic of a quadrupole mass spectrometer (QMS).......cccoovviieieninieniienne 34

LEED analysis of Cr(110) after several sputter/anneal cycles
At FOOM TEMPETALUIE ... ree s 42

viii



4-2.

4-3.

4-4

4-5.

4-7.

4-8.

LEED analysis of Cr,O3(0001)/Cr(110) for this Study ..........cceoeereienenineiiinnins 44

LEED analysis of Cr,03(0001)/Cr(110) at 300 K, 150 K and 90 K from a

PIEVIOUS STUAY ...ttt bbbttt bbbt 45
LEED analysis of Cr,03(0001)/Cr(110) at ~ 300 K and 125 K for this study ......46
TPD spectra of CO from Cr,03(0001)/Cr(110) at a heating rate of 10 °C/min
for several dOSES OF CO ....oviiiiiiecice e 49
LEED analysis of CO/Cr,03(0001)/Cr(110) for dosesof 1 Land 10 L................ 50

Pressure versus temperature curves for several heating rates for a CO dose of
OO OSSR 53

Arrhenius plot assuming first order desorption kinetics for a dose
(o) 0000 I o) O PSSR 56



Table

4-1.

4-2

4-3

LIST OF TABLES

Avreas calculated from pressure versus time curve and corresponding
temperature of the maximum of the TPD peak..........ccccooviiiiiniiiciee 50

Avreas calculated from pressure versus time curve and the temperature of the
maximum of the TPD peak for heating rates ranging from 5 °C/min to 50 °C/min
for adose Of 1.0 L OF CO ..oovviiieiicece e 54

Temperature of the maximum of the TPD peak for each dose of 1.0 L of CO .....55



ABSTRACT
GEOMETRIC STRUCTURE AND DESORPTION KINETICS OF CO ON THE

Cr,03(0001)/Cr(110) SURFACE

by

Gabriel Arellano, B.S.
Texas State University — San Marcos
May 2010

SUPERVISING PROFESSOR: CARL A. VENTRICE Jr.

Understanding the interaction of simple molecules such as carbon monoxide on
metal oxide surfaces is important for many industrial applications. For instance, Cr,03 is
an industrial catalyst used for the reduction on nitrogen oxide compounds and for the
polymerization of various hydrocarbons. Previous groups have studied the adsorption of
CO on the Cr,03(0001)/Cr(110) surface and found that it lies flat on the surface instead
of an upright geometry, which is observed on most other metal and metal oxide surfaces.
In addition, there is only one published measurement of the activation energy for
desorption of CO from Cr,03(0001), and this value is approximately twice as high as the

value calculated using quantum chemical cluster theory.

Xi



To determine the geometric structure of the clean and CO covered
Cr,03(0001)/Cr(110) surface, we have performed temperature dependent low energy
electron diffraction measurements of these surfaces. Our diffraction measurements
reveal an unreconstructed clean Cr,03(0001)/Cr(110) surface over a temperature range of
room temperature to 120 K. The diffraction pattern of the surface at a saturation
coverage of CO shows only a slight increase in diffuse background with no overlayer
reconstruction being observed. This is consistent with previous reports that CO
molecules are easily desorbed by low energy electrons.

To determine the desorption kinetics of CO from the Cr,O3(0001)/Cr(110)
surface, we have performed temperature programmed desorption measurements. At a
crystal temperature of 120 K, it was found that a saturation coverage of CO was obtained
for a CO dose of ~1 L. The maximum of the desorption curve was observed to shift to
higher temperature by only 4 K as the coverage approached saturation, which indicates a
1* order kinetics with an attractive adsorbate-adsorbate interaction. The activation
energy for CO desorption was measured to be 49.2 £2.6 kJ/mol using the Redhead

method with heating rates ranging from 5 °C/min to 50 °C/min.
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CHAPTER I

INTRODUCTION

Chromium oxides are used in many industrial applications such as catalysts for
polymerization and hydrocarbon reformation reactions, passivation of stainless steels,
binder layers in magnetic media, and the active region of some gas sensors. To obtain a
fundamental understanding of the surface properties of chromium oxide, it is beneficial to
study the geometry and the desorption kinetics of simple molecules on the surfaces of this
transition metal oxide.

Most industrial catalysts are used in powder form to increase the available surface
area of the catalyst. Because of this, it is difficult to relate the interaction of the reacting
molecules with a particular surface site since there will be several different terminations
and a high defect density for a powdered material. To get a better understanding of the
atomic scale interactions at the surface of a transition metal oxide, it is preferable to study
adsorption on well-ordered surfaces of single crystals. Since insulating metal oxide
crystals are ionic, the surfaces that are the most stable will be the non-polar surfaces,
which are the surfaces with no net dipole moment normal to the surface. For Cr,0Os3, the
two primary non-polar surface terminations are (0001) and (0112). Since most
transition metal oxides are insulating, it becomes difficult to perform surface studies
using electrons because of sample charging effects. One method of circumventing this

problem is to study a thin film of the transition metal oxide on a metal substrate, which



allows excess charge to tunnel into the substrate. Since Cr,O3 grows epitaxially on the
Cr(110) surface with a (0001) termination, this provides an excellent template for surface
science studies of molecular adsorption.

The geometric structure of the clean Cr,03(0001)/Cr(110) surface has been
studied using various surface sensitive experimental techniques.>** An interesting
property of this surface that was observed by previous groups using low energy electron
diffraction (LEED) is the presence of a weak (V3x\3) R30° reconstruction at room
temperature that becomes more distinct below ~200 K and dissapears below ~100 K.}
This reconstruction was observed to be reversible and was attributed to a surface
magnetic transition. However, a recent temperature dependent LEED study of the
Cr,03(0001)/Cr(110) surface did not observe the (¥3x\3) R30° reconstruction at any
temperature down to ~120 K.*? Since CO adsorption on the Cr,03(0001)/Cr(110) surface
results in a (V3xV3) R30° overlayer structure, it was proposed by Redding that the higher
background chamber pressure of the previous studies may have resulted in CO adsorption
on the surface instead of a surface reconstruction of the clean Cr,03(0001) surface.

There have been several studies of the adsorption of CO on the
Cr,03(0001)/Cr(110) surface using a variety of surface sensitive experimental
techniques.’**° As mentioned previously, CO is observed to form a (V3x\3) R30°
overlayer structure at saturation coverage of a monolayer.” Since the CO layer is easily
desorbed by low energy electrons, the LEED pattern of the CO is observed to disappear
within about 10 s. For most single crystal surfaces, CO is observed to adsorb in a
standing up configuration, usually with the C end of the molecule bonding to the surface.

However, angle-resolved ultra-violet photoelectron spectroscopy (ARUPS)



measurements of CO on Cr,03(0001)/Cr(110) have provided evidence for an unusual
lying-down geometry.? Because of the sensitivity of the CO layer to secondary electrons,
these measurements were performed in a background pressure of 7.5 x 10 Torr of CO.
One of the issues regarding the adsorption of CO on Cr,0O3(0001) that has not been fully
resolved is the activation energy for desorption. A previous study of this system using
quantum chemical cluster calculations has predicted an activation energy of 28 kJ/mol;
whereas, thermal desorption spectroscopy (TDS) measurements resulted in an estimated
activation energy of 45 kJ/mol.”

In this thesis project, we have measured the temperature dependent surface
structure of the clean Cr,03(0001)/Cr(110) surface with LEED and also found no
(\3x/3) R30° reconstruction at temperatures down to 120 K. In addition, we have
performed LEED measurements of the CO covered Cr,03(0001) surface and have only
observed a slight increase in diffuse background with no overlayer reconstruction, which
is consistent with desorption of the CO due to the incident electron beam. Therefore, we
conclude that there must be another mechanism for the observed temperature dependent
(\3x/3) R30° reconstruction by other groups. The most probable cause for this

discrepancy is the much larger terrace step widths of our crystal since the surface

alignment is 0.1° compared to 0.5° for the previously published results.*

To determine the desorption kinetics of CO from the Cr,0O3(0001)/Cr(110)
surface, we have performed temperature programmed desorption (TPD) measurements.
Only a slight change in the temperature of the desorption peak maximum is observed as
the overlayer coverage is increased. This is consistent with a 1% order desorption kinetics

and provides evidence that the CO is adsorbing molecularly (i.e., the CO does not



dissociate into atomic C and O on the Cr,03(0001) surface). An activation energy for
desorption has been measured using the Redhead method and results in a value of 49.2

+2.6 kJ/mol.



CHAPTER I

CRYSTAL LATTICES AND ELECTRON DIFFRACTION

A. OVERVIEW OF CRYSTAL STRUCTURE

A 3-dimensional crystal lattice is defined by a regular array of points in space,
where each lattice point has the same translational symmetry.”®> The positions of the
lattice points are defined by three translation vectors a, band c. Therefore, a translation

vector can be defined as

T=na+nb+nsc, [2-1]

where ny, ny, and n3 are integers. This resulting structural array constitutes a crystal
lattice. The translation vectors a, b and ¢ construct a primitive cell and enclose the
smallest volume defined as a- (bxc).® A surface is 2-dimensional and is normally
defined only by the position vectors a and b. When a surface is formed, the crystal loses
its perfect translational symmetry perpendicular to the surface. Therefore, the surfaces of
crystals always form two-dimensional lattices, known as nets.?® There are five types of
two-dimensional Bravais lattices: square, primitive rectangular, centered rectangular,

hexagonal, and oblique, as shown below in Figure 2-1.



Figure 2-1: Five Bravais Lattices for 2-dimensional surface structures.

B. THE Cr(110) SURFACE

Chromium crystallizes in the body-centered cubic (BCC) structure.?’” The BCC
structure consists of atoms located at the corners of a cube and one atom located at the
center of the cube. The lattice constant for a cubic crystal is defined as the length of the
sides of the cube and is ap = 2.88 A for chromium, as seen in Figure 2-2a. The (110)
surface of chromium forms a centered rectangular lattice with dimensions a; = ap and a;

= ~2ay, as shown in Figure 2-2b. This surface is quasi-hexagonal with lattice constants

3

a’ =apand a;” = 7a0, = 0.866 ao with both lattice vectors separated by an angle g =

125°, as shown in Fig. 2-2c. For a true hexagonal lattice both lattice constants would

have the same distance and would be separated by an angle of 120°.



(@)

(b)

(©)

Figure 2-2: Schematic of chromium (Cr). The (a) body-centered cubic, BCC, crystal with
lattice constant a, = 2.88 A, the (b) (110) plane with lattice constants a, and \2a,, and the
(c) quasi-hexagonal surface with lattice constants a, and (N3/2)a..



C. THE Cr,05(0001) SURFACE

Chromium oxide (Cr,0s) crystallizes in the corundum structure.?” This structure
is a hexagonal lattice, which can be viewed as an ABAB stacking of close-packed layers
of oxygen atoms with a hexagonal arrangement of chromium atoms on either side of the
oxygen layers. The chromium atoms form a (V3 x V3) R30° arrangement with respect to
the close-packed oxygen sublattice, as shown in Figure 2-3a. The chromium layers on
either side of the oxygen plane are shifted laterally with respect to each other, as shown
in Fig. 2-3b. The lattice constants of Cr,Os are ap = 4.95 A and ¢, = 13.58 A, which
corresponds to six oxygen stacking planes.

The oxidation of the Cr(110) surface results in the formation of an epitaxial
Cr,03(0001) overlayer structure. The close-packed oxygen sublattice is reasonably well
lattice matched to the Cr(110) surface. The oxygen-oxygen nearest-neighbor distance is

aox = a,/\V3 = 2.86 A; whereas, the chromium-chromium next-nearest-neighbor distance

isa;” = ap =2.88 A. This results in a lattice mismatch of only -0.7% in the [100]

direction.



(a)

aCr

(b)

(©) s

X1

Figure 2-3: Schematic of Cr,03(0001) crystal. The (a) top view of Cr,03(0001) surface,
the (b) side view of Cr,03(0001) surface, where the blue circles represent oxygen atoms
and the grey circles represent chromium atoms, and the (c) the conventional cell of the

hexagonal lattice.
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D. ELECTRON DIFFRACTION FROM A CRYSTAL SURFACE

To derive information about the real crystal structure from the related LEED
pattern, a relationship must be established between the reciprocal lattice structure and the
real lattice structure. The diffraction pattern obtained from LEED analysis represents the
reciprocal lattice structure. The diffraction pattern is generated from the constructive
interference of scattered electrons. The scattered electrons originate from the interaction
between the electron beam and the atoms of the crystal. The electron beam-atom
interaction can be compared to the interaction between an incident plane wave and a
collection of spherical scattering centers.?® The plane wave that represents the incident

electron beam can be defined as a wave function

W(r,t) = Aglter ), [2-2]

where ko is the wave vector of the incident electron beam, r is the position vector of the
plane at incidence, and w is the angular frequency. If the incident electron beam scatters
from one electron, as shown in Figure 2-4, the scattered wave-function can be expressed

as

A ik-(r'—r)-ot
W(r 1) = fem[e (ron-at], [2-3]

where |r'-r| is the electron-detector disance,”**° A is the amplitude of the incident wave, r
is the radial distance from an arbitrary origin to the electron, and r' is the radial distance

from the same arbitrary origin to a detector, k' is the scattered wave vector, and f is the
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ik, I

electron scattering length and is proportional to the incident wave by a factor of €™ .

Disregarding the constant of proportionality, expression [2-2] can then be rewritten as

Plane Wave Scattered Wave (k’) Detector

Incident Wave (ko)

Figure 2-4: Plane wave incident on a spherical scattering center. Wave vector ko,
incident on a spherical scattering center at r and scattered wave, with wave vector k’,
detected at r’ from an arbitrary origin in space.
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A iAk-T]| AiK"(r=r")—
\P(I",t):meAk [ek( )wt], [2'4]

where Ak = kq- k'?% 262230 5 the difference in wave vector between the incident and

scattered wave respectively and (k, — k')-r" is the phase difference.”®** Applying the
same formulism to the case of the plane wave incident on two electrons, expression [2-4]

becomes

¥(r,t)= —e‘(k"“"“")[e“““ + ok ] : [2-5]

e

where r — r* =r —ry = r — r, since the electrons are approximately equidistant from the
detector,® ry and r, are position vectors from the origin to electrons in position P; and P,

respectively.?® For elastic collision where |k’| = K|, the phase difference, S, is then
5=(D-s-D-S)k = (PN-P,M)27/, [2-6]

where D is 1y — 1, and (P,N—P,M) is the path length difference between the wave

incident at P; and the incident wave at P, as can be seen in Figure 2-5 below.
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Detecto

Plane Wave
Scattered Wave (k)
k’=S’k

P1
Incident Wave (kq) Scattered Wave (k)

ko=Sok k’=S’k

Incident Wave (kq) N
koZS ok
ra

Figure 2-5: Electron plane wave scattering from two electrons. Electron beam
scattering from two electrons at P; and P,, where k, and k’ are wave vectors of the
incident and scattered waves, respectively, and D is the separation of the electrons

at P, and P;.
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Physically, the observable quantity is the intensity, or

2
¥ (r )W(r,t) = ﬁ[eiAK(ﬁ 1) 4 gridk(n-n) 4 2] [2-7]

r—r[*

which can be restated as
¥ (r,t) ¥ (r,t) = 4|A° cosz[% Ak-(r, - rz)] . [2-8]

It is then evident from [2-8] that only for integer multiples of 2r for the argument of the

cos’ function is the intensity a maximum. For the more general case of scattering from
an atom, the scattered wave function is evaluated as a volume integral over the electron

density, p(r'), surrounding the atom at a distance r' from the atom,?**

\P(r t) |(k r—wt)J. —iAk- r [2_9]

Using expression [2-7] over all the atoms in a crystal yields a scattered wave function

defined as

\P(r t) |(k T wt)ze iAK-T; J —iAk-r" (r )dT, [2_10]
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where the summation accounts for all the atoms in the rj, position with respect to an

origin and the integral is for all the electrons at a distance r" from the atom, Figure 2-6.

Figure 2-6: Coordinate system and position vectors of electron cloud and j"
atom. The grey circle represents the j™ atom at position rj and the black oval
represents an electron cloud at a position r'. The distance from the j™ atom to

the electronis r" =r'—r;.
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The integral part of the wave function of equation [2-10] is known as the atomic
scattering factor, f..>° The position of an atom in a crystal is defined by its basis vectors
and is invariant under a transformation Tp, that is rj = nja+ na b + nz ¢ + T, 7 such that

the scattered wave-function takes the form

\P(r t) | A ( ) i(k' r—wt)zzzz —iAk- nla+n2b+n3c+Tm)’ [2_11]

KN ngom

where the sum over T, is over the unit cell and is known as the geometrical structure
factor, F,%° and the sum over n;a + nyb + nsc is over the unit cells of the crystal and is
known as the lattice structure factor, S.° Regarding only the lattice structure factor, it

has a geometric sum of the form

[2-12]

:{si n(1/2NAk - a)}>< {sin(l/z NAK - b)}>< {s n(1/2NAk -c)}

sin(1/2Ak-a) || sin(1/24k-b) || sin(1/24k -c)

where the crystal has N unit cells along the a, b, and ¢ axes.”® Again, the intensity is the

observed quantity; therefore, the modulus squared of the wave function is approximately

. _wzJsn(2Nak-a)|  [sin*(1/2Nak-b)|  [sin?(1/2Nak -c) )
Y EOYED=/A { sin’(1/2Ak - a) } { sin’(1/2Ak - b) } { sin’(1/2Ak -c) [+-13]

where, for the limiting case, a maximum intensity of order N? is found only for values of
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AK - a = 2rthy, [2-14]
AK - b = 21th,, [2-15]
Ak -¢ = 2mths [2-16]

which are known as the Laue equations *> % ? for integer values of hy, h, and hs.

Three vectors that satisfy the Laue equations are *> > *°

bxc
Bi=2n———, 2-17
! na-(bxc) [2-17]
cxa
B,=2n———, 2-18
2 na-(bxc) [2-18]
axb
B;=2n———, 2-19
3 na-(bxc) [2-19]
and Ak can be defined as
Ak=h;B;+h, Bz+h3 B,, [2-20]

which is known as the Laue condition.*® Vectors that satisfy the Laue condition are
called reciprocal lattice vectors, and when applied to the Laue equations yield terms of
the kind
a-B;=2n [2-21]
b-B,=2n [2-22]

¢Bs=2n [2-23]
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E. CONSTRUCTING THE RECIPROCAL LATTICE OF Cr(110)
As mentioned previously, Cr crystallizes as a BCC. The Cr(110) plane is quasi-

hexagonal with real lattice constants defined as,

A

a= ai, [2-24]
b=—a/2f+a/x/§], [2-25]
¢ =k, [2-26]

where c is a unit vector in k since this is a surface experiment, Figure 2-7. The

calculated reciprocal lattice constants using 2-17 — 2-19 in conjunction with 2-21 — 2-23

are,
201 \2" .
Bi=2n|—|+—1|,By= 21| — ] |, As=2nk  fi -8. 2-27
1 [Zaj J2a 2 a ] |, As= 2k, figure 2-8 [2-27]
(@) (@) (@)
) @)
i
L.
ai 7 ©
2 @)
Figure 2-7: Theoretical real Fig_ure 2-8:_Theoretical reciprocal
lattice drawing of Cr(110). lattice drawing of Cr(110) based

on the Laue condition.



Figure 2-9: Observed LEED image of Cr(110) at room
temperature with overlaid theoretical reciprocal lattice of Cr(110).
The image demonstrates the correlation between the theoretical
image derived from the Laue equations and the pattern observed

with LEED.
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CHAPTER 11

EXPERIMENTAL TECHNIQUES

A. ULTRA HIGH VACUUM

Ultra high vacuum (UHV) conditions are satisfied when a pressure of 1x10°° Torr
or lower is achieved. Under UHV conditions, a clean surface can be analyzed without
the influence of contamination from the residual gasses in the chamber for several
hours.”® A typical 3-dimensional solid will have a density of ~10 atoms/cm?®; whereas,
a typical 2-dimensional surface will have ~10* atoms/cm?.?® For instance, the bulk
atomic density of Cr is Ny = 8.4 x 10% cm™ and the atomic density of the (110) surface

is 0(110) = 1.7 x 10" cm™. The atoms at a surface have a lower coordination than those in

the bulk. In other words, the surface atoms interact with other atoms in the plane of the
surface and below the surface. The fact that there are no atoms above the surface with
which to interact can result in changes of the chemical, electronic, and magnetic
properties of the surface atoms when compared to the atoms within the bulk of the

crystal.

20



21

For a dilute gas, the molecules have a Maxwell-Boltzmann average thermal

velocity, v, defined as

v=. |21 [3-1]
Tm ,

J
where k = 1.38x10%* g is the Boltzmann constant, T is the absolute temperature in

Kelvin, and m is the molecular mass (e.g., 32 amu for O,). The atoms impinge on a

square centimeter of the surface at an average flux, ®4, defined as

N . . N
where n = v is the number of gas molecules per unit volume. Substituting the

expression for the average thermal velocity into the expression for the flux and assuming

that the gas acts as an ideal gas,
PV = NKT, [3-3]

where P is the pressure in Torr, V is the volume in cm®, and N is the number of gas

molecules, the incident flux can be defined as 2
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P P
® =—— =35x10%—— (molecules-cm™-s™Y). 3-4
7 o it ¢ : >

Therefore, the incident particle flux is directly proportional to the pressure for a given
temperature T. To reduce surface contamination from surrounding gas molecules, a low
pressure must be maintained.

When molecules impinge on a surface, some of them will bind to the surface,
which is called adsorption, and some will interact weakly and return to the gas phase.
Therefore, one can define a sticking coefficient, S, which is the probability that an
impinging molecule binds to the surface. As previously stated, a crystalline surface has
approximately 10" adsorption sites per square centimeter. If a diatomic gas molecule
adsorbs on the surface dissociatively, a flux of 5 x 10** molecules-cm™-s™ will result in
the formation of a monolayer on the surface within approximately one second if the
sticking coefficient S is unity. For oxygen (m = 32 amu) at room temperature

(T =300 K), the pressure dependent flux is
®,, = 3.6x10™P (molecules-cm?:s™). [3-5]

For reactive surfaces where the sticking coefficient is close to one, an oxygen pressure of
10 Torr will result in the formation of a monolayer of atomic oxygen on a surface within
approximately one second.

For surface science studies, the amount of gas molecules dosed onto a surface is

measured in units of Langmuir, which is defined as



23

1L=1x10°Torrs. [3-6]

Therefore, a dose of one L will produce approximately a monolayer of adsorbed gas
molecules on a reactive surface at room temperature. The time to form a monolayer of

gas molecules on a surface is given by

—6

T= 1SOP (seconds). [3-7]

From Eqtn. 3-7, it can be seen that at a pressure of 10°° Torr a new monolayer will form
every second on reactive surfaces. However, at a pressure of 10™° Torr it will take at
least 10,000 s (~3 hr) to form a monolayer of adsorbed gas molecules on the surface. It
then becomes evident that surface analysis should be performed under UHV conditions to

prevent the influence of surface contamination from gases within the vacuum chamber.
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B. VACUUM TECHNIQUES

The measurements for this thesis project were performed in a stainless steel UHV
chamber. This UHV chamber with pumps, quadrupole mass spectrometer, and x,y,z,
manipulator is shown in Figure 3-1 and Figure 3-2. The pressure was maintained by a
combination of vacuum pumps. A rotary vane pump, which is an oil lubricated
compression pump, can achieve pressures as low as 1 x 10° Torr. The pump has a
zeolite trap to capture oil that would diffuse into the UHV chamber, causing
contamination of the system. The rotary vane pump is connected to a turbo molecular
pump, which is then connected directly to the UHV chamber. In other words, the rotary
vane pump backs the turbo molecular pump. The turbo molecular pump has a series of
fan blades that rotate at frequencies of roughly 60,000 rpm and pump gases in the
chamber by momentum transfer. The turbo molecular pump can achieve a pressure as
low at 10" Torr if a backing pressure of 10 Torr is maintained. The UHV chamber also
has an ion pump and a titanium sublimation pump (TSP). The ion pump works by field
emitting electrons from titanium plates into central electrodes, which can cause ionization
of gas molecules within the pump. Once the gas molecules are ionized, they are
accelerated towards the titanium plates, where they imbed in the titanium and are
reactively pumped away. Large magnets are used to increase the pumping speed by
causing the field emitted electrons to follow a helical path, which increases the
probability of interacting with gas molecules in the pump. Since the molecules are
captured by reacting with the titanium plates, ion pumps cannot be used for pumping
inert gases such as argon or neon. The TSP uses a layer of clean titanium to pump

reactive gases such as water and hydrogen. Titanium is evaporated from a titanium alloy
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wire by resistance heating, which is known as flashing the TSP. The evaporated titanium
sticks to the walls of the vacuum can that houses the TSP.

When the UHV system is initially pumped down from atmospheric pressure, the
combination of the ion pump and the turbo molecular pump will only reduce the pressure
to about 107 Torr initially. This is because there is a large flux of gas molecules,
primarily water, desorbing from the walls of the vacuum chamber. To achieve UHV, the
chamber and the pumps must be baked for at least 24 hours at an approximate
temperature of 150 °C. After bake out, the base pressure for this UHV chamber was
4 x10™ Torr. Once UHYV is achieved, the TSP is flashed for nearly 90 seconds at the
start of every day before any work was carried out so that a fresh layer of titanium would
be available to pump reactive gases in the chamber during the day. As a final note,
besides creating a clean environment for studying crystal surfaces, UHV conditions also
decrease the mean free path collision rate between residual gas molecules. This decrease
provides an ideal environment where low energy electron diffraction (LEED) and
temperature programmed desorption (TPD) analyses can be performed without

interference with the residual gas molecules in the chamber.
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Figure 3-1: Ultra-High VVacuum chamber with pumping system
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Figure 3-2: Ultra-High Vacuum chamber with quadrupole mass
spectrometer and x,y,z manipulator. The oxygen flask is not seen since it

is directly behind the argon flask.
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C. LOW ENERGY ELECTRON DIFFRACTION OPTICS

The technique used to determine the surface crystal structure was low energy
electron diffraction (LEED). A LEED optics consists of an electron gun to emit,
accelerate and direct electrons towards a target crystal where the electrons then back-
scatter, a series of hemispherical grids to reject the inelastically back-scattered electrons
and to accelerate the elastically back-scattered electrons towards the detector, and a
hemispherical fluorescent screen to detect the electrons. A schematic of the electron gun
and the detector are shown in Figure 3-3.

The electron gun for this experiment houses a Wehnelt cylinder that contains a
heated filament for the thermionic emission electrons. The filament is biased negatively
with respect to the grounded nozzle of the electron gun, so that the electrons leave the
gun at ground potential with a kinetic energy of E = eVs;. The nozzle of the electron gun
and the crystal are both held at ground to prevent electron deflection by stray electric

fields. In addition, the LEED optics are surrounded by a metal can made of p-metal,

which shields stray magnetic fields that can also deflect the electrons. The electrons are
then incident on the crystal and back-scatter. The back-scattered electrons then come in
contact with four grids. The first grid is held at ground to create an electric field-free
region between the crystal sample and the fluorescent screen. The second and third grids
are held at small negative potentials, with respect to the electron beam potential, and act
to filter out the inelastically scattered electrons. The fourth grid is held at ground and the
fluorescent screen is held at approximately 3kV. The elastic electrons are then
accelerated between the fourth grid and the screen, acquiring an energy that allows light

to be emitted when they strike the phosphorescent screen.
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Figure 3-3: Schematic of electron gun and detector of LEED. The electron gun consists
of (a) heater filament/cathode, (b) Wehnelt cylinder, (c) anode held at ground potential,
and (d) focusing rings. The detector is composed of four hemispherical grids (e) and (f)
held at ground potential, (g) held at a potential less than the accelerating potential to
filter out inelastically scattered electrons, and (h) collector (phosphor screen) held at a
potential between 2kV and 5kV. The sample (i) is held a ground potential.
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D. CRYSTAL SAMPLE HOLDER

The crystal sample holder shown below in Figure 3-4 is made of oxygen free high
conductivity (OFHC) copper. It is attached to a Dewar that is then attached to an x-y-z
manipulator. The manipulator allows the tilt angle ¢ to be adjusted for crystal alignment.
It also has a differentially pumped rotary motion feedthrough to allow rotation of the

sample through a full = 360°, Figure 3-5 below. The Dewar can be manually filled

with liquid nitrogen to cool the crystal to temperatures approaching 120 K. Compressed
air can also be blown into the Dewar to prevent overheating of the sample holder during
annealing of the crystal. The crystal is affixed to a molybdenum insert by two 0.005 inch
tantalum wires that are spot welded to the edges of the crystal. The insert is fastened onto
the copper sample holder by two molybdenum leaf springs. A type K (chromel-alumel)
thermocouple is spot welded to the edge of the crystal so that its temperature can be
monitored. The crystal can be radiatively heated from a tungsten filament located behind
the molybdenum insert. The maximum temperature that can be achieved using this
method is ~973 K. The crystal can also be heated using an electron beam by biasing the
sample at +750V while running a current through the tungsten filament. This is generally
a cleaner method of heating the sample since most of the power is dissipated by the
electron beam as it interacts with the crystal. With radiative heating, most of the
radiation is reflected off of the crystal and is eventually absorbed by the sample holder
and the rest of the chamber. The main drawback of e-beam heating is that the heating
rate is nonlinear, which can result in overheating of the sample if the filament current is

too high.



Figure 3-4: Interior view of ultra-high vacuum chamber. The image shows the (a)
LEED shutter, the (b) quadruple mass spectrometer detector, the (c) thermocouple
leads, the (d) Cr(110) sample, the (e) Dewar, and the (f) sample holder.
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Figure 3-5: x,y,z manipulator and ultra-high vacuum chamber viewport
housing Cr(110) sample.
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E. TEMPERATURE PROGRAMMED DESORPTION

Temperature programmed desorption (TPD) analysis is a technique used for
measuring the interaction of gas molecules with a surface. With this technique, the
activation energy for desorption, the desorption kinetics, and the relative coverage of the
desorbing species can be determined. The TPD measurements consist of heating a
sample, usually in a linear rate, while measuring the partial pressures of the desorbed
molecules with a mass spectrometer. TPD analysis has become a standard investigative
method in surface science experiments. Though it only divulges basic chemical
processes of a surface, it can lead to results that require further investigation using more
sophisticated instrumentation and theory. Though TPD studies were conducted as early
as 1933 by Taylor and Langmuir, it was G. Ehrlich who first used TPD at low pressures
and rapid heating rates to characterize the desorption kinetics of cesium on a tungsten
substrate.®* P.A. Redhead adapted Ehrlich’s method by using slower heating rates.*> The
slower heating rates allowed Redhead to observe the existence of more binding states on
surfaces and it also gave a linear dependence of temperature to time instead of the
hyperbolic dependence that existed using Ehrlich’s rapid heating rates.®* It is Redhead’s
slow heating rate method of TPD analysis that is used in this study.

The TPD system used to study the kinetics of the CO/Cr,03(0001)/Cr(110) crystal
is composed of a quadrupole mass spectrometer (QMS), which is also called a residual
gas analyzer (RGA), a preamplifier, a data acquisition (DAQ) board, a computer, and a
power supply for the heater filament. The preamplifier is used to amplify the
thermocouple voltage, thus reducing noise. The DAQ board allows the computer to read

the thermocouple voltage and to send a signal to control the filament power supply. Two
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programs, which were written in LABView, were used for the TPD measurements. One
program used a proportional feedback control to create the constant heating rate and
collect the temperature vs. time data. The other program collected the partial pressure vs.
time data.*®

The QMS measures the mass to charge ratio m/z of ionized atoms and molecules.
The desorbed CO molecules from the Cr,03(001)/Cr(110) surface are ionized by a beam
of 70 eV electrons at the front section of the QMS. The ionized gas is then accelerated
through a potential field towards four electrically charged rods. A DC source and a radio
frequency (RF) source are connected to the rods.”® Each pair has its own DC and RF
source associated with it, with the DC signal superimposed on the RF signal. The pairs
of rods are at equal and opposite potentials. The RF source is swept over a frequency
spectrum and serves as a discriminator, since at given radio frequencies only ions with a
certain characteristic mass to charge ratio m/z will resonate through the rods and be

detected as seen below in the figure 3-6.%

Figure 3-6: Schematic of quadrupole mass spectrometer (QMS)
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The thermocouple signal is amplified by a preamp with a gain of G = 101 to
increase the signal to noise level. A LABView program was used to read in the
temperature of the crystal and to send a signal to the filament power supply to ramp up
the temperature of the crystal, thus creating a temperature vs. time file. The conversion
of the thermocouple voltage to a temperature was achieved by using two different
polynomial conversion factors: one for 73 K to 273 K and another from 273 K to
773 K.** A linear heating rate was achieved using a proportional feedback control. In
addition to the heating rate, the temperature ramp program also controls the maximum
input current to the sample filament, maximum execution time, time delay between data
collection points, and maximum sample temperature. A second LABView program was
used to measure the partial pressures of up to eight different types of molecules, creating
a partial pressure vs. time file. The communication between the QMS controller and the
computer was done via the COM port of the computer. The programs graphically display
the acquired data in real time, making it possible to visually ensure that the temperature
increase is linear with time and to see the partial pressures of the desorbing gas
molecules. Though the programs had already been created for a previous study,* the
temperature control program had to be modified to detect temperatures below 273 K by

adding a second polynomial conversion factor.
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F. ANALYSIS OF ACTIVATION ENERGY USING TPD ANALYSIS

One of the main goals of this experiment is to measure the activation energy for
the desorption of CO from the Cr,03(0001)/Cr(110) surface. As previously stated, the
TPD analysis for this study uses the slow heating rate method that P.A. Redhead
developed.®” The rate of desorption of molecules from a surface is given by the Polanyi-

Wigner expression

E

((6) = —% =_v. xe R x 6", [3-6]

where @ is the fractional surface coverage, E, is the activation energy, v, is a pre-

exponential factor indicating the number of attempts of desorption a molecule undergoes
per second, R is the ideal gas constant, T is the temperature, n is the kinetic order of the
desorption. A kinetic order of O is attributed to desorption of a multilayer of an
adsorbate, a kinetic order of 1 is attributed to direct desorption of a molecular species,
and a kinetic order of 2 is attributed to a multi-step desorption process (e.g.,

recombination of atomic oxygen before desorption as molecular oxygen) **. The product,

m

a

v, X e[ RT), is known as the Arrhenius equation, which gives the dependence of the
desorption rate on the temperature for a chemical reaction. By using a computer

controlled feedback loop, the temperature of the surface is heated at a linear rate

T=To+/, [3-9]
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where T is the instantaneous temperature, T, is the initial temperature, S is the heating

rate (°C/s), and t is the time in seconds. The surface coverage is temperature dependent

0=6(T) [3-10]

such that an instantaneous surface coverage change with temperature is defined by

do_do_dt _do_1

T == 3-11
aT ot ~dT ot B, [3-11]
Substituting expression [3-8] into expression [3-11] yields
99 _1, v x e(_%) x 6" [3-12]
dar g " '

The temperature at which the maximum of the pressure vs. time curve occurs can be
found by taking the derivative of the change in adsorbate coverage with respect to

temperature and setting this expression to zero *

E E

n E _ a n-1 _ a
Vb a_g M 4 VanOT" 46 R _ g | [3-13]
B RTpeak B dT

a(a)
dr\dT

T peak

This results in
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2 [3-14]

by substituting expression [3-12] into [3-13] and cancelling like terms. This can be

rewritten as

In[T”ea"):Ea 1 +In( = J [3-15]

For first order kinetics (n = 1), which is expected for CO desorption from the

Cr,03(0001)\Cr(110) crystal surface, the intercept of expression [3-8] no longer depends

: Tiu 1
on the coverage. By plotting In ‘;3 Versus

peak

] for various heating rates, the

slope of the curve can be determined. The activation energy can be determined by taking

the product of the slope and the gas constant R.



CHAPTER IV

EXPERIMENTAL RESULTS

A. PREPARATION OF THE Cr(110) SURFACE

The experiments were conducted in an UHV environment with a base pressure of
approximately 4 x 10™*! Torr. Before any sample preparation was performed, the TSP
was flashed for 1.5 min at 45 A. To clean the crystal surface, it was sputtered with argon
ions followed by annealing to heal the surface. Since the chromium crystal had a large
amount of carbon and nitrogen impurities in the bulk, several sputter/anneal cycles were
needed to obtain a clean Cr(110) surface. Prior to the measurements performed in this
study, the crystal had been through approximately a month of daily sputter-anneal cycles,
but the bare Cr(110) surface still showed streaks and spots associated with carbon and
nitrogen overlayer structures. The first two sputter/anneal cycles done for this study were
performed at room temperature. To enhance the removal of bulk impurities, proceeding
sputter/anneal cycles were conducted at a temperature of approximately 773 K.

The sputtering process consisted of first introducing argon gas into the chamber
up to a pressure of approximately 5 x 10™ Torr with both the turbo pump and ion pump
gate valves closed. A photo of the UHV system is shown in Figure 4-1. For hot
sputtering, the sample filament was then connected to a current source which was ramped

to 2.5 A via a LABView program. The ion gun acceleration voltage was set to 1000 V

39
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and the ion gun filament current to 2.2 A. The current from the sample to ground was

monitored during the sputter cycle and was typically about 8 uA. The duration of each

sputter cycle was 40 minutes, and the maximum temperature during the sputter cycle
ranged between 283 K and 818 K.

Before performing the high temperature anneals, the gate valve to the turbo pump
was first opened and then the gate valve to the ion pump was opened once the chamber
pressure fell below 5 x 10”° Torr, (see Figures 3-1a and 3-3). Electron-beam (e-beam)
heating was used to perform the high temperature anneals. This was done by setting the
filament current to 2.45 A and biasing the crystal at +750 V, which extracts electrons
from the heater filament. The current from the high voltage power supply (emission
current) was monitored using a multimeter and was typically about 5 mA. The sample
was annealed for five minutes at a temperature of 993 K. The sample was allowed to
cool to room temperature before another sputter/anneal cycle was conducted.

The cleanliness of the crystal surface was determined from the images observed
from LEED analysis. For a clean crystal, sharp bright spots with no streaks and low
diffuse background should be observed.?® As mentioned previously, new chromium
single crystals typically have large amounts of nitrogen and carbon impurities. The first
studies of the Cr(110) crystal were performed in a previous study.*? A LEED image after
the first 10 days of sputter-anneal cycles performed in the aforementioned study is shown
in Figure 4-1a. Streaks and extra spots can be seen in this image, which are due to the
segregation of carbon and nitrogen impurities to the surface. To prepare a clean surface
for the growth of the epitaxial oxide, the first few weeks of my study involved the daily

or sometimes twice daily sputtering and annealing of the Cr(110) crystal. LEED analyses
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were conducted after the second through fifth, tenth and eighteenth sputter/anneal cycles.
The analysis performed before the oxidation of the surface still revealed some streaks and
extra spots in the LEED pattern, as shown in Figure 4-1b. Notably, approximately one
more month of sputter/anneal cycles were performed in a study >’ that followed the
completion of this research project. The extra month of sputter/anneal cycles resulted in
the formation of a clean Cr(110) surface without any extra spots or streaks associated

with C or N segregation, as seen in Figure 4-1c.
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(a)

(b)

(©)

Figure 4-1 LEED analysis of Cr(110) after several sputter/anneal cycles at room
temperature. The LEED images were recorded at an electron beam energy of 75 eV after
(a) 12 of 15 sputter/anneal cycles performed in a previous study *. (b) after 17 of 19
sputter/anneal cycles in my study and (c) after 2 of 36 sputter/anneal cycles performed in
a study®” immediately following my research project.
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B. GROWTH OF EPITAXIAL Cr,03(0001) ON Cr(110)

Exposing the chromium surface to oxygen at elevated temperatures will remove
any carbon at the surface by the formation of CO and CO, and will also displace any
surface nitrogen since the binding affinity of oxygen with chromium is greater than that
of nitrogen with chromium. Therefore, the formation of the epitaxial Cr,03(0001)
surface was performed even though all of the carbon and nitrogen impurities had not been
removed from the Cr(110) surface. To form the oxide, the ion pump gate valve was
closed, and the turbo pump gate valve was left open while oxygen was progressively
introduced to backfill the chamber to a pressure of approximately 1 x 10 Torr. The
filament current was then ramped to 2.2 A to quickly raise the temperature to 550 K.
Once a temperature of 550 K was obtained, the filament current was reduced to 2.0 A to
maintain the crystal at a temperature of 550 K for 1 minute. The filament current was
then increased to 2.6 A to increase the temperature to 775 K. The filament current was
then reduced to 2.5 A for 2 minutes to maintain the crystal at 775 K. The oxygen leak
valve was then shut off, and the crystal was flashed to approximately 1000 K in UHV
using e-beam heating. LEED analysis was then conducted to confirm presence of a well-
ordered Cr,0O3(0001) surface structure, as shown below in Figure 4-2. Even though the
LEED pattern of the Cr(110) surface before oxidation did exhibit some streaks, no streaks

or extra spots were observed for the LEED pattern of the Cr,03(0001) surface.



(a)

(b)

(©)

Figure 4-2: LEED analysis of Cr,03(0001)/Cr(110) at room temperature for
this study. The images were recorded with an electron beam energy of (a) 54.5
eV, (b) 75.0 eV and (c) 112.8 eV.
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C. TEMPERATURE DEPENDENT LEED ANALYSES OF Cr,03(0001)/Cr(110)

The temperature dependence of the Cr,03(0001)/Cr(110) surface was previously
studied by another group.! They observed a diffuse (¥3XV3) R30° superstructure at room
temperature that became more pronounced at 150 K and vanished between 90 K and 100
K, as shown in Figure 4-3. This transition was attributed to the antiferromagnetic
coupling of the surface chromium ions. As mentioned earlier, a previous study *?

repeated these temperature dependent LEED measurements with the crystal used in this

(a) (b)

(©)

Figure 4-3: LEED analysis of Cr,03(0001)/Cr(110) at 300 K, 150 K and 90 K
from a previous study. The images were recorded with an electron beam energy
of 24 eV with a V3x\3 R30° reconstruction surrounding the (0,0) diffraction spot
that is (a) diffuse at 300 K, (b) most pronounced at 150 K and (c) not present at
90 K. From ref. [1].
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study and found no (V3X+3) R30° superstructure over a temperature range of 140 K to
675 K. Since it is possible that nitrogen and carbon impurities in the near surface region
might have affected the Cr,O3 overlayer structure, these temperature dependent LEED
measurements were repeated on a cleaner Cr(110) substrate as part of this research
project. LEED measurements of the Cr,03(0001)/Cr(110) surface were performed at
room temperature and at approximately 120 K as shown in Figure 4-4. No evidence of a

(\3xV3)R30° surface structure reconstruction was observed.

(a) (b)

Figure 4-4: LEED analysis of Cr,03(0001)/Cr(110) at ~ 300 K and 125 K for this
study. The images were recorded with an electron beam energy of 54.5 eV for
temperatures of (a) ~ 300 K and (b) 125 K.
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D. ADSORPTION OF CARBON MONOXIDE ON Cr,03(0001)/Cr(110)
i. CO Dosing Sequence

Before dosing the crystal with CO, it was flashed for 1 minute at 750 K and
allowed to cool to room temperature before being cooled using liquid nitrogen. The
liquid nitrogen-cooling process took up to one hour to approach typical temperatures
between 140 K and 122 K. The cooling process was necessary since CO does not stick
on the Cr,03(0001) surface at room temperature. Carbon monoxide was then supplied to
the vacuum chamber through a variable leak valve that was connected to a CO lecture
bottle. A CO dosing sequence was performed to determine the saturation dosage for the
Cr,03(0001) surface. In Figure 4-5 the TPD spectra for dosages of 0.1 L, 0.2 L, 0.3 L,
0.5L, 10 L, and 20 L can be seen, where 1 Langmuir (L) is defined as 1x10° Torr-s. For
these measurements, the linear translator of the mass spectrometer was set at 42 mm each
time, which results in the collimator of the mass spectrometer being within a couple of
millimeters of the surface of the crystal. The parameters of the TPD measurements were
a heating rate of 10 °C/min, an initial current of 0.5 A, a feedback constant of .0015, a
final current of 3.5 A, a shut off temperature of 475 K, and a time delay of 1000 ms. To
determine the relative coverages associated with each dosage, the areas under the
pressure versus time curves were calculated. A compilation of these relative coverages is
given in Table 4-1. As can be seen in the table, the saturation coverage is achieved at
approximately 0.5 L.

A previous study 2 reported that the saturation coverage of CO on the
Cr,03(0001) surface exibits a (V3xV3)R30° symmetry. However, this pattern was only

observed within the first 10 s after the introduction of CO, which indicates that the CO is
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easily desorbed by low energy electron interactions. The LEED images of the CO
covered surface after dosing 1L and 10L at 147 K are shown in Figure 4-6. These images
were taken after a few minutes of exposure to the electron beam. As with the previous
measurements,? no overlayer reconstruction is observed, which is expected if the CO is
sensitive to electron beam desorption.

The TPD spectra represented in Figure 4-5 also show an overall shift of 4 K in the
temperature of the TPD peak from initial coverage to saturation, as noted in Table 4-2.
The slight shift in peak desorption temperatures indicates that CO desorbs from the
Cr,03(0001)/Cr(110) surface as a 1* order kinetics, which has been found in previous
studies. This indicates that the CO molecules adsorb molecularly (i.e., they do not
dissociate upon adsorption). The slight increase in the temperature of the desorption peak
with coverage probably results from an attractive CO-CO interaction.

It is important to understand that area under the pressure versus temperature
graphs do not represent the adsorbate surface coverage. To extract information regarding
the adsorbate surface coverage, it is necessary to compute and analyze the areas under the
pressure versus time curves. For this study, analysis of the area under the pressure versus
time curves verified that CO saturated on the chrome oxide surface at approximately 0.5

L as was observed graphically and tabulated in Table 4-1.
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and 20 L are similar, indicating that CO adsorption saturates at a dose of ~0.5L. The
slight shift in the temperature of the TPD peak indicates that CO desorbs as a 1%

order kinetics.

NOTE: The ordinate of the pressure vs. temperature graph is offset in order to better

resolve the TPD spectra at the different doses.



Table 4-1: Areas calculated from pressure versus time curve and corresponding
temperature of the maximum of the TPD peak. A CO dose of 1 L was used in this
study to ensure that a saturation layer of CO was adsorbed on the

Temperature Programmed Desorption of
CO from Cr,03(0001)/Cr(110)
Area under the Pressure versus Time curve
CO Dose (L) Area (Torr*s) Peak Temperature (K)

0.1 1.30x 10

0.2 2.65x10° 166
0.3 3.28x10°® 166
0.5 6.26 x 10°® 168
10 6.41x 10°® 169
20 6.57 x 10°® 170

(a) (b)

Figure 4-6: LEED analysis of CO/Cr,03(0001)/Cr(110) for doses of 1 L and 10 L.
The analysis was conducted at 147 K with an electron beam energy of 55 eV and a CO

dose of (a) 1 L and (b) 10 L.
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ii. Dependence of TPD Spectra on Heating Rate
For a fixed CO coverage, the temperature at which the peak desorption pressure
occurs depends on the heating rate. An example of this is shown in Figure 4-7 for 1 L

CO on Cr,03(0001)/Cr(110) with heating rates of 5, 10, 25, and 50 °C/min. The

desorption rate, d6/dT, depends on the surface coverage 8 and the Boltzmann factor, as

: do 1 B : :
defined by d_‘? ==X, X e R x g (equation 3-12). As the temperature increases, the

B

probability of desorption increases, resulting in a decrease in the surface coverage. Since
there is a finite amount of adsorbate on the surface, increasing the temperature will
eventually result in a change from an increasing desorption rate to a decreasing
desorption rate, resulting in a peak in the TPD curve. For higher heating rates, the TPD
peak will shift to higher temperatures than for lower heating rates, as shown in
Figure 4-7. The reason for this is that the desorption probability increases with
temperature, so a fast heating rate results in less time at a particular temperature for the
adsorbate atoms to desorb.

In this study, the crystal surface was cooled to within 120 K, then a saturation
layer of 1 L of CO was dosed onto surface as described in section (i) above. To achieve a
1 L dose of CO, it was introduced via a leak valve at a background pressure of 5 x 10
Torr for 200 seconds with the gate valve to the ion pump closed. After 200 seconds the
CO leak valve was shut and the gate valve to the ion pump was opened to the chamber
after a pressure in the 1 x 10™° Torr was obtained. The chamber was then monitored
using the QMS, prior to heating the sample, to verify pressure stability of the chamber

with respect to any degassing particles. Once it was determined that the chamber
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environment was stable, TPD analysis was preformed for various heating rates. TPD
analysis for heating rates of 5 °C/min, 10 °C/min, 25 °C/min and 50 °C/min were
performed on two separate days. During the TPD analysis, the gate valve to the turbo
pump and the gate valve to the ion pump were left open to ensure that the registered CO
desorption pressure at the mass spectrometer was proportional to the rate of desorption
from the crystal surface. The temperature of the TPD peak maximum, as observed in the
pressure versus temperature graph for CO desorption from the Cr,0O3(0001)/Cr(110)
surface, increases with increasing heating rate. The areas under the pressure-time curves
and the corresponding peak maxima temperatures of desorption for each heating rate is
presented in Table 4.2. For a saturation coverage of CO, the area under the pressure-time
curve should be independent of heating rate. As seen in Table 4-2, there is only a 6%
difference between the lowest and highest area.

The values for the areas under the pressure-time curves listed in Table 4-1 are
about 20% larger than those listed in Table 4-2. This most likely is the result of a
difference in the position of the mass spectrometer during the measurements. For the
first series of measurements, the position of the linear translator was determined by
reading directly off of its scale. For subsequent measurements, a ruler along with the
scale markings on the linear translator were used to determine the position of the mass

spectrometer, which probably caused a change in its absolute position.
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Figure 4-7: Pressure versus temperature curves for several heating rates for a CO dose of
1.0 L. The inset shows a temperature versus time graph for the heating rate of 10°C/min.
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Table 4-2: Areas calculated from pressure versus time curve and the
temperature of the maximum of the TPD peak for heating rates ranging
from 5 °C/min to 50 °C/min for a dose of 1.0 L of CO. Pressure versus
temperature curves are shown in Figure 4-7.

Temperature Programmed Desorption of
CO from Cr,03(0001)/C0O(110)
Average Desorption Peak Temperature
Peak
Heating Rates (°C/min) Area (Torr*s) Temperature

(G9)

5 4.9x10°® 165

10 5.0 x 10°® 168

25 4.7x10% 171

50 4.7x10°® 174

iii. Activation Energy Analysis
CO desorption from the Cr,03(0001)/Cr(110) surface, for a linear heating rate,

was found to desorb as a first order kinetics. Employing the Redhead method, which is

valid for a first order desorption, n = 1, and a linear heating rate, g = 8T/&t = constant, a

coverage independent expression is found that relates the activation energy, E,, to the

temperature of the desorption rate maximum, Tpeax, and to the heating rate, 3. The

eak

2
activation energy is calculated from the slope of the graph of the In(Tp /ﬁ j Versus

(% ) for various heating rates. For this study, heating rates of 5 °C/min, 10 °C/min,
peak

25 °C/min and 50 °C/min were used. Three runs were performed with each heating rate

except 10 °C/min, where two measurements were made. The temperatures, Tpeax, and
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corresponding heating rates that are listed in Table 4-3, were plotted and a linear
regression line was fit to the points as shown in Figure 4-8. The value of the slope of the

equation of the linear regression resulted in an activation energy of 49.2 + 2.6 kJ/mol.

Table 4-3: Temperature of the maximum of the TPD peak for each dose of
1.0 L of CO.

oS e Trear()
5 164 168 168
10 165 168 *
25 171 172 171
50 175 177 174

*Data lost due to software failure
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Figure 4-8: Arrhenius plot assuming first order desorption kinetics for a dose of
1.0 L of CO. The product of the slope of the linear fit line and the gas constant, R,
yields a value for the activation energy, E,, for desorption.
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CHAPTER V

DISCUSSION

The presence of extra spots in the LEED pattern of the Cr(110) surface during the
first several months of cleaning the crystal with sputter/anneal cycles provides evidence
that bulk impurities (most likely nitrogen and carbon) were diffusing to the surface
during the annealing process. Even though the Cr(110) surface had some impurities, the
growth of the oxide resulted in a well-ordered surface structure of Cr,03(0001)/Cr(110)
as observed in the LEED analysis. This provides evidence that exposure to oxygen
helped clean the surface of the nitrogen and carbon impurities.

LEED analyses of the Cr,03(0001)/Cr(110) surface at temperatures as low as 120
K failed to reveal the presence of a (V3xV3) R30° superstructure as discussed in a
previous study.! The absence of the superstructure in our studies could be attributed to
the lower base pressure of the chamber. The base pressure of the chamber in our studies
was 4x10™ Torr, while the base pressure in the Bender study was 2x10™° Torr. It could
be that for the measurements of Bender et al. gas molecules in the chamber were
adsorbing on the surface as the temperature was reduced below 150 K, resulting in an
ordered overlayer of adsorbates. Since CO adsorption on the Cr,O3(0001)/Cr(110)
surface has been observed to give rise to a (V3xV3) R30° superstructure,” the
superstructure observed in a different study® could have been from CO adsorption from

the residual gas in the chamber. In addition, CO,, which is also present as a residual gas
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in UHV, could possibly have adsorbed on the surface, producing an overlayer structure.
The disappearance of the (¥3x\3) R30° superstructure below 100 K as observed by
another group® could have resulted from multilayer adsorption of CO; since this occurs at
about 90 K.

Another factor that must be considered in possibly explaining the lack of a
(\3x/3) R30° superstructure is that the tolerance of the alignment of the Cr(110) crystal
surface used in our study was more precise than the tolerance of the crystal surface in a
previous study.! The Cr(110) crystal in our study was oriented to within +0.1° from the
[110] direction, the crystal used in the previous study’ was oriented to within +0.5° from
the [110] direction. The tolerance in the orientation of the (110) surface for our study
produces a terrace length that is five times greater than the terrace length for the crystal
used by another research group.’ Since strain in the overlayer is relieved at step edges,
the oxide films grown on a misaligned crystal will have smaller terraces and thus less
residual strain within the film. This might also have led to geometrical differences
between the Cr,03(0001)/Cr(110) surface of the crystal used in my study and the surface
of the crystal used in a similar study.*

Temperature programmed desorption measurements of CO from the
Cr,03(0001)/Cr(110) surface at heating rates of 5, 10, 25 and 50 °C/min were conducted.
The TPD measurements were conducted with the mass spectrometer positioned within a
few millimeters of the crystal surface and within £0.5 mm of the same location for each
measurement. The adsorption temperatures were always between 120 K and 140 K.
Temperatures below 120 K were not attainable due the limited heat transfer rate from the

crystal to the Dewar. This limitation was primarily caused by using tantalum wires,
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which are poor thermal conductors, to mount the crystal to the molybdenum insert. To
lower the temperature further, tungsten wires should be used instead. However, it is
much more difficult to spot weld tungsten to either chromium or molybdenum. The
capability to drop below temperatures of 120 K would have allowed for further
investigation of the adsorption of CO just beyond the first monolayer on the
Cr,03(0001)/Cr(110) surface as it has been done in other studies including the one by
Bender et al. To achieve true multilayer adsorption, a liquid He dewar would be needed
since previous studies have shown that the multilayer desorbs near 30 K.

The TPD data are currently taken using two separate programs, run
simultaneously. The one program creates the linear temperature ramp and collects the
temperature and time signature. The second program measures the partial pressures of up
to 8 different gases and also collects the time signature. A linear time dependent
temperature equation was calculated to match each temperature datum to each pressure
datum with respect to the time the datum that was stored. The reason that two programs
are run simultaneously is to prevent conflicts with trying to read/write to the Hiden
controller and the NI data acquisition board within the same LabView program. If a
method for performing both duties within that same program could be found, this would
simplify the data analysis.

One of the main goals of this research project was to accurately measure the
activation energy for CO desorption from the Cr,0O3(0001)/Cr(110) surface. A previous
study had predicted a value of 28 kJ/mol using cluster calculation; whereas, they had
estimated an activation energy of 45 kJ/mol using TPD. My measurements result in a

value of 49.2 +2.6 kJ/mol. In addition, my uptake measurements are consistent with a



first order desorption kinetics. Therefore, it is clear that the cluster calculations are

underestimating the activation energy for desorption by about a factor of two.
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CHAPTER VI

CONCLUSIONS

It was determined that the chromium crystal, Cr(110), needed several months of
sputtering and annealing cycles to remove enough of the bulk impurities to result in a
surface with minimal streaking in the LEED pattern. Although all of the extra LEED
spots from impurity atoms on the Cr(110) surface were not removed during this
measurement time, oxidation of the surface was found to result in a well ordered
Cr,03(0001)/Cr(110) surface. This was evidenced by the hexagonal LEED pattern with
low diffuse background, which meant that a well structured Cr,03(0001) surface was
successfully grown on the Cr(110) surface.

LEED analyses of the Cr,03(0001)/Cr(110) surface at room temperature and at
temperatures as low as 120 K did not show a temperature dependent (¥3x\3) R30°
surface reconstruction, as was observed by previous groups.™* The most likely reason for
this result is either the better base pressure of our UHV chamber or differences in the
residual strain in the Cr,O3(0001) film from a better surface alignment.

TPD measurements were performed with increasing CO dosages on the
Cr,03(0001)/Cr(110) surface, and it was determined that a saturation of CO was achieved
for a dose of approximately 0.5 L. The slight shift in the temperature of the TPD peak to
higher temperature as the CO dose was increased, provides evidence for a 1% order

desorption kinetics with an attractive adsorbate-adsorbate interaction. By applying the
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Redhead method for a first order desorption kinetics, an activation energy of 49.2 + 2.6
kJ/mol was determined. This value agrees well with a value of 45 kJ/mol found in a

previous study.”
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