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Symmetry Breaking and Electronic Mixing of Crystal States by the

Scanning Tunneling Microscope

R. Stanley Williams, David Farrelly, Elliott A. Eklund, and Eric J. Snyder

Department of Chemistry and Biochemistry
University of California
Los Angeles, CA 90024-1569
USA

Abstract: The Scanning Tunneling Microscope (STM) is usually assumed to provide a non-
intrusive probe of the surface structure of materials. Experimental and theoretical studies of the
(0001) surface of graphite have demonstrated that the crystal states can be influenced by the
electric field of the tunneling tip. Therefore, the resulting STM topographs may not arise from the
ground electronic state of the system. An ultra-low noise STM has been used to show that the
graphite surface reproducibly gives rise to two different rotationally symmetric images as a
function of the field supplied by the STM. A theoretical interpretation of all of the commonly
observed graphite STM images is given in terms of the degree to which the Fermi surface is
altered by the finite range and non-uniformity of the applied electric field and by any asymmetries
of the tip. Recognition of the coupling of the STM tip with the sample has far-reaching
implications for the use of this technique in determining the atomic and electronic structures of

surfaces.




Beautiful topographs of crystal surfaces obtained with the Scanning Tunneling
Microscope (STM) are appearing ever more frequently in the scientific and popular literature.
With the availability of relatively inexpensive commercial instruments, scientists from a wide
range of disciplines are able to examine their samples with the STM, and in some cases observe
features with aromic-scale resolution. In order to test out and tune up new instruments, most
researchers examine a freshly cleaved surface of highly-oriented pyrolytic graphite (HOPG). This
surface readily provides tunneling signals with large variations in tunneling current as a function
of tip position for constant bias (constant height mode), resulting in striking atomic scale images
of well characterized symmetry and geometry. Problematically, however, the same section of the
graphite surface, scanned using the same tip in the same experiment, gives rise to several
different, but characteristic, images depending on the particular experimental conditions (see Figs.

1 and 2).

The six images in Figs. 1 and 2 were collected in constant height mode with an STM built
at UCLA. This instrument was constructed to have especially low thermal drift, mechanical
instability, and electrical noise characteristics, so that current topographs could be displayed with
a minimum of image processing. The images presented here were subjected only to a nine-point
smoothing procedure (i.e., each data point was averaged with weighted contributions from its
nearest and next-nearest neighbors) in order to damp the high frequency ripple in the scan lines.
Figs. 1a, 1b, and 1c (2a, 2b, and 2c) represent topographs obtained with the tunneling tip biased
at +22, +25, and +39 mV (-22, -25, and -39 mV) respectively with respect to the sample. The
average current for all the scans was 0.9 nA, and the images display the variation (typically less
than + 0.1nA) of the current about that average as a function of lateral tip position over the
graphite surface. These topographs illustrate some general trends observed in an experiment in
which nearly 100 images were obtained. At low applied fields, the topographs collected with the
same magnitude of the potential but different polarity have essentially the same features, although

the size of the corrugations may be different. As the strength of the applied field is increased,
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either by increasing the potential or decreasing the sample to tip distance, the image changes from
an asymmetric honeycomb, such as that of Fig. 1a, to a close packed array, such as in Fig. 1b,
and then back to the honeycomb, as in Fig. 1c. These types of changes were reversible and
highly reproducible, which is evidence that they are not caused by changes in the geometry of the
tip. This trend continues until, at higher fields, the images sometimes become skewed and lose
rotational symmetry to form row patterns. If STM is to develop into a routine technique for
determining surface structure, one must be able to rationalize all the different images in terms of a

specific atomic geometry.

For graphite, in an ad hoc fashion, Mizes, Park, and Harrison[1] were able to synthesize
many of the commonly observed STM images of HOPG by artificially varying the relative
amplitudes of just six Fourier coefficients to maich experimental results[2]. They postulated that
physical asymmetries of the tip, perhaps arising from a group of atoms acting as a multiple
tunneling center, are responsible for modulating the intensity and the phase with which each of the
Fourier components contributes to the image. They concluded that it was not possible to
determine experimentally which type of image actually corresponded to the ‘correct’ image of a
graphite surface, because of the complications introduced by a multiple-atom tip. This is
significant since it implies that STM would not be able to determine the atomic structure of the

graphite surface uniquely in the absence of other information.

In STM experiments of graphite, two basic classes of topograph emerge: those images
displaying 6- or 3-fold rotational symmetry (the close packed and honeycomb patterns shown in
Figs. 1 and 2) fall into one class, and those which do not (the row patterns shown in Ref. 1) fall
into the other. Using a simplified model of graphite in which the crystal is treated as a perturbed
monolayer, it has recently been demonstrated (using a real space analysis), that the rotationally
symmetric images can be thought of as being quantal interference patterns between two nearly

degenerate wavefunctions lying at the Fermi level, which states are mixed by the perturbation
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provided by the STM tip and concomitant electric field[3]. States at the Fermi level (EF) arise
almost entirely from the B atoms of graphite (Fig. 3a)[(4,5], and the perturbed wavefunctions are
constructed from symmetric and anti-symmetric linear combinations of states with k vectors
oriented towards the six corners of the hexagonal two dimensional Brillouin zone (BZ) (3}. A
major new experimental result of the present paper, as shown in Figs. 1 and 2, is the
demonstration that both types of rotationally symmetric images are robust structures that can
reproducibly be obtained as a function of applied field; neither is caused by uncontrollable multi-
atom tunneling[1-3]. This insight is possible because of the high stability of the STM, which
enables raw data to be examined without arbitrary image processing. However, this result also
requires that a consistent theoretical picture be constructed to explain how both the rotationally
symmetric and the non-symmetric images arise. The major theoretical result of this paper,
building on the simplified model of Ref. 3, is to show that a reciprocal space interpretation of the
interaction of the tip (and applied field) with certain crystal k-states can explain all of the observed
graphite images, and other important aspects of the STM experiments, such as the similarity of the
topographs with respect to changing the bias polarity, the large corrugations observed in the

topographs, and the surprising ease with which atomic scale graphite images can be obtained.

The remainder of the paper is organized as follows: first, a simple reciprocal-space model
is introduced that can be used to understand the interaction of the graphite surface and the STM
tip. The physical origin of the Fourier coefficients that determine the STM topographs is
identified and the change in magnitude induced in them by a localized electric field and by tip
asymmetry is discussed. The effectiveness and validity of the model are demonstrated by
reference to the trends in the STM images of Figs. 1 and 2. Finally, the broader implications of

this model to the analysis of STM results are presented.

A topograph obtained with the STM operating in constant height mode can be thought of

as being the real-space projection of the states lying at or close to EF onto a plane parallel to the
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cleavage surface of graphite, denoted p(r,EF), which is broadened by an appropriate response
function b(r) characteristic of the tip. (In Tersoff's analysis [10], the constant current STM
topograph is considered to be a map of constant-density contours.) The Fourier transform (FT)

of an experimental image is given by the well known result,

Flp(r.Ep) * b(r)] = F[p(r.Ep)] x F{b(r)] , (1)

which is to say that the FT of the surface-projected states at E convoluted with the tip response
function is equal to the product of the FT of the surface-projected states and the FT of the tip
response. A physically reasonable model for the real-space response function b(r) is a two-
dimensional Gaussian, which makes F[b(r)] a Gaussian also. This assumption simplifies the
analysis and provides a great deal of insight. If a blunt tip is represented by a b(r) with a large
full width at half maximum, then F[b(r)] will be a very narrow function in reciprocal space.
Thus, F[b(r)] will supress the Fourier coefficients of F[p(r,EF)] at non-zero wavevector in the
product of eq. 1, and the periodic signal in the real-space topograph will be decreased with respect
to the small wavevector random noise. By analyzing the Fourier transform of the real space
topograph, it may be possible (in principle) to determine F[b(r)] and F[p(r,EF)] separately, but

first the symmetry and nature of F[p(r,Er)] must be better understood.

Specifically, F[p(r,EF)] is the projection of the states at EF onto the reciprocal-space plane
that has 6-fold rotational symmetry, i.e., the projection of the Fermi surface onto the hexagonal
face of the graphite BZ in the extended zone scheme. The band structure and Fermi surface of
graphite have been thoroughly characterized [6-9], and a schematic representation of the Fermi
surface is shown in Fig. 3b, with its projection onto the hexagonal surface of the first BZ shown
in Fig. 4a. The Fermi surface comprises clongated and nearly ellipsoidal structures with their
major axes centered on the P lines of the three-dimensional BZ [6]. As Tersoff[10] has noted, the

planar projection of the Fermi surface appears as a filled circle at each corner (I_’) of the two-
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dimensional BZ (this projection is actually trigonally distorted, but that level of detail is not
essential for most of the present discussion). This Fermi surface map is now identifiable as the
origin for the six Fourier coefficients obtained empirically by Mizes et al., [1] who calculated a
Patterson map of the surface electronic states near Eg by Fourier transforming an STM image
with a close-packed array of circular features. Thus, such a close-packed array is the intrinsic
image of the graphite surface in the absence of any perturbations of the crystal states, and
corresponds to imaging of only the B sites of the graphite surface, since they are the primary

contributors to the states at Eg {4, 5].

This should not be taken to mean that the topographs with 3-fold symmetry observed for
graphite are necessarily anomalous or are caused by multiple-atom tips. In fact, STM topographs
of graphite which do not exhibit 6-fold symmetry are also legitimate structures requiring
theoretical interpretation. All the images are easily explained by consideration of symmetry
breaking in the surface plane of the graphite crystal by the STM tip. The mere presence of the
tunneling tip is enough to break the translational symmetry parallel to the surface, and thus the
components of the wavevector in the plane of the two-dimensional BZ (kx and ky) are no longer
strictly good quantum numbers. Insight into how the tip affects the Fourier coefficients of
Flp(r.Er)] can be obtained by considering two limiting cases: the lifting of ground-state
degeneracies, i.e., the distortion of the Fermi surface, by a cylindrically symmetric and localized

Stark field, and the effect of a tip response function b(r) that does not have cylindrical symmetry.

The theory outlined here and in Ref. 3 differs from that of Tersoff [10] in that the effect
of the tip is explicitly considered; the presence of a local field mixes the ground state
wavefunctions to form new states that are actually responsible for producing the STM topograph.
Define H to be the ground-state Hamiltonian for a semi-infinite graphite slab, with yy(r) and

y_k(r) being eigenfunctions (Bloch functions) of the Hamiltonian with almost degenerate




eigenvalues on the Fermi surface (trigonal warping of the Fermi surface lifts the exact degeneracy

[81). Then

V(r) = -e2 &r) )

is the perturbation experienced by electrons near the graphite surface, i.e., it is the energy of an
electron in the Stark field generated by the tip. In this example, k and -k are constrained to lie in
the reciprocal-space kx-ky plane (k; breaks down as a quantum number near the crystal surface),
e is the electron charge, and z is the coordinate perpendicular to the plane of the graphite

surface.

The electric field &r) is assumed to be non-homogeneous but cylindrically symmetric
about the z direction (an ideal tip), decreasing in strength at the surface plane as a function of
radial distance from the axis of symmetry. Because of the small tip-surface distance, the
maximum field is quite large (>10° Vem-1), depending both on the applied voltage and tip-surface
separation. The matrix elements describing the interaction of the graphite states with the field are

then given by [11],

Vkk' = I \v:(r) ez &r)w-(r) dr . (3)

This restricted example is a two-state system involving almost degenerate k-states which can be

solved exactly to yield the new eigenvalues for the graphite surface in the presence of the tip[12],




1
E.=3 (H,, + Vi P Hp ot v-k.-k)

1 2 4)
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For cases in which k and k' differ, the Vi x' matrix element is zero for a uniform field (i.e., a
homogeneous field of infinite spatial extent). However, for a non-homogeneous field, (e.g., one
that decays from its maximum to zero over a lateral distance comparable to several unit cells) such
as that supplied by the STM tip, the integral in eq. 3 will be dominated by the stationary phase or
saddle points of the integrand. New states with different wavefunctions that are linear
combinations of Wy (r) and y.,(r) will thus be created (since the ground states with +k and -k
wavevectors are not exactly degenerate essentially any linear combination is possible). Even
though the magnitude of the perturbation is small compared to the eigenvalues of the ground-state
Hamiltonian (Hy i and H, ), the mixing of the states can be very strong as long as the two
terms in the square root of eq. 4 are comparable in magnitude. In principle, all of the states near
the Fermi surface can be coupled by the electric field supplied by the tip, and in order to make an
ab initio prediction of the STM image for a particular field generated at the tip, the eigenstates of

the full Hamiltonian H + V must be determined. Such a calculation is not practical; one reason

being that the fiel( &r) 1s not well characterized.

The fact that the degeneracy of the plus and minus k states can be lifted by the Stark field
is one cause of the different intensities observed for the Fourier coefficients of the reciprocal-
space STM image. Since one must consider the star of k, i.e., all states with equal magnitude of

the wavevector for a particular state on the Fermi surface, the Fourier coefficients for graphite




would be expected to alternate in intensity around the two-dimensional BZ, as illustrated in
Fig. 4b. This effect was demonstated explicitly in Ref. 3, where mixing of two wavefunctions
constructed from the star of k produced a real-space topograph with alternating intensities around
the rings of a honeycomb lattice. Because of the complex interaction among the large number of
degenerate states, the variation in the intensities of the Fourier coefficients should oscillate (i.e.,
the reciprocal space images will change back and forth between Figs. 4a and 4b) with increasing
field strength until the field is increased up to the point at which the Fermi surface is so severely
distorted from its ground state form that neither Fig. 4a nor 4b can represent the Fourier
coefficients of the perturbed eigenfunctions. This is the type of behavior experimentally observed
in the STM images in Figs. 1 and 2, with the 6-fold rotationally symmetric topographs of Figs.
1b and 2b corresponding to the reciprocal-space representation of Fig. 4a, and the remaining

topographs, all with essentially 3-fold symmetry, to the FT image of Fig. 4b.

At first, it might seem paradoxical that a cylindrically symmetric perturbation could lower
the rotational symmetry of the STM topograph of graphite. However, the unperturbed states at
the graphite Fermi surface only appear to have a higher symmetry than the crystal. This is
because the B atoms, which by themselves have 6-fold symmetry, are the dominant contributors
to states at EF [4]. The perturbation due to the tip can strongly mix the states associated with just
the B atoms, as shown in Ref. 3, and yield new states with the actual 3-fold rotational symmetry
of the graphite lattice; i.e., enhance the trigonal distortion of the Fermi surface by breaking the
translational symmetry at the crystal surface. Thus, topographs such as Fig. lc, which display
distinct triangular protrusions with alternating heights arranged on a honeycomb lattice, are
intrinsic to a graphite surface in the presence of a localized perturbation{3], and are not the result

of tip asymmetries[1].

The STM topographs that are not rotationally symmetric, i.c., the row patterns, are the

result of asymmetric tips. This can be understood by considering the effect of an asymmetric
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response function in eq. 1. If b(r) is assumed to be a two-dimensional Gaussian with an elliptical
profile, then the reciprocal space response function is also an elliptical Gaussian, for which a
single contour is shown in Fig. 4c. The product of such a function with the unperturbed graphite
Fourier coefficients is shown in Fig. 4d, in which the coefficients with plus and minus k
character have the same amplitude, but there may be three different amplitudes characteristic of the
product of F{p(r,EF)] and F[b(r)]. All real tips will have some asymmetry, and the Fermi surface
will be distorted to come extent by the applied bias voltage, so in general one can expect that the
actual STM topographs can have Fourier transforms for which all six coefficients are somewhat
different from one another. With such a basis of Fourier coefficients, it is possible to reconstruct
all the observed atomic resolution STM topographs of graphite [1]. The major extension of this
work beyond that of Mizes er al.[1] is the understanding of the origin of the Fourier coefficients in

Flp(r.Ep)] and how their relative values depend upon experimental parameters.

Many features of graphite topographs and the STM in general can now be understood at

least qualitatively:

1. The "giant’ corrugations[13], which can also be observed in STM topographs collected in
constant height mode, and the ease with which graphite yields atomic resolution images are both
related to the fact that there is no portion of the Fermi surface at the center of the BZ. Thus, there
is no zero wavevector contribution to the STM image from the graphite itself. This means that
there is a minimal constant background to mask the oscillations in real-space of the charge density
at the Fermi level, and even quite broad tips have little effect on the graphite topograph, since the
short wavevector components of the tip are not present in the image. If the tunneling tip is very
wide, then the reciprocal-space response function will be correspondingly narrow and will
severely attenuate the Fourier coefficients of the image, but the values of k corresponding to
non-zero Fourier coefficients cannot be changed. In effect, graphite electronically sharpens the

STM tip; it is not necessary to have a single-atom tip to obtain atomic-resolution topographs.
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2. Because of the presence of the Stark field, in general the states that are accessed by the
STM are likely not the unperturbed ground state eigenfunctions of the system. This can be a
problem in that a particular surface may be characterized by several different topographs as a
function of sample bias, clearly complicating the analysis of surface atomic structure. It is also an
opportunity to study these perturbed states and the effects of symmetry breaking; in a sense the tip

is a controlled defect introduced onto the surface.

3. At low fields, the STM topographs represented by Figs. 1 and 2 are seldom distorted from
rotational symmetry; the tip is comparatively far from the surface and the voltage is low, so that
only the lowest order moments are important and the field between the tip and surface is
essentially cylindrical. Atomic-resolution images that do not have the symmetry of the crystal

surface ( e.g. row patterns) are the result of tunneling with an asymmetric tip.

4. The similarity of the images observed on changing the polarity between Figs. 1 and 2 at
constant field can be understood by noting that the energy bands of graphite are nearly symmetric
in a narrow energy region about Er [6-9]. Switching the polarity of the applied bias gives rise to
distortions of the ground states that are similar in magnitude but opposite in sign. Since the
direction of current flow also changes directions, the overall effect is that the symmetry of the
topographs is essentially unchanged. The fact that the magnitude of the corrugations is observed
to differ depending on the direction of current flow may be the result of different mobilities for the

electrons and holes in graphite.

5. In order 10 keep the perturbation to the ground state as uniform as possible and thus enable
studies of the Fermi surface of a system, STM topographs should be collected in constant height
mode. This might more profitably be considered invariant field mode, since the projection of the

field onto any plane parallel to the surface is nearly independent of the lateral position of the tip.
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For constant current mode, the tip is allowed to move up and down with respect to the surface,
and the profile of the field at a given height above the surface will change with lateral position of
the tip. Major variations in the mixing of the eigenstates as a function of tip position greatly
complicate the interpretation of constant currcnt topographs, since the contours may no longer
represent a constant charge density of a single state. Experimentally, good quality atomic
resolution topographs of graphite are hard to obtain in constant current mode, typically appearing

rather blurred.

6. With a reasonable model of a tip broadening function and a basic understanding of the
symmetry of F[p(r,Er)] and how the coefficients can be perturbed by a loczlized field, it may be
possible to de-convolute Fp(r,Eg)] and F[b(r)] from a knowledge of their product. Thus, real-

space images of both p(r,EF) and b(r) can in principle be determined from a single STM current

topograph.

The model presented here can be used to explain how all the observed STM topographs of
graphite arise and even predict the types of topograph that would be expected for a crystalline
surface of any conducting material as long as the details of the Fermi surface are known.
Conversely, it appears that STM can be used to investigate the states near Ef at the surface of a
crystal, and thus provide valuable new information about electronic structure, as long as the tip
effects are considered correctly. Unfortunately, it does not seem that STM can be used to provide
real-space maps of the atomic structures of surfaces without reference to high-quality electronic

structure calculations to assist in interpreting the topographs.
This work was supported in part by the US Office of Naval Research, by the National

Science Foundation and by the Defense Advanced Research Projects Agency. RSW also received
support from the Dreyfus Foundation.
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Fig. 1

Fig. 2

Fig. 3

Fig. 4

Figure Captions

Experimentally obtained STM topographs of the (0001) surface of highly oriented
pyrolytic graphite. The average current for all the images was 0.9 nA, and the tip bias
with respect to the sample was (a) +22 mV, (b) +25 mV, and (¢) +39 mV. The variation
in the tip current is shown by both the deflection from horizontal and the color of the scan
lines, with the colors black, dark blue, light blue, green, orange and yellow corresponding
to increasing current. The topographs do not display true rotational symmetry because the
x and y piezoelectric scanners of the STM are not exactly orthogonal. Given that caveat,
one can see that the topographs in (a) and (c) are essentially 3-fold rotationally symmetric,

whereas that in (b) is 6-fold. The distance scale is shown at the bottom of the figure.

Experimentally obtained STM topographs of the (0001) surface of highly oriented
pyrolytic graphite. The average current for these images was also 0.9 nA, but the tip bias
with respect to the sample was (a) -22 mV, (b) -25 mV, and (c) -39 mV. The other
comments for Fig. 1 also apply here. The amplitude of the corrugation for the three
topographs with negative tip bias was smaller than for positive tip bias, which leads to

more distortion of the features and noisier images in this figure than in Fig. 1.

(a) The real-space crystal structure of graphite, showing the inequivalence of the A and B
type atoms, and (b) The Brillouin zone of the graphite lattice, showing the major
symmetry lines and points. The Fermi surface is indicated schematically at one of the P
lines. The width of the ellipsoids has been exaggerated; the diameter of the actual Fermi

surface is about the same as the linewidths in the drawing.

The surface Brillouin zone of graphite is depicted for different experimental conditions.

The Fourier coefficients that contribute to the STM topograph are located at the P points
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on the comners of the hexagons, and the intensities of the coefficients are schematically
represented by the radii of the filled circles. (a) and (b) illustrate the breaking of the
apparent 6-fold symmetry of the coefficients in the presence of a localized field, and (c)
and (d) show how the coefficients of the observed image can be affected by an asymmetric

tip response function.

-16 -




F1




FIGURE 2




Fig. 3

LECTRONS '

HOLES
ELECTRONS

E

(a)
(b)




Fig. 4

ky
(a) (b;/‘\
o
X k,

w

<

Translational Symmetry Breaking by a
Cylindrically Symmetric Perturbation

©) o d) .
K, ky

Rotational Symmetry Breaking by an
Elliptical Tip Response Function

'

/1)
< %




0008-L1722 YA ‘vorBuipy
rang Eu_.zwoz 008

3ds0D) Juupy sty dg
sy AR J0 JND

90116 V) "eudpeseq
1230 uauH '3 Ot
Y2UBISIY BAEBN JO 240
Aaynan eudye))

ZE216 VO ‘08 veg

1§ 2p0)

INUI) SWASAG UBIDQ) [BARN
oowRuR A ONYNS I

(905-20¥1T AW 'siiodeuuy
€82 2p0)

uswRdwg "H "H 4Q uny
uoung YAreIsIY J0jAE ) Prae(y

Zil6l vd ‘wudiapepg

£50 3p0)) *seq [RARN "R|iyg
vonmg 1Buy swanskg sdiys jrasN
niuyorg anpeung Iq

1009-6SS€6 VO ‘e suiy)
121u) suodeap [RAEN

SBE 3p0) i Ansnuay)
supy 1 pfevoy “iq

0005-L12ZT YA ‘vorduipsy
13ang Louind) "N 008

€19 9p0D) 'S3Y [eaBN jO 2O
uosjoN prae( G

000$-SL£0T D ‘uoidurysem
Ksomoge] yaseasay [eaeN
0019 3po) “miq Ansuuay)
Kepinpy 'S sawef 1Qq

£905-70v17 QW “sitodeuuy
vorstalq Ansauay) parjddy
RYsty ) walng aq upy
10D Yanasay JO(ARL, prasq

PIETT VA ‘TUpuRXalY
uoung vosawe]

S 3uping

"1 uOURULIOJU] "y, IuSIQ

£V0£6 VD “awuany uog
761 90D

qw Suussuiug ) eaeN
oxsuQ ‘M PRy Iq

0S0S-ZZSLy NI ‘uer)

spnoQ *F pasuadg ‘iq upNy
ua) uoddng suodrapm {eaeN
2300 upueunuo))

0008-L17TT YA ‘voBuisy
anuday Lound) ‘N 008
€111 9p0) “mq Auisuwway)
§areasay (BASN Jo 30

9011y HO "PURRAI)

09251 V4 ‘ymasny
y3ingsuig jo Ansiaaiun
e Ansuway)

sawg L uyof iq

N_Sw. 1Y *uapiacig
ISIAIU[) UMOLg
daqg Ansnuy)
PIoM 'Y 3Q

20891 Vd Mg Anssaamwn
AU ‘$Y WSO 25D

t/kQ@icTTIT /A

LE909 1 'ofeay)
o3eay)) jo Ansaaaiun)
AMDsuj Joues) sawef

1uqts 'S 1q

2006 VD 's3)23uy so|
SHLOJIEY) JO ANSsdA))
waunredaq Aasnuxg)y
UINAYM 1 U0y 1q

60LLT DN “wmd 3duru] say
11Z21 xog

0YJ0 Yaresay Auuy g
ABYS "M B0y i

1£600 ¥d ‘sepatd oy 0LLP6 VD ‘Aapapag

001y O JO ANSsdAtuf) LT Ais1aaty
Ansnuai) Jo uaunsed TWOIED) JO ANSIdALUN)
Durom '8 M naunredaq Ansruag)

Ajpexkes °f preyory uq

SSPSS NI ‘sijodeauury

‘nd
nosauutpy 10 Ausaun 86501 AN SITH usotROL

|4
108 speW ¥ 1idug Eeaway) ‘D) yamasay :wom.-%n Ea“
RABM HT WA 1oqny 'O 3

S1Z0-60£08 OO "s3pinog 60LLT ‘eutjore)oN

opeIojo)) Jo Ansiatun Ared 3uruy YamI;s)y
waunnedaq Ansuuay) SNUI SHUOLIAINN
BqRM TN Pasg Qg sy 'y 1q
10209 Tl “vaisuvay 18121 AN ‘Aosp
ANSIATUN) WIANSIMLION IS YN0 298] 85UY
uaq Kasauay) “udaq Ansiuay)

sukng weA "3y 1Q $3a308 'y 1
69vv0 N ‘ouai0 ZS007 DA “woudulysem
umy Jo Ansiaan ‘A uoidnysep, 235020

QU (OUYII L 3§ 3UNIS 208pMG 1dag Ansnuay)
N M I opeuy ‘q id

LIT6E 1IN "vosyoeg 0TLY6 VD ‘Adpmiag
Aussdatun) awig uosyeg wwoji[e) jo Ansiaatun
‘Wag Ansnudy) waunredag Ansnua)

smEyiyRl, ‘H 1q WMBWMWIN ‘W [Hueq 1q

901£6 VO ‘erequig nusy
BILIOJIEY) JO ANsiaatuf)
“Wdaq Kasnuay)

Ayomg -q vaeD i

£58P1 AN ‘vaRyi]
Ansaaauqy J1awo)
dag Ansiway)
uosuiop "H 331030 1q

ULUS SLEOT Oq ‘uoiButysem

‘kn) axe1)
TP LN M) oxeipes 5 SLOT D Bacuenn

ymIN Jo Aussaaiun

Fuusonug 1 3ouanIg SR 1559 3peD “ALq 18 oadO
moj3uins 'g'p g uepey 'HZ *a
0ZLY6 VD ‘Aagansog SZOP6 VO VR4 OfuaN
SWoJIe)) Jo Aitsiaawun SNUIAY POOMSUINTY £EE
‘’aq Amsnuay) fevoneu] RIS

1e(s0wos ‘y' 'iq uosuyof "W YIAKS 3d

11S90 1D ‘uaaty maN

; b..w.ﬂ&:: u">

vosuyof YW 3q

ISTLL X1 ‘woisnoy

7681 xoq *Aisiaatun) sy
Anspuay) jo waugmdaqy
Aypws 7y 1q

epeue) ‘(O [IN LNO
OO JO KNSidatun)
Kasauzay) jo waunreday
ysug '3'q g

vISLT DN [IHH (3dey)
B0 YUON JO “AluN)
daq Aasnuay)

aan v g

18121 AN ‘A1l

ISUl Y {0d Jastassuay
‘Wdaq Aasaua)
ANURIRY] Y 1q

£S6r1 AN BO0Q]
Ansu2A1u) [[2w0)
'waq Ansuuay)
uurwyyoH preoy 1d

LILT6 VD Al
TUWIOJIRY) JO Kussdatuf)
RIuunaay ¢ 3q

0LLY6 VO ‘Aaansag
SUUOREY) JO Ausidamf)
1daq Agsaua)

sumy ‘@) \a

901€6 VD “wmqreg vy
o) Jo Aissaann

soskud Jo waunsedaq
swsus{ ‘Y (g 3

86501 AN "sWA1aH umonpo

817 x0d Od

SIURY Y 4

SHTRAKL AL

LISE 3p0D- 1) suodwap [saEN
4 somrpui(g oepng wnwEnd)

usan) prosy “iq

09TZpl AN ‘ofeyyng

MOX maN )0 Ausidaun) amg

sudaq sashyg/Ansauag)
O NN |

#iZpl AN ‘ofeyng

oL MIN Jo Ausiaatun amg

695157006 ‘sdjaduy soy
RHLOJIED) JO KiSiaatufy
wanaredaq Ansauag)
pLes-d v 1d

90LES LM ‘vostpe
uISUOSI A JO Ais13atu()

86501 AN ‘SWERH umonpoX
$17vog Od

IRUID) Yamasay uons wdl
e “Ff sQ

000§-$L£07 Iq ‘voidunisem
AXNRIOQE] Y2MISIY RARN
OL[9 2p0D

VoY) PNy 3

9S1Z-059v1 AN "1aisayooy
Kuedwo)) Yepo)H weunsey

Jm! ;ﬁﬁu

AN Jo Kusmam

Ansanay) jo weugmdag
unsuapay ‘g g

9LLIO LD ‘PIOHIN mIN

Amqueq g-0z§
u .u:?uo.—. ‘ApY

AMLSIKIHO FOVANNS 9 JIVIS AIT0§ *1S1T NOTINGIWISIA SLOVULSeY




