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SEARCH FOR SUPERCONQUCTIVITY IN LITHIUM AND MAGNESIUM

";l T. L.hThOrp,_B..B} Triplett, W. D. Bfewer,:
- N. E. Phillips, D. A. Shirley, J. E. Templeton

Lawrence Radiation Laboratory, and the
Unlver51ty of Callfornla, Berkeley, Callfornla 9&720

- R. w Sta.’rkv

, Institute for the Study of Metals :
Unlver31ty of Chlcago, Chlcago, IllanlS 60621

P. H Schmldt '

Bell Telephone Laboratorles
© Mirray Hlll New Jersey O797h

Abstract

':ﬁeeent theoreticai.wofk snggeets_that nagnesinn and.lithium‘
shonld:he superconduotiné in'thehmillikelVin'fenge of temperature.
Wevhave cooled samples'of each of these metals to a temperature
of h mK measured by a gamma-ray anlsotropy thermometer.

Although the magnetlc field was less than 10 -2 -Oe, no super-
conductlng trans1t10ns Were.observed. The use of awnucleer
orientation thermometer employing 6000 in single-crystal (hep)

& cobalt is deScribed:

* Work supported-in part by the U. 8. Atomic Energy Commission, and in part

by ARPA, U. S. Department of Defense.
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INTRODUCTION

) o . . o . -,".
Recent advances in thé'theory'of metals raise thé possibility of

reliably predicting the‘critical temperatures of superconductors from

normal-state data. In particular, Allen and Cohen™ have used a pseudo-

_ potentiai method to treat the electron-phonon interaction for a number

Of;metais;'andishdwnuthét Mg anQ'Li might be Supéfébhducting at experimentally

accessible_témperatures; A verification of their calculation by the
discovery of sUperConduéting transitioné'in these mefais would be of

sufficient interest to justify a search for 3upercbnductiVity even though

- itis hbt possible to éovér'the'WHble of the témperature regions

éorresponding to the recognized uncertaintyvin the_calculatibns. We
havé accordingly tegﬁed ﬁaghésiumvandviifhiuﬁ fbf éupérconductivity
down‘fé h‘mK. The resulfs werglnegétiﬁe, buﬁ*thej.do serve tovset
limits for ﬁhe paranmeters relateq'tbithe ciitical-témperature, and the
experiméﬁﬁal techhi@ues may also“be-of:some interest. |

McMillahe_hés dﬁtainéd_accurate numerical solutions for the critical
temperaturé of é supercpndﬁ¢tbr'using the Nambu-Gdt‘ko&-Eiiashberg
formulatioh of the BCS thedry_and a particular:phoﬁon spectrum.
The resulté were fifted to an éxéressioh of the form

_,_e,;p-[- ) ] W
. A =B . o

-f (<cn>/a>o) xp*‘

® .
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‘the enalytlcal solutlon obtained in e.two~square—well approynmatlon
Tc is the crltlca] temperature, ab is the max1mum phonon frequency,
tand”u* is the coulomb pseudo-potential of Morel and Anderson_.3 The

. - Y
electron~phonon coupling constant is

e - |
xieg_'a?(w)r‘(w)%"; (e

(&)

and < w > is an average phonon frequency defined by
_ ® » )
o 5 _
<w>=(2/)) § a”(w) F(w) dv . (3)

The phonon denS1ty of states is F(ao and a (ao is an average of the
square of the electron phonon matrlx elements. V The numerlcal solutions
of the gap equation were based on the phonon spectrum of Nb, and after

flttlng to an equation of the same form as Eq (1), McMillan obtained

v'the result

- =0-690 exp { =1:04(1 + 1) ] , ' ()

A - p (14 0.62))

where 6 ‘is‘the Debye teméerature. The formula is notbexpected.to be
Qsensitive to the details of the phonon spectrum for A < 1 (the case
of interest herej and sefved as the basis‘fqr the predictions of‘Tc by
Allen and.then.' | |
Allen and Coheu have calculated X\ for the hexagoﬁal divalent
metels beryllium, magnesium, zinc, and cadmium, using the known (except

for cedmium) phonon density of states and deriving the electron phonon

matrix elements from empirical pseudo-potentials that accurately fit the
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with u * . 0.16 and X = 0.31 glves _Tc 0. 02 K for magne31um
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exteusiVe Fermi-surface data. Sihce the phonon"interaction increases
the electronicuheat capacity by the*factor (l + X), an empirical
value of A can be obtalned by comparlng the experlmental heat
capac1ty w1th band- structure calculatlons of the electronlc denS1tv

of states Mchllan has also derived emplrlcal values of A from his

formula. and known values of T (taklng u O.l) The theoretlcal and

emplrlcal values of A - are compared in Table I, reproduced from

Table V. of Reference 1. The good agreement between the various values

~of A glves support to the underlylng assumptlons

Mlellan has suggested that u = 0.1 is a good‘approximation for

- simple metals, but in the case of magnesium Y is‘small enough for the

*
predlcted- T. to be relatlvely sens1t1ve to errom31n 4 . Allen and

ICohen used the random phase approx1matlon to calculate u* for beryllium,
.magnes1um, z1nc, and cadmium The values so obtalned were too small

but, on the assumption thatlthe calculatlons gave relative values
_correctly,‘they usedvthe value of u*v for zihc:(khown from the

ilsotope effect) to obtain u O 16 for magnes1um Mchllan s equatlon

A

HoWever;i‘Té depends'exponentially‘on k,.and o ,.and the uncertainties
in thesevparameters estimated by:Allen and Cohen are such.that Tc might
be higher'or lower;by an order of maghitude (seevFigure 3 of Reference 1).
€The lowest temperature to which Mg has.heeh previously investigated is |
0017 Kgﬁlf' _ . L

_ Similar_internal checks on the parameters forrlithium'Were'not

possible for two reasons. ;First,.the pseudo-potential used (selected

 because it~gave the lowest critical temperature) was that derived

from first principles by Goddards-who checked it with atomic energy level
data‘but‘not with Fermi surface data--of which there is very little.
Second, there is a martensitic phase transition in lithium at about 80 X

which results in some of the samplevconverting:from'the high-temperature
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bee phasé té the iow tempefaturevth phase.6 The calculations on
lithium were made using (a) ‘the Goddard potential,'3creened by the
TLindhard dielectric function; v(b) expérimenﬁai bdéfphonbn dispersion
cprvesT; (c)__the phonon renormalized mass ﬁ% ~derived from séeé{fic
heat meaéurements8 on samples for which the extent ofﬁfhe martensitic
transformation was not knowﬁ and could ohly be estimated from other data6’9;
and (d) values for A, and tﬁe band-masé,' m s .Qgrived.self-consistently
from m and N vcaléulated usihg m = 1 Fuifhermore, the number
0.62 in Eq. (4) may be incorrect for lithium. For thé.alkaii métals;
but not:for most other metalé, direct scattering_?fdcesses are rélativeiy
more importéht than umklapp processes and the transferse modes are less
strongly coupled than the longitudinal‘modes. Thié could raise the
#alue of < a>>/ab. Although the.constgnt 0.62 was not derivgd‘by |
calculating < o >/w6 , an increase in'the,expected.valuevof < w >/a)o
sugéests_that the constant'0.62 could be larger. The lowest temperatufe
to which Ii has been previously inﬁestigaﬁed.is Q.O8 K.lo
These ¢alculations suggest a reasbnable:probébility for the occurrence
of superconductivity in magnésium at preSently.aVailable tempéraﬁures
and that lithium is the most likely of the alkali metals to become
superconducting. The latter result is interesting since earlier
calculaﬁions of A suggeét the contra.ry.ll

©

EXPERTMENTAL

Cryostat, field and susceptibility measurements

In this section we discuss all aspects of the experimental procedure
except for the nuclear thermometry which is diséussed in detail in the

next section.
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vin order_to observe'a trahéition;bothpthe temperature and magnetic
field'muet’be-sufficientiy low. TIn Table IV we give the thermodynamic
critical fields at T = Ovtcalculated from‘the BCS. model assuming
the known transition-temperaturesvfor“berylliumuiand tuhgstenle au;
our lowest operating temperature\fortmagnesium‘and lithium.>l
Thecryostat system used for this experlment was similar to that

descrlbed by Brewer.l3

It c0n51sted of an outer dewar contalnlng a
superconductihg’solehOLd ma;ntalned at h.E‘Kf In31de thls dewar was
another dewar of h.s_ihéh bore. The'ihnerldewar’had a vacuum jacket
of copper around its iower portionbohly:;the-upper'part was cooled '
by the gas‘ewaporating from both dewars; The superCOnductihg magnet
around the inner dewar could’ be moved from the bottom to the top of the
apparatus durlng_a run. The two dewars were separately filled with hellum.
- The inher dewar was'pumped malntalnlng a temperature of about 1 K.
Flgure 1 shows the construction of the lower part of the apparatus
that was ;nserted 1nto the inner dewar.- The hot finger (a) in which
magnetic field-probes could he”inserted was of double wall construction
w1th superlnsulatlon between the walls.'~Thie.ineert was introduced into
the apparatus through an O -ring seal 1nto the plll vacuum llne. -The
cerium magne31um nltrate (o) plll (v) mounted 1n51de the chromium
potassium alum (CrKalum) guard (c) on graphite posts (a) c0nsrsted_
_‘Zf a slurry of 50 mesh CMN in glycerol.vvThermal.contact to the slurry_
was provided by twenty-five 0.005-inch OFHC copper fins (e) with a total
surface area of about 2000 cm?.} A stalk (£) of‘aboutVSOOO 0.0031-inch
1nsulated copper wires was made by pottlng the wires in Eplbond "100A. 14
Thermal contact between the w1res and the fins was maintained by electroplating
a thick layer of-copper on the end of the_w1res and-then electroplatlng

the fins to the layer (g) . The upper part (h)” of the CrKalum

radlatlon shleld was fabrlcated on a teflon mandrel from.strlps of 0. OO5 inch  OFHC
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copper.laid‘lengthwise'down the mandrei and from cotton gauzé impregnatéd )
with Epibond 121, which was wound around the copper strips on the

mandrel.  Greater detail of thefcoﬁstrubtiOh'ﬁechniqués of the pumping

-

equipment and pill design is contained in Reference 13.

f Cooling‘beloW l,K was dbfained by thé simﬁlténeous déﬁagnetization

. of thé'CrKalﬁm and CMN from a field of h6’k0e,'uHek_exchange gas waé
.usedifo éQol the sait pill and to conduCt”the heaé of magnetization to
"'the‘I K bath. Typically,.the pill was kept in thermai éontact with the

1 X bath féf’one hour, the exchénge gas was pumped for one hour and a half
and tﬁe’éémagnetization fook'foity-fiVe minutes. After demagnetization
the 600599 thermometer onAthe‘coppgr stalk (j) indicated a temperature

of abéut:3.5 ﬁK. The superconducting solenoid was then slowly raised

out of the helium bath to.thé.top of the-apparafusgtafter‘this it became
normal in ‘about fifteen minutes. - Affer'faiSing thé°solenoid the
tempéréture.of.the.stalk increased to aBouﬁlh mK:aﬁd subsequently warmed
at about 0;7‘mK/hr at 5 mK and about 2 mK/hr at 10 mK.

The apparatus‘was designed so;thaﬁ none of:thévmaterials used would

‘become Sﬁpérconducting at their opératihgvtemperatures.' In the pafts
operating to i'K cadmiﬁm;bismuth‘éutecfic of silver éolder was used to
make joints. The pill assembly was made of copper, mylar, phenolic plastic,
and different types of epoxy.  Copper-copper joints on thevpill asse@bly
%ere ma@e»by plating thé parts together.: Most magnesium samples were
bonded fo.gold or copper foils by gold diffusidn 5onds. éold was first
evaporated onto copper foils, or magnesium speéimens, and a gold or gold-
v coated copper foil was clamped to the specimen and the two heated togéther
for four to twenty~four hours in a hydrogen atmosphere at ﬁOO°C. For
tungsten specimens, used to'fest the'apparétus; gdld previously evapbrated

on the specimen's surface was diffused into the metal by heating at 1200°C;

[
L]

e g e e v e it




"?fwere attached by local melting of one end of a sample onto a. copper
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v'!'copper f01l was then electroplated to thc gold dlffusion layer The foils

A‘[;were then plated to the copper stalk [kl), Figure l] Lithium samples

-~y

fvf01l With a spot welder or, for ‘one rather small spec1men, by pressing

copper Wires 1nto the metal. The effectlveness of the difquion bonds

Y :was shown”by'the results for the‘critical field‘curve-for tungsten and

also by the experiments in which two 6000 thermometers were used

magnesium

f}connected by a,A‘spec1men and two diffusion bonds. (Isolation
between the thermometer systems was achieved by shielding each counter

‘-With'aboutv30 em of lead.)

. The magnetic field on the ‘specimen was made as ‘small as possible

'W1th three pairs of Helmholtz c01ls Fields could be measured_w1th a

magnetometer15 or a rotating'coil'gauSSmetér probe 6 and

lock-in amplifier. With the apparatus out of the“dewar but with the dewars

at liQuid nitrogen temperature the field at’the'specimen site was adjusted

to.0 + 2 mOe and the field gradients, BHX/BX, etc., to 0 * 1 mOe/cm.

Thelax1alfield profile was also measured.- The apparatus was then replaced
in the dewar. With no specimen or copper stalk on the pill the field

probes could be placed at the specimen position; with a specimen, the

. field probes were placedvjust outside the measuring coils. With the
'probes in the Specimen position it was found that after demagnetization

® _ o .
from 46 kOe, raising the magnet and allowing it to go normal, there was

a residual axial field at the sample site of between 10 mOe and 20 mOe.
This field, caused by the magnetization of the_surrounding-laborator&,
returned to zero within about a week. In an experiment with a sample

in position the'field on the sample could be estimated from the field
measured some distance away during the experiment and from the field
profile measured before thevexperiment. During an experiment the axial .

o . .
field was swept with a solenoid wound over the mutual inductance coils.
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The transverse field was also systematlcally changed by varylng the
‘ currents in the Helmholtz. colls Superlmposed on the ‘static res1dual
fleld was an 8 mOe pulsed fleld from the Bevatron with a6 second period.

'y
The estlmated fieldon a sample durlngAexperlment ‘was 0 + 0.01 Oe. *

The onset of.Snperccndnctivity_was detected by the change in
susceptibility of the sample,~which was measured with a 17-Hz commercial
versionl7 of the mutual inductance bridge des1gned by Pllllnger et al 18

The sen51t1V1ty of this brldge was 1mproved by u51ng a lock-in amplifier
‘and by replacing the bridge amplifier by a lower noise operational
amplifier. .The mutual inductance coils,&k), Figurel}] had compensated
primaries and 50,000 turns of 0.0063-inch copper wire on each of two
secondaries. tThe secondary circuitAwas series tuned with 2.2 uF of
capacitance. vThe.usual'method of operation was to change‘the'fieldi

.on the sampie by sweeplng the current in a solen01d wound over the
mutnal 1nductance c01ls

The mntual inductance sjstem.wasysufficiently sensitive that at
5 mK the.transition_of a sample of l/8—inch diameter tungsten rod of
resistivity ratio 17,000 was obserfed with a signal to noise ratio of
50 (time constant three seconds) when the primary*currentiintthe mutnal
inductancevcoils produced an.rmsrfield of 3 mOe. .The VOlunes of the
lithium'and magnesiun_samples used were larger.than the tungsten byv
‘; factor of two to five. The resistivity ratios of‘the sanples after
monnting was not known, but the mOunting nrocedure-used strained the . 9
samples so that a resistivity ratio comparablevwith that of the tungsten
was unlikely. Thus, even for comparable size specimens, the signal to noise
ratio shouid have been greater than 50. Experiments on a sample of
magnesium with a second thermometer mounted above the sample showed

that there was no detectable difference in temperature between the two

thermometers with the bridge primary field increased to 60 mOe rms,
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Nuclear orientation thermometry

Temperatures were measured using & nuclear ofientatibn thermemeter.
Afsingle'crystal of hexagonel cbtalt was cut into ﬁeedies with the_%Xis
of tlie needles parallel tb-the:c—axis. The‘needlee were irradiated
with neutfone td'predﬁce 6OCO 22'51227- For a geodueiﬁgle cfyétel"the
large anisotropy field of 5 kOe.end the small'demagnetizing faetor
ensufe that'cloeure domains‘ere small and most of'the Co atoms are in
domains m%gnetlzed along the c-axis, subgectlng all the nuclei to the
same hyperflne 1nteract10n Th 6QCo nuclel are-thermally dlstrlbuted
among the magnetlc sublevels of the ground state spllt by the hyperflne
. 1nteract10n. - Gamma rays emltted from states in 60N1 fed from the 60C
ground stete have an anlsotroplc dlstrlbutlon, the anlsotropy depends
on the extent of the polarlzatlon of the 60 Co nuclel, the nature of the
gammaﬂtransitlons and depolar1z1ng-effectsAof intermediate'transitions.

" The angular dietribution of_the,gamma rays normalized te unity

19

at high temperature is given by ~

Wwie , T) =1+ F, Q2 BQ(T) P, (cos 8).
: +qu Fu Qh. Bu(T) »Ph (ees 6,):

s . '_ eﬁ/ia - »\/'26_, 60
. w}th-, Ué F2 =-s Vg and ULL_F)+ —'-_~—§I vfor _.;Co

Here Q2L and Qu are.sdlid angle .corrections depeﬁdent oﬁ the experimental

geometry. TFor this experiment Q, = .996 and Quf 98520 2L These

correctlons differ only sllghtly from unlty because our 3 in. x 3 in.
Na(T1) detectors were located 24 in. from the thermometer. The P, and Ph

functions'are Legendre polynomials. fThevstatistical tensors
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. - . . .
5 M
= 2 - - T
B = (21 +.1) E (71) (IM; M | IIkQ)vPMM( )
' M=-I '
. ’A‘-.
contain all the tenperature depéhdende; The diagonal elements of the

density matrix. p are evaluated from the spin-Hamiltonian for the

MM
parent'groend state.

In assessihg the merits of a thermometer.feriﬁsefat very low
temperatures‘éeverel factors must be COnsidered: freeddﬁ from eystematic
errors, precision, useful temperature range, heating effecfe; éresence
or absence of fields, the time required.to make a measurement and the
e#perimental complexiﬁy ef the measuring system.; These factors are
briefly discussed below ﬁith particular'reference_te6odo gg.'

In principle the_tempereture deriVedvfrom.an orientation‘thermometer
is very reliable as it comes from the Boltzmann.disfriﬁution of nuclei
in the parent ground state.' However, the properfies of the parent
ground.staﬁe and its modes of decay must be known;v in the case of 6000 Co
the decay scheme is particularly simplef ‘The 6OCd.greund state_hasva “
half life of 5.3 yrs, I = 5+ and the splittiﬁgs‘are well described by a
hyperfine field of 227 kOe parallel'tb the c-aXisez. The spin-lattice
relaxationvtime has been measured usipg megneticvresonance and shown to
he temperature independent at about 75 sec below lh mK23. Temperatures
were determined from the_anisotropy.ef the 1.17 MeV aﬁd 1.33 MeV
gaﬁma rays emitted in the decay of 6OC0 to 60Ni2u; .The observed gamma
rays, fhe L+(E2)2+(E2)0+ cascade, are fed from the 6oCo‘ground state by ;
L=1, betaltransition to the 60Ni b+ state. 'Only about 1 in th of the
2+(E2)0+ transitions are fed by another decay. Since the transition is‘

125526

"stretched the anisotropies of the two gamma rays are the same. Several

values of W(6 = 0 , T) are given in Table II for 6000 Co.
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Theaccuracy: of a»temperature measnrementvie inflﬁeneed by the
~value of (e , T)/éT , by.statistical eounting erreréland by systematic
" errors. -The.time ' required fer‘a measnrement var;ee with the desired

oy
accuracy and the tolerable rate of radloactlve heatlng For a counting

rate of 6000/m1n, which can be obtalned with a heatlng rate of 0.1 erg/mln,
“a value of W(6 , T) can be determlned to £ 10 percent in 1 sec and 1 percent
in 100 sec. It should be noted that most systematlc errors. tend to glve

too low an anisotropy; that 1s, the apparent temperature is too high.

To make measurements with single- crystal hcp cobalt no
electromagnetlc flelds are required. Since the gamma rays are very
penetratlng, the detectors can be outs1de the apparatus. A conconitant
disadvantage is that it is difficult to use two thermometers with the
same enitting nucleus‘in‘ciose preximity to each other.p We have used
two_6oCo thermometers separated bylalfev,inChes.hy installing lead eoiiimators
leading to'separate detectors. 'There%is.no difficnlty'in using two |
thermometers with nucleiv emitting‘gamma;rays at different energie35
~ we have used a 60Co single crystal thermometer and also a 5th Fe foil,
with polarizing field, in’the.same apparatnsi'. |

The'main difficuities in using algamma ray thermometer are associated
with the effects of radioactive heating. (For those thermometers in which
the daughter nucleus ie formed by electron-capture or in whieh an isomeric
ftate is used, this does not apply.) We used a source giving a high-
temperature counting rate of BOOO/min for each 3hin. x 3 in._Na(Ti)
detector Ehhin- from the sourcel This introduced heat at 2 erg/min into
the thermometer; in other applications with counters cioser te a weaker
source heating of 0.1 erg/min could be-obtainedbfor'the same cennting rate.
For a crystal of thickness db and'croseasectidn A;'d << A, the thermal

relaxation time of the crystal is Cvd2/hn2 , where Cv is the volume
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specific'he_at and k the thermal conductivity. iAs‘suming‘ c, is a
Schottky anomaly due to the>splittihg of the5900 grbundvstate, 'k = T Wétt/K—cm<,
and d = lmm the thermal relaxation timé has a’maXimuﬁ value éf about 0.1 sec.

Thefﬁai'contact between an orientation thermometei and the sui?bundings

must be éufficiently good that the temperature rise due to radioactive
heating is small. If a soft-Solderéd'jOint is used"iﬁ making contact,
it has been found that for self-heatiné'of 10-2 erg/Sec ahd a contact
area of lém2 at 10mK a temperaturé difference of.order ImK is to be

expected27’28

. For a metallic joint in which heat is conducted by
electronégzsuch as thrbuéh a 8crewed'éonfa¢t27 or a soft-soldered Joint
in ﬁhich trapped. flux keeps the SOldér‘norﬁa127,. a:température difference

" or order 10-u mK ﬁight be expected. " In ouf é#periménté the therﬁométer
was electroplated with copper to the Stalk.‘ We obsérved.that thé lowest
temperatufe féached by the apparatus did not chahge wheh the heat

.curfeﬁﬁldénéity from the fhermometér'changed by q‘faétor twenty. This
suggests that for this method of joining, thermél contact is adequate.

If an orientatioﬁ thermometer is used in liquid helium,as in a
dilution'refrigerator, the contact to the helium»is relatively poor.
For example, if we again aséume a heat load of lO-Qerg/sec, a contaét area
of lém?, a boundary resisﬁénce of 1077 / (AT3) K;séc/erggg, we find at
10mK, AT =>lOOmK§ Thus the thermometer should Be attached,:using
.gzpper pléting or a screwed contaét, to a large surface area (such as
sintered'copper+) in contact with ﬁhe helium. Fof'a dilution refrigerator
the thermoméﬁer should ndt be attached to the wallsvof the_mixing chamber _ 

as they may be hot through heat leaks to the chamber3o.
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To determine the anisotropy of the Co gamma rays it is only
necessary to count the number of gamma rays in a Winddﬁ.including the

two gamma phqtopeaks. If a polar and an equatorial ébﬁnter are used,

o - . . .
a direct measurement of anisotropy is made. If only a polar counter is

used, meaéurements must'be‘takeﬁ with the thérmoméféf’cold and'these
must be normalized to counts taken With’theIthermOmetérksﬁfficiently'warm
that there is no aniSotery.' The latter optiohzw55‘our'normal operating
proceduré,-with the addition of a fihél séries of.wapﬁ‘counfs'after thé
run. vCafe mﬁst be taken to ensure_thét the'quantiﬁiéé.of liqﬁid helium
and nitfogen:between the thermometér and the counter.femains constant
during the.fﬁn'or the attenuation.of'fhe ganma, rayslﬁill be élightly
changed. . |

We have checked for comélete,Satﬁratidnvof thé magnetization of
the singie cryétal 6000 thermometer; We compared,tﬁe measuiéd

temperature with and Withbut an external polariZing field and found

~that for the thermometer used in the experiments‘there was agréement

~to within the experimental error of,5'percentf'-The'accuracy was limited

by drifts in temperature due to applying the polarizing field. =

We have used commercial sintered copper in heat eXchangersfor dilution
refrigerators, in particular Grade H OFHC from Pall Trinity Micro Corp

and Feltmetal from Huyck Metals.
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* RESULTS

In order.to check that the apparatus was'working’properly, thé?

31

critical field curve of a sample of 99. 999% tungsten was measured.

As descrlbed above, the tungsten was attached to the copper stalk by
copper-
platlnngnto a surface of gold partlally dlffused 1nto the bulk material.

The res1st1v1tv ratlo (h 300 K) of the sample after dlffu31on bondlng
and platlng was 17:000', In addltlon to the tran31t10n near 15 nK, a
transition was also observed near 2K A sample which had not been
subjected:to the gold evaporation, heating and bonding process did not

éhow this.high—temperature traneitioh. Wejattribute this transitionbto the

presence of small amounts of B tungsten formed durlng the bondlng process

which becomes superconductlng in that region. 3 ’33 . The crltlcal field curve

measured in two experiments on tungsten tomeK "ave values of H

about 10% different from those of Black et. 2;,12 Furthermore,

SOme hysteresis was observed on changing the poiarit& of the applied
field. We think thié was due to thebpreeencevof.trapped flux in the
'B—phase. zwe'aléo fouhd that the transition occurred in a time not
exceeding five seconds; occasionally superheating was'observed when the
transition occurred faster than the response time of the bridge. This
may be compared with transition times of several minutes obtained by
Blach gt'ai. in'their experiment.thermal contact was limited by the
Kapitza boundary resistance between the sample and the 3He used as a
thermal contact agent. We found no difficulty inhfolloring the transition
to a temperature corresponding to a critical field of about one-tenth of
that at T = O. These resﬁlts show that thermal contact between pill,

sample, and thermometer was adequate.

(VE



Data for the different samples of magne81um and llthlum are given

ianable‘III._ We were unable'to find.a superconducting tran31tion in

any of the samples. This does notVCOmpletelybrule‘Out the possibility
T
that T is greater than N mK because the samples may have supercooled.

For pure,'unstrained materlals w1th a trans1t10n temperature in the
millikelvin range, the coherence length ¢ at T O is very long,
giVing a small Ginsberg Landau k. and type -‘l superconduct1v1ty.

At a temperature at which the thermodynamic critical field is Hc the

‘lowest:fleld ‘to which the sample can remain normal is H | = 2.h-£Hc

N fe3
for surface nucleation, and H02*='\ﬁ5kﬁc' ‘for bulk nucleation.
In Table IV estimates of Hc2’ H°3,
and dirtyvlimits; " Nucleation of the transition above -Hc2‘ or Hc3

can occur if nucleation Centers~exiSt'and”are effectiVe Faber and

£, and « are given in the clean

Pippard3u have shown that in aluminum and tin the crlterion for a flaw
of-size 5  to be effective is &> > §._ In experiments on aluminum they
estimatedithat flaws of 1073 - lO-,+ cmpeiisted in‘their'specimensf These.
experiments'were made‘in_thefmiddle'of'carefull&vmade rods of material
as nucleation appeared to start at the_ends_‘of’the:rods or at other
surface'irregularities;;‘This”is the'usual situation’forvsuperconduCtors
with critical temperatures of 1 K or higher--special care is usually
'necessary to.observe appreciable supercooling.,_Forjlow. Tc- superconductors
JZ-may be'more difficultvto achieve nucleation since_ € 1is larger. However,
in their;experiments on tungsten, Black et al;l? »found that nucleation
occurred at about 0.2 Hc unless the surface‘had'heen'speCially prepared;
we also found that tungstenfdid,not_supercool below 0.2 Hc-

Our magnesium samples Were'far_fromﬂhomogeneous; parts of the surface

were covered with a gold diffusion layer'and thevclamps-used during the

diffusion bonding.process produced varied strains in the crystals.
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The lithium samples self-annealed at room temperature after the mounting

process buﬁ thé martensitic transformation severely sﬁféined the crystal
each time”it was COoléd. Theféforé;'it is c1ear.ﬁha€ﬁgur lithium and
magnesiumvsamples wefe strained to a greéter.degreé than'ﬁhé tﬁngséé;
sample. Neverﬁheless, if Tc"is lower than for tungsten, £ might
1'be'longer andvit couvld be more difficuifbto échieve hucleati6n in.spite
- of the less perfect state of‘tﬁe samples. Since fhe ﬁéchanism by which
defects act as nucleation centers is not uhderstbbd in deﬁail,;it is
' not possible to predict withvany deéree of'éertainty the supe%cooling.
behavior of the lithium and magnesium sampleS'froﬁ thét of tungsten
and higher 'Tg superconduCtorsh‘ However, as a rbﬁgh:guess,'it.seems
probable thatAa'transiﬁion would have beeh obsnged»if Tc were as
high as 6 mK. For T, = 6 mK, Hc(h ﬁK5==O}15 Oe, aﬁd befween'ﬁAmK
and 5 mK the Samp;es would, at Some.time, have béeniin a field fhat

was ohlyilﬂﬁof Hc. Furthermbre;'aﬁth.mK §: wdﬁld'have a-vélue

comparablé,fo its 0 K value.
CONCLUSION

We have cooled lithium and magnesium to U4 mK in'magnetic fields

3

| of .'LO—2 Oe and to 5 mK at 5x10; ‘Oe without observing superconducting
tgansitions. The possibility that the samples supercooled precludes
setting a definite upper limit to Té, but it seems'probablé that

Tcif 6 mK. At best, we have explored 60% of the temperature range
predictéd for,_Tc for magnesium;'for lithium the theoretical estimates

of TC are so much in doubt that we may'still be far from the region

of the transition.

™




Tabie I. Cdﬁpariéon of theoretical and

‘. empirical values of L
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. Be : '  .‘M€ ﬁ‘

-iz‘n B

Cd
Valueibf‘x.calcui
lated by Allen and S - T .
Cohen. . ' 0.26 0.31 0.h42 0.40
Value of A derived
from heat capacity : - o .
enhancement. 0.25 . *.0.33 - 0.43 0.36
Value of A derived : ' g ' o
from Eq. (4). 0.23 = 9.38 0.38

a : '
See reference 1.
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Table TI. Valtes of W(0 , T) for ®0u in Co
| thermometer (with Q, = @ = 1) |
| | .
T(mk) B,(T) BH(TS o w(o , T)
. | 5
1.0 1.6964 1.1721 v6.00197
 1;5 1.6823 11.1399 | ‘o.oi57u. .
2.0 1.6517 -1.0727 'o.buhg;
2.5 1.6086 9831 . 0.08478
3.0 1.5574 8846 0.1303
3.5 1.5015 7861 10.2777
"h.Q 1.4430 ,69é8 ~0.22k9
4.5 1.3837 .6¢75 '_ 0.2706
5.0 1.3244 | ‘.531h O 0.31M
5.5 . 1.2658 L4630 - 0-3552
6.0 1.2085 4036 B 0.3938
6.5 . 1.1528 L3519 0.4297
‘7.0 1.0989 L3069 © 0.4633
8.0 . 0.9970 2343 © 0.5238
9.0 0.9037 .1802 | 0.5762
10.0 vo.8191 ‘.1396 0.6216
©.12.0 0.6745 - .0861 0.6954 " _ 3 e
140 0.5591 .0551 0.7515
116.0 0.4670 .0364 0.7948 ’
'18.0 0.3939 .0248 0.8283
20.0 0.3352 ':017h 0.8548
25.0 0.2329 . .0080 0.9002
'30;0 0.1695 | .00k 0.9277 ’

>
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' Table iI.k(Contiﬁued) 7

ng(T).

- #W(o , T)
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Table III. Samples.

. Y
Initial

Supp;;er Purity Resistivity Ratio Bonding Method
Ii T  Bram Metallurgical 99.9+% 825 ‘Local welding.

Ii IT - P. H. Schmidt 9

Mg I  R. A. Stark®

Mg II  Research Organic/

Inbrganic'Chemigal-

" Corporation
Mg III R. A. Stark_

W Semi;Elements

- 99.9998% 4 x 103' f»Metal—métalrpressure
' contact. '
60 |
~10 - Gold diffusion bond.
99.99% 330 Local welding.
6b o
» ~10 : Gold diffusion bond.
99.999 5.7 x 104’ Gold diffusion bond-Cu
 pla£e.

a Resistivity ratios determined by the authofé by potentiometric and eddy current

«

techniques agreed to within 20% on the samples of tungsten and magnesium.‘

b

Mean free path of similar samples grown by the author were ~ 15 cm.

¢ This resistivity ratio was measured on a different sample,ﬂfrbm the same supplier,

from the one used in the
d.7. Electrochemical Soc.

© Bull. Am. Phys. Soc. 11,

experiment.

113, 201(.1966) .
169(1966) .

»




Table IV. Superconductive Parameters for Li, Be, W, and Mg.

ra

I

"~ Unit

Ii Be W Mg
Tc; superconductive trénsition tempera- ;_ - ) o :
ture (measured) - 0.026 - - 0.0154 K
(assumed) = 0.00k 0.00k
“306,'reéistivity at room temperature 9.4 3.6 5.3 4,3 uQ -cm
Y, electronic spécific'heat coefficient. 1250 ‘x.y70_ , 1056a’ - 930 erg/fK'ecm‘3'
vy i | 2.2 0.428. 0.663 1.33
'.Hc,-thermOdynamic critical field at BT _ '. o L
0K, . ' A 0.355 1.3 - 1.15 0.306 - Oe
,S/Sé?'ratio of Fermi surface area to L s L A '
. FEM area. _ IR '0.787?._,; 0.65° 0.112° vo.6oq_(
vp = h/m(3ﬂn)l/3= Fermi velocity in . 8 .8 .- 8 8
PEM o _ 1.285x10° - 2.25x10°  2.20x10 . - 1.58x10 cm/sec
* - . 3+ ; ’ '7 _ B h f _ .
vE (YOS/YSO)VF renormalized Fermi e g . g e B
~ velocity. B : - 0.46x10 3.42x10 0.369x10°  0.713x10° - em/sec
% - . . . . . ’ | '
34 Q lB(hv?/kBTc), renormalized - S ‘ |
‘coherence distance 0.0158 0‘018l 0.0032 0.0245. cm
xi(o) = (n/r)l/ec /2ev§, renormalized p o B p -,
penetration depth L.69x10° 1.o3x1076 6.36xlo'6 3.52x10 - em

~Te— -

0$96T~T40N



Table IV. (Continued)

®
Li Be W Mg Unit
k¥ = 0.96 \¥(0)/t*, renormalized GL , .
c L o’ _ L o =L =3 =4
paremeter in clean limit 2.87x10 0.55x10 1.92x10 1.38x10°
xg = 0:75 M(0)/[ = 7.9x1073 py /2
(p in uQ om GL parameter in dirty ,
limit®) _ 0.0263 = 0.00617 0.0136 0.0103
) ~ . o ' -l =4 ‘ -3 =4 .
Hc3 clean = 2.4 Kch - 2.45x10 1.75x10 5.30x10 1.01x10 . Oe
CHg dairty®s 2.4 K H 0.022 . 0.019 0.037 0.0076 Oe |
_ ‘ . .&
)
L ]
a s ' “to '
- From specific heat measurements on a sample similarAthat.used in thesehexperiments (to be published).
P Estimated from the reduced resistivitiesf-see J. M. Ziman, Electrdns and Phonons p. 37h4.
© E. Fawcett and D. Griffiths, J. Phys. Chem. Solids 23, 1631 (1962).
¢ E. Fawcett, dJ. Phys. Chem. Solids 18, 320 (1961).
© Resistivity ratio of 100 assumed. | -
_ S
3
L
. \O
- N
_ N
o
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LEGAL NOTICE

This report was prepared as an account of Government sponsored work.
Neither the United States, nor the Commission, nor-any person acting on
behalf of the Commission: '

A. Makes any warranty or representation, expressed or implied, with
respect to the accuracy, completeness, or usefulness of the informa-
tion contained in this report, or that the use of any information,
apparatus, method, or process disclosed in this report rriay not in-
fringe privately owned rights; or

_B. Assumes any liabilities with respect to the use of, or for damages
resulting from the use of any information, apparatus, method, or
process disclosed in this report. :

As used in the above, "person acting on behalf of the Commission”
includes any employee or contractor of the Commission, or employee of
such contractor, to the extent that such employee or contractor of the
Commission, or employee of such contractor prepares, disseminates, or pro- -
vides access to, any information pursuant to his employment or contract
with the Commission, or his employment with such contractor.
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