PHYSICAL REVIEW B 67, 172508 (2003

Observation of superconductivity in thick amorphous Mg,B;_, films
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We report the observation of superconductivity in homogeneously disordered thick films of amorphous
Mg,B1_ with x=0.29-0.39. We find that the superconducting-transition temperdiuahanges smoothly as
a function ofx, exhibiting a peak T;~6.1 K) atx~0.33 (=X,). Seven films studied in this work are
classified into two groups. For films with<x, the slope of the critical field®,(T) where the dc resistivity
vanishes is larger than that for films wik® X, indicating that there is a difference in the electronic and/or
vortex states between the two groups.
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Since the discovery of superconductivity in MgBEt  strates and subsequently heated to approximately 600 °C.
about 39 K} much effort has been devoted to fabricating The onset temperature of the superconducting transition was
high-quality crystals. To date, films with a highlyaxis-  about 29 K, which is much higher than tfig values of our
oriented crystal structure,’ as well as bulk single fims. We find that the superconducting propertis,and
crystals~**have been fabricated. These samples are consid_,, for our films are similar to those for conventional amor-
ered to be sufficiently clean, having the low resistivity in thephous alloy films, such as thickl0OO nm a-Mo,Si;_
normal state at 40 Kg,~0.1-10u) cm). However, the fiims?32?* The T, changes systematically and smoothly as
superconducting properties, as well as the values,ofare g function of x, exhibiting a peak T.~6.1 K at
dependent on preparation methods. The superconducting= .33 (=x,). Seven films studied in this work are classi-
transition temperaturg, for the crystal samples stays close fied into two groups. For films witlx<x, the slope of the
to 39 K, while somewhat lower values 8%, (~22-39 K)  critical field Bo(T) where the dc resistivity vanishes is larger
have been reported for the film sampt&s®The upper criti-  than that for films withk=x, . The “vortex-liquid phase” is
cal field B¢y(0) in the limit of zero temperatureT¢~0)  even narrower than that reported for clean Mg@&mples but
ranges from~4 T for single crystals, where the field is ap- somewhat broader than that for thiakMo, Si; _ films.2324
plied perpendicular to the Mg and B planes, to 15 T for wiresThe preliminary results, the preparation method, and charac-
and polycrystallines. On the basis of data of dc resistivityterization of thea-Mg, B, _, films are presented elsewhére.
and magnetic measurements, the possible vortex phase dia- The fiims were prepared by coevaporation of pure Mg
gram in the field-temperaturd3(T) plane has been actively (99.9 99 and B(99.9 % from electron-beam crucibles onto
discussed. One of the most striking features is the extremely glass substrate held at room temperature. The vacuum was
broad “vortex-liquid phase” which grows progressively with ~ 10~1° Torr before deposition and approximately £0Torr
decreasing temperature. during deposition. In order to obtain a series of samples with

Compared with clean samples, very little has been studiedontinuously changing for fixed thickness, we employed a
about the dirty sample$*® It is interesting to study amor- gradient deposition techniqd@?The edges of the film were
phous @-)Mg,B; _ films where disorder is microscopic and trimmed by a sharp stylus to avoid ambiguity in thickness.
extremely strong. Of course it is not evident whether we carThe shape of the film was not perfectly rectangular and
fabricate a-Mg,B, _, films, and even if we can fabricate hence, there is some ambiguity in determinpmg The size
them, it is not clear whether they exhibit superconductivity.of our film was 2.5 mm in length, 0.5—1 mm in width, and
To date, several amorphous alloy films are known to exhibi90 nm in thickness. The gradient of Mg concentration,
superconductivity?=?* For instance, in molybdenum-base which was in parallel to the direction of the sample width,
a-Mo,Ge, _, (Ref. 20 anda-Mo,Si; _ films, T, is varied as  was smaller than 0.09%/mm, which corresponds to The
a function ofx. Mo is itself a superconductor with a bulk,  variation of 0.02 K(films 4—6-0.13 K (film 1) within each
of 0.9 K, whileT,’s of these amorphous alloy films are much film. We prepared seven films withranging from 0.39film
higher tha 1 K for moderate Mo concentratione.g.,T. of 1) to 0.29(film 7). The absolute values of were not deter-
the 100-nm-thicka-Mo,Si; _, films reache 7 K for x mined directly from the experiments but merely calculated
=0.7.1° from the deposition rate. The electrical resistivity was

In this paper we report the observation of superconductivmeasured by the conventional four-terminal ac locking and
ity in thick a-Mg,B;_ films with varyingx. Thea-MgB,  dc methods. The magnetic field was directed perpendicular
films which exhibit superconductivity have been already re-to the plane of the film.
ported by Kis et al® However, the preparation method and ~ We have taken a transmission-electron microgrdfM)
superconducting properties are very different from those irand an electron-diffraction pattern of the 10-nm-thick
the present study, suggesting that the microscopic or mesoMg,B; _, films with x=0.4 and 0.3. In either film we do not
copic structure of the films is also different. The films re- observe any sign of granular structure down to about 1 nm.
ported on in Ref. 16 were deposited on flexible plastic subTypically shown in Fig. 1 is the TEM image of the 10-nm-
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FIG. 3. Temperature dependence of the resistipity) in zero
field for films 1-7 withx=0.39-0.29 and for the single-crystal
MgB, sample from the data in Ref. 9.

FIG. 1. The 33 nnx33 nm TEM image of the 10-nm-thick

Mg,B, . film with x=0.3 deposited on a thia-C film almost constant or increases very slowly without showing
xP1-x . :

any sign of superconductivity dt~39 K. With further de-

creasingT, p(T) exhibits a sudden decrease at around 5 K

and falls to zero at 4.4 K. The superconducting-transition

at roof eip - ) ¢ (zero-resistivity temperaturél .= 4.4 K is much lower than

is visible in Fig. 1 is most likely attributed to that afC. We T.=39 K for MgB, crystals. Here, we define the onset tem-

thus consider thaa-Mg,B,, films can be fabricated at peratureT,,, as a temperature at whighdecreases to 90%

room temperature by coevaporation of Mg and B at leaspf , (10 K). The width of the transition curve, as defined as

within the x range studied’ AT=T,,~ T, is 0.34 K. InB=0.1 T, the transition width

~ The normal-state resistivity, at 10 K shows a trend 10 AT s |arger than that in zero field. With further increasing

Increase ax decreases,pn~4><102_ pem for film 1 (X B(>0.1T), AT(B) stays almost unchanged or increases

=0.39) and 7.X 102, uem for film 722()(:0-29)’ as IS yery slowly. Similar behavior is observed for the rest of the

similar to the case wita@-Mo,Si; _ films.“ We notice, how-  fjms.

ever, thatp, for films 1-4 stays almost constant within our  Figyre 3 illustrates the temperature dependence of the re-

experimental resolutions. The reason is not clear, but it Ma¥istivity p(T) in zero field for films 1—7. Also shown is(T)

be partly attributed to ambiguity in determining, men- iy B—0 for the single-crystal MgBsample from the data of

tioned above. AS.IS shown _belowc, which is not dependgnt Ref. 9. The normal-state resistivigy, for our a-Mg,B;_

on the sample size, exhibits a systematic change ageinst fms lies in the range P0-10° 1 Q cm, which is of the same

indicating that electronic states for films 1-7 indeed changgqer of magnitude ag,, for thick (100 nm a-Mo,Si;

as afunctionok. films,2 but much larger than 1-100 cm for the single-
Typically shown in Fig. 2 is the temperature dependence&rysw MgB,.° The transition temperaturg, (T,,) for the

of the resistivityp(T) for film 3 in different magnetic fields. a-Mg,B,_, films is dependent or. In Fig. 4 we plotT, for

Upon cooling from room temperaturg(T) in B=0 stays  geyen films as a function of boron concentration Xl We

can see thal. changes systematically and smoothly against

thick Mg,B; _ film with x=0.3 deposited on a thia-C film
at room temperature. The very small structuxel( nm) that
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FIG. 2. Temperature dependence of the resistip(ty) for film 1-x

3 with x=0.36 in various magnetic field3, which are listed in the

figure (from right to leff. FIG. 4. T, for films 1-7 plotted against-1x.
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X, showing a peak at 4x,~0.675-0.005 (,~0.325
+0.005) for film 5. The maximum value of.=6.1 K is
close to that T.~7 K) for thick a-Mo,Si; _, films. It is
interesting to note thax, corresponds to 1/8.e., MgB;).
We cannot tell definitely, however, whethey exactly coin-
cides with 1/3, since the absolute valuexafannot be deter-
mined precisely from the present experiment.

One may question that the variation i, observed
among films 1-7 may imply the occurrence of superconduc-
tivity in different stoichiometric phases of the Mg-B system,
such as MgB (x=0.20) and MgR (x=0.14) or other un-
known Mg,B; _, compounds?® However, the following facts
suggest that such a possibility is weak) The range of
X (=0.29-0.39 studied in this work is narrowji) the resis-
tive transitionp(T) is smooth and relatively sharp except for
film 1, and (iii) the variation ofT. with x is smooth, which
would not be expected if our film was composed of more
than two phases with differefit.. The shape of the transi-
tion curvep(T) for film 1 looks broader, though smooth, as
compared tp(T) for the rest of six films 2—7. We consider
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that part of the reason is due fB. variation within the
sample resulting from a gradient afsinced T, /dx is largest

for film 1 (Fig. 4). The results obtained here are different

from what has been reported for polycrystalline MgB,

samples with 6<x=<0.15 in which percolative superconduc-

tivity is observed-®
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Let us consider the possible phase diagram in the mixed F|G. 5. Characteristic fields VEfor (a) films 2, 3, and 5 andb)

state. We present the characteristic field3 ¥ar the selected
films 2, 3, and 5[Fig. 5a)] and films 6 and 7Fig. 5b)]
extracted from thep(T) data in variousB on the basis of
different criteria: onseB ¢ (open symbolsand completion
B, (full symbols. Here,B, ¢ and By, respectively, represent
the points wherep decreases to 90% and 0.01% @f (10
K). In the vortex phase diagram in tieT plane,Bj ¢ and
By are roughly identified with the upper critical fieB}., and

the “melting field” (the first-order or second-order transi-

tion), respectively. The whole shapes Bf,(T) [or By(T)]

films 6 and 7: onseBg o (0pen symbolsand vanishing resistivity
By (full symbolsg. Here By 4 and By, respectively, represent the
points wherep decreases to 90% and 0.01% mf (10 K). The
dashed and full lines are guides to the eye.

cal mechanism responsible for superconductivity in
a-Mg,B,_, films is still unknown, we hope the present re-
sults will provide some useful information in preparing high-
quality MgB, films and in understanding the mechanism of
superconductivity in amorphous alloy films.

for films 1-5 are similar to each other, while the Slope of the As pointed out earlier, there is b|g difference between the

Bo(T) [or By(T)] lines for films 6 and 7 is remarkably

larger than that for films 1-5. This is clearly seen by com-

paring, for exampleB.,(0)=2.4 T for film 3 with B;,(0)
=5.4T for film 7, whoseT .=4.3-4.4 K is nearly identical
to each other.

In Fig. 6 we plotBy(0) for films 2—7 againstT., where
Bo(0) is obtained by extrapolating,(T) to T=0. For film
1, B.»(0) is plotted instead oB,(0), since By(0) is not
determined unambiguously within tfilerange measured. All

the films studied in this work are classified into two groups;

films 1-5 withx=x, and films 6 and 7 witlx<x, . In either
group By(0) roughly follows the linear relationBy(0)
=aT., wherea=0.47 and 0.80 T/K for films withk=x,

values of T, (<6.1 K) obtained in the present work for

andx<x,, respectively. More precisely, film 5 may be lo-

cated in the intermediate regime between two groups. The
results presented here indicate that there is a difference in the
electronic and/or vortex states between the two groups. The

6.
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E 4 film 7 film 5
9 [ ]
=)
m .
ol film 4
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(]
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] .
% 5
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superconducting properties for films 6 and 7 witkix, are

FIG. 6. By(0) (filled circles for films 2—7 plotted against. .

most likely dominated by localization effects caused by re<For film 1, B.,(0) (open circlg is plotted instead 08,(0). The

duction of carrier concentration?>2%28Although the physi-

straight lines represent linear fits.
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a-Mg,B; _, films and the value of .~29 K reported in Ref. MgB, single crystals and dense polycrystalline wires, where
16 for a-MgB, films. The higherT. reported ina-MgB,  the width of the vortex-liquid phasAB(T), as defined as
films, together with the fact that the bulk of teMgB,  AB(T)=B.,(T)—By(T), grows remarkably upon cooling.
films exhibits a fully stoichiometric composition of Mg and  To summarize, we report the observation of superconduc-
B, may be due to postannealing at temperatures higher thaity in a-Mg,B;_, films with x=0.29-0.39. We find that
600 °C.*° We assume that the annealing process may lead t9_ changes smoothly as a function xf exhibiting a peak
formation of crystallinelike grains with highéf; (>6 K), (Tc~6.1K) atx,~0.33. Seven films studied in this work
which may not be detected experimentally. Actually, it has,,q jassified into two groups. For films withex, the slope
_been repor_ted by Kuiand co-workers that th_g superconduc_t- of the By(T) line is larger than that for films witlx=x,,

ing properties depend strongly on the conditions of annealln. ndicating that there is a difference in the electronic and/or

and that the granular nature has been suggested by the “"Yortex states between the two groups. The preliminary mea-

cal current density? surements of the ac complex resisti?ity® for the present

Finally, we comment on the “vortex-liquid phase.” We a-Mg,B films suggest the existence of the vortex-glass
have commonly observed that tlge,(T) line in the B-T 9t 135 99 9
transition’® at aroundB,.

phase diagram runs nearly parallel to & T) line except

nearT. down to the lowesT measured. The similar feature We thank A. Genseki and M. Morita for technical assis-

is observed for thicla-Mo,Si; _, films with variousx.2324.28

The behavior observed foa-Mg,B;_, and a-Mo,Si;_

tance. This research was supported by a Grant-in-Aid for
Scientific Research from the Ministry of Education, Science,

films is markedly different from what has been reported forSports, and Culture.
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