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Properties of gallium in porous glass
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We have studied the behavior of gallium in porous glass. Except for a few linesGaf, the main pattern
of the x ray does not fit in with any previously reported phase of gallium. By resistivity measurements, just
above a superconducting transition, an anomalous peak at 6.3 K was observed. Lack of x-ray pgg&&as of
and 6-Ga suggests that the 6.4 K transition might be due to a new phase of galliung phase in strong
disorder.[S0163-182@06)02830-5

Porous glass filled with different materials plays an im- Among the seven previously reported polymorphic modi-
portant role in many aspects of science and technologyfications of galliunt =2 at least four of thema-Ga, B-Ga,
Properties of materials in confined geometries can differ sigy-Ga, ands-Ga show superconducting phase transitiois.
nificantly from those of bulk samplé§. In this paper, we The superconducting transition temperatufies of a-Ga,
will discuss the properties of gallium in a porous glass.  ,-Ga, ands-Ga are 1.082, 7, and 7.85 K, respectively. The

The porous matrix was prepared from a sodium borosilitransition temperature ¢8-Ga reported by different research
cate glass. The pores had a rather narrow size dlstnbutlongroupS was from 5.6 to 6.3 K-12 The 7 K transition indi-
and 95% of the pore diameters were lying withimt A of  categ ay-Ga. However, the resistance does not reach zero at
the_ average value. The pores together _W|th narrow necks; K, which indicates only a tiny amount of gallium to be
which connect pores, form the random interconnected net: Ga. Figure 3 gives the temperature dependence of resis-
work in a glass bulk. The average distance between pore ance between 7 a6 K using different currents. A dramatic

according to small-angle diffractometry and electron micros- . . . .
copy.can b estmted o be 50 & aboutwice 3 arge s HEEL 1L EEAIES Tesein, = e e s
pore diameter. Before porous glass was filled with gallium, it P Yy

was cleaned by 50, and heated up to 130 °C for the inner 6.300.01 K. A similar two-stage superconducting transition

. . . 13
water evaporation. The liquid gallium was embedded int®f indium in porous glass was also observed by Gtadl.

glass under high pressure up to 9 Kbar at 35 °C. The puritQ—O confirm the anomalous peak at 6.3 K was not an experi-
of gallium was 99.9%. The density of porous glass with gal-
lium was 2.83 gcm?® corresponding to about 80% filled

total void volume. 003
Figure 1 gives the temperature dependences of resistance - T v
between 2 and 300 K. Electrical resistance was measured by i
a four-probe method. The schematic representation of the ~ R o
structure of porous glass with gallium and four probes is S o002} 1000 ] oK
shown in the inset of Fig. 2. The sample was fixed tightly in 8 0 Frrrre
the sample holder and four probes were pinned into the <Zﬁ o oo = 0¥ 0w
sample. A very small current 0.5 mA was used to measure = 1000 JLZM‘KA
the resistance. No self-heat effect was observed. The resis- % 0 e
tance of a sample was measured by averaging the voltages B 00 ooy P
obtained with the current in the forward and reverse direc- 4000 ;AJ/LJ,J
tions. As shown in Fig. 1, the resistance fluctuates between M R
about 290 and 160 K. Except this temperature range, the .
resistance measurements are reversible and repeatable. 0.00 . | , | .
Figure 2 gives the temperature dependence of resistance 0 100 200 300
R between 2 and 12 K. A very sharp superconducting tran- TEMPERATURE (K)

sition is observed at70.01 K. At 7 K the resistance is near

but still not zero. As shown in Fig. 2, there are many micro-  FIG. 1. The temperature dependence of resistance between 2
channels betweeA andB. As long as gallium in any one of and 12 K. The inset gives x-ray spectra at 250, 220, and 200 K. The
the channels becomes superconductive, it will cause zero re-axis of x-ray patterns is diffraction angled2deg and they axis
sistance betweeA andB. is intensity with an arbitrary unit.
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lium for Cu Ka is 67.9 cni/g, x ray can penetrate several
thousand microns into these samples, and we are able to
observe the structure of gallium in the inner part of the glass
- gooeeeee ¢ bulk. As shown in Fig. &), the x-ray spectrum indicates
gallium in a liquid or amorphous phase at 300 K. The x-ray
. spectrum at 200 K is shown in Fig(l8. The material in
porous media typically forms a confined interconnected
three-dimensional network of channels of irregular size and
shape. Except for a few lines afGa, the main pattern of the
x-ray spectrum of gallium in a porous glass at 200 K does
not fit in with any previously reported phase of gallidfn.
According to Fig. 8a), this main pattern is not observed at
300 K; therefore, it is unlikely caused by sodium borosilicate
glass or impurities. This x-ray pattern might suggest a new
i . phase of Ga. Within the x-ray technique, neitlfer -, &,

hd e-, 1, {-Ga, nor Ga ll, nor Ga lll is discovered. As shown in
0.00 | s | . [ . Fig. 3(c), a-Ga is strongly reduced at low temperature, and

0.0 4.0 8.0 12.0 16.0 most Ga is left in this phase.

TEMPERATURE (K) Of the seven reported polymorphic modifications(za is
stable and always constitutes the majority of gallium but
B-Ga appears to be metastable and is formed by supercool-
iﬁg. Ga Il and Ga lll are stable only above 11.4 kbar and
'%6.9 Kbar, respectively. The remaining three phas€3a,
v-Ga, ande-Ga can be only observed withGa andB-Ga as
. . a small fraction.
mental artifact, the resistances between @ &rK were re- The x-ray spectra at 200, 220, and 250 K are shown in the
peated by repositioning the leads. The peak at 6.3 K Wag et of Fig. 1. Comparing the x-ray spectrum at 300 K to the
always observed. However, if the leads changed, the micraspecirum at 250 K indicates a crystallization below 250 K.
channels between leads would be different and the shape g,¢ peak of the x-ray spectrum a#-233° as shown in Fig.
the 6.3 peak changed, too. When the current used to measuemight be corresponding to lines a$234.2490° and
the resistance was increased, the peak was depressed. Rarggs g1° of a8 phasé- and the peak at@=30.5° might
currents larger than 4 mA, the peak vanishes. For resistangg, corresponding to lines a¥230.2406° and 30.5371° of
measurements between 300 and 2 K, the temperature at eagh ,, phasé* At 250 K, the disappearance of the peak at
data point was regulated by a La_ke Shore DRC-93CA temyy_3( 5o suggests a transition fromGa to 8-Ga. There-
perature controller. However, if the temperature wasgre a possible explanation of the resistance measurements
quenched directly to 10 K by putting in exchange gas, W&g that the fluctuation from about 250 to 220 K might be due
measured the resistance after exchange gas was pumped Qit, transition froma-Ga to 8-Ga andg-Ga melts at about
The 6.3 K peak am 7 K superconducting transition disap- 20 19 250 K. At atmospheric pressure the melting point of
peared.y-Ga seems to fail to form in porous glass if it is B-Ga is 256.5 K, much higher than 220 K. Mokt al?
quenched rapidly. o claimed that on the occasion of fluids in porous glass the
~ The x-ray-diffraction pattern of gallium in & porous glass melting transitions are broadened and occur at temperatures
is shown in Fig. 3. Since the absorption coefficient of gal-pgiow the bulk melting point. This argument is consistent

with our results. Besides, a remarkable depression of the

melting point of gallium due to the confinement has also
200 300.0K been reported recently by Wo#t all® for Ga precipitates
100 ’ ) within nanocrystalline tungsten.

If this argument is correct, above 250 K gallium is in an
amorphous or liquid phase ardGa will not exist at high
temperature. This result is inconsistent with the fact that
a-Ga is the only stable phase at atmosphere. Besides, al-
though the x-ray patterns of gallium in porous glass might be
strongly broadened and shifted, the x-ray spectrum at 4.5 K
hardly fits any Ga pattern previously reported. Therefore,
another possible explanation of the resistance measurements

0 - i A is that there is a new phase to theGa transition at about

20 160 K. To compare Fig. ®) to 3(c), a-Ga is strongly re-
duced at low temperature, which further supports a new

FIG. 3. The x-ray-diffraction pattern of Ga in a porous glass. Atphase to thex-Ga transition at about 160 K.

200 K, the x-ray lines that do not fit in with any previously reported ~ The low-temperature resistance measurement is shown in
phase of Ga have been marked*hyThe lines ofa-Ga have been Fig. 2. The most possible explanation of the 6.4 K transition
marked bye. is a superconducting phase transition®Ga. Many differ-

0.03

0.02 —

0.01 |- .

RESISTANCE ( Q)

FIG. 2. The temperature dependence of resistance between
and 12 K. The inset is the schematic representation of the structu
of the porous glass with gallium and four probes.
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ent research groups measured the transition temperature kported that deuterium in Vycor has a nonbulk structure.
B-Ga and reported it from 5.6 to 6.3 K. Experiments Besides, Grakt al!3 found that the superconducting transi-
indicated®™*® that many weak-coupling superconductorstion of indium in Vycor occurred about 0.6 K higher than in
showed an enhancementf if they were made disordered. bulk, even though the crystal structure in Vycor is the same
On the contrary, strong-coupling materials showed a smalys in bulk. This makes the identification of a possiltle
decrease oT ; with an increasing disordéf.*°By ion bom-  phase in galliun{largely based on the transition temperature
bardment Goerlackt al'® demonstrated that thE, of B-Ga  peing close to the bullg phase transitionless convincing.
could even increase up to 6.6 K. If the gallium in porous  The properties of gallium are significantly changed in po-
glass at low temperature is inf&phase, based on the x-ray (o5 glass. The properties can be explained by either of the
spectrum, thiss-Ga must be strongly disordered. However, ¢ing (1) Instead of the stable: phase, the gallium in
the T, of 5-Ga andy-Ga in porous glass are not shifted by porous glass is in thgg phase with strong disorder. The

disorder. . L .
. o melting point is smeared out and depressed to 220 K. Despite
Suppose the 6.4 K superconducting transition is caused b, . : . P i
B-Ga. The full diamagnetic shielding suggests that, in a po%e remarkable disordering, tfig of 5-Ga andy-Ga in po

rous glass, almost all gallium is in @ phase. If this argu- rous glass do not shift2) There exists a new phase of gal-

ment is correct, based on the x-ray spectrum, gaBa must lium with T, at 6.4 K. Contrary to a broad melting-freezing
iy ysp ' transition of metal in porous glass, the superconducting tran-
be strongly disordered.

However, it still cannot rule out the possibility that the 6.4 sition occurs sharply.
K superconducting transition might be caused by a new This work was supported by the National Science Council
phase of gallium. Although indium, lea&$and mercur§tin of the Republic of China under Contract No. NSC-84-2112-
Vycor are known to have the bulk structure, Sokolal?>  M006-001.
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