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SUPERCONDUCTIVITY IN "AMORPHOUS" TRANSITION METAL ALLOY FILMS
M. M. Collver" and R. H. HammondT

Inorganic Materials Research Division, Lawrence Berkeley Laboratory
‘University of California, Berkeley, California 94720

g

The supefconducting fransition temperature of "amorphous" transition metal
alloys has been mgasured. The variation of Tc as a funétion of the electron to
atom ratio is.conéistent with the préSénce of an atomic-like_pafameter charac-
terizing the systematics of Tc} The data does no£ support a recent explanation.
based entirely on a simple averaging or smearing of the crystalline electronic
density of states. :

In this letter we report‘measuremenﬁs of the supéréondﬁcting transition
temperature, Tc;'for disordered 4d and 54 transition mét;l élloy films.l  We
have observed that'the Tc in amorphous (or highly disordgred) transition metals
differs strongly from that of crystalline transition metals (see Figs; 1 and 2).
This behavior is believed to be a manifestation of "ﬁhe:dominance of atoms and

°"2 and

their local environment in determining superconducting.parameters
thus indicates the existence of an atomic-like local parameter that character-
izes the systematics of superconductivity in the transition metal series. This
view differs frpmia recent explanation of* the TC in disérdered tfansition metéls
P based entirely.upbn a simple smearing or averaging of the eleétronic density o2

states.3’h

* . . . " )
Present address: General Motors Research Laboratory, Warren, Michigan 48090 .

'Present address: Stanford University, Hansen Physics Laboratory, Stanford,

California 9L4305.
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The supérconducting transition temperéturé of the émorphous fiims of tge
44 and 54 transition metgi alloys are shown in Fig. 1(a) and Fig. 2. The
primary feature of the data is that Té increases as a function of the number
of electrons per atom (e/a) in a smooth, nearly linear fashion to a definité
triangular peak near the middle of the d-series. The peak.occurs for the kd
| SeriéS‘at_e/a = 6.4 in contrast tovthe cryétalline peek at 6.7. T, then de-
creases at nearly the same slope, followed by a more rapid decrease at
e/a ~ 7. An extrapolation of the linear decfease in T just to the right
of the peak resulfs in a zero intercept near Pdf(notvshOﬁn), the last transi-
tion metal in the éeries. -In the 54 series, the amorphous Tc peak occurs near
e/a = 6.8; the crystalline peak is not well established in the 5d series.

This variation in Tc for the amorphous transition metal alloys is in
marked contrast to the familiar Matthias type curves,fqr solid solution alloys,
indicated in Figs. 1 and 2 by the dashed cﬁrves. Most noticeable in the
amorphous data are the absence .of the‘peak in Té between Zr and Nb and the
valley between Nb and Mo in the 44 series. A simiiar effect is evident in the
5d series. The smooth behavior in Tc across two phase.;egioné of the binary
alloys Y-Zr, Zr-Nb, Zr-Mo and>Mo-Ru in the u4d case (thé'Sd case is similar),
demonstrates that e/a determines Tc in the "amorphous"”étate, independent ofv
the normal crystal structure.

A combination of a 4 and 5d mefal; Mo and Re respectively, was also
studied in place of Mo—Tc and for comparison with Mo-Ru because of the greater
amount of crystalline dété évailable and thevfact that technetium could not be
used due to. . its rédioacfivity. The amorphous Tc hurve for Mo-Re, shown in
Fig. l(b),is‘nearly identical to the amorphous Mo-Ru at the same e/a ratio,

while the corresponding crystalline Tc for these alloys are markedly different.




This support$ the aependenée of T_ on e/a for the "aﬁérﬁﬁous" case. In detail
the Tc peak for Mo—R; alloys is not as sharp gs thbse“fqr Mo—Ru‘alloys (thié
may be a result of ﬁhe larger uncertainty in compositiqn in Mo-Re) and occurs
at a lower e/a of ~ 6.3. |

The abo;e data can be explained by recenf theoretical developments.2’6"8

The electron-phonon interaction parameter, A, is given by‘McMillan's strong
coupling théory,.6 |
B N(OX I?)
M w2
where M is the atomic mass; <u@) is the mean squared rénormalized bhoﬁon
frequency; N(0) ié the electronic density of States;_énd'(I2>iis the squafe of the

electron-phonon matrix element‘averaged over the Fermi surface. McMillan

notes that N(0) (I2> is approximately constant for the bec transition metals

and thus the large variation in 1/ (w2) dominates the behévior of A and TC in-

. the crystalline state. Since the crystalline N(0) exhibits a still unexplained

2,6,9

strong correlatién with GD ) (and therefore (mg) ) it cannot be ex-
cluded.as a fagtor controlling A and ch |

Hopfield2 explainéd the approximately constant valge of N(0) (IZ) by
notiﬁg that it is a local atomic parameter, 7, which isjindependent of N(0)
and varies smoothly across the transition metal serieé. This has been con-
firmed by récent ca.lcula.’cions.'r»’8 We.are thus led ﬁQIbélieve that n will be
independent of.crystal structure.

An analysis using the MeMillan equation yields'a weakly vafying (u?)
as a function of e/a for the amorphous TC data.lo’ Thus if.the electronic

density of states is still correlated with 1/ (w2> (i.e. in the amorphous'

state), then it too is roughly éonstant._ This COnjeéture is consistent with



he

the smearing:or éveraging out of the density’of states‘in disordered transi-

tion metals as has been proposedB’h

and will be discussed below. We believe
that the smearing of N(O) makes it possible to obserfe tﬁe variation of an
atomic~like local_parameter acrosé the transition me#ai éeries.

We believe our data is the first experimental evideﬁce that show
features charaéteristic of an atomic-like local parameter and its variation
across the series. An unexpected feature is the indication that n has a
triangular peak in the middle of the d-band instead 6f'a smooth peak at a
larger e/ﬁ.T ‘We will present in a longer articlelo othef evidence based.
on theoretical‘considerations and using published data that'ipdicate that
the friangularvshapedvvariation of an atomic‘parametef as found from the
daté presentéa here is also a feature in the crystalline state.

The amoréhous Tc data cannot be explained solély on the basis of a
smearing of the.density of states by the disorder, as.has been prbposed to

3% mis argument states that due to a

explain these and similar results.
short mean free patﬁ in the disordered alloys the eleéfron energy states are
broadened, and the sharp structure in the density ofbstates characteristic of the
transition meﬁal series is averaged over energy. This results in thqse allbys
with a high Tc in the crystalline states having a lower.’TC in the disordered
state, and vice versa for those alloys with a low Tc.~qur arguments that the
data are not due‘simply to a density of states smoothing, though the smoothing
is required tb observe the‘effects of n, are as followsg

»l. Ai the-Mo rich end of the Mo-Ru a2lloys the c?ystalline TC are rather
- high (5-7°K) and correspond to a peak in the density'of states in the bec
phase. The TC for thé amorphous case are even higher, contrary to what would

be expected on the basis of the simple averaging argumeht. A similar result
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is found in thé data shown in Fig. 2 on the 54 series;;where'the amorphous

TC are higher #han the crystalline Tc’ even though ﬁhéiérystaliine TC éccurs
at peaks in.theldensity.of states. It is not poséible td explain_these ob-
servations usiﬁg:the simple afgumenf of a smearing iﬁ_the density of states;

2. The pésition of the amorphous beaké does néﬁuﬁavé'any relationship
to the densitg of sfates peaks or cfyétalline'Tc peaks, but instead éppears
to be related 'tov the position of a half-filled d-shell, as judged from an
examination of the bulk cohesive.energyll and by the.p§s;tion of half—fiiled‘
d-shell in the respective atoms,12 i.e., ground étate‘gonfigurations.

3. A dominanf feature of the amorphous Tc in the Efd alloys, in the
4d-54 alloys (Mo-Re), and in the 5-d alloys, is the sharp trianéular peak in |
the amorphous'Té. It does not seem possible to exﬁlainvthis featufe on the |
basis_éf a sﬁoothed density of states alone. Insteadvﬁe believe that this
feature must Be explained by an atomié—like or localjpafémeter.

Past sfﬁdiéé of'amofphous transition metals,3’l3’lh motivated by the.
possibility of higher Tc's via lattice disorder, have not‘been'as‘extensive as
thét presented here. This study was stimulated by our previous data,lh.which.
sugge;£;a that iheré may be a regular variafion of TC aéféss the amorphous
transition metallseries. A similar suggestibn‘by Gamﬁle and Geballé appeared
at about the same time.l3

The'metal'films were‘prepared by electron beam evaﬁbrétion onto a sapphire

8

substrate at 4.2°K in a vacuum of 8 X 10™° to 1 x 101 torr, and at rates of"
50-300 A /sec. Gas impurities (02) up to 3 X 10—6 torr produced no significant
change in Tc' 5 _Tc was measured resistively in situ and the films were then

warmed to 300°K,. cooled back down to 4.2°K and TC was remeasured. Film

composition was -determined by electron microprobe analysis resulting in an
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accuracy of * 3“at.% for hd»allbys,'i 5 at.% for Mo—Re and i 4 at.% for the
5d alioys. Experimental aspects will be discussed iﬁvdetail later.15

Figure 3»Sh6WS the values of TC for the 4d series and Mo-Re measured fol-
‘lowing the warming to 300°K and then re—éooling. EkCépt for a few cases the
Tc's have changed towararthe bulk crystalline value. .Thosé exceptions, in-
dicated by the arfbws, also did not exhibit any significant cﬁange in fesis-
tivity during the temperéture cycling from 4 to 300°K and back. In fact, the
annealing behavidr, subéequent Tc and electron diffraction data form a coherent
picture as folldws: Those alloys for which there was ah:annealing step (a
relatively shafp change in resistivity) also showed a change in Tc towards the
bulk crystalline Tc’ and the electron diffraction and electron micrographs
indicated the normal crystal'stfucture with grain sizes rangiﬁg from 50 to
1000 A. (The broadened transition widths of many of these films may be the
result of varying grain sizes or incomplefe annealing;) On the other hand
for those filﬁé for which the Tc and resistivit; did not change, electron d4if-
fraction pictures revealed diffuse three or four-ring péﬁterns, chéracteristic
of liquid or amgrphoﬁs materials. In addition, electron micrographs revealed
no grain structure to the limit of resolution of theﬂmicroscope (= 20-25 A),
Similar results wére found for the 5d series (not shdwn). On the basis of this
data we infer that all our specimens (this is not as obvious in the case of the
hep elements Zr and Ru); were prepared in én "amorphous" state and those with
compositions corresponding to equilibrium two phase regibns remain in this
state up to foom temperature. The annealing and electron microécopy results
are discussed more fully elsewhere.ls’16 |

In conclusion the ’I‘C data presented here cannot be explained simply by a

smearing of the electronic density of states; it is however consistent with the
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prgsence of én‘aéomic parametef characterizing the sysﬁé@atics of Tc in
transition metals.

We wish'tg thank Professbe'M. L. Cohen énd T;;H,_ngalle; Dr. T. Barbee,
and C. W. Krause for their helpful comments and ProféééQis L. Brewer, E. R.
Parker and V: F;'Zackay for theirksupport.‘ This work,ﬁas done under the

auspices-of'the*U. S. Atomic Energy Commission.
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" FIGURE CAPTIONS

Figure 1. The éﬁperconducting transition temperature of vapor quenched (a)

44 transition metal alloys and (b) a 4d-5d alloy is shown as a function of
the number of electrons per atom (e/a). This daté is consistent with the

presence of an atomic-like parameter controlling Tc'in the ambrphous or

disordered transition metals, The correspohding Crystalline Tc data is

indigated.by the dashed curve with the exception of Mo-Ru alloys which
is shoﬁn:by the dotted curve.. In (a) the amorphous:data are for Y-Zr,
Nb-Zr, Mo;Z£3 Nb-Mo, and Mo-Ru alloys. At é/a =.6 to 7 the cryStaliiné
data (dashedvcurve) represents Mo-Tc and Mo;Re alioys.: The amorphous data
in (a) for e[a = 6 to T is to be compared with the lower dotted curve.

The Mo-Re crystalline data is again reproduced in.(b) for compafison with

the amorphous Mo-Re films. The transition widths indicated were deter-

‘mined by the 10 to 90% of normal resistance interval.

Figure 2. The superconducting transition temperaturévof-vapor quenched 54

transition metal alloys is shown as a function of the number of electrons

.per atom.. The corresponding crystalline Tc data is indicated by the dashed

curve. The amorphous Tc data are for the 5d elements and Ta-W, Ta-Re(A),

W-Re and Re-Ir alloys.

Figure 3. The superconducting transition temperature of (a) 4d transition ..

metal alloys and (b) Mo=Re alloys after warming to 300°K. The T.'s

generally:feturned to or toward their éorresponding ¢rystalline values
(dashed and dptted,curves)'and héd'exhibited largg ipréversible decreases
in resisﬁivity during the warming cvecle. .The exceptioﬁs, indicatéd by
arrows, were found to be "amorphous-like' when examined by electron

diffraction (see text).
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