lon mixing to produce amorphous Mo-Ru superconducting films
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Amorphous MossRu,; alloy films were formed by ion mixing of multilayered samples. The ion
mixed films, which contain no metalloid element, show excellent superconducting properties.
The measured properties are correlated with the microstructure obtained by both x-ray

diffraction and transmission electron microscopy.

PACS numbers: 74.60.Ge, 73.60.Ka, 74.70.Dg, 74.70.Lp

The Mo-Ru system has interested people in its super-
conducting properties, especially when the alloy is in the
amorphous state. According to Collver and Hammond,' the
superconducting to normal state transition temperature T,
of Mog,Ru,, amorphous alloy could be as high as 8.4 K.
However, splat cooling technique has not been successful in
producing this alloy. The addition of above 20 at. % of a
metalloid element (e.g., B, P, Si, and As) is required by this
technique to obtain an amorphous material.” The quenched
amorphous alloy is therefore actually a ternary one and the
metalloid elements decrease the transition temperature 7.
considerably.® It has been demonstrated that an amorphous
phase will be formed by ion mixing using multilayered sam-
ples in those binary metal systems where two constituent met-
als are of different structures (structural difference rule).*
According, Mo-Ru amorphous materials should be obtaina-
ble by ion mixing, because Mo is of bee structure and Ru has
a hcp structure. However, at the composition of approxi-
mately Mog,Ru,,, there is an equilibrium crystalline phase
(o phase} which might be expected to hamper the formation
of a completely amorphous structure. In this letter we report
the formation of Mo-Ru alloy films by ion mixing. These
films consist of an amorphous matrix with crystalline phase
inclusions. The superconducting properties as a function of
ion dose have been measured and have been used to extract
structural information which can be correlated to results
from x-ray diffraction and transmission electron micros-
copy.

Multilayered samples were prepared by depositing Mo
and Ru in alternating sequence on the inert substrate (SiO,)
to a total thickness of about 550 A, which corresponds to the
projected range R, plus projected range straggling AR, of
the 300-keV Xe ions chosen for ion irradiation. The overall
atomic composition ratio was controlled by varying the rela-
tive thickness of the Mo and Ru layers, and was designed to
be MossRu,s. The samples consisted of four layers each of
Mo and Ru, each about 50-90 A with Ru at the top. The
as-deposited samples were then irradiated at room tempera-
ture to the doses ranging from 3 X 10'*to 1.7 X 10'® Xe/cm?.

As the mass numbers of Mo (96) and Ru (101) are very
close, Mo and Ru signals in the backscattering spectrum will

 Permanent address: Qinghua University, Beijing, The People’s Republic
of China.

Y Present address: General Motors Research Laboratories, Warren, Michi-
gan.

? Permanent address: Laboratoire de Metallurgie Physique, Faculté des
Sciences, 86022 Poitiers, France.

624 Appl. Phys. Lett. 42 (7), 1 April 1983

0003-6951/83/070624-03$01.00

be overlapped. Nevertheless, by adjusting the tilt angle to
overlap the signal of the first Mo layer with that of the sec-
ond Ru layer and so on, one is able to see the discrete struc-
ture of the Mo-Ru multilayers. From the backscattering
spectra taken before and after irradiation to various doses, it
was found that a dose of 7 10'® Xe/cm? was needed to
induce more or less uniform mixing (see Fig. 1).

For those samples irradiated to doses of 7, 10, 13, and
17 in units of 10'*Xe/cm?, x-ray diffraction patterns {Read
camera) showed an amorphous band with occasional evi-
dence for crystalline phase. Table I summarized the observa-
tions from x-ray diffraction. Some samples were examined
by TEM. Figure 2 shows (a) a typical electron micrograph
and (b) an electron diffraction pattern. One can see that the
structure consists mainly of grey amorphous matrix with
50-100 A crystals (light and dark regions) interspersed
throughout. A careful examination of the grey amorphous
matrix reveals lighter features about 10 A across which
probably are Xe gas bubbles. We conclude from the observa-
tions that an amorphous matrix was formed by ion mixing in
all those four samples, which was interspersed by the crystal-
line inclusions as well as Xe gas bubbles. In other words, the
ion mixed films are very inhomogeneous, which should be
responsible to their superconducting properties discussed
later.

The superconducting measurements performed were
transition temperature, upper critical field, and critical cur-
rent. The transition temperature and upper critical field
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FIG. 1. MeV *He™ backscattering spectra of Mo-Ru multilayered sample
and the sample irradiated to a dose of 7x 10" Xe/cm>.
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TABLE 1. X-ray diffraction results from the ion mixed films.

Ion dose
(Xe/cm? Amorphous phase Crystalline phase ~ Comment
7 X10"%  adiffuse band some weak Mo and Amorphous
Ru lines + Mo + Ru
1 X10' anintense diffuse  weak lines almost
band probably Mo totally
amorphized
1.3 10"  a diffuse band Mo or o phase Amorphous
+ (Mo or
o phase)
1.7 10"  a diffuse band Mo or o phase Amorphous
+ (Mo or
o phase)

measurements were performed resistively using a standard
four-point probe. This type of measurement requires perco-
lation of a supercurrent through the sample which in turn
requires that about 15% of the sample be superconducting.’
Thus, in inhomogeneous materials such as these, the 7,
measurements may reflect only about the 15% of the sample
having the highest 7,. On the other hand, critical current
measurements generally represent the superconducting pro-
perties of the bulk of the sample. From critical current mea-
surements, we can obtain the flux pinning force density. By
measuring critical current as a function of field and extrapo-
lating to zero current we can find the bulk upper critical
field.

A scaling relationship exists between primary force
density and upper critical field of the form F, < H¢ ; n~2.°
Thus, the critical parameter for evaluating the relationship
between a change in pinning force and a change in micro-
structure is F, /H ¢ .

Table II summarizes the superconducting properties
measured on these samples. The transition temperature and
upper critical field behavior is complicated by the inhomo-
geneous nature of these samples. It is not clear which phase is
dominating the superconducting behavior. However, there
are some points worth mentioning. The transition tempera-
ture first rises then drops as a function of irradiation dose.
Purely amorphous films of Mo-Ru alloys have been pre-
viously prepared by coevaporation of the metals.' For com-
parison, the T, of evaporated amorphous Mo-Ru phase of
this composition was found to be about 8 K, while T, for o-
phase Mog,Ru,, is known to be 7.1 K.” Thus, the transition
temperature behavior would suggest that as ion mixing pro-
gresses, the sample first transforms to an amorphous struc-
ture, but with further irradiation transforms to a o-phase
crystalline structure.

The upper critical field was linear with temperature
over the measured range for all these samples. The field gra-
dients (dHc,/dT);_ r, are all fairly high (~24 kOe/K)
which is characteristic of a disordered material. There is a
large difference between the resistively measured upper critical
field and that found by extrapolating the critical current
measurements. This reflects the inhomogeneous nature of

625 Appl. Phys. Lett., Vol. 42, No. 7, 1 April 1983

1000 A

(b)

FIG. 2. TEM results of structural analysis of ion mixed Mos;Ru,;: {a) elec-
tron micrograph; (blelectron diffraction pattern.

these samples. The maximum pinning strength F,,,/H z,
decreases then increases as a function of irradiation dose.
The decrease in pinning force from sample 7 X 10'° to sample
10X 10" Xe/cm? is most likely due to the destruction of the
remnants of the original layered crystalline structure. The
increase in pinning force following doses greater than
10 10" Xe/cm? may be due to the formation of the crystal-
line o phase, which is likely formed by a polymorphic trans-
formation of the amorphous phase.® This interpretation is
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TABLE II. Xenon ion dose, transition temperature, critical field gradient, critical field at 4.2 K determined from resistive measurements [H,(4.2)] and flux
pinning measurements [Hc, (4.2)], and flux pinning force parameter for ion beam mixed MossRu,s samples.

Ion dose T, He, (42) H_ (42) F, /H2.
. dH, ‘
(ions/cm?) (K) —51— ; (kOe)/K (kOe) {kOe) (N/m? Oe?)
0
(initial layers) - 0.92
[Mof(bec))
0.49
(Ru(hep)]
7 x10" 7.66 24.1 83.4 67 0.111
10" 7.72 22.5 79.2 63 0.099
1.3x 10" 7.42 25.0 80.5 60 0.107
1.7x10' 7.17 25.4 75.4 59 0.124

consistent with the x-ray results and 7, behavior. Transmis-
sion electron microscopy did not reveal significant morpho-
logical changes, suggesting that critical current measure-
ments are more sensitive to subtle changes in the
microstructure than TEM.

The critical current densities measured in these samples
were comparatively large. For example, at field of } H, and
atemperature of 4.2 K (reduced temperature 7 /7, ~0.6) the
critical current was above 1< 10* A/cm?. This large critical
current density again reflects the inhomogeneous nature of
these samples and suggests that this sample fabrication tech-
nique results in a sample microstructure which is very favor-
able to obtaining strong flux pinning effects.

In conclusion, partially amorphous Mo-Ru films have
been produced by ion mixing of multilayered samples with-
out adding any metalloid element. The microstructure is
shown by TEM, x-ray diffraction, and superconducting
measurements to be very inhomogeneous and consists of an
amorphous matrix with crystalline inclusions. Critical cur-
rent measurements have demonstrated that flux pinning in-
tersections and thus the inhomogeneity first decreases and
then increases as a function of irradiation dose. This is inter-
preted as resulting from the change in sample microstruc-
ture with progressive ion irradiation. The high critical cur-
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rent observed suggests that this sample fabrication
technique might be employed in other high T, superconduc-
tors to produce a microstructure favorable for strong flux
pinning and susequently high current carrying capacity.

The authors wish to thank R. Fernandez for assistance
in the preparation of the samples. The irradiation part of the
study was financially supported in part by the U. S. Depart-
ment of Energy through an agreement with the National
Aeronautics and Space Administration and monitored by
the Jet Propulsion Laboratory (D. B. Bicker), at the Califor-
nia Institute of Technology, Pasadena, California. BMC and
WLJ received financial support from the U. S. Department
of Energy, contract number DE-AMO03-76F00767.

‘M. M. Collver and R. H. Hammond, Phys. Rev. Lett.30, 92 (1972).

2W. J. Johnson and A. R. Williams, Phys. Rev. B 20, 1640 (1979).

*W. J. Johnson, J. Appl. Phys. 50, 1557 (1979).

“B. X. Liu, W. L. Johnson, M-A. Nicolet, and S. S. Lau, Proceedings of the
3rd International Conference on Ion Beam Modification of Materials, Gre-
noble, France (to be published).

SA. Davidson and M. Tinkham, Phys. Rev. B 13, 3261 (1976).

5A. M. Campbell and J. E. Evetts, Adv. Phys. 21, 199 (1972).

’E. Bucher, F. Heiniger, and J. Miiller, Helv. Phys. Acta 34, 843 (1961).

*B. X. Liu, L. S. Wielufiski, M-A. Nicolet, and S. S. Lau, in Mezastable
Materials Formation by Ion Implantation, edited by S. T. Picraux and W. J.
Choyke (North-Holland, New York, 1982), p.65.

Liu et al. 626

Downloaded 22 Dec 2005 to 131.215.225.9. Redistribution subject to AIP license or copyright, see http://apl.aip.org/apl/copyright.jsp



