Lawrence Berkeley National Laboratory
Recent Work

Title
THE CONFIGURATION AMD ENERGY OF DEFFECTS ON THE (100) SURFACE OF A MOLECULAR

CRYSTAL

Permalink

https://escholarship.org/uc/item/1s69t77d

Authors

Burton, J.J.
Jura, George.

Publication Date
1966-08-01

eScholarship.org Powered by the California Diqital Library

University of California



https://escholarship.org/uc/item/1s69t77d
https://escholarship.org
http://www.cdlib.org/

] ¥
7

UCRI-17161

University of California

Ernest O. Lawrence
Radiation Laboratory

THE CONFIGURATION AND ENERGY OF DEFECTS ON THE (100)
SURFACE OF A MOLECULAR CRYSTAL

f

~

TWO-WEEK LOAN COPY

This is a Library Circulating Copy

which may be borrowed for two weeks.
For a personal retention copy, call

Tech. Info. Division, Ext. 5545

_J

Berkeley, California



DISCLAIMER

This document was prepared as an account of work sponsored by the United States
Government. While-this document is believed to contain correct information, neither the.
United States Government nor any agency thereof, nor the Regents of the University of
California, nor any of their employees, makes any warranty, express or implied, or
assumes any legal responsibility for the accuracy, completeness, or usefulness of any
information, apparatus, product, or process disclosed, or represents that its use would not
infringe privately owned rights. Reference herein to any specific commercial product,
process, or service by its trade name, trademark, manufacturer, or otherwise, does not
necessarily constitute or imply its endorsement, recommendation, or favoring by the
United States Government or any agency thereof, or the Regents of the University of
California. The views and opinions of authors expressed herein do not necessarily state or
reflect those of the United States Government or any agency thereof or the Regents of the
University of California.




.'Paper to be presented at b"?:;UCBL¥17l6l” E
S A Sjmp051um on. Fundamentals of o S
ST 1¢a,_aGaa-Surface Interactlons 55‘

“ UNIVERSITY OF CALIFORNIA

Lawrence Radlatlon Laboratory igf _yw L
Berneley Callfornla ‘ ‘:,,‘

AEC Contract No W-ThOS eng—hB

THE CONFIGURATION AND ENERGY OF DEFECTS ON THE (100) .
SURFACE OF A MOLECULAR CRYSTAL
g J. Burton and George Juva

August 1966




"

THE CONFIGURATION AND FIFRGY GF DEFECTS ON THE (100)
SURFACE OF A MOLTCULAR CRYSTAL

J. J. Burton and George Jura’

Inorganic Materials Research Division, Lawrence Radiation Laboratory

Department of Chemistry, University of California
Berkeley, California

August 1956
ABSTRACT

Using a Lénnard-Jones 6-12 potential function to représént the

- interactions of the atoms, the binding energies of neon, argon, and

krypton atoms in and above the (100) surface of argon are computed.

Relaxations of the;defects are considered and are found to be small;

however relaxation appreciably affects the energies of the defects. The

binding energies of neon, argon, and krypton atoms above the (100) argon

surface ‘are 687 cal, 1367.cal, and 1682 cal, resﬁectively;.'The binding

énergie; of neon,. argon, and krypton atpms”in}the‘(lOO);argon surface are
1299 cal;'260§ cal, and 316Q‘cal, respectively. - Relaxation appreciably
affects the binding energies.

The free energy of formation of a mole of vacancies on the (100)

surface of argon is found to be

AF = 1236 - 3.58 T cal
This implies that at the nelting point of'afgqn»there'is one vacancy

: R , o : coe 2
per three hundred (lOO)lsurface sites on 2 X lO12 per cm . of surface.



' UCRL-17161
| 'Il\ITRODUC.TIt)»l\Tv-. |

A number of investigators have calculated.the energy of formation
| of" surface vacancies and the binding energies of excess atoms above the
_ surface for ionic crystals.i 2 Computations for icnic crystals encounter
~a number of problems wﬁich are due to.the nature of the forces between
the ions. 'The-correct matheﬁatical.representation.of the potentiai
_vfunction is a matter of some questlon primarily because of - the repre-vi
sentation_of the polarization effects. The calculation of the surface
energies for ionic crystals is a very difficult prdblem;5 thus one can o

/’“

" not expect much exact information from surface defect caléulations on
ionic crystals. | | |

It WOuia be desirable to dc extensive‘calculations on_the surface
properties of a material whose_mathematical'representation is simple in .
‘ thethope that the results obta ined would.éive some insight into the sur-
face properties of other ﬁaterials. :Potential fuhcticns for adsorption
of excess atoms onto tﬁe surface and for theiremoval of atoms (both host
and impurity) from the perfect surface and‘information on the configuration
.of the surface, toth perfect and defective, would be useful. |

Argon is.mcst'suited for_the calculation‘of‘defect properties. Itf‘
is well known_that.argon is reasonably well represented by a Lehnard—
'Jones 6-12 potentialuvwhiCh yieids~adequate.energy values by the direct
'suﬁmation of the two body potential functicn. Accordingly; we have chosen
to examine certain surface properties.of‘argons It is hoéed that informa -
tion gaised from this simple solid will be of value in understanding the

surface properties of more camplex materials. —
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Previously, the distortion of the perfect (100) surface of argon

: ~
has been calculated.5’o t has also been shown that the configuration

of the perfect surface’layer is probably identical wifh that ofvthe bulk
except for the displacement of the surface layers away from‘the bulk.j'
A numﬁer ofkauthors have made a theoretical inveétigétion of the con-
figuration and energy .of internal defecfs in argon.8’9

We ha#e'caléulated the binding.energies of afgon'and impurity atoms

- (neon and krypton) above and in the (100) surface plane of argon. We

consider only the potential energy; therefore the’results are reasonably

vélid only at O°K.‘ We also neglect all many-body forces. Using the

high temperature Einstein approximation to calculate the'ehtrdpy, we

estimate the concentration of vacancies in the equilibrium (100) surface

of argon at its melting point assuming that fhe vacancies obey Boltzmann

statistics. Though use of our data at the melting point_is'not justified

by.éur<assumptions, it is felt that the resg;ts obtéined in this way are
at least a rough estimate of the surface vacanéy»céﬁéentration at the
meltihg point. | |
. We fing, ‘as expéétedi that the bihdihg'eneréy to.thé-argon'c“
surface decreasesrin the'geries krypton, argon and éeon. We also find,
in accord-with expectations, that the binding‘energy‘éfbneon‘and kryptoﬁ
éﬁove the perfect surface is less than that in:the-surface pléne; We.
find thatithoﬁgh the relaxatioﬁs-are usually'humeficglly small; théy
appreciably affect the.energy. |
| | CAICULATIONS
* The model adopted for the semi-infinite afgon crystal‘ié: (1), all
quantum effecté may_be neglected; (2), only the pofgntial'energy need

be considered; (3), the total potential is pair-wise additive; (h), the'
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.atomS‘interact_with‘a Lénnard—Jones:6-l2,poféntial_ofﬂthe‘férm'

V(I‘)z % —-C-%-
o - r o Jr._ "

where r is the distance betWeeh the'atOms;'ahd (5);Vﬁhe.(100) surface of

‘argon exhibits the displacements (Fig. 1) calculated by Alder, Vaisnys

and Jura6 which are given in Table 1; .It is also assumed that the con=-
_centration Qf'defeéts is sufficiently small that defect-defect inter-
actions are'negiecﬁable. | - |

Of these assﬁmptiéns, thé.one most opeh'tg question is that of pair-
wise additivity of thé‘potgntiél_function.' For a perfegt 1a£tice this
assumption is not seriously in error. lBullough, Clyde and Venables,
considering stacking faultsfiﬁ'argon, have COnclﬁded that.mény—body
forces c@ntribute no more fhanA;h%-of;the total binding enefgy. However,
Sparnaayll has estimated tha# an errog of as much as 10-30% might be,made
if van def Wal's'forces arevtreatéd as paifaﬁiseiadditive;. Jansen12 has
shéwn that three body forces cénvexplain thé observed stability of the
face~centered cubic form of argon bver thé hexagonal close—packed form.
Rossi dnd Danon13 have indicated‘thaf thé iﬁélﬁsion of three—body fofces.
intrqduce a large eiror in the pfédicted énefgy of vaporization and

attribute this error to either\four—body forqes or a poor potential

- function.

We. have also ﬁséd.a Lehndfd—Jénesv6—12 poténﬁialﬁfunction to
’represeht the intéractions qf neon and.krypton atoms with argon atoms.
The argon-impurity potentials were obtainéd from the 6-12 potentials of
Ar,h Ne,21L and Kflh in the following way. If rA-A repreéents the gas

equilibrium distance of atoms of type A and‘UA A is the depth of the

" well in the gas



UCRLfiTl6l-

.. . TA-A B-B
Ta-B ~ 2

| a1/
FIA-'B .'. (UA-A UB—B)

Subject to these assumptions, one.may write an expressiqn for the

tqtai energy of the system as a function of the positions of éli the
. atoms. 'One may then minimize the tﬁtal potential energy of the systém'
as a function of th§se positions and arrive at the energy and configura-
-tion of the relaxed defect. 1In practice this is not feasible, and we:
assume that atbm; not close to the deféct are not d{spiaced from their
nérmal-positions. Only displaceménts of atoms close to the defective
site are considefed; we further assume that the distogfions arognd the
defect preserVe'the symmetry of the lattice, as much és is possible.

This last assumptioh was.found to bé warranted in the case‘of an internai
vacancy9 and we have not checked it fﬁr tﬁe'surface problems. These
assumptions reduce the'prqﬁlem to a reason;ble number of variables. We
have nog computed the interacfions of the relaxing atoms with the entire
semi-infinite lattice'but rather only'with.the atoms through the twelfth
nearest neighbors td the relaxing atom. Previous work indicates that

the relaxations ahd enefgies are insensitive to distant neighbors.g’l5

The energy of formation of a’ vacancy at (0,0,0) in a (100) surface

plane without allowing for relaxation is

E = 3 v(4,3,k)
‘i+j+k=even

R
§
i

k>0
where the prime (') indicates that the point (0,0,0) is not included in

the summation and V(i,j,k) is the potential energy between an @tpm at
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(4,3,k) and an atom at (0,0,0). The summation over only lattice points

with (i+j+k) = even is the convention adopted

-By Alder et a1.6 and makes

the edge of the ﬁnit eéual,ﬁo é; Allowing.the.lattice to assume the

diéﬁorﬁions, Bics (Table. 1) determined by Alder et al. and allowing the

atoms at (1,1,0) and equivalent atoms {(-1,1,0), (1,-1,0) and (-1,-1,0)} 1'

to relax to (1-D, 1~D, 0), etc., the energy of formation of the defect

-may be written as

E. = DI ' V(k)J)k + 2 51)' '
- itjtk = even . 1=0

+ bzt V(i+D, 34D,
- i+j+k = even :

, ‘ , ko
e bzt v(i, i,k + = 8
even 1=0 -

1i

itjtk

k>0

+ hv(e-ep, 0, 0) + 2v(2-2D,

-+ kv(2,0,0) - 8v(D, 2-Div0?

ok |
k+ = 8
!

1)

2-2D, 0)

+ 2v(2,2,0) - V(2-D, 2-D, 0)

This expression for E .was minimized with respec
atom (1,1,0) by a half interval technigue on a
complicated expressions must be minimized when

allowed. Similar expressions may be developed

%t to the relaxation D of
CDC 6600 computer. More
more relakgtions are

for other types of defects.
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RESULTS

The biﬁding ehergy5 E, and relaxations of afgoﬁ, neon and krypton
- atQms above thé‘argon.surface are given in fable 2; as are tﬁe binding
éhergies ﬁithout cOnsideration'éf relaxation, EO;, The defect isAchated
initially at the point (0,0,0) abéﬁe a semi-infinite argon crystal Witﬁ 
lattice points (i,j,k)_subject to k > 1 and (i +3 +k) an even nurber, |
'An.atom at the lattice point (i,3,%) rélaxés to thé.neW'position
(1 81, j - 83, k - 6k). 51, 8j, bk are tabulated.

\bonfiguration and energy of surface vacancies and surface substitu-
tional impurities.age tabulated in Table 5.‘ Here again the'defect is
located initialiy at (0,0,0); the bulk atoms now are at points (i,3,k)
subject to k Z.O, (i+j +k) even. The atom aﬁ ti,j;k) relaxes to

(1 -8i, 3~ §j, k - Sk) and (61, sj, 8k) is tabulated. The binding
_energy of substitutional impurities is'relaxative:tOfihe.impuriiy atom

' infinitely femovéd‘from a éurface with a vacancy. | |

In all caseS'many”réléxations were calculated to assure convergence

- of the energy of the defect to .05%.

The relaxations of the lattice around an extra argon atom above the

surface are illustféted'in Fig. 2 (top view) and Fig. 3 (side view). The
nearest neighbors to the extra atom relax towards the bulk .6% from their
normal surface positions and outwards tangentially to.ﬁhé surface . .3%.
The distance between the extra surface atom andlits neareéf neighﬁors
waé found to be roughly equal to the distance between first aﬁd second

" layer atoms in the perfecf relaxed surface. The'éecond nearest étoms to
the extra atom (in the second layer of the lattice) relax upwards.. The
seéqnd nearest neighbors (in the sﬁrface layer) to tﬁe extra atom relax

~in such a way as to decrease their distance to the defective site butl -

3

-
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increase their separation from'the;rélaxed“néarestfneighbors.  This be-

'havior is similar to that noted pieviously for the relaxatioh of the

i

atoms around an internal defect.9

- " 'With a neon atom above the surface:the'relaxations of the nearest

neighbors are smaller (.2% dovmwards and .2% outwards) while for krypton

they are larger (.8% downwards and .&% oﬁtwafﬁs);

It is interest.ing_to note that in the fully relaxed situation, an
extra neon atom‘lies.closer to the bulk thaﬁ'an'extra argon which, in
turn, lies closér than an extra krypton atom.

With a vacancy in the surface, the nearest neighbors to the defect

“are. displaced towards the center of the vacancy (Fig. 4). XKrypton sub-

stituted in the surface plane (Fig. 5)‘displaces ité nearest neighbors
away.froﬁ the defect; thevkrypton atom is. diéplaced 6% up from the
normal argon>locatioﬁ in the érystal surface. A neon substituent in
the plane affects 1its nearest neighbors like thg.vacancy'but the neon
atom is displaced 18% towérds the ﬁulk_of the crystal from_the norma.l
argon site. |

The directioﬁ and magnitude of the displaéements are attributable
to the sizes of the impurity atomé; argdﬂ is larger than neon and smaller
than krypton; -

With the computed binding energies it is possible to caculate the
energy of formation of a vacancy in an érgon surface. .This was done by
assuming that the rélevant_prdcess involves the removal of.a surfacevatom
to a pésition above the surface and isolated from any other defects.' Using
the high temperature Einstein approximation to'compute the entropy, we have
calculated fhe free energy of formation of a mole éf vacancies to be

AF = 1236 - 3.58 T cal
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when relaxsetions are considered and’

AF = 1272 - 3.58 T cal

without relaxation. = This implies that at the melting point of afgon
there is one vacancy for each three hundred sites on the ideal flat (100)

surface or 2 X 1012 per cm? of surface.

- With slight modificgtion bf:the proérams deVéloéed for calculation
of the energy of suffacé:defécts; we were éble to calculate the potentiél
curves for binding of an atom to the 1attic¢, both.ét a pqint above the
surface and at a normal.surface position.

Figure 6 shows the potential curves for binding of a neon aton in
a normal latiice pbsiﬁion in the surface both ﬁith and without relaxa-
tion. The unrelaxed position is in the~argon.p1aq¢f(0 A above). . Relaxa-

- tion incréasés the binding energy 5y'15%. |

Figure T, shows the potenﬁial Curvés.fornbinding of néon.
atoms abovevand in the éurface with relaxation ailowed. The in plane
curve is-deeper‘and wider than the above plane potential curve.

Figures 8 ana 9 show the potential curygs'for binding of neon,

érgon, and krypton atoms in the surface plane and above it. As expected,

the krypton potential curves have the deepest wells and are the widest.

CONCLUSIONS
The distortion of ﬁhe crystal surface.around a defect is small in
most cases But appreciably alters the'energy.of the defect and is not
neglecfable in the galculation of surféce properties. |
Distance ofvexcéss'atomé above the surfaces.increasesAin the
series neon, argon,land krypton.. A neon atom subétitﬁted in the afgon

surface is displaced towards the bulk from the normal position while a



krypton atom isidisplaéed'away fromjﬁhe:buikf

Thé binding energiés df~atoms in the surface @iane afe greéter thanu
. those of atoms in normal»iattice sites abov§ fhe surféce.élang.
I£ was fouﬁdmthat the free enérgy of fofmation of‘avmoie of vacan-

.cies in an argon surface is
AF = 1236 - 3,58 T cal
which implies that at the melting point of argon there is one vacancy

for each three hundred sites on the ideal (100) erystal surface or

2 X lO12 vacancies per cm? of surface.
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Relaxations, 8, of the (100) surface of solid argoh from

Alder.et al.6

5 % ,.4_ % L 35

.025782 ,005892  ,001981  .000849 000420
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. TABLE II

. 'The relaxations of the (100) surface of argon with an extra atom

above the surface at (0,0,0). The lattice points.héve coordinates

(i,j,k), k 21, and ére_groupéd into sets of equivalent point s

(:Q:O:O)_.. | . \ . _
(1,0,1) = (-1,0,1) = (0;1;1)

(0,0,2) .
(2,1,1)

m

The point (i,j,k) relaxes to (i-8i,j-8j,k-8k) and {&J

(42..)'1; ].-) = ( -2,1, l)
(1,2,1) = (-1,2;,1)

E(O: 'lzi) '

= (-2,-1,1) =
= (1,-2,1) = (-1,-2,1)

51
is tabulated for
Bk

one point of each set of equivalent points.

The binding energy of the extra atam is tabulated without and with

relaxation, EO and E respectively.

Ar

Extra Atom
' Ne

Kr

1355 cal/mole
1367 cal/mole

592 cal/mole

1578 cal/mole

1682 cal/mole

O

i, i e
O O
e S e s s e e

.01831
-.00319

;.00558

00255

.00035
-.00017
.00188

687 cal/mole

0
0
bt ) 1.6982

-.00196
o .

0.
0
.00249

-.00001
-.00028
L00117

-;00167_v

0
0
LO66LT

-.00378
0
-.00752.

0
S0
.00252

.00054
-.00010
.00226

P
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| TABIE IIT -
The relaxations of the (100) surface ofvérgon with a defect (vacancy.

or substituent) in the surface at’(0,0,0). The lattice,points have coor-

dinate (i,3,k), k 20, and are grouped into sets of equivalent points.

(0,0,0) , :

(1,1,0) = (1,-1,0) = (-1,1,0) = (-1,-1,0)

(0,1,1) = (0,-1,1) = (3,0,1) = (-1,0,1)

(2,0,0) = (-2,0,0) = (0,2,0) = (0, -2,0)

(0,0,2) S |

\

The point (i,Jj,k) relaxes to (i-ﬁi,j-ad,k¢8k)iand (g;} is tabulated for
+ one point bf each set'df equivaient_pointse sk]

The(binding energy of the substituent atom (or surface binding energy

of argon in the case of the vacancy) is tabulated without and with relaxa-

 tion, E_ and E respectively,

Defect
Vacancy ' Ne Kr
B - 2627 cal/mole 1134 cal/mole 3081 cal/mole
E . 2603 calfmole 1290 cal/mole 3160 cal/mole
Points _
0 * 0 0
0 * 0 0
A0 * -.18131 . 06060
1 .01589 © 02682 -.013061
1 -.01589 .02682 ~.013061
0 00299 ' -.00009 .00218
0 0 ' o 0
1 00265 : .00181 ©-.0000k
1 ,00110 -.00453 - .ookT79
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© TABLE III (Cont.)

UCRL-17161

Defect

: "Vacé.ncy Ne

Kr

2627 cal/mole 113k cal/mole

3081 cal/mole

13160 cal/mole

0 -0 .
. =.00317 -.o0ky

2603 cal/mole 1290 cal/mole

J.0u68 . -.002k9
0 _ 0 '
4000625 - -.00103

0] : -0
0

©.0013L

0

.00250

0
6
.00317

ST et L STl S

e ¢
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Fig. 1 Schematiz diagrem of a semi-infinite .crystal with
displacements indicated.
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MU B-13064

Fig. 3 Side view of the relaxations of the surface lsyer
with en excess srgon atom above it. Arrows indicate
the directions of the displacements from the normal

e

positions. The excess atom is reprsssntad by

squara (&),
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MU B-13065

Fig. 4 Side view of the relaxetions of the surface
layer with a vacancy in the surface. Arrows
indicate ths directions of tha displacemeuntis.



Fig. 5.

MU B.13066

Side view of the relexations of the surface
leyer with & krypton atom substituted in the
surface plane, Arrows indicate ihe diracti
of the displacements from the normal posi

The Xrypton atom is represented by a squa
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Fig. 6 Potential curve for binding of =z neon atom in the
surface plane with and without relaxations.
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Fig. T The potential curves for binding of neon a*coms sbove
end In the surface with relaxation alliowad.
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‘Fig. 8 The potential curves for binding of néon, argon, and
’ krypton atoms above the (100) surface of argon with _
relaxation allowed.
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Fig. 9 The potentiel curves for binding of nron, =
end krypton atoms in the (100) surface of ar

with relaxation allowed. '



This report was prepared as an account of Government
sponsored work. Neither the United States, nor the Com-
mission, nor any person acting on behalf of the Commission:

A. Makes any warranty or representation, expressed or
implied, with respect to the accuracy, completeness,
or usefulness of the information contained in this
report, or that the use of any information, appa-
ratus, method, or process disclosed in this report
may not infringe privately owned rights; or

B. Assumes any liabilities with respect to the use of,
or for damages resulting from the use of any infor-
mation, apparatus, method, or process disclosed in
this report.

As used in the above, "person acting on behalf of the
Commission" includes any employee or contractor of the Com-
mission, or employee of such contractor, to the extent that
such employee or contractor of the Commission, or employee
of such contractor prepares, disseminates, or provides access
to, any information pursuant to his employment or contract
with the Commission, or his employment with such contractor.








