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AMORPHOUS METALS STUDIED BY SUPERCONDUCTIVE TUNNELING (*) 

C. G. GRANQVIST (**) 

Physics Department, Chalmers University of Technology 
Fack, S-402 20 Gothenburg 5, Sweden 

RBsumB. - Nous avons pu utiliser la forme induite par les phonons dans les courbes d'effet tun- 
nel supraconducteur pour examiner le degrk d'ordre structural dans des films evaporks sur support 
refroidi. L'etat amorphe est toujours caractQis6 par une structure distincte B des energies typiques 
des phonons longitudinaux. Dans des films d'alliages les temperatures de transformation d'un ktat B 
I'autre ont pu 6tre identifikes avec celles ou il se produit une discontinuitk dans la variation de la 
rksistivite avec la temperature. Ces temperatures sont relikes aux points de fusion des solutks purs. 
Les qualitks vibrationnelles dans les films amorphes sont influenckes par les dimensions B un 
moindre degre que dans les films microcristallins. Les tempkratures de transformation sont augmen- 
tees dans des films trks minces. 

Abstract. - The phonon induced structure in tunneling curves has been used to investigate the 
degree of lattice order in vapour quenched films. The amorphous state is always characterized by 
one pronounced structure at energies typical for longitudinal phonons. In alloys the temperatures 
of transformation from one state of order to another could be identified with those where steps 
occurred in resistance us. temperature plots. These temperatures scale with the melting points of the 
pure solutes. The vibration properties of amorphous films are much less influenced by sample 
dimensions than in microcrystalline films. The order transformations take place at increased tempe- 
ratures in very thin layers. 

1.  Introduction. - When metal vapour is condensed 
onto a liquid-helium-cooled substrate the small diffusi- 
vity of the adsorbate leads to a highly disordered atomic 
arrangement. Such vapour quenched (V. Q.) films have 
been studied by diffraction of electrons or X-rays. 
From the compilation of data in Table I it is seen that 
Be, Ga and Bi form amorphous (A) structures by 
vapour quenching, whereas the other pure elements are 
crystalline with a short range order (CsRo). The mean 
grain size is roughly 10 nm for thick films [4]. The 
alloys display amorphous structures which is reaso- 
nable as the impurities prevent crystallization. Only 
non-transition elements are included in Table I since 
the results on the transition metals differ very much 
between different works. 

In  this work we report on superconducting tunneling 
into V. Q. films. Provided the electron-phonon coupl- 
ing is not too weak one obtains the function a2(o) m) 
(where a2 is an averaged frequency dependent electron- 
phonon coupling strength, and F is the phonon distri- 
bution) mirrored in the experimental d21/dV2 vs. V 
curves 1121 ( I  is the tunnel current and V is the bias 
across the barrier of the tunnel junction). As a2(w) 
varies slowly in comparison with F(@) one gets a good 
picture of the phonon spectrum by studying the second 

derivative of the tunnel current. This technique can be 
applied to  the metals of Table I with the exceptions of 
Be and Zn that have very weak electron-phonon 
interactions [13, 141. After an outline of the experi- 
mental procedure in Section 2 we report on such phonon 
induced tunneling structure in various elements and 

Compilation of results from dzfraction measurements 
on vapour quenched metal films 

Metal 
- 

Be 
AI 
Zn 
Ga 
In 
Sn 
Hg 
T1 
Pb 
Bi 
SnCu 
P b - ~ i  

Lattice 
order (") 
- 

A 
CSRO ' 

C~~~ 
A 
CSRO 
CSRO 
C~~~ 
CSRO 
C~~~ 
A 
A 
A 

EXP. 
technique (b) Reference 

- - 

E [l-31 
E E41 
E ~ 4 1  
E [l, 5-81 
E L41 

E, X [5,91 
E [41 
E L41 
E 14, 101 
E [l ,  5,6 ,  10,111 

E, X 15~91 
E [l, 2, 101 

(*) Supported by the Swedish Natural Science Research 
Council. (") A: amorphous ; CsRo : crystalline, short range 

(**) Present address : Dept. of Appl. Phys. Cornell Uni- order. 
versity, Ithaca, N. Y. 14853, USA. (b) E : electron diffraction ; X : X-ray diffraction. 
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alloys in Section 3. We also investigate the influence on 
the function a2 Ffromvery small film thicknesses. These 
experiments, that are based on measurements of the 
superconducting transition temperatures and energy 
gaps, are reported in Section 4.  Annealing data for V. Q. 
alloys are described in Section 5 and in Section 6 the 
stabilization of the metastable phases are discussed. 

2.  Experimental technique. - The alloys are pro- 
duced by sealing off the components in quartz tubes 
containing He gas and melting in an HF-furnace at 
such a high temperature that full solubility is achieved. 
After quenching from the liquid in water, grains of the 
alloys (normally produced by filing) are put in the 
feeding mechanism of a flash evaporation unit. Conden- 
sation of alloy vapour onto a predeposited and oxidized 
AI strip on a single crystal quartz substrate in our 
evaporator-cryostat [l41 allows tunnel junctions of the 
conventional Al/oxide/metal type to be produced. The 
substrate is cooled by liquid 3He and remains below 
2 K at the surface during evaporation. The tunnel 
junctions can be cooled to 0.3 K. 

The d21/dVz vs. V curves are obtained by harmonic 
detection of the off-balance signal in a bridge coupl- 
ing [15]. The superimposed ac signal is generally 
200 pV RMS. 

Film thicknesses are read on a quartz crystal oscilla- 
tor microbalance with a relative resolution of about 
0.1 nm and an absolute accuracy of some 10-20 %. 

3. Phonon induced tunneling structure of amor- 
phous films. - The lower curve of figure 1 shows a 

d2V/d1' vs. V (l) plot for V. Q. Bi in its amorphous 
state (cf. Table 1). The curve is characterized by a 
shallow dip centered around 9 meV in excellent 
agreement with the results of 1161. 

The data for Pbo.,Ag0., in figure l is qualitatively 
similar to the one for amorphous Bi, and the dip is 
located at the same energy. The curve is an example 
from our investigation of Pbo,,M0., alloys (M : Na, 
Mg, Zn, Ga, Ge, Ag, Cd, In, Sn, Sb, Te) [l71 where 
identical curves were registered for the V. Q. alloys 
with one exception : Pbo.,In0., displayed structure at 
low energy reminiscent of the transversal modes of pure 
Pb. This alloy is the only one with full solid solubility. 

The plot for TI, .,Ago,, also has the characteristic 
dip around 9 meV as its only reproducible phonon 
induced feature. Due to the lower electron phonon 
interaction in this alloy the structure is much weaker 
than for Pb or Bi. In our investigation of TIo.,X0., 
alloys (X : Na, Zn, Ag, Cd, Sn) [l81 we observed some 
contributions from transversal modes except in 
TIo,,Ag0,, ; this is the only alloy with vanishing solid 
solubility. 

If we dejine an amorphous state as one lacking 
clearly resolved transversal phonon structure in 
d21/dv2 VS.  Vcurves (in agreement with the well known 
similarity between the V. Q. amorphous and the liquid 
states) we conclude that quenching onto a liquid- 
helium-cooled substrate gives amorphous alloys pro- 
vided solid solubility is absent. 

Several studies of phonon effects in amorphous films 
by superconductive tunneling are found in the lite- 
rature ; these are compiled in Table 11. The most salient 
feature of the d21/dv2 vs. V curves is always one pro- 
nounced minimum located at an energy In many of 

0 2 4 6 8 1 0 1 2 1 4  
Energy [meV] 

FIG. l .  - dzV/dZZ us. V plots for amorphous Tl~.~Ago.l, 
Pbos.Ag0.1 and  Bi. 

Phonon induced structures by superconductive tunneling 
into amorphous metals 

Metal Emin [mev] Reference 
- - - 

Ga 18 [l61 - 17 1201 
Bi 8.5 [l61 

8.5 l211 
8.5-9.0 l221 
8.5-9.0 This work 

Sno .gCuO. I - 13 R 2 3 1  
Tlo.,Ago.l 9.2 This work 
Pb0.9M0.1 (a) 8.5-9.0 [ l71  
Pbo .gCu,. 1 8.5 l221 
Pb-Bi 8.0-9.0 C211 

8.0-9.0 l201 
Bio.9Cuo.1 8.5 C221 

(a) M : Na, Mg, Zn, Ga, Ge, Ag, Cd, Sn, Sb, Te. 

(1) Except very close to zero bias this is very similar to 
d2Z/d V2 us. V. 
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the works the function a2(o) F(o) has been extracted by 
computation [12]. These spectra consist of two peaks 
where the high energy one corresponds to emin, and the 
smeared low energy peak is obtained by subtraction off 
an assumed variation according to the BCS theory of 
superconductivity 1191 ; the shape of this peak is uncer- 
tain, as it is not clearly visible in the d21/dV2 VS. Vplots. 
It is found from figure 2 that zmin CC for the 
investigated materials. This implies that the average 
value of the (isotropic) force constants do not differ 
significantly among the various amorphous metals. 

/ ' AMORPHOUS METALS 
' d " ' l " l " '  

FIG. 2. - Emin (defined in the insert) versus M-112 for the amor- 
phous metals of Table 11. The vertical bars represent the experi- 
mental spread ; the horizontal bar indicates the mass spread 

among the alloys based on Pb and Bi. 

Several of the metals that form C,,, states (cf. 
Table I) by vapour quenching have also been tested by 
superconductive tunneling. For In [,16], Sn 1161, T1 [l81 
and Pb [16, 17, 221 the d21/dv2 vs. V plots display 
clearly resolved transversal 'modes. 

4. Size dependent changes of the vibration properties. 
- By going to very small film thicknesses (t) one 
expects the influence from the surface modes to be 
increasingly dominant. In a microcrystalline film one 
intuitively expects these modes to become significant 
when t is of the same order as the mean crystallite size. 
An amorphous film, being in a state of maximum 
disorder, is presumed to be much less affected by 
sample size. Superconducting tunneling has been used 
to verify this hypothesis. 

A straightforward measurement of d21/dV2 vs. V 
curves as a function of t is rather awkward as (i) the 
surface mode contribution is located at low energies 
where the peaked electron density of states provides a 
rapidly sloping background for the interesting effects ; 
and (ii) in an ultrathin film low energy structure, that 
is not reflecting a2(o) F(w), always occurs 1241. A 
better method is to study the ratio 2 A(O)/k, Tc versus t 
(A(0) is the zero temperature energy gap, kB is Bolz- 
mann's constant and T, is the superconducting 
transition temperature). In a superconductor with 

appreciable electron phonon coupling the phonon 
mediated, attractive electron-electron interaction is 
damped such that both A(0) and Tc are depressed 
relatively their weak-coupling (BCS) values. T,, 
which is obtained in the presence of the thermal 
phonons, will be most affected and thus increased ratios 
of 2 A(O)/k, Tc result. The deviation from the weak- 
coupling result of 3.53 is consequently a measure of the 
low energy part of the function a2(w) F(o). 

Figure 3 reports on such measurements for V. Q. 
microcrystalline Pb and amorphous Ga and Bi [25]. It 
is immediately clear that the increased disorder 
obtained by going to small size gives a significant 
contribution to a2(w) F(o) for Pb, whereas the effect 
on Ga and Bi is much smaller. 

FIG. 3. - 2 A(O)/k* Tc versus t-1 for Pb, Ga and Bi. The films 
are investigated at several intermediate t's during the build-up. 
Bracketed points are uncertain as in the extreme thin limit 
neither the il(0)'s nor the TcYs are sharply defined. The straight 

lines represent least squares fits. 

5. Annealing of the vapour quenched films. - The 
lattice order of a V. Q. film increases by annealing 
(annealing temp., TA). This gives a change of the 
phonon induced structures in the d21/dv2 VS. V curves, 
and also a decrease of the resistivity measured along the 
film. Figure 4 examplifies these data by showing 
annealing results for Pb, ,,Ga, ,, . 

In the V. Q. state a high-resistivity phase with a 
d21/d V2 VS. V curve showing amorphicity (cf. Fig: I) is 
obtained. Annealing makes the resistivity drop irre- 
versibly, particularly in the range 20 K < TA < 30 K. 
If the anneal is interrupted and the film is recooled to 
the lowest temperature, new d21/dv2 us. V data (cf. 
TA = 30 K in Fig. 4) indicate a CS,, state. Note the 
well developed transversal mode dip centered around 
4 meV. Heating again to TA's higher than 30 K, makes 
the resistivity continue along the curve of figure 4 (as 
long as the temperature is lower than the maximal TA, 
the resistivity changes reversibly). The procedure is 
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01 L , , ,  1 , . . , , . , . . 1 . , . . ' . . > , , . . . 1  

0 50 100 150 200 250 300 
Anneal~ng temperature (TA) [K] 

FIG. 4. -The main figure shows resistivity versus annealing 
temperature for Pbo.gGao.1. The phonon induced tunneling 
structures for the film as deposited and after anneals to 30 K, 

100 K and 300 K are shown in the inserts. 

repeated by halting the annealing at TA = 100 K and 
at TA = 300 K. The dZ1/dV2 vs. V plots show that the 
C,,, state remains at 100 K but at room temperature 
the phonon induced structure characteristic for pure 
lead is obtained. The lattice order state is now crystal- 
line, long range ordered (C,,,). 

L 
PRONOUNCED 
PHONON 
STRUCTURE. 

IN F ( W )  DUE TO 
TRANSVERSAL 

SHARP 
DETAILS 
IN  F(W) SPLl 
TRANSVERSL 
PHONON 
PEAK 

LARGER 
CRYSTAL- 
LITES 

W 
AMOR - SMALL ' 

CRYSTALLITES 

Temperature 

FIG. 5. - The upper part shows a master curve for the annealing 
of the Pb-based alloys. The particular range of this curve appli- 
cable to each alloy is denoted by the thick lines in the lower part: 

The endpoints are qualitative only. 

Looking at the resistivity change it is tempting to 
ascribe the sharp step at low temperatures to an order 
transformation A -+ CS,,, and the weaker step around 
180 K to a transformation C,,, -, C,,,, where the 
latter one must be accompanied by a precipitation of 
the impurities when solid solubility is nil. 

By observing the order transformation temperature 
from the resistivity curves and determining the parti- 
cular change of the lattice order from the d21/dv2 vs. V 
data, it is possible to draw one master curve for the 
annealing behaviour of all the alloys based on Pb or T1 
discussed in Section 3 (cf. [l71 and 1181). This is shown 
in figure 5 for the Pbo.,Mo., alloys. The range of this 
curve covered by each alIoy is indicated in the lower 
part of the figure. For three alloys - Pbo.,Geo.,, 
Pbo,,Ago,, and Tl,,,Ago~, - the intermediate C,,, 
state is not observed, but the alloys transform directly 
A + C,,, upon heating. 

In some alloys two different amorphous states (A, 
and AII ; cf. Fig. 5) must be postulated as a small 
resistivity step is observed at very low temperatures 
while the amorphous state remains (as judged from the 
tunnel data). 

6. Stability of the metastable phases. - It is indicat- 
ed in figure 5 that the amorphous states are stable to 
very different temperatures in the various Pb-based 
alloys. The crystallization temperature (T,,,,) where 
the films transform from an amorphous state to either 
CS,, or C,,, is plotted in figure 6. The melting point 
of the pure impurity element (~21~) is also shown and it 
is seen that they vary in very much the same manner. 
This is not the case if one plots atomic diameters or 
Debye temperatures correspondingly [26]. .The same 
conclusions can be drawn for the transformations 
A, + A,, and C,,, -+ C,,,. The behaviour is similar 
for the T1-based alloys, although fewer data are avai- 
lable. Thus the melting temperature of the impurity 
element governs the stability of the metastable phases. 

Other properties, like the impurity diffusion activa- 
tion energy, are proportional to TmeIt [27]. Hence the 
data indicate that ordering occurs when the impurities 
can diffuse. 

FIG. 6. - The temperature for crystallization ( ~ ~ ~ ~ ~ t )  is shown 
for several Pbo.gMo.1 alloys, and the correlation to the melting 

point of the impurity element (TEelt) is evident. 
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From figure 6 it is evident that the alloys that crystal- 
lize directly into the CL,, state also have the highest 
~ k l t ' s .  The results for the alloys based on T1 and Pb 
can be summarized by 

where TsRo and Tmo are defined in figure 6, and 
I(H) denotes impurity (host) element. Evidently 
the evolved heat during the crystallization, that 
amounts to roughly half of that of melting for V. Q. 
Sn0.,Cu,., [28], suffices to prevent an intermediate 
short range ordered state from being stabilized. 

The transformation temperatures are influenced by 
the film thicknesses and enhanced values are observed 
in the extremely thin limit. Figure 7 shows an annealing 
curve for Pb0.,Cd,~, with t = 6.1 nm, which is very 
close to the thickness demanded to form an electrically 
continuous layer. T,,,, takes pIace around 50 K which 
can be compared with the much lower value for a film 
of about twice that thickness, as reported in figure 6. 
The thickness dependence can be explained by thermo- 
dynamic arguments [Il l .  Above TA = 230 K the 
resistance rises steeply and eventually the film becomes 

disconnected. This must be caused by an agglomeration 
into large islands. 

2000 

FIG. 7. - Resistance per square (i. e. resistivity times t-1) versus 
annealing temperature (TA) for a very thin Pbo.9Cdo.l films. 
Double-headed arrows denote a reversible R o  us. TA relation. 
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