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Evidence of a vortex-glass transition in amorphous Mo;Si films on sapphire is manifested by the
universal critical exponents (v= %, z = 3) obtained from dc electrical transport measurements. The ex-
ponents are consistent with those found in YBa,Cu3Oy5 single crystals with random point defects, indicat-
ing that the vortex-glass transition in both systems belongs to the same universality class. In contrast, ac
transport measurements from 100 Hz to 3 MHz suggest that the dominant vortex dynamics in amor-
phous Mo;Si thin films is diffusion, and that in YBa,Cu3O5 single crystals it is the critical relaxation of

thermally induced dislocations.

PACS numbers: 74.60.Ge, 74.25.Dw, 74.72.Bk, 74.76.Db

One of the most fundamental issues associated with the
vortex properties of extreme type-II superconductors is
the possibility of a ‘“‘vortex-solid” to “vortex-liquid”’ melt-
ing transition at magnetic fields smaller than the upper
critical field [1-5]. While the nature of the vortex-solid
phase strongly depends on the defect structure in the su-
perconductor [6-12], the mechanism which drives the
melting transition in high-temperature superconductors
(HTS) has been attributed to large fluctuations due to
the high transition temperatures and the extreme type-II
nature [1,2]. Despite the strong possibility of a first-
order melting transition in “clean” single crystals [6,7],
second-order “vortex-glass” and “Bose-glass™ transitions
may be common in most HTS systems with random point
defects [8-13] and columnar defects [11,14]. To prove
the existence of a vortex-glass transition in HTS samples
with random point defects, it is necessary to demonstrate
that the critical exponents associated with the vortex
correlation length and the critical relaxation rate are
universal, independent of the magnitude and orientation
of the magnetic field, the experimental technique, and the
density of point defects. Failing to verify the universality
experimentally would either suggest the absence of a
second-order phase transition or indicate that experimen-
tal variables are not in the right range for detecting such
a phase transition. Recent work on YBayCu3O; single
crystals with random point defects [8-11] has met the re-
quirement of universality by demonstrating universal crit-
ical exponents (v= % and z = 3) and universal functions
over two decades of magnetic field, five decades of fre-
quency, and three independent experiments of dc
current-voltage characteristics [8,10,11], ac magnetoim-
pedance [9], and ac magnetic susceptibility [11].

Since conventional amorphous superconductors such as
a-MosSi and a-Nb3Ge films are also extreme type-II su-
perconductors [15] with large compositional disorder, it is
natural to ask whether the same type of transition also
exists in these materials. In this Letter we provide exper-
imental evidence for a vortex-glass transition in amor-
phous Mo3Si films. The phase transition is characterized
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by the same universal critical exponents as those of
YBa,Cu307 single crystals, suggesting that the vortex-
glass transition in two seemingly different superconduct-
ing systems belongs to the same universality class. On
the other hand, ac transport measurements on both sys-
tems at frequencies ranging from 100 Hz to 3 MHz pro-
vide evidence for two different type of vortex dynamics;
the dominant dynamic process in Mo3Si films is vortex
diffusion, and that in bulk YBa,Cu30;7 single crystals is
the critical relaxation of thermally induced vortex dislo-
cations [8,9].

Amorphous Mo3Si films are deposited on sapphire sub-
strates by rf sputtering following the preparation pro-
cedure described in Ref. [15]. The sample thickness is
I, = 2000 A, surface area L2~15 mm?, and the amor-
phous nature of the sample is confirmed by x-ray
diffraction spectroscopy which shows composition modu-
lations at a length scale of ~50 A. The zero-field super-
conducting transition temperature is 7. =7.90 K, and the
resistive transition width is =< 15 mK, as shown in the in-
set of Fig. 1.

Two types of experimental techniques are employed in
this work. Measurements of dc current-voltage charac-
teristics are performed by using the standard four-probe
technique. Measurements of the amplitude and phase of
the ac resistivity (p,.) are carried out with a constant-
amplitude ac current applied uniformly through the en-
tire thickness of the sample, and the frequencies of the ac
current range from 100 Hz to 3 MHz. Details of the ac
experimental setup and calibration procedures are given
in Ref. [9]. In both types of measurements, the dc mag-
netic field is applied perpendicular to the plane. Similar
measurements have also been performed on a YBa,Cu304
single crystal [8-10] for comparison.

Figure 2 shows a typical set of the dc electric field (E)
versus current density (J) isotherms in a constant mag-
netic field H =2 kG. If we assume that the vortex-glass
melting temperature in a field H is Ty (H) and the tran-
sition is second order, the corresponding static and dy-
namic critical exponents v and z can be defined as follows
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FIG. 1. The vortex phase diagram for a-MosSi films on sap-
phire. The inset shows the Ohmic resistivity of Mo3Si amor-
phous films at various constant magnetic fields. The vortex-
glass melting line Hp(T) is obtained by scaling the dc E vs J
isotherms (see Fig. 2). The irreversible line Hi(f,T) is ob-
tained by identifying the “peak positions” [at T (f,H)] of the
Imlpac] vs T curves [see Figs. 4(b) and 4(c)]l. The upper criti-
cal field H.»(T) is estimated by identifying the temperatures at
which the condition p(H,T)=0.9p(H,T.) is satisfied. The
H.>(T) line is consistent with the theoretical fit [18] to the data
in Figs. 4(b) and 4(c).

[8-101:
Eo=EH) |1 —(T/Ty)| 7Y,

fr(H,T)=f.(H)|1 = (T/Tyu)|**, M

where &, is the vortex correlation length and fr is the
critical relaxation rate [8,16]. The E vs J isotherms can
be scaled into universal functions E + (J) [8]:

E=E/NDN = (T/Ty)|v¥"272)
J=J[1 = (T/Ty)|" =,

where d is the dimensionality of the phase transition.
The same scaling procedure was performed on seven sets
of isotherms taken at seven different magnetic fields (H
=0.5,1,2,3,4,5, and 6 kG). All seven sets of data can
be scaled into the same universal functions E + using Eq.
(2) and the same critical exponents v=0.67 = 0.05 and
z=3.0%0.3 if d=3 is assumed. Three of the seven sets
of E + taken at magnetic fields H =2, 4, 6 kG are shown
in the inset of Fig. 2. This demonstration of universality
in both the critical exponents and the transport functions
lends strong support for the presence of a second-order
transition.

To examine the dimensionality of the phase transition,
we note that by using the scaling functions E(J) and the
procedures developed in Ref. [8], the correlation length &
[see Eq. (1)] in Mo;3Si is found to range from ~20 to
~50 A for fields from 1 to 25 kG. These values are com-
parable to the length scale of compositional modulations,
and are much smaller than those for YBa;Cu3;O7 single
crystals [8]. As long as &, < /. which corresponds to tem-
peratures |7 — Ty (H)|20.01 K (/. =2000 A is the film
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FIG. 2. The electric field (E) versus current density (J) iso-
therms for H =2 kG. The inset shows the universal functions
E + vs J for H=2, 4, 6 kG obtained by using Eq. (2).

thickness), the phase transition associated with the diver-
gence of &, can be justified as three-dimensional. Thus,
using Eq. (2) the same critical exponents are obtained for
both a-MosSi films and YBa;Cu3;07 single crystals, sug-
gesting that the vortex-glass transitions in these two sys-
tems belong to the same universality class.

Despite the resemblance of the dc vortex critical phe-
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FIG. 3. (a) The amplitude of the ac resistivity |pac| vs f iso-
therms at H =5 kG and (b) the phase [¢] vs f isotherms at
H =5 kG for a-Mo3Si films.
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nomena, there are interesting contrasts between the ac
transport properties of a-Mo3Si films and those of
Y Ba,Cu305 single crystals as the result of differences in
Eo(H). The ac measurements on a-Mo3Si are performed
at eight different magnetic fields: H =0, 1, 3, 5, 8, 10,
15, and 20 kG. Figures 3(a) and 3(b) show one set of the
resistivity amplitude (|p.|) and phase (¢) versus fre-
quency (f) isotherms for the a-Mo3Si film in a constant
magnetic field H =5 kG. The real and imaginary parts
of the resistivity for a given frequency can be constructed
as a function of the temperature from the data in Figs.
3(a) and 3(b). Figures 4(a) and 4(b) delineate the strik-
ing contrasts between the Imlp,.] vs T data for YBa,-
Cu30O7 single crystals and those for a-Mo3Si films at
H =5 kG. We find that for each constant frequency, the
Imlp,c] data for YBayCu307 single crystals [Fig. 4(a)l
are nearly independent of the temperature at
TSTu(H), and then decrease monotonically with the
increasing temperature at 7 > Ty, (H), with the addition
of a frequency dependent “peak” at the “irreversible tem-
perature” T (f,H). In contrast, the Imlp,] vs T data
for the a-MosSi film peak at the irreversible temperature
Ti:(f,H) without a monotonically decreasing back-
ground. Furthermore, T (f,H) is nearly frequency in-
dependent for a constant magnetic field, and decreases
with the increasing magnetic field for a given frequency,
as shown in Figs. 4(b) and 4(c).

The drastic contrast between the ac transport proper-
ties of these two superconducting systems may be attri-
buted to the difference in the critical dynamic range [11]:
Since the critical relaxtion rate follows fr=f.|1—(T/
Tm)| V2o &g 2|1 = (T/Ta)| ¥, and since &y is much small-
er in a-MosSi films, fr is expected to be much larger.
Thus, the temperature window AT =Ty (f/f.) ") for
observing the critical dynamics at f— fr is much smaller
in a-Mo3Si, because of the smaller Ty, and larger f.. As-
suming that (f.£§) = const, we find that for f~10° Hz,
AT~10"2 K in a-MosSi, compared to AT~1 K in
Y Ba,Cu307. These estimates are consistent with our ex-

]

perimental finding (shown below) that the critical dy-
namics associated with the vortex-glass transition is only
observable in YBa,Cu3;07, and that vortex diffusion ac-
counts for the observed ac transport data in a-Mo;Si.

Let us first consider the diffusion process. Define an
external ac current density J =Je'®’X where w =2xf, and
assume that the external dc magnetic field is given by
H=Hpz. In the linear response limit, the applied ac
current induces a time-dependent surface magnetic in-
duction (b) which satisfies the diffusion equation (db/9¢)
=DV?b, with the diffusion constant given by D = (p,./p0)
and the ac resistivity p,c given by [2]

pac =Relpac] +i Imlpac] =ipowi ?

=pow[(=2xgA) +iLE —2AP)]. (3)
In Eq. (3), uo is the permeability in vacuum, Ag and A;
are the real and _imaginary parts of the effective ac
penetration depth A [17],

142i0Y8%) °
A is the dc penetration depth, 8, is the normal fluid skin

depth [17], and 8, is a complex skin depth due to
thermally induced vortex depinning [17]. Thus, Imlp,]

yields the following relation:

uow(l —¢) 5
o a2+
1+ (w7)? ] [}»

1
T+ e

where n denotes the viscosity, @y the flux quantum,
e=[Io(u)]1 7% the flux-creep factor, =(n/k,)I§(u)
—11/Uo(u)I(u)] the flux-creep relaxation time [17],
u=U,/(2kgT), k, the spring constant, U, the pinning
potential, and 7o,/ the zeroth and the first-order mod-
ified Bessel functions.

Equation (5) predicts that Im[p,.] reaches a maximum
when o =w*=(1/7). The theoretical curves obtained by

A=Ag+ir; 4)

Bq)()‘l.'
Hom

lm[pac] =

(5)
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FIG. 4. (a) Imlpac(f,H,T)] vs T curves for YBa>Cu3O; single crystals at various constant frequencies and H =5 kG. The inset
shows that the frequency dependence {Imlpac] o f%9%% at T =Ty (H)=91.21 K is consistent with the scaling relations in Eq. (6).
(b) Imlpac(f,H,T)] vs T curves for a-MosSi films at various constant frequencies and for H =5 kG. The inset shows the correspond-
ing theoretical curves obtained by using Eq. (5). (c) Imlp.(f,H,T)] vs T curves for a-Mo3Si films at various fields and for a con-
stant frequency f=0.681 MHz. The inset shows the theoretical curves obtained by using Eq. (5).
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using Eq. (5) for a-MosSi films are shown in the insets of
Figs. 4(b) and 4(c). Note that a semiquantitative agree-
ment with the experimental data can be achieved [18], al-
though the widths of the high-field theoretical curves are
generally broader than those of the experimental data.
We also note that for a given magnetic field, the dif-
fusion-related irreversible temperature T (H) is always
higher than the vortex-glass temperature Ty (H), as
shown in Figs. 4(b) and 4(c), and the H vs T phase dia-
gram in Fig. 1. Since the diffusion model does not in-
clude direct reference to a phase transition, it is only
applicable to the data in the vortex-liquid state.

In the case of YBa,Cu305 single crystals, the current-
induced ac magnetic field is limited to the surface of the
sample because the sample thickness (~20 pum) is much
larger than the penetration depth (~1400 A). Thus, the
dominant contribution to the ac resistivity results from
direct interactions between the bulk ac current and the
thermally induced vortex dislocations. The corresponding
ac resistivity near Ty (H) is governed by the scaling rela-
tions [8,9],

pac(fLH,T)~|1 = (T/Tp)|*?7449 5, (f)
6)
F=fl1=(1/TW)| ¥,

where 5+ and pg- denote the universal functions for
T > Ty and T < Ty, respectively. In Ref. [9] we have
shown that the ac resistivity of YBa>Cu30O7 single crystals
is consistent with the critical scaling relations in Eq. (6).
Therefore the frequency dependence of Imlp,.] in Fig.
4(a) can be understood in the context of critical phenom-
ena: Since Imlpac] =|paclsing. with ¢, =(x/2)(1 —1/z)
being the critical phase at Ty (H) [9,16], and since the
amplitude of the ac resistivity at Ty (H) follows the fre-
quency dependence |pac| ~f! ~(172) [4 9], we find that the
theoretical magnitude of Imlp,] increases with the in-
creasing frequency near Ty (H), consistent with the ex-
perimental data in Fig. 4(a). The inset in Fig. 4(a)
shows the logarithmic plot of Imlp,.] vs f for T=Ty(H)
and H=5.0 kG. Note that the slope is equal to
(1 —1/z), and that the experimental data yield Imlp,]
o f0659 at T (H)=91.21 K, consistent with the fact
that z = 3.0. We therefore conclude that the dominant
contribution to p,c in YBa;Cu305 single crystals is relat-
ed to the critical dynamics of the vortex-glass transition.

Finally, we note that for 7> Ty (H), the ac surface
magnetic fields in YBa;Cu3O7 single crystals also give
rise to small, diffusion-related “peaks” in the Iml[p,c] vs
T data [Fig. 4(a)], indicating that the theory of vortex
depinning becomes relevant if the temperature is outside
of the critical regime of the vortex-glass transition. Con-
sequently, a complete theoretical description for p,c(f, T,
H) must include both critical dynamics and vortex
diffusion to fully account for the experimental data. This
issue still awaits further investigations.

In summary, we have provided experimental evidence
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for a vortex-glass transition in amorphous Mo3Si films by
deriving universal critical exponents (v= % and z = 3)
and universal functions from dc transport measurements.
The critical exponents for a-MosSi films are consistent
with those for YBa;Cu3O5 single crystals, indicating that
the vortex-glass transition in both systems belongs to the
same universality class. In contrast, ac transport mea-
surements from 102 to 3% 10® Hz suggest that critical dy-
namics associated with the vortex-glass transition is only
observable in YBa;Cu307 single crystals, because of the
much smaller critical dynamic range in a-MosSi films
which prevents direct observation of frequency-dependent
critical phenomena.
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