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Abstract

We report normal-state and superconducting properties of the clathrate-type silver-oxide AgsOgAgHF,. We present electrical resis-
tivity, DC- and AC-susceptibility and specific-heat measurements of single crystalline AggOgAgHF,. In the normal state, AgsOsAgHF,
exhibits metallic conductivity and a phase transition near 110 K, possibly a structural phase transition as observed in the related com-
pound AgsOsAgNOs. The onset of superconductivity of our samples is observed around 1.2-1.5 K, and the H-T phase diagram is deter-
mined for the first time. The upper critical field H.,(0) is estimated to be about 2000-2200 Oe and the coherence length £51(0) to be

40 nm.
© 2008 Elsevier B.V. All rights reserved.
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1. Introduction

We report here a silver-oxide superconductor which
belongs to the family of silver clathrates AgcOgMX (M =
cation, X = anion) with M =Ag. For X =NO;, BF,,
and HF;, superconductivity was already reported in the
1960s with critical temperatures 7. = 1.0 K, 0.15 K, and
1.0-1.5 K, respectively [1-3]. For other family members
with X = HSO,4, HCOs;, or in more general for M = Tl or
Hg, AgqOgTICIO,4, and AggOgHgClOy4, only the synthesiz-
ing methods and crystal-structure analyses have been
reported so far [4-7].

At room temperature, AggOgMX crystallizes in a cubic
structure, space group Fm3m (No. 225). The Ag, O, M,
and X ions occupy the 24d, 32f, 4b, and 4a Wyckoff
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positions, respectively [8-11]. A unique structural feature
throughout the whole AgsOgMX family is the location of
the X anions in the centers of oversized AggOg cages.
The M ions are located in the cuboid-like spaces between
the Ag¢Og cages as shown in Fig. 1. The surface of the
AgsOg cage consists of square planar AgO,4 units which
resemble the CuQ, structural element realized in the
high-T, cuprates. The chemical composition of the AgsOg
cages forces the Ag ions partly to realize an unusual high
valency such as Ag®" or even Ag*". The reason for the exis-
tence of different Ag valences is the fractional formal Ag
ion valence in the AggOg cages, i.e., +2.67. The family of
AgcOsMX compounds are, therefore, a class of interesting
materials with the Ag¢Og cages as characteristic structural
element. However, the nature of the superconducting state
is not well understood. In order to obtain more informa-
tion on the superconducting ground state of AgqOgsMX,
we investigated the compounds with M =Ag and
X = NOj (Ref. [13]) and HF;. In this paper we focus on
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M = Ag (4b)

Fig. 1. Crystal structure of AgeOgAgHF,: The solid lines in the left figure mark the unit cell. The right drawing gives an enlarged view of the characteristic
AgsOg cage with the X anion in its center. (The program VESTA is used [12].)

AgcOgAgHF,, which is to our knowledge the material
which exhibits the highest-7, value so far reported among
the whole family of AgsOgsMX silver clathrates.

There are only two early publications dealing with
AgsOgAgHF, available: by Gossard et al. (Ref. [2], pub-
lished in 1967) and by Conway et al. (Ref. [3], 1970). The
former one reported superconductivity in AgsOsAgHF,
with T, values of about 1.0-1.5 K. The latter publication
reported the temperature dependence of the specific heat
in the superconducting state. However, the specific-heat
data in Ref. [3] exhibit a very broad superconducting
transition. The authors explained this broadness due to
paramagnetic impurities contained in their samples. There-
fore, they did not carry out any further analysis of their
data. Thus, the superconducting properties, e.g. the coher-
ence length, the upper critical field, or the H-T phase dia-
gram of AgsOsAgHF, are still unknown. In order to
examine the superconducting phase of Ag¢OgAgHF, and
also to obtain information on the normal-state properties,
single crystalline samples are desirable.

In this paper, we present the results of electrical resistiv-
ity p, specific heat Cp, and DC- and AC-susceptibility (ypc
and yac) measurements using newly-prepared single-crys-
talline samples of AgsOgAgHF,. We estimate the basic
physical quantities in the superconducting state and discuss
the superconducting properties in a Ginzburg-Landau
framework. We newly present the H-T phase diagram of
AgcOgAgHF,. Finally, we discuss the superconducting
state in AgsOgMX and compare the results on AggOg-
AgHF; (this work) with those on Ag¢OsAgNO; (reported
in Ref. [13]).

2. Experimental details

AgcOgAgHF, samples were synthesized by an electro-
chemical reaction using HF solution [14]. We used
99.99%-AgF powder and 3-10% concentrated HF solution
as starting materials. We dissolved 40 g AgF powder in
100 ml HF solution. For the electrochemical reaction a
platinum plate (anode) and platinum wire (cathode) were

used. The synthesis current was supplied by a stabilized
power supply with a maximum current of 1.0 A. The sam-
ples, which grew at the anode, were washed with cold-dis-
tilled water and dried in vacuum. The needle-like samples
are black/grey colored with a typical length of several
millimeters.

Some specimens of Ag¢OsMX were reported to loose
oxygen if exposed to air [10]. From our experience, mois-
ture is also a crucial parameter. Especially for AggOg-
AgHF,, we observed a surface deterioration of the samples
if they were kept on air too long. To avoid a possible dam-
age of the samples, we kept them in dry Ar atmosphere
except the time when a sample was mounted to an experi-
mental setup prior to a measurement.

We confirmed by powder X-ray diffraction that the syn-
thesized phase is indexed as a cubic unit cell, space group
Fm3m. We did not detect any impurity phases. Moreover,
we checked that the samples are single crystalline by taking
X-ray Laue patterns.

The electrical resistivity was measured by a conventional
four-probe method applying a DC current of 0.1 mA using
a commercial setup (Quantum Design, PPMS) between
0.4 K and 300 K. The DC magnetization measurement
was performed using a commercial SQUID magnetometer
(Quantum Design, MPMSR2) in the temperature range
2K < T<300K. The AC susceptibility measurements
down to 0.3 K were performed with a *He refrigerator
(Oxford Instruments, Heliox) inserted into a standard
superconducting magnet by a mutual-inductance method.
In order to avoid heating effects during the low-7 measure-
ments, a small AC field of 83 mOe-rms was chosen. The
frequency of the AC field was 3011 Hz. The temperature
dependence of the in-field susceptibility data was taken as
follows: The external DC magnetic field was set above
T.. Then the temperature was reduced down to about
300 mK (field-cooling (FC) run) and subsequently
increased above T, (warming after FC run). The specific-
heat measurements were performed applying a relaxation-
time method using a commercial calorimeter (Quantum
Design, PPMS) between 0.4 K and 300 K.
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3. Experimental results and discussion
3.1. Normal state properties

Fig. 2 shows the temperature dependence of (a) electrical
resistivity p, (b) specific heat Cp, and (c) DC susceptibility
ypc = M/H for T, < T < 300 K. The resistivity exhibits a
metallic temperature dependence in the whole temperature
interval above 7. In the temperature range between
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Fig. 2. Temperature dependence of: (a) zero-field electrical resistivity p
(measuring current / = 0.1 mA); (b) zero-field specific heat Cp, and (c) DC
susceptibility ypc = M/H in an external magnetic field H = 55 kOe. In the
inset of panel (a) the temperature derivative of the resistivity dp/dT as a
function of temperature is shown, clearly revealing an anomaly around
110 K. The inset of panel (b) gives the temperature dependence of C,/T as
a function of 7% in an applied magnetic field H = 3000 Oe> H,,
representing the normal-state specific heat. The solid line is a fit to the
data using Eq. (1). In the inset of panel (c) an extended view of the data for
80K < T< 140K is presented. The vertical dashed line marks the
position of the observed anomaly (110 K) for comparison.

approximately 50 K and 100 K, the resistivity is propor-
tional to 7°. Below 50 K, this changes gradually toward a
T® behavior in the temperature interval 2 K < 7< 30 K.
The resistivity at 300 K amounts to ~450 pQ cm, and the
residual resistivity ratio psgo x/po x is 15. The resistivity
data exhibits a slope change near 110 K which is clearly vis-
ible in the derivative dp/dT given in the inset of Fig. 2a.
The anomaly is also reflected in the specific-heat data,
which exhibits a clear jump-like anomaly at that tempera-
ture, and in the DC susceptibility, which features a kink
near 110 K as indicated by the dashed line in Fig. 2. How-
ever, the origin of these anomalies remains unclear. The
related compound AggO3AgNO; undergoes a structural
phase transition at 185 K causing similar anomalies in
p(T), Cp(T), and ypc(T), which could also be the case in
AgsOgAgHF,. Gossard et al. [2] reported a small anomaly
in their resistivity data around 220 K. We note that we do
not find any indication of this anomaly in our data. The dip
visible in Cp around this temperature in Fig. 2b is most
probably an experimental artifact.

Now we analyze the specific heat in more detail. The
entire specific heat at low temperatures consists of elec-
tronic and phononic contributions:

Cp(T) = Ca(T) 4 Con(T)=yT + BT°. (1)

Applying Eq. (1) to the data in the temperature interval
0.35 K < T'< 4 K measured at H = 3000 O¢ > H,, repre-
senting the normal-state specific heat, yields a very good
description as shown in the inset of Fig. 2b. From this
fit, we deduced the following values for the Sommerfeld
coefficient y and the coefficient of the phononic contribu-
tion By = 55.5mJ/mol K* and f= 1.3 mJ/mol K* Con-
way et al. [3] reported that their specific-heat data in an
applied magnetic DC field H = 24000e > H,, includes a
term proportional to 72 explained by the assumption of
paramagnetic impurities contained in their samples. Nei-
ther a 72 nor any different term is needed to yield a rea-
sonable description of our data measured in H=
3000 Oe. This gives further evidence that our samples are
of a higher quality compared to the samples used in the
previous study. The Debye temperature is calculated using
the expression = (12/5)Nn*RO’ where N = 18 denotes
the number of atoms per formula unit for AgsOsAgHF,
and R = 8.314 J/mol K is the gas constant. Using the fitted
value of f5, we estimate Op = 295 K.

The inverse DC susceptibility exhibits a linear tempera-
ture dependence above 110 K. We calculated the effective
Bohr magneton peg~ 1.1 from a linear fit to the data in this
temperature range. The kink in the data around 110 K
indicates that the magnetic state is affected by the phase
transition at 110 K, leading to a possible change of the
mixed valences of the Ag ions (in cubic crystal-field symme-
try: Agh: 4d'% S=0, Ag*": 4d%; S=1/2, Ag’": 4dY;
S = 1). Unfortunately, we cannot distinguish between these
different states by a bulk magnetization measurement,
which is only sensitive to the macroscopic sample average
of S rather than the microscopically realized spin states.
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3.2. Superconducting properties

Fig. 3 summarizes the resistivity data of three single
crystalline samples of AgsOsAgHF,. The onset of super-
conductivity is indicated by a sharp transition for all three
samples (transition width =0.07 K (sample #1), 0.08 K
(sample #2) and 0.05 K (sample #3), respectively). We
define T, as the 50% point of the transition, i.e., where
the absolute value of the resistivity has dropped to 50%
of the normal-state value.

As seen in Fig. 3, there is a sample dependence of the
superconducting transition temperature 7. To elucidate
the origin of this difference, we performed sample growth
under different conditions, e.g. changing the synthesis time,
the synthesis current, or the concentration of the used HF
solution. We determined the values of T for seven different
single-crystalline samples by resistivity, specific heat, and
AC susceptibility measurements, finding 7, = 1.24-1.51 K
as summarized in Table 1. However, it turned out to be dif-
ficult to completely control the sample quality by these
parameters. Therefore, we can not resolve this question
at the current state of research.

In the superconducting state, the electronic specific heat
C, can be obtained by subtracting the phononic term from
the total specific heat: C, = Cp — Cpp,. Normalizing the
electronic specific heat in the superconducting state to
Ca/yT. and plotting the result on a semilogarithmic scale
versus T./T yields Fig. 4 (sample #5). In the inset, temper-
ature dependence of Cg is shown. The solid line in Fig. 4 is
an exponential fit to the data in the temperature interval
0.35 K < T'< 0.8 K using the formula [18]

Ca /7T x exp(—aT./T) (2)

with a = A(0)/kgT, = 0.94. From this, we find AC(T,)/
yT. =~ 0.67. On the one hand our specific-heat data seems
to vanish exponentially for 7< 0.8 K as predicted by the
BCS theory. On the other hand, the estimated values of
A(0)/kgT, and the jump height AC(T,)/y at T, of the spe-
cific heat are much lower than the BCS expectation of
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Fig. 3. Electrical resistivity of AgsOsAgHF,. The dashed line indicates,
where the resistivity has dropped to 50% of the normal-state value.

Table 1

Sample dependence of the superconducting transition temperature 7, in
AgsOsAgHF,: the T, values of seven different single-crystalline samples
were determined by measuring resistivity p(7) (samples #1-3), specific
heat Cp(T) (#4 and #5), or AC susceptibility yac(7) (#6 and #7) (see text)

Sample T. (K) Quantity
#1 1.30 p(T)
#2 1.31 o(T)
#3 1.38 o(T)
#4 1.24 Cp(T)
#5 1.25 Cp(T)
#6 1.28 xac(T)
2.0 70
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Fig. 4. Normalized electronic specific heat of AgsOgAgHF, (sample #5)
Cp/yT, in zero field as a function of T,/T. The solid line is a linear fit to the
data. The inset shows the temperature dependence of the electronic
contribution to the specific heat Cy, in zero magnetic field. The solid line is
a fit to the data applying the conventional BCS exponential formula (Eq.
(2)) (see text).

1.76 and 1.43, respectively. However, the superconducting
transition causes a very broad anomaly in the temperature
dependence of Cp. One might argue again with an affected
sample quality due to the exposure to air/moisture, leading
to some disorder and inhomogenity and hence causing the
broad transition which could also be the reason for the
deviation from the BCS expectations for A(0)/kgT,. and
AC(T.)/y. Therefore, it is difficult to speculate about the
true gap structure. Here, a specific-heat study down to tem-
peratures below 0.4 K is desirable in order to verify that the
specific heat keeps the exponential behavior or not.

Fig. 5 shows (a) temperature dependence of the electrical
resistivity under magnetic fields up to 2000 Oe and (b)
magnetroresistivity as a function of the applied magnetic
fields up to 3000 Oe at various temperatures (sample #3)
[15]. In these measurements, the DC magnetic field was
applied parallel to the measurement current. The resistivity
drop indicating the superconducting transition was
observed at 1.38 K with a transition width of only 0.05 K.

As before, T (H) and H(T) are defined as the 50%
point of the transition. The critical temperature 7.(H)
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Fig. 5. (a) Temperature dependence of the resistivity in various magnetic
fields 0 Oe < H < 2000 Oe and (b) magnetroresistivity at various temper-
atures of AgsOgAgHF, (sample #3).

(critical field strength H(T)) is systematically suppressed
with increasing magnetic field (temperature); compare
Fig. 5a and b, respectively. As is seen in Fig. 5a, the tran-
sition width AT, is field independent, indicating that the
superconductivity in AgsOsAgHF, is mean-field like, in
clear contrast to low-dimensional superconductors like
the high-T, cuprates, where AT, becomes broader in finite
magnetic fields due to fluctuation effects [16].

Fig. 6 summarizes the real part y’ of our AC susceptibil-
ity data as a function of temperature in various applied
DC-magnetic fields for sample #7, which is the sample with
the highest 7. =1.51 K found among our AgsOsAgHF,
samples. The blue curves correspond to the data measured
upon decreasing temperature (FC), the red curves to the
respective subsequent measurements upon increasing tem-
perature (after FC). The critical temperature T (H) is
defined as the temperature at which the value of y' has
dropped by 1% of the total shielding |Ay| =[x\ — Zucl
(sc = superconducting, nc = normal conducting).

The onset of superconductivity and the superconducting
volume fraction are systematically suppressed with increas-
ing magnetic field (see Fig. 6). The cooling and warming
runs coincide with each other except the data measured
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Fig. 6. Temperature dependence of the real part ' of AC susceptibility in
various applied DC magnetic fields 0 Oe < H < 1800 Oe for Ag¢OsAgHF,
(sample #7).

in H=1000Oe and 1400 Oe. Nevertheless, the onset of
superconductivity is non-hysteretic even for these two field
strengths and therefore we conclude that AgsOsAgHF, is a
type-II superconductor.

The H-T phase diagram of AgsOgAgHF, is shown in
Fig. 7. The data points are deduced from resistivity and
AC susceptibility measurements using samples #3 and
#7, respectively. The transition temperature shifts towards
lower temperatures as the magnetic field increases. More-
over, the observed sample dependence is reflected in a slight
difference between the two phase lines. It remains unclear
why the H-T phase line of the sample exhibiting the lower
value of T, (sample #3) features a larger slope than the
phase line determined using sample #7.

We note that in the high-T/low-H region of the phase
diagram a slope change takes place. The initial curvature
of the H-T phase line is concave, becoming linear for inter-
mediate field strengths and changing toward a convex cur-
vature in the low-T/high-H region. Neglecting the slope
change just below T, the gradient of the phase line dH,/

2500
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Fig. 7. H-T phase diagram of Ag¢OsAgHF, deduced from resistivity
(sample #3) and AC susceptibility measurements (sample #7) (compare
text).
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dT near T, is estimated to be —2280 Oe/K (resistivity data;
sample #3) and —1955 Oe/K (AC susceptibility; sample
#7), respectively. Using the standard Wertharmer—Helf-
and-Hohenberg (WHH) relation [17] Hyp =~ —0.693
(—dH/dT) x T., we estimate the upper critical field
H(0) to be 2000-2200 Oe for AgsOgAgHF,. According
to the GL-theory for a type-II superconductor, one can
estimate the coherence length ¢(0) using the relation
Hp = ®y/2n&%. This yields &0) =39 nm/41 nm for the
two specimens.

The upper critical field of AgsOgAgHF, is clearly below
the Pauli-limiting field [19,20] H, = 18.4 kOe/K x T, =
24.8 kOe. Therefore, we conclude that AgsOgAgHF, is in
an orbital limit and away from the Pauli-limiting regime.

We estimated the thermodynamic critical field H(0) on
the basis of the relationship:

2 , Te
WHO) 772, / Co(T)dT. (3)

2 2 o
Thus, from the fit to the specific-heat data using Eq. (3) as
shown in the inset of Fig. 4, we obtain a thermodynamic
critical field of about H (0) =~ 110 Oe. The Ginzburg-Lan-
dau (GL) parameter xgp and the magnetic penetration
depth A(0) are calculated to be approximately 15 and
560 nm using the relations H,(0) = \/ZKGLHC(O) and
kgL = M0)/&(0). The kg value is larger than 1/ V2, which
divides type-I and type-II superconductors from each
other, clearly placing Ag¢OgAgHF, into the type-II regime.
Using H. = H./\2xkgL yields He = 6 Oe. All estimated
parameters are listed in Table 2.

Finally, we compare these results with those obtained
for AggOgAgNO; [13]. AggOgAgNO; undergoes a super-
conducting transition at 7, = 1.04 K and exhibits a Som-
merfeld parameter of y = 46.5 mJ/mol K2, which should
be compared to T, = 1.24-1.51 K and y = 55.5 mJ/mol K*
for AggOsAgHF,; see Table 2. In the weak-coupling BCS
theory, T, is given by the equation kg7, = hiw,, exp(—1/
VN(EF)), where wp;, denotes the frequency of the relevant
phonons, which is proportional to 0p, and V is the elec-
tron—phonon coupling strength [18]. The different values
of T, possess information on the difference in the density

Table 2
Properties of Ag¢OsAgHF, and Ag¢O3AgNO; in the normal and
superconducting state

Ag608AgHF2 Ag608AgNO3
T. (K) 1.24-1.51 1.04
H; (Oe) 6 22
H, (Oe) 2000-2200 770
H, (Oe) 110 130
(0) (nm) 560 270
&(0) (nm) 39-41 66
KGL 15 42
AC/yT, 0.67 0.94
2A/kgT, 1.88 2.36
y (mJ/mol K?) 55.5 46.5
B (mJ/mol K*) 1.3 2.6
0p (K) 295 243

of states at the Fermi level N(Eg) for the two compounds
given by

V' log(Te/wmm) N(EF)
Vv log(T/C/w;h) N'(Eg)’

)

where we assume N(Eg)/N'(Eg)=7/y’. This leads to V'/
Va~0.85 using T.=1.04K, 0p=243K, and y=46.5
mJ/mol K> for AgeOgAgNO; and T, =124-1.51K,
0, = 295K, and 7' = 55.5mJ/mol K* for AgsO3AgHF,.
The T, value of AgcOgsAgHF, would have been much high-
er if the electron—phonon coupling strength were not re-
duced by approximately 15%. An enhancement of N(EF)
may be ascribable to an increased effective mass due to
electron—electron and electron—phonon interactions. The
lattice constants of AgsOsAgNO;z and AgsOsAgHF, are
9.893 A and 9.824 A, and the ionic radii of NO; and
HF; are 1.79 A and 1.72 A [21], respectively. If the smaller
cage size for the AgsOgAgHF, leads to a wider band, vy
would have been smaller. However the opposite is the case
in these compounds. Answering the question which param-
eter tunes 7, would be a valuable step forward in under-
standing the superconductivity in the whole family of
silver-clathrate superconductors AggOgAgX.

4. Summary

In this paper, we discuss normal-state and superconduc-
ting properties of AgsOsAgHF, by means of electrical
resistivity, specific heat, and DC and AC susceptibility data
using single crystalline samples.

In the normal-state, we found a phase transition around
110 K indicated by anomalies in p, Cp, and ypc. The origin
remains unclear. However, the fact, that a similar anomaly
caused by a structural phase transition takes place around
185 K in the closely related compound AgsOgAgNO;3 [13]
suggests that AgsOgAgHF, also undergoes a structural
phase transition.

From the specific-heat measurement, we estimated the
parameters y, f, and 0p to be 55.5mJ/mol K? 1.3 mJ/
mol K*, and 295 K, respectively.

From our analysis of the superconducting state, we
found that Ag¢OgAgHF, is a bulk type-II superconductor.
We observed a sample dependent transition temperature
T.~1.24-1.51 K and an upper critical field strength
H(0) =~ 2000-2200 Oe. We calculated the basic supercon-
ducting parameters as summarized in Table 2: The coher-
ence length amounts to &(0)~40nm, the Ginzburg—
Landau parameter to kgp =~ 15, and the penetration depth
to A(0) =~ 560 nm, respectively.

An analysis of the specific-heat data below T, in the
framework of the BCS theory yields AC/yT,=0.67 and
A/kgT. = 0.94 which are clearly smaller than the prediction
of the BCS theory. However, due to the broadness of the
transition, it is difficult to judge whether the estimated val-
ues are intrinsic or not. Therefore, further studies are
required to determine the true nature of the superconduc-
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ting gap, e.g. specific-heat experiments at a lower tempera-
ture scale.

From a comparison with AgsOgAgNOs3, electron—pho-
non coupling strength is reduced by changing the X site
ion from NOj to HF; . To further clarify this point, a com-
prehensive substituent-dependent investigation of the crys-
tal structure of AgsOsAgX with e.g. X =NO;, HF,,
HCOy, and other substituents, is desirable.
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