
HAL Id: jpa-00220551
https://hal.science/jpa-00220551

Submitted on 4 Feb 2008

HAL is a multi-disciplinary open access
archive for the deposit and dissemination of sci-
entific research documents, whether they are pub-
lished or not. The documents may come from
teaching and research institutions in France or
abroad, or from public or private research centers.

L’archive ouverte pluridisciplinaire HAL, est
destinée au dépôt et à la diffusion de documents
scientifiques de niveau recherche, publiés ou non,
émanant des établissements d’enseignement et de
recherche français ou étrangers, des laboratoires
publics ou privés.

ELECTRONIC STRUCTUREELECTRONIC
STRUCTURE OF LIQUID AND AMORPHOUS

METALS
H. Güntherodt, P. Oelhafen, R. Lapka, H. Künzi, G. Indlekofer, J. Krieg, T.

Laubscher, H. Rudin, U. Gubler, F. Rösel, et al.

To cite this version:
H. Güntherodt, P. Oelhafen, R. Lapka, H. Künzi, G. Indlekofer, et al.. ELECTRONIC STRUCTURE-
ELECTRONIC STRUCTURE OF LIQUID AND AMORPHOUS METALS. Journal de Physique
Colloques, 1980, 41 (C8), pp.C8-381-C8-395. �10.1051/jphyscol:1980896�. �jpa-00220551�

https://hal.science/jpa-00220551
https://hal.archives-ouvertes.fr


JOURNAL DE PHYSIQUE Colloque C8, suppldment au n08, Tome 41,  aoct 1380, page C8-381 

ELECTRONIC STRETURE. 

ELECTRONIC STRUCTURE O F  L I Q U I D  AND AMORPHOUS METALS 

H.J. Gcntherodt, P. Oelhafen, R. Lapka, H.U. ~ c n z i ,  G. Indlekofer, J. Krieg, T. Laubscher, H. Rudin, 
U. Gubler, F. Rgsel, K.P. Ackermannl, g+ Delley2, M. Fischer3, F. Greuter4, E. Hauser5, M. Liard6, 
M. ~cller7, J. ~Cbler', K.H. Bennemann and C.F. ~a~ue++'. 

I n s t i t u t  fiir Physik, Universitiit  Basel, CH-4056 Easel, SLJitzerland 
+Physik-rnstitut,  &hr-UlriversitZt, 0-4680 Bochwn, R. F. A. 

++~heoret ische Physik, Freie Universi tct  ~ e r l i n ,  D-1 Berlin 33, R.F.A. 
+++~aboratoire de Chimie Physique, UniversitS Pierre e t  Marie Curie, F-75031 Paris, France 

Note : The authors have included in this review the presentation of two of their posters. - 

1. INTRODUCTION - This paper will review least these properties a strong similarity 

the progress made in understanding the between the liquid and glassy (g) states. 

electronic structure of liquid (Q) and The recent experimental results on the 

amorphous (a) metals since the Bristol electrical resistivity, the thermopower 

conference. Today, because we know how to and the Hall coefficient are reviewed and 

explain the properties of simple Q- and a- contrasted with theoretical explanations. 

metals and their alloys by the pseudo- The most direct experimental techniques 

potential approach, the interest has shift- such as electron and optical spectroscopy 

ed more towards transition (T) and rare in terms of photoemission (Ultraviolet 

earth (RE) metals and their alloys. Many - Fhotoemission gpectroscopy: UPS, z - ~ a y  

of the known alloy groups which form metal- Photoemission gpectroscopy: XPS) experi- 

lic glasses (MG's) contain T and RE: T-N ments on valence bands, X-ray core level 

(e.g.Fe 8oB20) ; T -T (e.g.Pd35Zr65) ; RE-N spectroscopy, Auger Electron %ectroscopy 
E L 

(e.g.La70AQjO) and RE-T(e.g.Gd70C~30) , (AES) and optical reflectivity are diffi- 

where N: polyvalent metal, TL: late and cult to apply to R-samples and a-films at 

TE: early transition metal. low temperatures. Only recently the MG's 

Until quite recently information about have opened a new field for systematic 

the electronic structure of Q- and a- studies of the electronic structure of 

metals and their alloys has been primarily glassy metals containing T and RE. We re- 

deduced from their electronic transport view the available photoemission data and 

and magnetic properties. These experiments concentrate on FIG'S of the group T E - ~ L  - 
were very helpful in establishing for at For these alloys systematic studies of UPS 
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and X-ray core level spectroscopy are avail- 

able. Additional information comes from 

Soft X-ray Spectroscopy (SXS) . Detailed - 

calculations of the realistic band struc- 

ture for the corresponding crystalline 

compounds by the ASW (Augmented Spherical 

Paves) method (1) provide an excellent in- - 

sight into the subject of the round table 

discussion "Electronic Structure versus 

Atomic Scale Structure" at this meeting. 

2. ELECTRICAL TRANSPORT PROPERTIES - The 

experimentally observed magnitude, as well 

as temperature and composition dependence 

of the electrical resistivity of R- and g- 

metals at high temperatures (T 2TD; where 

TD: Debye temperature) are comparable. In 

!Z- and g-metals and alloys it is often 

found that the resistivity decreases with 

increasing temperature. Such negative 

temperature coefficients (NTC ' s) in the R- 

state have traditionally been explained by 

the Ziman theory. This theory deals with 

the potential scattering of the conduction 

electrons by a disordered array of scatter- 

ing centers. In simple R-metals these 

scattering centers have been represented 

by pseudopotentials, and in R-T and RE 

metals by muffin-tin potentials. Subsequent- 

ly, the Ziman theory has been extended to 

explain the NTC's in R-RE and in alloys of 

9.-T and RE metals. A NTC can be obtained 

in this model if 2kF s k where k is the 
PI P 

position of the first peak in the structure 

factor S ( k )  and 2kF is the diameter of the 

Fermi sphere. 

The original Ziman theory was essential- 

ly a weak scattering theory and it is not 

clear that it should be valid for such 

strong scattering materials as R-T and RE 

metals. In these cases the resistivity is 

very high and the mean free path very short. 

Clearly a crucial test of this theory would 

be an explanation of the resistivity of the 

divalent metals Eu, Yb and Ba which have 

2kF%k . The successful application of 
P 

this theory to R-RE and their alloys (2,3, 

4) shows that the Ziman approach appears to 

be valid even outside the weak scattering 

regime for which it was originally indend- 

ed. Moreover, such an application gives 

evidence for varying d-band occupancy 

across the trivalent RE series in accord 

with band structure calculations, thus 

providing information about the number of 

s,p and d electrons which contribute to 

the total number of three valence electrons 

for the RE. 

The electrical resistivity and its 

temperature coefficient for the R-RE 

series show the following behaviour: For 

the trivalent elements the resistivity in- 

creases rather monotonically from La to Lu, 

whereas the temperature coefficient 

changes from slightly positive at La to 

slightly negative at Lu. Those elements 

which are divalent, i.e. Eu and Yb, behave 

exceptionally: for Eu the resistivity is 

higher than for any element of the RE 

series, whereas Yb has a very low value. 

In both cases the temperature coefficient 

is negative. The key quantity is the number 



of conduction electrons per ion. For Eu and 

Yb two conduction electrons are assumed, 

whereas bandstructure calculations (5) for 

the RE'S give evidence that, for the tri- 

valent elements, the number of conduction 

electrons increases from about 0.5 for La 

to 1.5 for Lu. These facts explain the 

trend of the resistivity and its tempera- 

ture coefficient for the R-RE series. Part- 

icularly, the 2kF values calculated for Eu, 

Yb and Lu are very close to the correspond- 

ing k values. Detailed quantitative cal- 
P 

culations of the electrical resistivity 

and its temperature coefficient for R-Eu, 

Yb, La, Gd and Lu are in good agreement 

with experimental results (3,4) . 
In view of the strong similarities of 

the ionic .and electronic properties of the 

II- and g-states, the extended Ziman theory 

was used as a first starting point to 

understand the resistivity of MG1s. In the 

meantime a more general formalism was de- 

veloped to describe the resistivity in the 

range T<TD (6). Indeed, many of the recent- 

ly studied MG1s show NTC1s. Among these 

systems are alloys of the TE-TL, RE-N and 

RE-T groups. All these alloys show NTC's 

in the R-state. In order to fulfill the 

condition 2kF%k the following conclusions 
P 

can be drawn: The TE provide two or even 

more conduction electrons per atom, in any 

case more than the TL. The NTC's of g- 

La-AR alloys can be explained in a similar 

way as for liquid Ce-Sn. A possible break- 

down of the Ziman model might be indicated 

by the NTC's in g- and L- RE-T alloys. The 

apparent inconsistency can only be replaced 

by the fact, that 2kF-values of the alloys 

cannot simply be extrapolated from the 

values of the pure components. Charge trans- 

fer can alter these numbers. Moreover,*the 

reported NTC1s of g- AU-La are the strong- 

est evidence against the Ziman approach. 

However, the liquid alloys of the mono- 

valent noble metal-RE alloys show positive 

temperature coefficients. As examples the 

electrical resistivity of g- and R- 

Gd67C033 and of glassy alloys of Zr are 

shown in Figs. 1 and 2. The observed re- 

sistivity values of the g-Zr alloys are by 

a factor of two smaller than reported in 

the literature ( 7 , 8 )  . 

Fig.1 Resistivity of liquid and glassy 

Gd67C033 

Fig.2 Resistivity of glassy alloys of Zr. 
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Several other theories have attempted to 

explain the NTC's of MG's. For a recent re- 

view see Ref.9. Unfortunately, it is very 

difficult to produce actual numbers of the 

resistivity and its tenperature coefficient 

by these alternative theories. Therefore, 

it is still considerable controversy which 

of these theories is most applicable for 

explaining the experimental results. An 

alternative theory (10,111 proposes the 

existence of quantum-mechanical two-level 

states for some atoms in a disordered solid. 

The scattering of electrons from the local- 

ized excitations arising from these tunnel- 

ing states can give rise to both a resist- 

ivity minimum and a NTC over a wide temper- 

ature range. Another theory proposed to 

explain the NTC's is the Mott s-d scatter- 

ing model (12) which relates the NTC's to 

the density of states at the Fermi energy 

EF. Of similar origin is the idea given by 

Brouers (13). In view of the now available 

photoemission data it would be very attrac- 

tive to examine these models again. Finally, 

a recent theory by Johason and Girvin (14) 

which relates the NTC's to localization 

phenomena is of particular interest. They 

suggest a microscopic origin of the Hooij 

correlation in terms of a strong scattering 

theory. The rlooij correlation (15) says 

that systems with resistivity larger than 

150~62cm generally have NTC's. In order to 

decide how suited the Jonson and Girvin 

idea is to understand the resistivity %n 

9,- and g-metals, it would be extremely 

helpful to know the consequences of this 

theory for the thermopower and for the Hall 

coefficient . 
The study of the thermoelectric power is 

particularly valuable to test theories of 

the electrical resistivity since it is 

qiven by the energy derivative of the re- 

sistivity. Therefore, measurements of the 

thermoelectric power can identify the 

scattering mechanism which most accurately 

describes the electrical transport in the 

liquid and glassy states. Furthermore, the 

predicted behaviour of the thermoelectric 

power by the various models will be sub- 

stantially different. For the non-magnetic 

MG's, it is apparent that of the existing 

theories only the Ziman theory is consist- 

ent with the experimental thermoelectric 

power results. In this theory the thermo- 

power should be a linear function of tem- 

perature with a small slope. The thermo- 

electric power will be positive if 2k sk 
F P' 

For those alloys with a NTC it was found 

that the thermopower was small, positive, 

and varied linearly with temperature over 

the entire range from 10K to 600K. (See 

Ref .l6) . 
The Hall coefficients of g- Mg-Zn and 

Pd-Si alloys show a negative sign and seem 

to be in reasonable agreement with the 

free-electron model. However, many of the 

studied MG's show positive Hall coefficients. 

More details are shown in Table 1. It be- 

comes obvious that the positive Hall 

coefficients of the glassy alloys are re- 

lated to the positive values of the pure 

components dominating the electronic 



transport. Positive Hall coefficients were 

observed for pure Fe, Co, La and Ce in the 

liquid state. There is still no satisfac- 

tory theory to explain such positive Hall 

coefficients. Plott's idea (17) concerning 

the Hall effect in non-crystalline systems 

has still to be extended to L- and g-metals. 

The shifts of the Hall coefficients of Pb 

and Bi towards smaller values as compared 

to the free-electron model have been 

explained in terms of skew scattering due 

to the spin-orbit interaction (18). This 

theory has been extended to L-T metals (19) 

in terms of exchange scattering. Although 

the effect of exchange scattering is an 

order of magnitude larger than that of 

spin-orbit scattering, it is still an order 

of magnitude too small to account for the 

Hall coefficient of L- Fe and Co. 

Table 1 Hall coefficient of several MG's 
at room temperature. 

change of sign from negative to positive. 

The measured Hall coefficients ranging 

-11 from -8.72 . 10 m3/As for Ni-rich alloys 

to +30.5 - 10-l1 mYAs for alloys containing 
more Fe. Figure 3 shows a summary of the 

measured Hall coefficients RH at 20 and 

2000C, the normal Hall coeffient Rot the 

resistivity and its temperature coefficient 

as a function of Fe concentration. In the 

paramagnetic region the measured Hall 

coefficient RH is given by RH=Ro + R L x  , 

where Rl is the anomalous Hall coefficient. 

We have measured the Hall coefficients Fig.3 Measured Hall coefficient RH at 20 

of paramagnetic (FexNil-x)77B13Si10 alloys and 2000C, normal Hall coefficient R~ , 
electrical resistivity and its temperature 

(x: 0-15 at. % )  in order to reveal more in- coefficient of glassy (FexNi ) B Si 
1-x 77 13 10' 

CU30Zr70 

+7.3 

W81si19 

-9.6 

ALLOY 

rk[lo-ll&] 

(Fe, NI~.~),,S~,~B,~ 

formation about the Hall effect in g- 

Cu45Zr55 

+8.7 

'Q7~zn3~ 

-8.3 

'0 I- 

ALLOY 

metals. The main aim has been to study the 
Therefore, the normal Hall coefficient R 

0 

La7@30 Fe24Zr76 

[lo-l1 g] 

can be separated from the total RH by 

Ni24Zr76 

+2.5 

Cu50Ti50 

+12 

ALLOY 

%[lO-'lG] 

La65C035 

t4.l 

C022Zr78 

+2.4 Q 50 -* 

CU60Zr40 

6.6 

% ~ 5 ~ 3 5  

xl%l -  
+9.6 -9.0 

0 1 I I I 
0 

-10.6 0 3 6 9 12 15 
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plotting RH versus x , the magnetic sus- 

ceptibility. The Hall coefficients at 20 

and 200°C and the normal Hall coefficient 

change from negative to positive with in- 

creasing Pe concentration. Such a change 

of sign is already indicated in .t- 

(Fe,Nil-x) 80Ge20 alloys (20) . 

3. ELECTRON SPECTROSCOPY - A comparison 

of the electronic density of states of R- 

and g- metals and alloys with the density 

of states in the crystalline state yields 

information on the role of crystal perio- 

dicity on the electronic states. Moreover, 

the density of states is the key for the 

explanation of many physical properties 

such as magnetism, superconductivity, 

compound formation etc. Furthermore, the 

relationship between the electronic band 

structure and the atomic scale structure 

on the one hand and the glass forming 

ability on the other hand is of great in- 

terest. 

The following metallic glasses have been 

studied by photoemission: Pd77.5Cu6Si16-5 

(211, Pd-Si (22-24), FeSOBZO and similar 

alloys (25-27), and alloys of the follow- 

ing two groups: RE-T (27) and TE-TL (28-32). 

The most comprehensive and exciting 

results on the MG's so far studied come 

from alloys containing TE and TL. The in- 

vestigated alloys are: Fe-Zr, Co-Zr, Ni-Zr, 

Cu-Zr, Pd-Zr, Pt-Zr, Rh-Zr, Cu-Ti, Ni-Nb 

and Ni-Ta. Figure 4 shows the valence band 

spectra of glassy alloys of Zr with Cu, Pd, 

Ni, Co and Fe. All these spectra are 

I I I I I I I I - 

UPS 21.2 eV 

Fig.4 Valence band spectra of alloys of 

Zr with Cu,Pd,Ni,Co and Fe obtained by UPS. 

characterized by varying d-band splittings 

and binding energy shifts. There is a 

distinct two peak structure of Cu and Pd 

alloys with Zr. In other words, the valence 

bands of these two alloys are formed by 

two well separated components, one lying 

close to the Fermi energy EF, the other 

appearing at a higher binding energy. The 

relative intensities of the two peaks are 

modified as the relative composition of 

the alloy is changed, from which it is 

concluded that the Pd 4d- and Cu 3d-bands 

have shifted from their positions relative 

to EF in the pure metal. The TL d-states 



provide the main contribution to the higher 

binding energy component of the spectrm. 

Such a behaviour is in contrast to the re- 

sults of solid solutions e.g. Cu-Nil Ag-Pd, 

but is typical for crystalline inter- 

metallic compounds (33,34). The separation 

of the two d-band peaks is decreased by re- 

placing Cu and Pd by Ni, Co and Fe. From 

measurements performed at different alloy 

compositions it was established that the 

high binding energy peak in Ni-Zr, Co-Zr 

and the maximum in the Fe-Zr spectrum is 

mainly related to d-states of the late 

transition metal and the peak near EF to 

the Zr d-states. 

The shift of the d-states of TL to 

higher binding energies results in a de- 

crease of +he local density of states at 

EF for the TL. Since the core level line 

shape is related to the local density of 

states near EF, the core level line shapes 

of the TL, which are highly asymmetric in 

the pure metals, become very symmetric in 

the glassy alloys. (Fig. 5) . 

-- 
.A - 

I 
3 
a XPS 112536eVI 
b - 
,x CO~PY, 

E r 

Fig.5 Core level line shapes of Co 2p in % 
the pure metal and in the glassy alloy 

C040zr60 ' 

A conparison of the photoemission spec- 

tra for the tlG1s Pd35Zr65 and C U ~ ~ Z ~ ~ ~  with 

the corresponding result for the crystalline 

compounds FdZr2 and Cu3Zr2 shows that the 

d-band splitting and d-band binding energy 

shift is not a specific property of the 

glassy alloys but is also found in the 

crystalline phase. We find essentially the 

same d-band peak positions for Pd and Cu in 

the crystalline and glassy state. However, 

the shape of the d-band is changed. In the 

crystalline compound Cu3Zr2 (Fig.6) the Cu 

d-band peak exhibits the covalent splitting 

which is typical of the pure Cu d-band 

spectrun, whereas in the glassy state the 

Cu d-band becomes more Gaussian-like. 

Fig.6 UPS spectra of pure Cu, the crystal- 

line compound Cu3Zr2 and the glassy alloy 

CU6~Zr40 ' 

The strong similarity of the d-band 

positions in the crystalline and glassy 

state has two inportant consequences: 

1. For the positions of the d-bands real- 

istic calculations for crystalline compounls 
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can be used to gain insight into the posi- 

tion of the d-band in the crystalline as 

well as in the glassy state. 

2. The alloy heats of formation are mainly 

determined by the d-band position and width. 

Therefore, the heat of formation for the 

g-state is only slightly different from the 

one of the crystalline state. This fact is 

supported by measurements of heats of 

crystallization which turned out to be mall 

compared to the alloy heats of formation. 

This means that the g-state lies energe- 

tically very close to the crystalline 

state. Consequently, the question arises 

what determines for a given composition 

whether a crystalline compound or a MG is 

formed? 

Recent band structure calculations (35) 

for crystalline compounds using the ASW 

method are consistent with our results and 

reproduce the observed trends. Williams et 

al. (36) calculated the density of states 

for a crystalline Zr-Rh compound. These 

results for the crystalline state show 

considerable structure in the d-bands. The 

first calculations for these systems based 

on the amorphous structure are presented 

at this conference (37,38) . 
Figure 7 shows the total (s,p,d) and the 

partial d-density of states calculated by 

the ASW method in comparison with the 

experimental UPS data of glassy PdZ5ZrT5. 

The calculated results refer to the 

crystalline compound PdZr3 with Cu3Au type 

symmetry. The partial d-density of states 

indicates a splitting of the Pd and Zr 

Fig.7 Calculated total (s,p,d) and partial 

d-density of states DOS of the crystalline 

compound PdZr3 with Cu3Au symmetry and the 

UPS spectrum of glassy Fd 
252r75' 

-- 

6 5 L 3 2 1 E F = ~  EB[eV] 

Fig.8 Calculated total (s,p,d) and partial 

d-density of states of the crystalline 

compound CuZr3 with Cu Au symmetry and the 
3 

UPS spectrum of glassy C U ~ ~ Z ~ ~ ~ .  

states itself in order to build up the two 

peak structure. Again this behaviour is in 

strong contrast to what is known for solid 

solutions. Figure 8 shows similar data for 



t h e  c r y s t a l l i n e  compound CuZr3 and t h e  

g l a s sy  C U ~ ~ Z ~ , ~  a l l o y .  Another example 

shows t h e  band s t r u c t u r e  c a l c u l a t i o n  of a  

NiNb compound. (F ig .9 ) .  The d-band complex 

i s  s h i f t e d  c l o s e r  t o  EF when t h e  CuAu- o r  

CsCL-structure is app l i ed  i n s t e a d  of t h e  

NaCL-structure. For comparison t h e  p a r t i a l  

d-densi ty of s t a t e s  f o r  N i  i s  shown. It is 

c l e a r l y  seen t h a t  t h e  peak a t  1.2eV i n  t he  

UPS spectrum a r i s e s  from N i  d - s t a t e s .  There- 

f o r e  t h e  N i  d-band is  s i g n i f i c a n t l y  s h i f t e d  

t o  h igher  binding ene rg i e s  r e l a t i v e  t o  pure 

N i .  

..-. 
tJl 

I I I I I I I I 

5 
- 
X 
% V) 

NlsoNbLo UPS 121 2evI .- 
C - 

CsCl structure 

Fig.9 Calcula ted  t o t a l  ( s , p , d )  d e n s i t y  of 

c r y s t a l l i n e  NiNb wi th  NaCL, C s C k  and CuAu 

s t r u c t u r e  and t h e  UPS spectrum of g l a s sy  

Ni60Nb40. For comparison t h e  p a r t i a l  N i  d- 

d e n s t t i e s  of s t a t e s  a r e  shown. 

Photoemission experiments y i e l d  only  

t h e  t o t a l  dens i ty  of  s t a t e s  and a r e  n o t  

capable of d i s t i n g u i s h i n g  between d - s t a t e s  

coming from Pd and Z r .  Therefore,  SXS 

experiments (39) have been performed t o  

probe t h e  l o c a l  e l e c t r o n i c  s t r u c t u r e  by 

determining t h e  p a r t i a l  d-densi ty of  s t a t e s .  

F i q . 0  The Pd and Z r  S X S  LB2115 emission 

bands i n  t h e  pure meta ls  and i n  g l a s s y  

Pd30zr70' 

Figure 10 shows t h e  Pd and Z r  L132,15 X-ray 

emission bands i n  t h e  pure meta ls  and i n  

g l a s sy  Pd30Zr,0. Indeed, t h i s  experimdnt 

suppor ts  t h e  r e s u l t s  of  t h e  above mentioned 
I 

c a l c u l a t i o n s  and t h e  r e s u l t s  ob ta ined  by 

e l e c t r o n  spectroscopy.  The LB2,15 emission 

band of Z r  i n  t h e  a l l o y  shows on t h e  low 

energy s i d e  a  shoulder  confirming t h e  

s p l i t t i n g  of  t h e  Z r  d-band. I n  s o l i d  solu-  

t i o n s  such a shoulder  does no t  occur  (40 ) .  

The L82,15 emission band of Pd i n  t h e  a l l o y  

shows a s h i f t  t o  lower ene rg i e s  w i th  

r e s p e c t  t o  pure Pd. A very s i m i l a r  spectrum 

a s  obta ined  by UPS can be cons t ruc t ed  by 

pos i t i on ing  t h e  X-ray emission bands wi th  

r e s p e c t  t o  EF by means of X-ray co re  l e v e l  

b inding  energy de termina t ions .  These 
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e x p e r i m e n t a l  r e s u l t s  a r e  i n  good agreement 

w i t h  r e c e n t  c l u s t e r  c a l c u l a t i o n s  ( 3 7 , 3 9 ) .  

There  a r e  two i n t e r e s t i n g  c o r r e l a t i o n s  

between 1.) t h e  g l a s s  forming a b i l i t y ,  t h e  

g l a s s  t e m p e r a t u r e  and t h e  d-band b i n d i n g  

energy  s h i f t  EB of  t h e  TL, and 2 . )  t h e  

g l a s s  forming a b i l i t y  and t h e  a l l o y  h e a t s  

of  fo rmat ions  o f  t h i s  a l l o y  group. For  more 

d e t a i l s  see Ref.35 . 
There  is  s t i l l  t h e  open q u e s t i o n ,  t o  

.. . 
what e x t e n t  t h e  Pd d - e l e c t r o n s  c o n t r i b u t e  

t o  t h e  d e n s i t y  o f  s t a t e s  a t  EF i n  g l a s s y  

Pd-Si ( 2 2 , 2 3 ) .  I n  view o f  t h e  s u c c e s s f u l  

a p p l i c a t i o n  o f  t h e  ASli method t o  TE-TL 

a l l o y s ,  w e  performed c a l c u l a t i o n s  f o r  

c r y s t a l l i n e  Pd3Si i n  t h e  Cu3Au s t r u c t u r e .  

The c a l c u l a t i o n s  a r e  shown i n  F ig .11  and 

compared w i t h  t h e  UPS spectrum o f  g l a s s y  

Pd84Si16, The p a r t i a l  d - d e n s i t y  of  s t a t e s  

i s  g i v e n  p e r  Pd atom and t h e r e f o r e  t h e i r  

c o n t r i b u t i o n  t o  t h e  t o t a l  d e n s i t y  o f  s t a t e s  

h a s  t o  be  m u l t i p l i e d  by a f a c t o r  o f  t h r e e .  

Note,  t h a t  t h e  main c o n t r i b u t i o n  t o  t h e  

d e n s i t y  o f  s t a t e s  a t  EF is  coming from Pd 

d - s t a t e s .  

W e  would l i k e  t o  i n c l u d e  v e r y  r e c e n t  

d a t a  on a  s p e c i f i c  t o p i c  o f  e l e c t r o n  spec-  

t r o s c o p y  which goes  beyond t h e  s i n g l e  

p a r t i a l  p i c t u r e  used i n  pho toemiss ion  and 

i n  band s t r u c t u r e  c a l c u l a t i o n s .  The s u b j e c t  

d e a l s  w i t h  t h e  Secondary E l e c t r o n  @ i s s i o n  

(SEE) and t h e  Energy Zoss  Spec t roscopy  

(ELS) i n  t h e  l i q u i d  s t a t e .  F i g u r e  12 shows 

a  t y p i c a l  e l e c t r o n  spectrum o b t a i n e d  bi 

bombarding s o l i d  and l i q u i d  E-;g w i t h  e l e c -  

t r o n s  having a  p r imary  energy  o f  25eV. The 

F iq .11  The c a l c u l a t e d  t o t a l  and p a r t i a l  

d e n s i t y  o f  s t a t e s  o f  Pd3Si i n  t h e  Cu3Au 

s t r u c t u r e  and t h e  UPS spectrum o f  g l a s s y  

Pd84Si16. 

0 5 10 15 2 0  25 ( e V  ) 

ELECTRON ENERGY E 

Fig.12 Secondary e l e c t r o n  emiss ion  and 

e l e c t r o n  e n e r g y  l o s s  s p e c t r a  o f  s o l i d  and 

l i q u i d  Hg. 

p a r t  o f  t h e  spectrum i n  t h e  energy  range  0  

t o  l O e V  i s  t y p i c a l  o f  a  SEE spectrum.  The 

r a n g e  from 1 5  up t o  25eV shows a  t y p i c a l  

e l e c t r o n  energy  l o s s  spectrum.  The obse rved  

s t r u c t u r e s  c a n  be e x p l a i n e d  i n  t h e  fol low- 

i n g  way: The peak a t  6.7eV a r i s e s  from 



volume plasmon e x c i t a t i o n .  The s t r u c t u r e s  

a t  8.3 and 10.4eV can b e  a t t r i b u t e d  t o  

i n t e r b a n d  t r a n s i t i o n s  t o  EF from t h e  Hg 

5d3 - s t a t e s  which a r e  l o c a t e d  a t  b ind ing  
4' 4 

e n e r g i e s  o f  8 and lOeV r e s p e c t i v e l y  ( 4 1 ) .  

These t h r e e  s t r u c t u r e s  do n o t  change a t  

t h e  s o l i d - l i q u i d  t r a n s i t i o n .  However, t h e  

SEE s p e c t r a  i n  t h e  s o l i d  and l i q u i d  s t a t e s  

a r e  s l i g h t l y  d i f f e r e n t ,  probably r e f l e c t -  

i n g  t h e  d i f f e r e n c e  i n  t h e  s u r f a c e  proper-  

t ies.  F i g u r e  1 3  shows t h e  e l e c t r o n  energy 

l o s s  spectrum and i t s  second d e r i v a t i v e  

f o r  l i q u i d  Ga. The two i n t e n s e  energy l o s s  

peaks a t  10.7 and 14.2eV can b e  e x p l a i n e d  

by s u r f a c e  and volume plasmon e x c i t a t i o n s .  

The weaker s t r u c t u r e s  i n  t h e  range  of  20 

t o  30eV can b e  a t t r i b u t e d  t o  combined 

s u r f a c e  and volume plasmon l o s s e s .  These 

plasmon e x c i t a t i o n s  a r e  r e f l e c t e d  i n  SEE 

s p e c t r a .  Due t o  plasmon decay a  s i n g l e  

e l e c t r o n  from t h e  va lence  band can be 

e x c i t e d  and w i l l  c o n t r i b u t e  t o  t h e  second- 

a r y  e l e c t r o n  i n t e n s i t y  ( 4 2 ) .  The k i n e t i c  

energy o f  such an e x c i t e d  e l e c t r o n  i s  

g iven  by Ekina IIw - I$ , where ?Iw is  t h e  

plasmon energy  and $I i s  t h e  work f u n c t i o n  

of  t h e  l i q u i d  sample ( 4 2 ) .  F i g u r e  14 shows 

t h e  SES d a t a  of l i q u i d  Ga and fig, where 

we observe  such c o n t r i b u t i o n s  f o r  Ga, b u t  

n o t  f o r  Hg. I n  t h e  c a s e  o f  l i q u i d  Ga 

($I = 4.3eV; f l w  = 10 .7  and 14.2eV) t h e  maxi- 

mum k i n e t i c  energy of an e x c i t e d  secondary 

e l e c t r o n  is  6.4eVr due t o  s u r f a c e  plasmon 

decay,  and 9.9eVr due t o  volume plasmon 

decay. By t a k i n g  i n t o  account  t h e  work 

f u n c t i o n  of  t h e  r e t a r d i n g  f i e l d  a n a l y z e r  

ELS Ga - 

ENERGY LOSS (eV) 

Fig.13 E l e c t r o n  energy l o s s  spectrum and 

i t s  second d e r i v a t i v e  o f  l i q u i d  Ga. 

I I 
R E T A R D I N G  VOLTAGE. V,[V) 

Fig.14 Secondary e l e c t r o n  energy d i s t r i -  

b u t i o n  and i t s  d e r i v a t i v e .  

t h e s e  two l i m i t s  appear  a t  6.2 and 9.7eV 

a s  shown by t h e  dashed l i n e s  i n  Fig.14. 

I n  t h e  c a s e  of Hg ( @ = 4 . 5 e V r  nw=6.7eV) 

t h e  e l e c t r o n s  due t o  plasmon decay can  

o n l y  occur  below an energy of  2.2eV and 

t h e r e f o r e  c o i n c i d e  w i t h  t h e  maximum o f  t h e  



C8-392 JOURNAL DE PHYSIQUE 

SEE distribution. 

4. OPTICAL PROPERTIES 

100 

Fig.15 Optical reflectivity of glassy 

alloys of Zr with Cu,?d,Pt,Ni,Co and Fe. 

The experimental results obtained by elec- 

tron spectroscopy can be supported by opti- 

cal spectroscopy. This has been shown for 

Pd-Si glasses (44). Here, the main emphasis 

is on the alloys of group TE-TL. Figure 15 

shows the optical reflectivity data of 

alloys of Zr with Cur Pt, Fd, Ni, Co and Fe. 

The reflectivity of pure Zr is very close 

to the one of Fe24Zr76. Certainly for a de- 

tailed discussion a Kramers-Kronig analysis 

has to be prepared and the optical reflect- 

ivity data of the pure components have to 

be taken into account. Most clearly a re- 

lation between the density of states and 

the optical reflectivity is seen by a com- 

parison of the data of glassy Pd 3oZr70 and 

Fe24Zr76. Figure 16 shows the optical 

reflectivity of glassy Pd 30Zr70. There is 

a structure at approximately 4eV which is 

also the binding energy of the Pd d-states. 

Fig.16 Optical reflectivity of Pd 3oZr70 Fig.17 Optical reflectivity of Fe24Zr76 

and comparison with UPS spectra and Drude and comparison with UPS spectra and Drude 

theory. theory. 



The UPS spectrum is drawn on the same 

figure to illustrate this point. Me there- 

fore dssociate this structure in the re- 

flectivity with transitions from the Pd 

d-states to EF. The optical reflectivity 

and the UPS spectrum of Fe24Zr76 is shown 

in Fig.17 . In contrast to Fig.16 the 
optical reflectivity does not show any 

structure around 4eV. 

Measurements of the optical reflectivity 

were extremely helpful to elucidate inform- 

ation on the electronic structure in the 

liquid state. Figure 18 shows the optical 

reflectivity (45) of R- Au81Si19 (-o-o-) 

measured at a temperature of 4200C. For 

comparison the spectra of the a- AuglSi19 

(full line) prepared by getter sputtering 

in argon (46) and of pure crystalline Au 

( - - -  .) are also presented. The broken 

lines indicate the results from the Drude 

formula. The reflectivity of the X- alloy 

decreases with increasing photon energy 

without any sharp structure. This is simi- 

lar to the a-state, but the absolute values 

are higher by about 5-10%. The behaviour 

of the R- and a-alloy is very different 

from that of pure crystalline Au which has 

a characteristic reflection edge at an 

energy of 2.4eV. However, there is a signi- 

ficant difference between the R- and the 

a-alloy concerning the relaxation time and 

therefore the optical resistivity. This 

difference is directly related to the low- 

er reflectivity of the a- compared to the 

R-alloy. We feel that the large discrepan- 

cy between the optical and DC resistivity 

Fig.18 Optical reflectivity of liquid and 

amorphous Au 8lsi19 ' 

in the a-state might be caused by 

scattering from the nonperfect surface of 

the a-films. 

The differential optical reflectivity 

of several dilute liquid alloys of Au, Ag, 

Cu and Sn have been measured (47). The 

observed deviations from a simple Drude 

behaviour could be explained in terms of 

virtual bound states arising from the d- 

electrons of the noble metal. A detailed 

analysis reveals the energy of the center 

Ed and the width 2A of the virtual bound 

states. Figure 19 shows the concentration 

dependence of Ed and 2A for liquid Au-Sn 

alloys. The extrapolation of Ed and 2A as 

a function of concentration to pure Au 

leads to an estimate of the position and 

width of the d-band of pure liquid Au. 

These are in good agreement with the re- 

sults of photoemission experiments (4 8) . 
Therefore it is tempting to suppose that 

an extrapolation determines the position 
n 
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and w i d t h  o f  t h e  d - s t a t e s  o v e r  t h e  e n t i r e  

c o n c e n t r a t i o n  r a n g e .  

F i g . 1 9  P o s i t i o n  and w i d t h  o f  t h e  d - v i r t u a l  

bound s t a t e s  o f  l i q u i d  Au-Sn a l l o y s .  
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