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The pressure dependence of the superconducting transition temperature 

of lanthanum has been extended from 10 to 40 kbar. The sample becomes 

predominantly fcc above 23 kbar. The superconducting transition temperature 

increases continuously up to 9oK, with a possible discontinuity at the 

phase change and a definite change of slope. The behavior in the fcc phase 

differs i n sign with that predicted from thermal expansion measurements at 

atmospheric pressure. 
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INTRODUCTION 

It has been observedl that applying pressure, up to a maximum of 10 kbar, 

raises the superconducting transition temperature (T ) of hcp lanthanum fIOm 
c 

o 0 5.5 to 7 K. Although this behavior is qualitatively consistent with the 

volume difference 2 between the normal and superconducting states of 'hcp La 

below T it contrasts strongly with a decrease in T with pressure observed 
c c 

in most other pure metal superconductors. 3 It is therefore of interest to 

determine whether T continues to increase with pressure and we have made 
c 

preliminary measurements extending the pressure range up to 40 kbar. This 

pressure range is associated with the transformation, at room temperature, 

4-8 from the hcp phase to the fcc phase of lanthanum at approximately 23 kbar. 

Since Andres9 has observed that the volume difference of a fcc lanthanum 

specimen below T is opposite in sign to that of a hcp specimen we anticipated 
c 

that there would be a corresponding change of sign of the pressure dependence 

of T above 23 kbar. c 

MEASUREMENTS 

The sample used in the present work was one of those used previously 

in the measur~ments up to 10 kbar. It was the sample obtained from the 

Lune~ company and it was machined to fit a re-designed pressure cylinder. 

The pressure apparatus itself is based on the clamp designlO and is basically 

the apparatus used in the measurements up to 10 kbar except for a cemented 

tungsten carbide (Kennametal K6) piston and cylinder. The tungsten carbide 

cylinder is supported in a collar of hardened Be-Cu alloy. The maximum 

pre.ssure that could be achieved in this particular case was determined by 

the tungsten carbide cylinder. This was observed to fail at room temperat~e 

in attempting to obtain pressures above 40 kbar. At this pressure a number 

of cracks developed around its circumference but shattering of the carbide 
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wa:::; preve r.ted. by the Be-Cu collar. A further limitation of this particular 

grade of t ungsten carbide was associated with the occurrence of superconducting 

o 40 behavior between 3.5 and K. This prevented the intended use of a super-

conducting tin manometer which had been incorporated to determine the 

pressure in the cylinder at low temperatures. The pressures quoted are, 

therefore, only nominal and may be in error by as much as ± 10% in absolute 

value. Further measurements are planned in an apparatus constructed from 

a non-superconducting grade of tungsten carbide. 

RESULTS 

The results obtained are presented graphically in figure 1, which is 

a plot of superconducting transition temperature against the % change in 

volume of the sample. The corresponding applied pressures are also indicated. 

The vertical bar associated with each point indicates the width of the 

transition when the rounding at the ends of the transition has been neglected. 

The points reproduced below 10 kbar are taken from the previous measurements. l 

The pressure values have been converted into the corresponding volume change 

by using the room temperature compressibility data of Bridgman. 4,11 This 

particular choice of abcissa has been made because the volume change is 

the more significant physical parameter . 

The pressure associated with the phase change from hcp - fcc is shown 

as the dashed lines at 23 kbar in figure 1. It can be seen that the results 

above 23 kbar do not show the anticipated decrease of T with pressure but c 

instead T continues to increase with applied pressure and in fact exceeds c 

Furthermore the value of T in both phases can be represented c 

by a linear function of the change in volume with pressure. However the slopes 

in the two phases are different and there appears to be a discontinuity in 

12 T associated with the phase change. It should also be noticed in figure 1 
c 
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~l:at trH= "/~.U""v~~ O~ .Jc,:--,e tra:-.s':' t ior. G.ecrea.ses appreciably above 30 kbar which 

the p~ase-cha:ige is sluggish and has not been completed u!1til 

t~~s press~e is achieved. This is in agreement with the results of 

previous investigations at room temperature. 4-8 

DISCUSSIOX 

One of the rrajor problems involved in any interpretation of the results 

is the difficulty in making physical measurements on a single-phased sample 

of lanthanum. Since} normally} both hcp and fcc phases are present in 

lanthanum at room temperature it is necessary to heat-treat specimens 

. 13 14 15 appropriately in order to produce a slngle phased sample. }} Bearing 

this in mind from an examination of the literature} it appears to us that 

the most reliable values for the super conducting transition temperatures of 

the hcp phase and fcc phases are 4.9o~4 and 6.06o~3 respectively. 

From measurements of the volume change in the hcp phase of lanthanum 

upon destroying superconductivity by the application of a magnetic field 

Rohrer2 estimated the volume dependence of the superconducting transition 

temperature} which he quotes as olnT lolnv ~ 0.5. Using the quoted value c 

of T for his particular specimen we have calculated vOT lov (~ -2.3°K). c c 

This is shown as a broken line} labelled Rohrer} in figure "l. 

From his low temperature thermal expansion data on the fcc phase of 

lanthanum Andres9 has estimated the volume difference between the normal 

and superconducting states at OOK. From this estimated volume difference 

he has calculated the volume dependence of the superconducting transition 

temperature} which he quotes as olnT lolnv ; 6.5 ± 0.5. A more preferable c 

procedure for calculating the volume dependence would be the direct application 

of Ehrenfest's equation 
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where V is the atomic volume and a and C are the thermal expansion coefficient 

and specific heat respectively in the superconducting (s) and normal (n) states. 

He have attempted to re-interpret Andres expansion results to obtain 

(0' - 0' ) 
S n T=T 

c 

by plotting 6£/T2 against T2, where £ is the sample length. We find an 

anomalous behavior between 4.5 and 60 K (which is indicative of a two phased 

sa ;:.ple as suggested by Andres) and there is also a change of slope in the 

normal phase at about 8oK. Consequently we have only obtained a rather crude 

value for the discontinuity in the expansion coefficient at T = T. In 
c 

addition, as no satisfactory specific heat data on a fcc specimen have been 

16 published we have been obliged to make use of the data of Berman et al on 

a two phase specimen to estimate Cs - Cn. Using these values we have 

calculated oInT /olnv ,.... 4.3 which is in reasonable agreement, considering 
c 

the 'uncertainties involved, with Andres' value. We calculate the slope 

voT jov to be between 27-38°K, and this is also shown,as a broken line 
c 

labelled Andres, in figure 1. It should be emphasized that although there is 

some uncertainty about the slope of this line there is no uncertainty 

about its sign. 

Our observations can be compared with this predicted behavior in 

figure 1. It can be seen that our results in the hcp phase are best 

represented by a line which intersects the P = 0 axis at 5.2 ± a.loK. 

This value is somewhat higher than the selected best value (4.90 K).14 

Furthermore the zero pressure superconducting transition temperatures 
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fo lluwi::g tte applicat l on of pressure were consister:tly higher (5.5 ± O.loK) 

i.. :'an i..i: is extrapolat ed value. This i s presumably associated with the 

se;ls it i v it,'.' of Tc to strain i n the sample. 
oT 

flom our observed value of v'oV
c (-43 ± 4oK), in the hcp phase, we 

oT 
c -5 0 -1 have calculated a value of oP of 19 ± 2 x 10 kbar at P = 0 from 

the initial compressibility (4.2 x 10-6bar-l).4,1l This value is somewhat 

larger than the value given previously,l and only qualitatively agrees 

-5 0 -1 2 with the value, ",I x 10 kbar, deduced from the data of Rohrer. 

The best line through the results in the fcc phase intersects the 

P = 0 axis at 6.1 ± O.loK in good 
oT 

agreement with the best value 13 of T. The 
c 

corresponding value of V ~ is -oV 
o 27 ± 1.5 K. The initial compressibility of 

the fcc form is not known but an inspection of the compressibility curve4 suggests 

it will be roughly the same as th~ value in the hcp form (4.2 x 10-~ar-l). 
oTc 6 -5 0 -1 

Using this value we calculate OP = 11.3 ± o. x 10 kbar at P = 0, 

compared with a value of -13 ± 2 x 10-5 °kbar-l from th'e data of Andres. 9 

We may attempt to obtain an explanation for this observed behavior 

in the fcc phase of lanthanum by considering the volume derivative of the 

simple BCS17 relationship, 

Tc = 0.85 Eb exp(-l/A) 

with A = N(O)J, where N(O) represents the density of electron states at 

the Fermi surface and J represents the attractive electron - electron 

interaction parameter. We may express the volume derivative as, 

oInT c 
olnV 

~ 3cp - 1.2 

alnA where cp = olnV and YG is the GrUneisen constant representative of the 

(1) 

(2) 

volume dependence of the phonon spectrum. We have previously18 discussed 

the sign of cP consistent with the observed pressure dependences in super-
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Cuf.Qilctir.g eler:le .ts. I n the present case, f'or the f'cc phase of' lanthanum., 
oInT 

we observe , a value of' dlnVc of' -4.5 f'or pressures greater than 23 kbar, 

whereas we deduce a value at atmospheric pressure of' 4.3-6.5 f'rom the data 

of' Andres? We conclude, theref'ore, that the only way that these contrasting 

values of' ~ may be reconciled is by a reversal of' sign of' ~ as the volume 

is decreased. 

Now attempts19,20 have been made to relate the valu~ of' ~ to its two 

. olnN(O) olnJ. olnN(O) 
constltuents, namely olnV and olnV' Slnce olnV can be determined 

experimentally f'rom thermal expansion measurements and f'fom the pressure 

dependence of' critical magnetic f'ield measurements. For non-transition 

metal superconductors, where (1) is a reasonable approximation, O~~~O) 

varies widely f'rom the f'ree electron value of' 2/3 and it is necessary to 

olnJ . 
adjust both the sign and magnitude of' dlnV to obtain num~rlcal agreement 

with the observed values of'~. In view of' the absence of any consistent 

behavior in the simple case of' the non-transition metal ~uperconductors, 

there appears to be little hope, at present, of a simple understanding of' 

the f'orm of' *i~ in the transition metal superconductors with their more 

. 21-23 complex form of' A. Since we are at present unable to relate ~ to its 

constituents we cannot even attempt to explain this observed change of' sign 

with volume. 

Finally it is possible that if' measurements could be made on the f'cc 

phase at pressures below 23 kbar it would be observed th~t T f'irst decreases c 

with applied pressure and then increases. We think that very pure f'cc 

samples would be required in order to make usef'ul observ~tions of' this kind. 

However, as the 'pure' f'cc phase of' lanthanum readily converts to a mixture 

of' the hcp and f'cc phases at room temperature upon even slight straining 

there seems to be little hope of conducting such measurements. Instead we 
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wo~ld prefer to see a re~eat of the the~l expansion measurements of 

A~dres on fcc lanthanum in order to confirm the present interesting situation. 
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FIGURE CAPTIOf{ 

Tne supercond1;.cting t ransition te:r.perature of 

hcp and fcc lanthanum as a fur.ction of % volume 

change. 
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