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Low-Temperature Heat‘hapacitics_of the’ '

Clathrate Salts: Ag70 NOF and” Ag70 HF

'-Mary M. ConwayT and_Norman E.’Phillips
Inorganic'Materialé Research Divisionuof the Lawrence -
Radiation Labpratory and'Department'of Chemistry,
University of California, Berkgley, Ca1ifornia;

and
‘7. H. Geballe® and N. A. Kuebler

Bell Telephone Laboratories, Murray Hill; New Jersey

Abstract
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 The>Peat capacities of.Ag7 8NO7 and Ag7O HF.,
havé beeh measured between 0.3 and, reopectlvely; 20
and 4°K. The measurements shéw that»thé previously
reported type 1T superconductivity is a bﬁlk pfqpérty,
éhd_give the‘values.of some of the n@rmal—_and supef~
conducting-state parametéfs. There is.a surprisingly
strong dependence of the electronic den$ity of states
andlDébyevtemperature on anion identity, but no con-
vihcing evidence for a.direct effect of anion

identity on TC

-wOrk at Berkeley supporbed by the U.s. Atomic Energy Commlbibn,
work at Stanford supported by A.F. O S.R. Grant 68-1510B.

1TNatlona1 Science Foundation Graduate Fellow.

1:Also at Stanford University, Stanford, California.’
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INTRODUCTI ON

The silver-oxide clathrate salts Ag7O§X;'with X" =

NOL, HF.L,+-BF., F~ are the only knowr examples of clathrates .

3’ e’ T
that exhibit metallic conductivity. For the NOgz salt,
reSidual_resistance.ratios, C(SOO°K)/C(4x2°K) as high as

200 have been observed, and the phonon r651strV1ty varles

as T375 below 12§K.1; These salts allso undergo supercon-
ducting transitions. The trans1tiou temperatures T as
determlned by magnetlc measurements, were orlglnally rep01ted

as 0.15, 0.3, and 1. 04 K for the BF, F, and NO3 salts:

4:’
~respeCtively.1 Later measurements shoWed that the samples'
of-the F salt had contained paramagnetic impurities and

‘that samples of the HF,

o salt have transition temperatures of
2 .

121.5°K.
The crystal structure is based on face- sharlng, 26-sided,
Ag608 polyhedra " Oxygen atoms are located at the 24-corners
(each common to 3 polyhedra) and Ag atoms at the centers of
the 12 square faces (out of 18) that are common to 2 polyhedra.
Cublic spaces between the polyhedra, equal in number to thet
polyhedra, contain the one additional Ag atom per poiyhedron,
and the aniohs are located at the centers of the-pOlyhedra.
At room temperature the known salts have a face-centered cubic'
1attice, but the NO% salt becomes face-centered tetragonali
below about 180°K, with ¢/a = 0.9603 at 105K. A phaSe'chaﬁge
also occurs in the HFé salt, at 80°K;2'but the structure of

the 1ow-Lemperature form has not heen et >71~h3ﬂ It seems
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pfobablé that both:transiﬁibns‘ére aééociatcd‘wifh'the.aniohst
'J £aking'up'regu1ar briehtatidns in,thé cage. Thé s§its.with.
the more symmetrlcal F and BF; ahions apparéhtly feméin-cﬁbic
at low tempcrature 1 The room—%empérature cubicﬁunitréeil" B
dimensions‘of the HF,, F , NOg, and BF;.salts are 9.824, 9.833,
9.893, and 9.942 &, respectively.l?? | -

The heat-capacity.méasuremeﬁfs‘bn'Ag{OBNOS and Ag70 HF
'reportéd-here'Wére undertaken to‘Verify the existence of bulk
superconductivity and to obtain values bffthe rélatéd nprmalé
stéte parameters'N(O), tbe density of éleétronic states afﬁthe
Fermi‘enefgy; and 6 _, the‘Debye characﬁeristic témperature»aﬂ
‘O°K It was hoped that a comparlson of these parametex énd 

T for dlfferent salts might provnde a basis for de61dlng
“whether or not v1braplona1 modes associated with the-loosely¥
bouﬁd anioné played'é iole in deﬁermining the'superconducting_
-state properties, The possiblevimportance'of aﬁion Vibrational_
.modesvis,of course suggested by ﬁhe strong variationﬂin'TC
producedabyzchanging the aniQn. The NO% salt was chbsen fbr
.study'because it showed the sharpest transitibn.' The'othéf
three salts known to become superconductihg all show broader
transitions (apparently because of the‘pTGSence of smali amoﬁnts
‘Qf a paramdgnetic impurity, possibly silver ion in_the'd9_¢on—

- figuration) and-thé HFE salt was chcsen primarily for its;high

transition temperature.
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“RESULTS

rThefheat capacity measurements were made on samples
consisting of small crjstals with’dimensione;onithe order‘of
a few millimeters”- Therma] contact with a copper ca]orlmeter
was made with a small amount of s111cone 011 The heat |
capac1t1es of the calorlmeter and 011 were measured sepalateWy,
'Temperature was measured with a germanrum thermometer that
had been cajlbrated agalnst a cerium magnes1um nltrate
thermometer (O 25 ] K) the 1958 He4 vaporfpressure scaler
(] 4 K), and a gas thermometer (4;20fK). "The resuite beiaﬁ
2‘K, in several magnetic flelds;‘are;shonn in Fig. 1 as’C/T o
| vs.-Tz; | o ) _ S o
" The heat capacity of Ag70 in the‘normal'state‘shows
the temperature dependence expected for a metal at very low

“ temperatures,
¢ = 4T + (12/5) iR (T/e )3, : (1)

where yvis a constant proportional to-N(O), 'in 2406 Oe, the
| heat capacity of Ag70 HT', includes a term propbrtionai’to sz
"which is helleved to be a consequence'of the'presence of |
paramagnetic impurities: it would require 0. 04 moles of
freeeelectron spins per mole of Ag708HF2 to produce an effect
of this magnitude. The-coeff1c1ent of this .term was determlned
from the 0-°K intercept of a plot of ol vs. 0 ancll“the"T'.2

term was- subtracted from the total heat capacity to obtain

Al

the daSch Ilnc shown in FLg 1 for AéTOBH“? mn.the'nozmal,utate.

W,
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The v and 9 values correspondlng to the dashed llnes in
Fla. 1 are glven in Table I. All values are calculated for
the molar formula Ag(OBX Wthh corresponds 0 one perJtJve
unit cell. The’ variation of 6 with T is shown.for both-salts
in Fig. 2. o
In zero magnetlc field, the heat capacity of the Ag70 NO

exhiblts theptemperature dependence expected for a sl;ghtly
'broadenedﬂSuperconducting transition: ‘on cooling,.the transition
'hegins at 1.046°K and is 90% complete (as‘estimated from the
magnitude’ofcthe heat capacity) at 1.004°K. ‘The'lowest
temperature zero field data were corrected for the lattlce
“heat capacity and fitted tO»the BCS express1on5 forvthe super—

conducting-state electronic heat capacity,

Cog = 8 ¥ T, exp (-bT/T) o L (2)
With T, 'taken as 1.025°K (see below) this expression fits the
data for T /T > 1.7 with a = 6.12 and b = 1. 22..as‘shown in

Flg 3 The superconductlng state entropy, obtained by 1nte—‘
gration of the heat capa01ty.(us1ng extrapolated yalues below
0.38°K and above O.94°K) islequal to the normal—state entropy
at 1. 025 K, and. this temperature, Wthh also corresponds approx—
1mately to the middle of - the drop in heat capac1ty, has been
taken as Tc" The crltlcal_magnetlc fleld calculated by a.
second integration, has a 0°K ValueiHc(O) 130 Oe, - and ais

maximum deviation from parabolic temperature dependence -of -6%.
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The superconducting transitiOn of Ag708VO~ ig snﬂfted
to lower temperatures with 1ncreas1ng maﬂnetlc fle]d in the’
' way,expected~for type-II superconduct1v1ty. The in- fleld
transition occurs at the temperature at which the_upper_critical
| fieid-ch(T) is equal to the applied field.“ This temperature
Was:takenpas that of the midpoint of the drop in heat.capacity.
The threefvalues of Hcé(T) determined from the three heat‘;
capacities taken in magnetic fie;ds were'usedrto"calculate'the
Landau-Ginsburg parameter, defined byG,K = Z(T)/ﬂ/é H (T).

x was found to be 2.2, 2.6, and 5.2 at 0.82, 0.67, and 0, 58 K,

"'respectiVely These values do not fit the temperature dependence

'"'of x predlcted by the usual theorles, but the dlscrepanCy cannot
benregarded as significant in view of‘the breadth of the trans—_
'_itions obserVed in highervmangetic_fields'and thehresuiting
uncertalnty in ch(T) | |

The zero- fleld superconductlng trans1tlon of Ag708HI‘2 is

broadened cons1derab1y, presumably by the paramagnetlc 1mpur1t1es

respons1ble for the T -2 term in the normal—state heat capacity.

It ‘seems reasonable to suppose that the transition has also been

vlowered'by the same mechanism and that T for the pure salt may

‘be. con31derab1y higher than 1.5°K. The breadth of the trans1tlon

prevented an evaluatlon of the other superconductlng state
'parameters and, for the same reason, no attempt was made to
study the depress1on of the transition in small magnetlc flelds.

The transition temperatures obtarned for both saltsrare in

g00d agreement with the values obtained,from_megnetiC'mcf"=?ements,
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but thecValuesjof’H (o), v, and x obtalned for ‘the. Noé—salt
‘30 not agree with the values obtalned from magnetlc measure—-
ments. Robln,ep_al. calculatedeC(O)-= 07 Oe from the area
underfa magnetization curve at 0.1°K and, w1th the assumptlon
of a parabolicldependenCe of'H on T, found vy = 7.3 mJ/mole-°KC.
They also estimated K X 100 from the shape of the magnetlzatlon
curve. ' It seems clear that the values of v and H . (O).must be
élven corrcct]y by ‘the calorlmetric measurements. (Measure—_
ments on a second sample, not reported here gave essentlally
identical results.) -On the other hand, it is not'at-all clear
Wny the magnetic measurements gave such different values.

l Possibly the discrepancy is related to the diffcrenp physical
condition‘Of the samples: tne magnetic neasurementS'were made.
pon’powdefed’material and the calorimetric samples consisted of

' small,crystals.
DISCUSSION

. Substitution of an'HFé ion for.an'Noé ion produCes a'_
Volume contraction of only 2.1%, but 1ncreases 6 from 85. 35
to 125° K ThlS effect Wthh would correspond to a Grunelsen

constant of ~18 is an order of magnltude larger thanvwould

be expected for a pressure induced contraction in an ordlnary

l-lattlce.

‘ Withgincfeasing temperature, there are two distinct drops
in the value of 6 for the NO; salt. The initial drop, from

82.5°K near 0°K to 60°K in the 5-10°K region is typical of
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that observed in many solids and is of a magnitude often

assoc1ated w1th phonon dispersion. However, the second drop,

a;, i

which occurs above 15° K, is unusual.- It is verywprobably'associatedg

V‘Wlth a_rocklng mode of the Nog,ion,'buﬁ'the lacklof meaSurements
on the HFg_sglt in this'temperature région maké this inter-
pretstiqnﬁéomewhat speculative.’> - |

| Tﬂé:ﬁﬁé salt shows only-d temperaturé—ihdependéﬁt ﬁaré—
magnetic §$sceptiBi1ify, and Hall—effect_measuremehts'indicate
the preséncevof betﬁeen two and threé carriers ber Ag608 unit.
It has beeh”suggésted that the A atoms in the Agg0g unlts_ars '
in.the diamagnefic'468 square—planar configuration, snd that
“the two remaining electrons are in a condquion band_thaﬂ.
_utilizes'the 4d orbitals bf the Ag atoms and the 2p orbitais
of the O’atoms.2 The free~e1ectrdn.y Value_corresponding to
this electron density (whiéh is not very sensitive to the exact
number of électroﬁs) is 4. 8HmJ/mois—°K. Thé ObServed v values
are cons1derab]y hlgher--44 6 and 72.5 mJ/mole-°K° for the
'NOB and HF2 salts, respectively--showing that N(Q) 1s much
vgreater>than for free electrons,'and suggestihg that the coﬁ-
dﬁction band is very narrow. Since_there is very 1ittie,c6n¥
'dﬁgfion,éléctron density at the.anion,2 the difference in N(O)
between ‘the two salts must be attrlbuted mainly to the -
_different Ag-0 distances. The effect of lattlce pardmeter oY

' N(O) is also surpr1s1ng1y 1arge—-a 2.1% reduction in volume is

accompanied by a 62% increase in N(O).
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The pos31b111ty that the anions contrlbute dlrectly to
’the superconductlng 1nteractlon in these salts can be tested
by comparlng the observed crltlcal temperatures with theozeilcal
_express1ons that relate T to normal-state propertles | (The.
theoretlcal expressions also contaln quantltles that. are not
known 1ndependent1y, and it is necessary to rely on emplrlcal_
correlations'between these'quantities and other properties.)
The valuelof T, is known accuratelyvonly for the NOg salt, and

we shall start from that value and estlmate T for the pure

aHFZ salt on the assumptlon that in both cases the only 1mportant;

interactlons between electrons are the coulomb repulslon and
the attractive interaction via acoustic phonons. First,f-:
~however, it is useful to°consider the probable effectrOf‘the'
magnetic impurities on the critical temperature of thebHFé
‘salt. On the-assumption that the observed broadeningloflthe
‘transition is produced by magnetic impurities; thelralue of T,
- for the pure HFg salt must be at least l.5°K, the highest-

temperature at which the zero-field heat capacity deviatésufrom
T

the normal state value. A theoretlcal treatment Wthh has

been partlally conflrmed by experimental data,8’9 predlCtS'

| an approx1mately linear decrease in the energy gap and -in T
with 1ncreas1ng concentration of paramagnetlc 1mpur1t1es,s
for conceruratlons that are not toc hlgh "The fractional'

" decrease in the energy gap 1is approx1mately double the frac-'
tional decrease in-” T for the same 1mpur1ty concentratlon..
The tthvy is not sufflclently complete ige allow a. detalled

comparison w1th_the superconduc1ng~state heat capac1ty of the
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HF; salt. However, the lowest-temperature zero-field heat

capagity data;for the HFg salt show a sharp drop wiﬁh de-
creasing tempéréture suggesting the presence of a significant
enérgy gap and chfo; the pure matgriél is therefbre unlikely
to be higher than about 5°K. . |

. The BCS thebrysrrepiesents the phonon spectrum and the
electroﬁ;cléctron iﬁtéractions by single pafametefs——@d and_V,

respectively--and givés the critical temperature as

T = 0.855-00'_exp[—l-/N(‘O)v]. " - | (3)__

The values of V deduced by application of this eQuation to

experimental values of Té, 8 _, and N(0) varyfconsiderably from

o
one suﬁefconductor to'andther, However, if the numerical

coefficient 0.855 is replaced by an adesﬁable parameter, the
experimental data for a number of alloy éystems are adequately
répreéented by Eq. (3) with constant values of'V.10 The

adjustable parameter usually assumes é value cloéér to 0.4 or
'0.5. (The theory employs several approximétionslthat might
be related to this discrepancy, one of which is the use of

~

-Debye spectrum to relate the average phonon frequency to_Oo;

For a typical solid the average frequency would be lower relative

to @ and the cofrect value. of the numefical‘coéfficient'would
therefore be somewhat less than'0.855.) If it is assumed that

V has the same value for the NO; and HF, salts, T, for the HF

2
salt can be predicted from that of the NO% salt and the various'
normal-state parameters. Using Eq. (3), the predicted T, for

the HFg_salt is 7.8°K, and, if the numericzl coefficient is

- changed. to 0.4, the predicted T, becomes 5.8°K. Thus, the 7'
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- of pure Ag(O HF2 does not appear to dlffer 31gn1flcant1y a

;vlfrom the_value~expected from the T of Ag70 NO and the

normal-state parameters.

'McMillénll has given a more exact treatment of the electron-

electron Interactions, and derived, for the critical temperature,

,xTé = 0.69 6 expl[- '1404(1+K) ]; / o - (4)
c o “A-u (1+0.62n)

In the derivation, a particular phonon spectrum.(fhat‘of
f”_niebium) was assumed but thé result is expected to be valid
for all.weakecoupling (A < 1) superconductors. The'CQuldmb#:
'repulsionvu* is approximately 0.10 for simple metaiS'and 0,13'
fbr trahsition metals. The attractive'phohon interaction A
ié pfoportiohal to the "bare" or band-structure density of-
Tstates, (O) = N(0)/(1+0), and for certain. alloy systems ‘

(O) seems to dominate the dependence of A on concentratlon 12
(The dominance of the Nbs(o) factor 1s’close1y,re1sted tO'the
vslidity of Eq. (3).with‘a constant V and'modified'numerical
factor.) ”A compariSon of.the_eritical temperatures ef -
Ag708N03 and Ag, OgHF, on the basis of Bq. (4) and the assumption
that A 1s,dom1nated‘by Nbs(o) is Very_similar to that bssedd'

. ¥* . ’ ' o - .
on Eq. (3). With-u = 0.13, and T, for the HF, salt taken as
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thé higheétibbserved value, 1.5°K, N has the:samé value for _
both saitéf—b.57.' If N were prbpoftional tdij (0) fﬁe values
of A and‘Té-for the HF2 salt would be larcer relatlve to o
those for thé,NOé ‘salt--0.81 and 4°K, respectlvely——but the
diScrepancy is hot 1arge enough to be significant,.
Althoﬁgh'some.data indicates that A is probbrtidnallto”
N, .(0), McMillan has1éuggested, on the basis cf_cthér-émpirical
_ evidenée{ thét the dependence on Nbs(O) is cancelled by dther
 :factors in:x;and that within a given class of superconduétofé
A is invéréely proportional to:the squéré of.abéertéiﬁ-averége
of the phOﬁQn frequéncies.ll On thié basis the valués'of'%-f
and.TC for the ﬁFé salt would be predictéd to be much lbwer
relativé_to the'values for the N_o3 salt--0.27 and 10 S?K,_
_fespectivéiy; This would suggest that_the superconducting
intefactibn in the HFg éalt is in some way'enhaﬁcéd over thaf
in the NO3 salt Howevér, thé corrélatibn on which this com-
parlson is based is not well establlshed——the number of exampWes

~ that have_been found to support 1t is sma}l, and lts role in

those cases in which A\ is proportional'tO'NbS(O)'is not»cieér.’v
CONCLUSION

o The_previously:reported supercphductivity.of‘Ag708N03 and
Ag70 HF, is a bUlK propefty.' All samples of the HF, salt that
‘have been investigated so far have probably Qthained enough:
magnetic impurities to depresé the critical temperature, énd
the criticai temperature of pure material is probgbly higher

- than 1.5°K, but less than 5°K.
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The-eléetfonic densﬁty of etates and-the-phOnOn’
frequenc1es of the ollVGT oxide- cage structule are extremely

sen31t1ve to the changes in 1att1ce parameter assoc1ated with

changes in anion size. Apart from -th1c 1nd1rect effect there is a

lyet no clear 1nd1cat10n that the anlon plays any role in- the

';superconduct1v1ty of these salts
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Table I
'Norma]—‘and superconductlng state parameters

~of Ag708HF ‘and Ag70 NO

v % Te  B(0)

(m3/mole-°k?)  (K)  (°K)  Oe

Ag70 HF,  72.5 125 0.8-1.5

Ag70 NO,  44.6 85.3  1.025 130




C/T (mJ/mole-°K?)
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:Figure }. The heat capacities of Ag708HF and Ag708NO3. AOniy the
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data for T < 2 K are shown.
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