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Low-Temperature Heat Capacities of the 

. . * 
Clathrate Salts~Ag70sN03 and'Ag70sHF2 · 

t 
Mary M. Conway and Norman E.' Phillips 

Inorganic Materials Research Dl~ision of the Lawrence 

Radiation Laboratory and Department of Chemistry, 

University of California, Berk~ley, California. 

and 
:f: T. H. Geballe and N. A. Kuebler 

Bell Telephone Laboratories,MurrayHill, New Jersey 

The heat capacities of Ag70SN03 and Ag7 0sHF2 

have been measured b~tween 0.3 and, respectively, 20 

and 4°K. The measurements show that the' previously 

reported type II superconductivity is a bulk property, 

and give t~e values of some of the nor~al- and super

conducting-state parameters. There is a surprisingly 

strong dependence of the electronic density of stat~s 

and Debye temperature on anio!) identity, but ho con-

vincing evidence for a direct effect of anion 

identity on T . c 

Work at Berkeley supported by the U.S. Atomic Energy Comrnisio~; 

work at Stanford supported by A.F.O.S.R. Grant 68-1510B. 

tNational Science Foundation Graduate Fellow. 

:f: Also at Stanford University, Stanford, California.' 
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INTRODUCTION 

+ -The silver-oxide clathrate salts Ag7 0SX with X = 

NO;, HF2 , <-BF4, F are the only known examples of clathrates 

that exhibit metallic conductivity. For the NO; salt, 

residual resistance ratios, ~(3000K)/~(~.2~K), as hi~h as 

200 have been observed, and the phonon resistivity varies 

as T3 . 5 below 12°K.l i Thes.e salts a~so undergo supercon-

ducting transitions. 
I 

The tran~ition temperatures T , as c 

determined by magnetic measurements, were originally reported 

as 0.15, 0.3, and 1.04°K for the BF4, F-, and NO; salts 
. 1 

~espectively. Later measurements showed that the samples 

of-~he F salt had contained paramagnetic impurities and 

that samples of the HF2 salt have transition temperatures of 
. 2 
1-1.5°K. 

The crystal structure is based on face-sharing, 2S-sided, 

AgsOs polyhedra. Oxygen atoms are located at the 24 corners 

(each common to 3 polyhedra) and Ag atoms ~t the centers of 

the 12 square faces (out of IS) that are common to 2 polyhedra. 

Cubic spaces between the polyhedra, equal in number to the. 

polyhedra, contain the one additional Ag atom per polyhedron, 

and the anions are located at the centers of the polyhedra. 

At room temperature the known salts have a face-centered cubic 

lattice, but the NO; salt becomes face-centered tetragonal 

below ~bout 180oK, with c/a ~ 0.9S03 at lOOK. A phasechang~ 

also occurs in the HF2 salt, at 80 o K,2 but the structure of 
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probable that both transitions are associ,ated with the anions 

taking upregular orientations in the cage. The salts with 
. .' 

the more sy;nmetrical F~ and BF4 ali.ions apparently remain cubic 
. . 1 

at low temperature. The room-temperature cUbic;unit cell 

dimensions of the HF;, F-; N03, and BF4 salts are 9.S24, 9.S33, 

9.S93,and 9.942 ft., respectively.l,2 

The heat capacity measurements on Ag70sN03 and Ag70SHF2 

reported here ~ere undertaken to verify the existence of bulk 

s~percondU:ctivity and to obtain values of the related normal

state parameters N(O), the density of electronic states at the 

Fermi energy, and eo' the Debye characteristic temperature at 

OOK. It was hoped that a comparison of these parameters arid 

T for different salts might provide a basis for deciding 
c 

.~hether or not vibrational modes associated with the loosely-

bound anions played'a role in determining the superconducting-

state properties. The possible importance of anion vibrational 

modes is of course suggested by the strong variation in Tc 

produced by changing the anion. The NO; salt was chosen for 

study because it showed the sharpest transition. The other 

three salts known to become superconducting all show broader 

transitions (apparently because of the presence of small amounts 

of a paramagnetic impurity, possibly silver ion in the d9 con

figuration) and the HF2 salt was chosen primarily for its high 

transition temperature. 
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RESULTS 

The. heat capacity measurements were made on samples 

consisting of small crystals with dimensions on the order of 

a few millimeters. Thermal contact with a copper calorimeter 

was made with a small amount of silicone oil. The heat 

ca~acities ·of the calorimeter and oil were measured separately. 

Temperature was measured with a germanium thermometer that 

had been calibrated against a cerium magnesium nitrate 

thermometer (0.25-1 OK), the 1958 He 4 vapor-pressure sca.le· 

(1_4°K), and a gas thermometer (4-200K). The results helm'l 

2 oK, in several magnetic fields,· are. shovm in Fig. 1 as CiT 

2 vs. T . 

The heat capacity of Ag 708N03 in the normal state shows 

the temperature dependence expected ·for a metal at very 10\'[ 

temperatures, 

where y.is a constant proportional to N(O). In 2400 Oe, the 

(1 ) 

. . I -2 
heat capacity of Ag708HF2 includes a term proportional to T 

which is believed to be a consequence of the presence of 

paramagnetic impurities: it would require 0.04 moles of 

free-electron spins per mole of Ag7 08HF2 to produce an effect 

of this magnitude. The coefficient of this term was determiued 
2 ... 32 

from the 0.., oK intercept of a plot of Crr vs. T and the 'T-

term was· subtracted from the total heat capacity to obtain 

the dashed line shown in Fig. 1 for Ag108~~2 ~.nthenormalstate. 

I.: j 

. ! 

I 

i 
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The 'Y ande values corresponding to the dashed lines in o 

Fig. 1 are given in Table I. All values are calculated for 

the molar formula Ag708X, which correspon,ds ,to one prJmitlve 

unit cell. 'The variation of e with T is shown for both sal ts 

in Fig. 2. 

In zero magnetic field, the heat capacity of the Ag708 N03 

exhibits the temperature dependence expected for a slightly 

broadenedsuperconducting transition: on cooling, the transition 

begins at l.046°K and is 90% complete (as estimated from the 

magnitude of the heat capacity) at 1.004°K. The lowest 

temperature zero-field data were corrected for the lattice 

heat capacity and fitted to the BCS expression5 for the~super-

conducting-state electronic heat capacity, 

(2 ) 

With Tc taken as 1.025°K (see below) this expression fits the 

data for Tc/T > 1.7 with a = 6.12 and b = 1.22, as shown in 

Fig. 3. The superconducting-state entropy, obta~ned byinte

gration of the heat capacity (using extrapolated values below 

0.38°K and above 0.94°K) is equal to the normal-state entropy 

at l.025°K, and this temperature, which also corresponds approx-

imately to the middle of the drop in heat capacity, has been 

taken as Tc' Th~ critical magnetic field, calculated by ~ 

second integration, has a OOK value Hc(O) = 130 oe,' and a 

maximum deviation from parabolic temperature dependence of -6%. 
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The.superconducting transition of Ag70sN03 is shifted 

to lower temperatures with increasing magnetic field in the 

way expected: for type-II superconductivity. The in-field 

transition occurs at the temperature at whj_ch the upper critical 

field Hc2 (T) is equal to the applied field. This temperature 

was taken as that of the midpoint of the drop in heat capacity. 

The three values of Hc2 (T) determined from the three heat 

capacities taken in magnetic fields were used to calculate the 

Landau-Ginsburg parameter, defined by6 K = Hc2 (T)/ --/2 Hc (T) . 

K was found to be 2.2, 2.6, and 3.2 at 0.S2, 0.67, and O~5SoK, 

respectively. These values do n6t fit the tempSrature dependencS 

of K predicted by the usual theories, but the discrepancy cannot 

be regarded as significant in view of the breadth of the trans

itions observed in higher mangetic fields and the resulting 

uncertairity in Hc2 (T). 

The zero-field superconducting transition of Ag70SHF2 is 

broadened considerably, presumably by the paramagnetic impurities 

responsible for the T-2 term in the normal-state. heat capo,city. 

It seems reasonable to suppose that the transition has also been 

lowered by the same mechanism and that Tc for the pure salt may 

be considerably higher than I.SoK. The breadth of the transition 

prevented an evaluation of the other superconducting~state 

parameters and, for the same reason, no attempt was made to 

study ths depression of the transition in small magnet:i,c fields. 

The transition temperatures obtained for both salts are in 

good E.l.~!;]'eement Hith the va,lues obtaincc) from ~11/3:':)JetiC'mc'<' -:'ements, 
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but the values of HC(O), r, ~nd K obtained for the,N03-salt 

do not agree with the yalue~ obtained from magnetic measure-

ments. Robin et al. calculated H (0) = 57 Oe from the area . c 

under a magnetization curve at O.loK and, with the assumption 

of a parabolic dependence of H on T, found r = 7.3 mJ/mole-oK2 . c ., 

They also estimated K ~ 100from the shape of the magnetization 

curve. It seems clear that the values of rand Hc(O) must be 
I 
given correctly by :the calorimetr~c measurements. (Measure-

ments on a second sample, not reported here, gave essentially 

identical results.) On the other hand, it is not at all clear 

why the magnetic measurements gave such different values. 

Possibly the discrepancy is related to the different physical 

condition of the samples: the magnetic measurements were made 

on powdered material and the calorimetric samples consisted of 

small crystals. 

DISCUSSION 

Substitution of an HF2 ion for an NO; ion produces a 

volume contraction of . only 2.l%,but increases e from 85.3 o 

to l25°K. This effect, which would. correspond to a Gruneisen 

constant of ~18, is an order of magnitude larger than would 

be expected for a pressure-induced contraction in an ordinary 

lattice. 

With increasing temperature, there are two distinct drops 

in the value of e fpr the NO; salt. The initial drop, from 

82.5°K neB,rOoK to ~60oK in the 5-l0oK re[').on is typical of 

I 
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that observed in many solids and is of a magnitude often 

associated with phonon dispersion. However, the s,econd drop, 

which occurs above 15°K, is unusual. It is very probably associated. i 

with a rocking mode of the NO; ion, but the lack of measurements 

on: the HFZ salt .in this temperature region make this inter-

pretation,; somewhat speculative. 

Th~ HFZ salt shows only a temperature-independent par~

magnetic,:$f;i)i:sceptibili ty, and Hall-effect measurements indicat.e 

the presence of between two and three carriers per Ag608 urdt.. 

It has been suggested that the A atoms in the Ag 608 units are 

in,the d.ia~agrretic 4d8 ~quare-planar configuration, and that 

the two remaining electrons are in a conduction band that 

utilizes the 4d orbitals of tlie Ag atoms and the 2p orbitals 

2 of the ° atoms. The free-electron 'Y value corresponding to 

this electron density (which is not very sensitive to the exact. 

number of electrons) is 4.8 mJ/mole-oK. The. observed 'Y values 

are considerably higher--44.6 and 72.5 mJ/mole-oK2 for the 

NO; and HFZ salts, respectively--showing that N(O) is much 

greater than for free electrons, and suggesting that the con-

duction band is very narrow. Since there is very little con-

duction electron density at the anion,2 the difference in N(O) 

between the two s.al ts must be attributed mainly to the 

d~fferent Ag-O distances. The effect of lattice parameteroL 

N(O) is also surprisingly large--a 2.1% reduction in vOlmne is 

accompanied by a 62% increase in N(O). 
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The possibility that the anions contribute directly to 

the superconducting interaction in these: sal is can be tested 

by comparing the observed critical temperatures with theore-t.ical 

expressions that relate, Tc to normal-state properties. (The 

theoretical expressions also contain quantities that are not 

known independently, and it is necessary to rely on empirical 

correlations between these quantities and other properties.) 

The value of Tc is known accurately only for the NO; salt, and 

we shall start from that value and estimate Tc for the pure 

HF2 salt on'the assumption that in both cases the only important: 

interactions between electrons are the coulomb repulsion and 

the attractive interaction via acoustic phonons. First, 

however, it is useful to consider the probable effect of the 

magnetic impurities on the critical temperature of the HF2 

salt. On the assumption that the observed broadening of the 

transition is produced by magnetic impurities, the value of Tc 

for the pure HF2 salt must be at least 1.5°K, the highest 

temperature at which the zero-field heat capacity deviates from 

the normal-state value. A theoretical treatment,7 which has 
,---_ .... , -_ ... _----_._._-- '-.-'--" ---_ ...... __ ._-

b.een partially confirmed by experimental data, 8,9 predicts 

an approximately linear decrease in the energy gap and in Tc 

with increasing concentration of paramagnetic impurities, 

for concectrations that are not toe, high. The fractional 

decreas'e in the energy gap is approximately double the frac

tional decrease in~T for the sanie impurity concentration. c 
'The theory is not sufficiently complete to allo'Vl a. detailed 

comparlson with the superconducing-state heat capacity of the 
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HF'2 salt. Hovlever J the lOVlest -temperature zero-·fieJd hC8.t 

capacity data, for the HF~ salt show a sharp drop with de-
" 

creasine; temperature suggesting the presence of a sle;njficc'.nt; 

energy gap and Tc for the pure material is therefore unlil,ely 

tO,be higher than about SOK. 
, 5 ' 

The BGS theory l'epresents the phonon spectrum and the 

electron-electron interactions by single parameters--Oo and V, 

rcspectively--and gives the critical temperature as 

'J.'c = 0.855 0o·cxp[-l!N(O)V). (3) 

The values of V deduced by application of this equation to 

experj.mental values of Tc' 0
0

, and N( 0) vary considerably fro:n 

one superconductor to another. Hovlever, if the numerical 

,coefficient 0.855 is replaced by an adjustable parameter, the 

experimental data for a number of alloy systems are adcqu9.tely 

r~prescnted by Eq. (3) vlith constant values of V. 10 The 

adjustable parameter usually assumes a value closer to 0.4: or 

'0.5. (The thebry employs several approxifuations that might 

be related to this discl'epancy, one of wh:l.ch is the use of 

.Dcbye spectrum to relate the average phonon frequency to 00' 

For a typical ~olid the average frequency would be lower relative 

to 0 and the correct value of the numerical coefficient'would o . 

therefore be somevlhat' less than 0.855.) If it is assumed that 

V has the 59.me value for the NO; ano HF2 salts, Tc for the :rni12 
salt can be predicted from that of the NO; salt and the ve.rious 

normal-state parameters. Using Eq. (3), the predicted '}' for 
c 

the HF~. se.lt is 7.8°K., and, if the nurncl'ic'::'.Jcocff5c:i.E::nt is 

Changed. to 0.4, the predicted Tc becooles 5.aoK. the'l' 
c 

I, i 

If· j 

I' , 

I, 

:; " 

:. I 
I 

, .' 

: i ... ~ 

·i 
i , I 

: :j 
i i 
[ , 
~ ! 

t: 
,1_ 

. i 
I 

f: 
; ! 
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of pure Ag70 eHF2 does not appear to differ significantly 

from the value', expected from the 'l'c' of Ag708N03 and ,the 

normal-state parameters. 

" 11 McMillan has given a more exact treatment of the electron-

electron interactions, and derived, for the critical 'temperature, 

Tc = 0.69 eo exp [ __ 1; 04( 1.+,,) ]. 
" - u (1 +0 . 62" ) 

In the derivation, a particular phonon spectrum ,(that of 

niobium) was assumed but the result is expected to be valid 

for all weak-coupling (" < 1) superconductors. Thecoulomb..:. 

* 

(4) 

repulsion u is approximately 0.10 for simple metals and 0.13 

for transition metals. The attractive'phonon interaction" 

is proportional to the "bare" or band-structure density of 

. states, NbS(O) = N(O)/(l+,,), and for certain alloy systems 

N (0) t d . t th d d f ~ . t t; 12 bs seems 0 omlna-e e epen ence 0 1\ on concen"ra lon. 

(The dominance of the Nbs(O) factor is closely, related to the 

validity of Eq. (3) with a constant V and modified numerical 

factor.) A comparison of the critical temperatures of 

Ag
7

0SN03 and Ag
7

08HF2 on the basis of Eq. (4) and ,the assumption 

that" is dominated by Nbs(O) is very similar to that based 

on Eq. "3). * With u = 0.13, and Tc for the HF2 salt taken as 
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the highest observed value, 1.5°K, " hes the same value for 

both salts--O.57. If" were proportional t9 Nbs(O) the values 

of " and Tc for the HF2 salt would be larger relative to 

those for the NO~ salt--O.81 and 4°K, respectively--but the 
. .J 

discrepancy ~s not large enough to be significant. 

Although some data indicates that" is proportional to 

Nbs(O), McMillan has suggested, on the basj.s of other empirical 

evidence, that the dependence on Nbs(O) is cancelled by other 

factors in " and that within a given class of superconductors 

" is inversely proportional to the square of a certain average 

of the phonon frequencies.llOn this basis the values of " 

and T for the HF2- salt would be predicted to be much lower c . 

relative to the ~alues for the NO; salt--O.21 and lO-3 oK , 

respectively. This Would suggest that the superconducting 

interaction in the HF~ salt is in some way enhanced over that 

in the NO; salt. However, the correlation on which this com

parison is based is not well established--the.number of examples 

that have been found to support it is small, and its role in 

those cases in which" is proportional to Nbs (0) . is not clear. 

CONCLUSION 

The previously reported superconductivity of Ag
7

08 N03 and 

Ag7 08HF2 is a bulk property. All s~mples of the HF~ salt that 

have been investigated so far have probably contained enough 

magnetic impurities to depress the critical temperature, and 

the critical temperature of pure material :Ls probably higher 

than 1.5 D K, but less than 5°K~ 

i 
. I 

, 
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The· electronic density o'f states and the phonon 

frequencies of the silv~r oxide cage structure are extremely 

sensitive to the changes in lattice par,ameter associated with 

changes in anion size. Apart from this indirect effect, there is a 

¥et no clear indication that the anion plays any role in the 

superconducti,:,ity of these salts. 
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Table I 

Normal- and superconducting-state parameters 

'Y eo T He (0) 
(mJ!mo1e- O~) 

e 
( OK) ( OK) Oe 

Ag708HF2 72.5 125 0.8-1.5 

Ag708N03 44.6 85.3 1.025 130 



.-.. 
N 

:x:: 
0 

I 
CI> 

0 

E 

" J 

E 
"-' 

t-

" 0 

-16- UCRL-19170 
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80 

60 

,4O 

A970aHF2 

o 2400 Oe 
e Zero Field 

A970aN03 

o 368 Oe 
• 245 Oe 
o 1230e 
6 Zero Field 

20~~--.--~----~---L1--------~1----~--_~ ° 2 3 4 

r 2 (OK 2) 

X8L 689-5869 

',' .. 
Figure 1. The heat capacities of Ag

7
08J:fF 2 and Ag708N03• Only the 

data for T < 2°K are shown. 
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Figure 3. The superconducting-state electronic heat capacity of 
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