
D-A47 720 ELECTRONIC STRUCTURE CHEMICAL 
BONDING AND 

/
I SUPERCONDUCTIVITY OF SILVER FIL..(U) MASSACHUSETTS INST
I OF TECH CAMBRIDGE DEPT OF MATERIALS SCIENC.

pUNCLASSIFIED K H JOHNSON 10 SEP 84 TR-9 NOOO4-i-K-499 F/G 2/2 NL



12.2.

1.8.
L- 5 4-4

1111OCOPY REOLT11 TET -HR

AI NAL BWA lSADRS 3-

IL *~V

12L

111 %.



Unclassified
%ECJ .Ivy C .ASSIWICATION OF T.qS MAGE 'Whlen Data Enteredj

REPORT DOCUMENTATION PAGE READ INSTRUCT!ONS

11iPIT 4UMaEM 12. GOVT ACCESSION NO.1 3. RE.iIENT'S CATALOG NUMBER

9
-! T1.9 'and Subrtte) S. TYPEg OF REPORT & PERIOD C-OVERCO

Electronic Structure, Chemical Bonding, Interim
and Superconductivity of Silver Films ERFORMING ORG. REPORT siumSERl
on Germanium

7. AW.iORe'j I. CONTRACT OR GRANT N JMBER(9J

K. H. Johnson N00014-81 -K-0499

9. PERFORMING ORGANIZATION NAME AND ADDRESS I0. PROGRAM ELEm N T P ROj EC, TASK

AREA & WORKC UNIT N~jm8ERS

Center for Materials Science and Engineering,
M.I.T., Cambridge, Massachusetts 02139 Task No. Nr 056-757 .-

01 CONTROLL.ING OFFICE NAME AND ADDRESS 12. REPORT GATE g
C~JOffice of Naval Research September 10, 1984
1% Department of the Navy W2 US 4 I. FPAE

1_4MONITORtINACYNAME I ;ESS005(lldifferent from Controilln# Office) IS. SECURITY CLASS. (of this report)

I~ ELASSIFICATION. 0OWN ORADING

96. OiSTRIBUTION STATEMENT (of this Report)

Approval for public release;
distribution unlimited. p

fG. SUPPLEMENTARY NOTES

It. dEY WORDS (Continwe on reverse aidd it necessar aid Identify by' block niartbr)

electronic structure
chemical bonding
superconductivity
silver films on germanium

20. ADSTRACT 'Continuooni reverse side ifncessry and Identify by .180ie umber) P
-The local electronic density of states and chemical bonding of a very thin

Ag film on a Ge substrate have been calculated by the partitioned scattered-
___ wave molecular-orbital method. The partial occupation o,. Ylayered'-Ag pi~k

-banding molecular orbitals at the Fermi energy, resulting from covalent
banding with the Ge substrate, i~s responsible for the incipient super-
conductivity recently observed by Burns et al. for very thin epitaxially grown
Ag films on Ge. These orbitals are unoccupied in nonsuperconducting pure Ag.

DO 1473 Eoi0no olF lov 65 5s ossoLE-I Unclassi fied
SECURITV CL.ASSRICA';ON OV 'F41S PAGE '*?-.n Dae Er"WPeC



SUCuNIrY CLASSIFCATIO~4 OF 1,.iIS PAGK fWPI.n Data IMe#.d) 6

6

0

0

B

p

i.

m

0

0

S

N

BECUNgrY CLASSIFICATION OF 1141S FAGEfUhafi Data Enteped)

9

- ~ -......- ~ -



: ~Acce~sion For ;

DT , C T., 3

OFFICE OF NAVAL RESEARCH T.,! iJ i s t 'f i e , ..i c :

Contract No. N00014-81-K-0499
Task No. Nr 056-757 106 •"-D ' ,-

z .nd/or

i t Cj

TECHNICAL REPORT NO. 9

ELECTRONIC STRUCTURE, CHEMICAL BONDING, AND SUPERCONDUCTIVITY

OF SILVER FILMS ON GERMANIUM

by

K. H. Johnson

Department of Materials Science and Engineering
Massachusetts Institute of Technology

Cambridge, Massachusetts 02139 -

September 10. 1984

Reproduction in whole or in part is permitted for
any purpose of the United States Government

Approved for Public Release: Distribution Unlimited

... . . . . . . ..



ELECTRONIC STRUCTURE, CHEMICAL BONDING, AND SUPERCONDUCTIVITY e

OF SILVER FILMS ON GERMANIUM

K. H. Johnson

Department of Materials Science and Engineering

Massachusetts Institute of Technology

Cambridge, Massachusetts 02139 5...

Abstract

The local electronic density of states and chemical bonding

of a Ag monolayer film on a Ge (001) substrate have been

calculated by the partitioned scattered-wave molecular-orbital P

method. The partial occupation of spatially delocalized

"layered" Ag pTT-bondfng molecular orbitals at the Fermi energy,

resulting from weak covalent bonding with the Ge (001) substrate, P

is responsible for the incipient superconductivity recently

observed by Burns et al. for very thin epitaxially grown Ag films

on Ge (001). In pure Ag, which is not a superconductor, the pTT S

-bonding molecular orbitals are unoccupied. The occupation of

spatially localized Ag s,p a -antibonding molecular orbitals

around the Fermi energy is responsible for the observed S

two-dimensional metallic localization effects on the electrical

conductivity above the superconducting transition temperature.

Research sponsored by the Office of Naval Research.
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In a recent publication (1]. Burns et al. have reported the

onset of an incomplete superconducting transition in very thin

epitaxially grown Ag films on a Ge (001) substrate at

temperatures below 2 K. In another recent paper [2]. a

molecular-orbital basis for understanding the incidence of

superconductivity in materials has been described. In the

present communication, it is shown that the latter theoretical

approach can be used to explain the incipient superconductivity

of thin Ag films on Ge.

Consider first a metal, such as aluminum, which is normally

superconducting in bulk, thin-film, and small-particle forms at

0
temperatures less than 2 K. In Ref. 2 it was shown that the

electronic structure of Al aggregates at the Fermi energy is

characterized by spatially delocalized "layered" py -bonding

molecular orbitals of the type displayed in the two- and

three-dimensional contour maps of Figs. I and 2. respectively.

This molecular-orbital topology, in conjunction with the dynamic

Jahn-Teller effect (the "virtual phonons" of BCS theory [3]), was

shown in Ref. 2 to lead to the "antferromagnetic" spin

polarization of conduction electron pairs (the "Cooper pairs" of

BCS theory) at the Fermi energy over the layered orbitals of Fig.

2. producing the superconducting state at the transition

temperature

2 1/2 2 2 2k T c(h /41 (mM) d ]exp(-h /2me d) (1)
B c

In the above expression, d is the distance between the centroids

of the layered molecular-orbital components (see Fig. 2). M is
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the atomic mass, m Is the electron mass, e Is the electron

charge, h is Planck's constant, and kB Is the Boltzmann

constant. In Ref. 2, expression (I) has been shown to be

equivalent to the conventional BCS formula for T and leads to

values of the transition temperature in good agreement with

experiment.

Consider now the example of pure silver, which Is normally

not a superconductor. One can compute the local electronic

structure of this material in bulk, particle, or thin-film form

with the recently developed Iterative partitioned scattered-wave

molecular-orbital method [4]. In this approach, the extended

solid-state system is spatially partitioned Into subclusters for

which the local electronic densities of states and molecular

orbitals are computed Iteratively, includina the effects of

"embedding" the subclusters In the surrounding extended

environment. For a pure Ag monolayer having the cubic structure

shown in Fig. 3(a), the resulting local density of states at T =

0°K for the encircled Ag4 subcluster. Including the effects

of coupling this subcluster to the surrounding monolayer atoms,

Is shown In Fig. 4. The high-density manifold of states between

4 and 6 eV below the Fermi energy EF Is associated with the Ag

4d orbitals and corresponds to the fully occupied d-band of bulk

crystalline silver. The Fermi energy Itself coincides with a

smaller peak In the density of states, corresponding to spatially

localized s,p d -antibonding molecular orbitals of the type

mapped In Fig. 5. Approximately I eV above the Fermi energy is a

peak In the density of states that corresponds to pIT-bonding

molecular orbitals of the type mapped in Fig. 6. The latter

3
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orbitals are the monolayer analogues of the spatially delocalized

layered ply-bonding orbitals shown above (see Figs. I and 2) and

in Ref. 2 to be responsible for the superconducting state of

aluminum. Since these states are unoccupied in pure silver,

they cannot lead to superconductivity in this metal unless they

are somehow brought into coincidence with the Fermi energy. This

explains why pure silver is not superconducting under normal

conditions.

How then is one to understand the observation of Burns et al.

[1) that very thin Ag films epitaxially grown on a Ge (001)

substrate are virtually superconducting? The local electronic

density of states at T = O for a Ag monolayer (Fig. 3(a))

supported on a Ge (001) substrate (Fig. 3(b)), computed by the

same procedure used above for the unsupported Ag monolayer, is

plotted in Fig. 7. The Fermi energy now coincides with a peak in

the density of states corresponding to molecular orbitals that

are pi1-bonding within the Ag monolayer and p6-bonding with

respect to the Ge substrate. A contour map for one of these

orbitals is plotted in Fig. 8. The Ag s.pdf -antibonding

orbitals (Fig. 5) which coincide with the Fermi energy in pure Ag

(Fig. 4) correspond to the peak in Fig. 7 for Ge-supported Ag

located ^I eV above the Fermi energy. In other words, there is

an effective reversal of the Ag s,pd' -antibonding and Ag ff

-bonding molecular orbitals around the Fermi energy in going from

a Pure unsupported Ag monolayer to a Ag monolayer supported on

Ge. due to covalent bonding between the monolayer and the

substrate. It should be emphasized, however, that this bonding

is relatively weak because it involves the overlap of otherwise

4 4



7

unoccupied virtual delocalized pTr molecular orbitals of the Ag

film with localized P d orbitals of the coordinatively

unsaturated surface atoms of the Ge substrate (see Fig. 8). There

is no net bonding between the other atomic orbitals of Ag and

.1.

Ge. because the contributions of the Ag(sd)-Ge(p)Cf-bondng '

molecular orbitals are cancelled out by the fully occupied

d -antlbonding ones (see Fig. 7). The "layered" topology of the

composite Ag(p)-Ag(p)1T/Ag(pTT)-Ge(p)d molecular orbitals at the S

Ag-Ge Interface Is reasonably close to that shown above to be a

precursor of the superconducting state. Substitution of the

computed Ag pyf layer orbital distance d = 2.8 A Into expression

(1) leads to a transition temperature T c%2.2°K, In good
c

agreement with the observations of Burns et al.. The fact that

the latter Investigators were not able to observe a complete

superconducting transition in the Ge-supported Ag films can

possibly be explained by the "Imperfect" character of the layered

P1f molecular-orbital topology at the Ag-Ge Interface, evident in

Fig. 8, as compared to the more Ideal piT orbital topologies

shown In Figs. 1 and 6.

Finally. Burns et a]. (1) have reported that, above the

superconducting transition temperature, the electrical

conductivity of very thin Ag films on Ge (001) is dominated by

the metal film and displays properties characteristic of metallic

weak localization In two dimensions. This observation can also

be addressed on the basis of the present theoretical model. At

higher temperatures. the s,pS-antibonding electronic states of

the Ag film. i. e. those responsible for the peak In the density

of states of the Ag-Ge system immediately above the T = O°K

"5 "



g Fermi energy EF (see Fig. 7), become accessible to the

conduction electrons which, at temperatures near absolute zero,

are confined to the layered p1T-bonding orbitals. Within the Ag

film, these antfbonding orbitals have the spatially localized 2
character shown in Fig. 5. In other words, the "scattering" of

conduction electrons Into localized metal-metal antibonding

states in the Ag film at higher temperatures could be responsible

for the observed two-dimensional localization characteristics of

the conductivity.
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Figure Captions

Fig.l. Contour map of the pTr-bonding molecular-orbital

wavefunction at the Fermi energy of a 43-atom face-centered-

cubic aluminum cluster, plotted in the (200) crystallographic

plane up to second-nearest neighbors. The solid and dashed

contours represent positive and negative values, respectively, of

the wavefunction.

Fig.2. Three dimensional contour map (the 3-d version of Fig.

1) showing the "layered" topology of the pTr-bonding

molecular-orbital wavefunction at the Fermi energy of a 43-atom

aluminum cluster. This layered topology is believed to be a

precursor to superconductivity in aluminum (see Ref. 2).

Fig.3. (a) Spatial partitioning of a Ag monolayer film into a

Ag 4 subcluster (encircled) and its surrounding environment;

(b) Structure of a Ge substrate looking along the (001)

direction.

Flg.4. Subcluster local electronic density of states for a pure

Ag monolayer film, as computed by the partitioned scattered-wave

method. The principal bonding, nonbonding, and antibonding

characters of the component molecular orbitals are indicated.

Fig.5. Contour map of the spC-antlbonding molecular-orbital

wavefunction corresponding to the density-of-states peak at the

• Fermi energy (Fig. 4) of a pure Ag monolayer film, plotted in the

vicinity of two nearest-neighbor Ag atoms. The solid and dashed

contours represent positive and negative values, respectively, of

the wavefunction.
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Fig.6. Contour map of the PIT-bonding molecular-orbital

wavefunction corresponding to the density-of-states peak

immediately above the Fermi energy (Fig. 4) of a pure Ag

monolayer film, plotted in the vicinity of two nearest neighbor

Ag atoms. The solid and dashed contours represent positive and

negative values, respectively, of the wavefunction.

Fig. 7. Subcluster local electronic density of states for a Ag

monolayer film supported on a Ge (001) substrate, as computed by

the partitioned scattered-wave method. The principal bonding,

nonbonding, and antibonding characters of the component molecular

orbitals are Indicated.

Fig. 8. Contour map of the composite Ag-Ag pWT-bonding/Ag-Ge p "

-bonding molecular-orbital wavefunction corresponding to the

density-of-states peak at the Fermi energy (Fig. 7) of a Ag

monolayer film supported on a Ge (001) substrate. The contours

are plotted In a plane perpendicular to the Ge (001) surface :

through two nearest-neighbor Ag nuclei.
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