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The crystal structure of lanthanum has been studied by powder X-ray diffraction techniques at room temperature and the
existence of the hexagonal close-packed (h.c.p.) and face-centered cubic (f.c.c.) modifications confirmed. The rate of
interconversion of these crystal forms has been found to be slow. However, it has been shown that the f.c.c. modification
can readily be converted to the h.c.p. structure at room temperature by severe deformation such as results when filings are
produced from a massive specimen. The crystal structure of lanthanum filings in the h.c.p. form was not affected by cooling
to liquid helium temperatures; the same result (with one possible exception) was noted with filings having the f.c.c. structure.

»Six different samples of lanthanum have been examined for superconductivity by a magnetic method. It was found
that bulk specimens cut from the six samples in the as-received state each exhibited a transition into superconductivity in
the range 3.1° to 5.45°K. Heat treatment for four days at 350° raised the transition temperatures somewhat. The three
purest samples all gave a transition temperature of very nearly 5.4°K. From X-ray diffraction studies made of the bulk
specimens, together with studies made on filings, it was concluded that both the f.c.c. and h.c.p. modifications of lanthanum
are superconductors, the f.c.c. modification having a transition temperature near 5.4°K., while the h.c.p. modification (in a

strained state) has a transition temperature of 3.9°K. or greater.

Introduction

The relation between crystal structure and super-
conductivity in allotropic modifications of the
elements has been investigated only for tin. As
is well known, white tin is a typical superconducsor,
whereas gray tin (the stable form below 18°)
is not a superconductor down to the lowest tem-
perature tried (1.32°K.).* These two forms of tin
differ quite markedly in crystal structure, electrical
conductivity, and in other physical properties.
In particular, white tin is a typical metallic con-
ductor; gray tin, on the other hand, is a semi-
conductor, its conductivity decreasing with de-
creasing temperature.* As far as the authors are
aware no semiconductor has been shown to exhibit
superconductivity.t

A search for other elements having allotropic
modifications which might be suitable for such a
study revealed that lanthanum, cerium and praseo-
dymtum are reported to exist in both the cubic
close-packed (f.c.c.) and hexagonal close-packed
(h.c.p.) structures. Both of these structures would
be expected to be good electrical conductors.

A survey of the literature made at the time the
present work was begun showed that both lan-
thanum and cerium had been examined for super-
conductivity, of which only lanthanum was re-
ported to be a superconductor (4.2-4.7°K.).
The crystal structure of the materials investigated
was not given. Recently cerium and praseo-
dymium have been shown not to exhibit super-
conductivity down to 0.25°K.6 The crystal struc-
ture of the specimens investigated was not given.

The present paper is a report of work carried out
to examine the relation between thecrystalstructure
and superconductivity of lanthanum. This metal
was chosen because of its availability from several
sources in reasonably pure form and because it
seemed to give promise of ready conversion from the

(1) Carried out with the assistance of the Office of Naval Research
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Young (1950) and A. L. Floyd, Jr. (1949),

(3) G. Sharvin, J. Phys. (U.S.8.R.), 9, 350 (1945); C. A., 40, 3320

1946).
¢ [C)) )J. T. Kendall, Proc. Phys. Soc. (London), 63B, 821 (1950).
(5) W, T. Ziegler, Research Engineer, Georgia Institute of Tech-
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(6) B. B. Goodman, Nature, 167, 111 (1951).

h.c.p. to the f.c.c. modification. The studies which
have been made are presented in two parts. Part
I deals with studies made of the crystal structure
of lanthanum, particularly with the interconversion
of the h.c.p. and f.c.c. modifications. Part II
deals with the superconductivity studies made of
the lanthanum specimens. The primary purpose
of the structure studies was to aid in the charac-
terization of the specimens tested for supercon-
ductivity.

PartI. Crystal Structure of Lanthanum

Lanthanum has been shown by powder X-ray
diffraction techniques to exist jn the hexagonal
close-packed”®® (h.c.p.) and face-centered cubic!®!!
(f.c.c.) structure. Measurements of heat capa-
city,!? electrical resistance,!? coefficient of linear
expansion!? and magnetic susceptibility!* as a func-
tion of temperature have revealed anomalies in
these properties in several temperature regions.
These anomalies suggest that lanthanum may
exist in more than two allotropic modifications.

In the present work a study of the h.c.p. and f.c.c.
modifications of lanthanum has been made using
the powder X-ray diffraction method at room
temperature. The studies made include the effect
of various heat treatment conditions on the rate
of transition from the h.c.p. to f.c.c. structure, the
rate of transition of the f.c.c. to the h.c.p. structure
at room temperature, and the effect of cooling to
liquid nitrogen and helium temperatures.

Experimental

All but a few of the X-ray diffraction studies were carried
out on lanthanum in the form of filings. A General Electric
XRD-1 unit equipped with 14.32 cm. diameter powder
cameras was used in all experiments. Filtered Cu Ke
radiation was generally used. Exposure times were 3-5
hours with 25 ma. and 35 kilovolts across the tube. A few
difiraction pictures were taken with molybdenum radiation

(7) J. C. McLennan and R. W. McKay, Trans. Roy. Soc. (Canada),
III, 24, 33 (1930).

(8) L. L. Quill, Z. anorg. aligem. Chem., 208, 273 (1932).

(9) A. Rossi, Nature, 188, 174 (1934),

(10) E. Zintl and S. Neumayr, Z. Elekirochem., 39, 84 (1938).

(11) W, Klemm and H. Bommer, Z, gnorg. cligem. Chem.. 281, 138
(1937).

(12) F. M. Jaeger, J. A. Bottema and E. Rosenbohm, Rec, {rav.
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(14) F. Trombe, ibid., 198, 1591 (1934).
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using a zirconium filter became of the smaller absorption
coefficient of lanthanum for this radiation.

The lanthanum filings were prepared by filing the bulk
specimen of lanthanum in a dry-box under dry nitrogen,
care being taken to first remove any surface films. Helium
gas was used in a few instances, but gave results identical
with those obtained when nitrogen was used. Experiments
described elsewhere!® showed that dry nitrogen reacts slowly
(if at all) with lanthanum filings at room temperature.
Pyrex glass capillaries were filled in the dry-box and sealed
immediately upon removal.

A few studies were made using bulk specimens. Thesur-
face was protected from contact with air during the exposure
to X-rays by means of paraffin, a hydrocarbon oil, by en-
closing the specimen in a gelatin capsule, or by a thin film
of aluminum. The first three techniques used were not
very satisfactory, largely because of the difficulty of com-
pletely preventing surface oxidation. , The use of an alumi-
num film (estimated to be 1000-2000 A. thick), produced by
evaporation in a high vacuum, gave good results, there be-
ing no evidence of oxidation during the time required for ex-
posure to X-rays (5-8 hr.).

All line positions were measured visually to 0.1 mm. Line
intensities were estimated visually. All results were calcu-
lated by taking the unresolved K, lines and the K line
to have wave lengths of 1.539 and 1.537 kx. units, respec-
tively. The observed data were corrected either on the
basis of a series of diffraction patterns taken of pure KCl
powder or by the septum technique using copper and silver
as standards.

Description of Lanthanum Materials.—Six different
lanthanum materials were investigated. All were sections
cut from cast rods. Three of these, designated as Cooper 1,
Cooper 2 and Cooper 3, were obtained at different times from
Cooper Metallurgical Associates, Cleveland, Ohio. These
were analyzed by spectroscopic and spectrophotometric
methods, by direct precipitation as the oxalate and by ion-
exchange techniques. " The analytical results (in %) for
Cooper 1, 2 and 3, respectively, were: La, 95.3, 95.6, 94.8;
Ce, 1.3, 1.1, 0.3; Nd, 0.4, 0.4, 0.6; Pr, 0.2, 0.2, < 0.1;
other rare earths, 0.3, 0.2, < 0.1; Si, 0.7,0.7, 0.1; Fe, 0.8,
0.8, 0.8; unaccounted for, 1.0, 1.3, 3.4. Trace amounts of
a number of other metals were detected spectrographically.

Two specimens, Spedding 1 and Spedding 2, were ob-
tained at different times from Dr. F. H. Spedding, Iowa
State College, Ames, Iowa. Spectrographic analysis of
Spedding 1 showed that it contained 0.13% Be, 0.19, Mg,
traces (estimated to be a few hundredths of a per cent.)
of calcium, aluminum and iron, and was free of other rare
earths. Direct precipitation as oxalate gave a lanthanum
content of 97.39,. Spectrographic examination of the
sample designated as Spedding 2 showed it to be consider-
ably purer than Spedding 1; it contained < 0.01%, Be and
traces of Al and Mg. The sixth specimen (0.85 g.) was ob-
tained from Adam Hilger, Ltd., and bore the designation
Lab. No. 7259. It was reported to contain a total of 0.5—
1.0% aluminum, silicon and tungsten and to be substantially
free of other rare earths.

No chemical analyses of the specimens for carbon, nitro-
gen, oxygen or hydrogen were made. The presence of carbon
in the Cooper and Spedding specimens was inferred from the
acetylene-like odor (more pronounced in the Cooper speci-
mens) given off when the filings were dissolved in dilute
hydrochloric acid. X-Ray diffraction analysis of the metal
filings from all specimens showed that all except a few faint
lines were assignable either to a h.c.p. or f.c.c. lanthanum
structure. These faint lines were identified as belonging to
lanthanum hydride.

Experimental Results

Hexagonal Close-Packed Lanthanum.—Lanthanum has
been reported to exhibit the h.c.p. structure at room tem-
perature by McLennan and McKay,” Quill® and Rossi.?
The purity and thermal history of the specimens investi-
gated were not given. Zintl and Neumayr® reported that
a specimen, containing 99.69 lanthanum (the remainder
consisting of silicon, alumimum and carbon) had primarily
the h.c.p. structure; the lines obtained were so diffuse that
no exact measurements could be made. In all these studies
the lanthanum powder investigated was prepared by filing.

(15) R. A. Young and W, T. Ziegler, THis JoUrNAL, T4, 5251
(1952).
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Filings taken from the six lanthanum specimens in the
“‘as-received’’ condition all had the h.c.p. structure. The
h.c.p. lines obtained were somewhat diffuse, making exact
measurements impossible.’® The results of the present re-
search are compared with the work of other investigators
in Table I. The relative intensities of the lines agreed
closely with those reported by Quill.8

TasLE I
LATTICE PARAMETERS OF H.C.P. LANTHANUM
a, c,
QObserver kx. units kx. units c/a

MecLennan and Me-

Kay’ 3.72 (6.06) 1.63
Quilld 3.754 = 0.010 6,061 =+ 0.030 1.613
Rossi? 3.757 6.05 1.61
This research 3.74 £0.01 6.06 + 0.02 1.62 +0.01

Face-centered Cubic Lanthanum.—Zintl and Neumayr!
have been able to convert finely divided lanthanum from
the h.c.p. to the f.c.c. structure by heating in a vacuum
furnace at 350° for several days. Klemm and Bommer,!!
using liquid potassium and cesium, reduced the anhydrous
chloride at 350-400° to obtain finely divided lanthahum
having the f.c.c. structure. Klemm and Bommer com-
pared these results with those they obtained from prepara-
tions made at similar temperatures by treating finely di-
vided lanthanum (obtained from bulk lanthanum) with
potassium, rubidium and cesium metals. No differences
werebbserved in the various preparations.

We also have been able to prepare the f.c.c. modification
by heating lanthanum filings for two to four days at 350-
400°. Sealed Pyrex capillaries containing the filings were
examined before and after heat treatment. Whereas before
heat treatment the filings always gave a h.c.p. pattern with
relatively diffuse lines, after heat treatment the diffraction
lines were quite sharp, the principal lines always correspond-
ing to a f.c.c. structure. The ¢ calculated for this struc-
ture and the observed relative intensities of the lines agree
quite well with those reported by Zintl and Neumayr and
Klemm and Bommer (see Table II).

In addition to the principal f.c.c. pattern most films
showed several faint to medium faint lines assignable to the
h.c.p. structure, a number of weak lines assignable to the
“hydride’’!® and a pattern of faint lines (referred to here-
after as the ‘‘y’’ structure) assignable to a second f.c.c.
structure having an a¢ 0.5-1%, less than that assigned to
f.c.c. lanthanum.

All six lanthanum samples behaved similarly.

TasrLE II
LATTICE PARAMETER OF FACE-CENTERED CUBIC LANTHANUM
Observer kx.aglynits
Zintl and Neumayr!? 5.296 =+ 0.002
Klemm and Bommer!! 5.204 &+ .002
This research 5.285 = .005

Rossi? has noted that the f.c.c. modification of lanthanum
seemed to be only a surface effect, since annealed specimens
gave the h.c.p. pattern after removal of a very thin outer
layer. Iandelli and Botti!" suggested, in view of Rossi’s
observation, that the pattern previously ascribed to f.c.c.
lanthanum might, in fact, be due to a surface formation of
lanthanum nitride, since the lattice parameters of these
two substances are the same. It has been shown by us®
that the X-ray diffraction patterns of f.c.c. lanthanum and
lanthanum nitride powders are detectably different. Fur-

(16) Most films showed a number of additional rather weak lines
the positions of which agreed closely with the f.c.c. pattern to be ex-
pected for lanthanum hydride as reported by Rossi.? The prominence
of this “hydride” pattern varied from sample to sample, being some-
what stronger in the Cooper specimens. Unpublished work by us has
confirmed the observations of Rossi, and has shown that the ao of
LaHy increased from 5.62 to 5.65 kx. units as £ decreased from 2.45 to
0.8. The lattice parameter of the "hydride’’ patterns ohserved in the
various specimens fell within these limits. The presence of the
"hydride” pattern made the identification of the h.c.p. pattern difficult
especially if the f.c.c. pattern was also present.

(17) A. Iawodelli and E. Botti, A4#i accad. nazl. Lincei. Classe sci. fis.
mat. ¢ nat., 28, 129 (1937).
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thermore, filmgs carefully prepared and handled under he-
lium gas to minimize lanthanum nitride formation gave the
the same results as those prepared under dry nitrogen.
X-Ray diffraction photographs taken of the heat treated
filings using molybdenum radiation, which is much less
strongly absorbed than copper radiation, gave the same
f.c.c. structure as did copper radiation. It has therefore
b&en concluded that the f.c.c. modification is not a surface
effect.

Interconversion of H.C.P. and F.C.C. Lantha-
num. A. The Transition H.CP. — F.C.C.—
The experiments of Zintl and Neumayr!® and
Klemm and Bommer!! suggest that the temperature
for this transition is below 350°. Trombe and
Foex!? have measured the coefficient of linear ex-
pansion of lanthanum (99.29, La) over the range
—190° to 650°. They found that the expansion
was linear between —190° and 150°. Between
150° and 375° hysteresis developed, the volume at a
given temperature depending upon whether the
sample was being warmed or cooled. This hy-
steresis was attributed by them to the coexistence
of the h.c.p. and f.c.c. forms, the h.c.p. being
assumed to exist in the range —190° to 150° and
the f.c.c. above 375°,

We have heated sealed Pyrex capillaries containing lan-
thanum filings (Cooper 1), known to be in the h.c.p. form,
for two days in a vacuum furnace at 254°, 354° and 400°.
The capillaries were cooled to room temperature in the
furnace over a period of several hours. After heat treatment
the capillaries were again examined by X-ray diffraction
and the extent of the conversion to the f.c.c. structure
noted. It was found that the filings heated at 254°
consisted of the f.c.c. and h.c.p. forms in about equal
amount, while those heated at 354° and 400° were pre-
dominantly f.c.c. with only a small amount of h.c.p. form.
The h.c.p. lines were still relatively more diffuse than the
lines for the f.c.c. structure. In a second series of experi-
ments filings (Cooper 2) having the h.c.p. structure
showed no noticeable change in diffraction pattern after
four days at 150°, but showed almost complete conversion
in two days at 400°.

Lanthanum filings heated in a molybdenum boat under
high vacuum for four hours (Cooper 1) and 13 hours (Cooper
2) at 700° gave diffraction patterns very similar to those
obtained with filings heated at 350-400°, except that no
h.c.p. lanthanum appeared to be present. The “‘y’’ struc-
ture was still present. *

In another experiment lanthanum filings (Spedding 2)
having the h.c.p. structure were heated slowly to 200° over a
period of 3.5 hours, held at 290-302° for three hours and
then cooled to room temperature in the course of several
hours. X-Ray diffraction showed that the primary struc-
ture was still h.c.p. with a small amount of the f.c.c. modi-
fication now present.

From the experiments it was concluded that the transition
from h.c.p. to f.c.c. structure begins in the range 150-254°
confirming the observations of Trombe and Foex,!8 proceeds
rather slowly at 300° and even after four days at 400° a
trace of h.c.p. may still be evident.

B. The Transition F.C.C. = H.C.P.—The pres-
ence of a small amount of the h.c.p. modification in
the predominantly f.c.c. filings after heat treat-
ment at 350-400° was thought possibly to be due
to a small amount of conversion during the rather
slow cooling in the furnace. However, no differ-
ences were noted between Cooper 2 filings cooled to
room temperature rapidly (in a few seconds) and
over a period of several hours. In each instance the
filings had primarily the f.c.c. structure with a
trace of the h.c.p. structure also present.

In order to examine the rate of change of the f.c.c. to the
h.c.p. structure at room temperature capillaries containing

filings from Cooper 1, Cooper 2 and the Hilger specimen were
heat treated at 350° for four days, cooled to room tempera-
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ture and powder X-ray diffraction photographs taken. Al
filings were f.c.c. with traces of h.c.p. and the “‘y’’ struc-
ture. The capillaries were stored at room temperature and
examined at intervals over a period of a year. No notice-
able changes occurred in the Cooper specimens, while the
Hilger filings showed at most only a slight increase in the
amount of the h.c.p. modification. No change could be
detected in the ‘‘y’’ structure lines. Filings from Cooper
3, Spedding 1 and Spedding 2, heat treated in a similar
manner, showed no change after 19, 31 and 9 months, re-
spectively. Another set of capillaries containing Cooper 1,
Cooper 2 and Hilger lanthanum, heat treated at 400° for
four days, showed no changes over a 6-month period.

In another series of experiments capillaries containing
Cooper 1 lanthanum filings known to be in the f.c.c. modi-
fication were heated for five days at 100° on the assumption
that this treatment might introduce nuclei having the h.c.p.
structure. The capillaries were then repeatedly cooled and
warmed between ~-195° and room temperature by dipping
in a liquid nitrogen bath. (Trombe and Foex!® found this
method satisfactory for converting cerium from the f.c.c.
to the h.c.p. structure). Examination of the capillaries
showed no change in the crystal structure of the filings.
Similar results were obtained with filings heat treated &t
200° and 250°.

These experiments all lead to the conclusion that therate
of transition of the f.c.c. to the h.c.p. modification is slow.
On the other hand, severe deformation, such as filing, pro-
duced rapid transformation (see below).

Crystal Structure of Massive Lanthanum Speci-
mens.—The structure studies so far described were
primarily concerned with lanthanum filings. Ex-
periments were also performed with massive lan-
thanum specimens in the form of small cylinders
(approx. 5 X 20 mm.) since these were to be ex-
amined for superconductivity.

Examination of the literature reveals no instance
in which the crystal structure of massive lanthanum
has been determined. In our earlier experiments
it was assumed that the structure of massive lan-
thanum specimens could be inferred from that of
filings taken from the specitnen in the “as-received”
state and from filings heat treated simultaneously
with the massive specimen. However, later experi-
ence showed that filings taken from massive speci-
mens of all six lanthanum samples after heat
treatment for four days at 350—400° always gave
primarily the h.c.p. structure with an occasional
trace of the f.c.c. modification, whereas filings heat
treated simultaneously with the specimen were
predominantly f.c.c. A massive specimen (Cooper
1) cooled rapidly from 400° to room temperature
gave the same results.

Efforts made to examine the end of a lanthanum
piece in the form of a cylinder were not very success-
ful, due to difficulties encountered in protecting
the lanthanum surface from reaction with air.
However, sufficiently satisfactory results were
obtained to show that massive lanthanum speci-
mens from all six samples were predominantly in
the f.c.c. form after heat treatment at 350-400°,
The surfaces examined wete not mechanically
strained by filing, etc., between the heat treatment
and the X-ray examination. However, filings
taken from these specimens or from specimens heat
treated in a similar manner were always predomi-
nantly h.c.p.

In two instances (Specimen La 12, Cooper 3;
and Specimen La 14, Sopedding 2) the surface of a
heat treated (350—400°) specimen was examined
both before and after roughening the surface by

(18) F. Trombe and M. Foex, Ann. chim., 19, 417 (1944).
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filing. It was found that, whereas before filing
the structure was predominantly f.c.c., after filing
the surface showed a predominantly h.c.p. struc-
ture.

Examination of massive specimens of the differ-
ent lanthanum samples in the “as-received” state
was complicated by the fact that the specimens were
always coated with a layer of oxide which had to be
removed by filing. The two specimens examined
(Hilger, Cooper 3) gave predominantly h.c.p.
structures both as massive specimens and as filings.

Attempts were made to obtain a surface which
was free of strain or surface contamination by the
use of various etching and electropolishing tech-
niques, Many combinations were tried. With a
number of etching solutions, particularly those
containing acids, a black film or deposit formed on
the lanthanum even when used as the anode. This
deposit was found by X-ray diffraction to be lan-
thanum hydride.!®

The experiments on massive specimens lead to
the conclusion that the mechanical strains set up
in filing are sufficient to transform f.c.c. lanthanum
to h.c.p. lanthanum at room temperature. This
may be related to the fact that lanthanumisa
relatively soft metal, having a hardness approxi-
mately that of zinc. It also appears that the
massive lanthanum specimens probably are con-
verted to the f.c.c. form by the same heat treat-
ment used to convert the filings (.e., several days
at 350-400°). Finally, none of the massive speci-
mens of lanthanum examined was definitely shown
to have wholly the h.c.p. structure.

The general behavior of lanthanum as regards
the h.c.p. & f.c.c. transition observed in this re-
search has some similarity to the corresponding
transition in cobalt studied by Troiano and Tok-
ich.!® In particular, the ready conversion of
the f.c.c. to the h.c.p. modification by deformation
such as filing is observed for both metals.

Low Temperature Modification of Lanthanum.—
Trombe'* has observed an anomaly in the magnetic
susceptibility of lanthanum at 110°K. which in-
dicated the possible existence of a structure transi-
tion. However, subsequent dilatometric measure-
ments by Trombe and Foex!® and specific heat
measurements by Parkinson, et al.,?° have revealed
no anomaly in this region.

In the present work lanthanum filings in the h.c.p. modi-
fication (Cooper 1, Spedding 1) and f.c.c. modifications
(Cooper 1, Cooper 3 Spedding 1, and Speddmg 2) were ex-
amined before and after cooling to 2°K. (The capillaries
were placed in the experimental chamber of the helium
cryostat. The rate of cooling the cryostat to liquid helium
temperatures varied somewhat from run to run.) The
h.c.p. filings showed no changes as a result of cooling. The
f.c.c. filings, in general, also showed no change in structure.
However, in one experiment f.c.c. filings of Spedding 1
showed some conversion to the h.c.p. structure. This was
not observed in a subsequent experiment.

Massive specimens of Cooper 3, Spedding 1 and Spedding
2, presumed to have the f.c.c. structure as a result of heat
treatment at 350°, were examined after cooling to 2°K. in
the helium cryostat. The Cooper 3 and Spedding 1 speci-

mens had the f.c.c. structure with no evidence for any
h.c.p. structure, while the Spedding 2 specimen appeared

(19) A. R. Troiano and L. Tokicl,, Metals Technol., 18, No. 3, Tech.
Pub. No. 2348 (1948).

(20) D. H. Parkinson, F. E, Simon and F. H. Spedding, Proc. Roy.
Soc. (London), 30TA, 137 (1851).
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to be a mixture of the two structures. One massive speci-
men (La 7, Cooper 1) presumed to be in the f.c.c. structure
as a result of heat treatment at 350° was examined 17
months after being cooled at 2°K. and found still to have
the f.c.c. structure. Thus, there was some evidence that
the f.c.c. — h.c.p. transition occurred partially in the pur-
est specimens (Spedding 1 and 2) as a result of cooling to
helium temperatures.

Part II. Superconductivity Studies

The six different lanthanum samples were ex-
amined for superconductivity in the ‘“‘as-received”
condition and after heat treatment. The purity
of these materials, together with the method of heat
treatment and the X-ray diffraction analysis have
been discussed in Part I of this paper.

Apparatus and Experimental Techniques.—The cryostat
used was similar to one described by Horn and Ziegler.?
The Simon expansion method was used to produce liquid
helium in an upper helium reservoir. Below the helium
reservoir was suspended the experimental chamber, into
which helium could be condensed at will by bringing low
pressure helium gas into contact with the helium reservoir.
The copper experimental chamber consisted of two parts, an
upper section to which the gas and the constantan resistance
thermometers were attached, and a lower section (ma-
chined from a solid copper rod) in which the specimens to be
tested for superconductivity were located.

The temperature of the experimental chamber was deter-
mined by means of a helium gas thermometer of the type
described by Mendelssohn,?? the helium pressure being
measured both by a Bourdon gage and a capillary mercury
manometer. The thermometer was filled with helium gas
at one atmosphere pressure while at room temperature and
then sealed off.

Temperatures were calculated from the helium pressure
on the assumption that the thermometric system consisted
of two volumes, one at room temperature ( V) and the other
at low temperature (the thermometer bulb, V},) connected
by a capillary tube of negligible volume. Gas imperfection
was taken into account by making use of the virial coeffi-
cients for helium given by Keesom.?* The maximum cor-
rection arising from gas imperfection was 0.15°. The ratio
of the two volumes was determined by experiment at the
normal boiling point of liquid helium to be 12.4. V}, was
1.6 cc.

The sensitivity of the gas thermometer was about 0.04°
per mm. in the range 3 to 5.5°K. Readings were made to
0.5 mm. Below 2.6°K. the gas thermometer acted as a
vapor pressure thermometer. The vapor pressure of liquid
helium in the experimental chamber was also used to deter-
mine the temperature below 4,3°K.

The absolute accuracy of the temperature scale is believed
to be about 0.05° in the range 3 to 4.5°K. decreasing to 0.1°
at 5.5°K.

The constantan resistance thermometer was used to fol-
low the temperature changes of the experimental chamber,
particularly during the actual transitions. This thermome-
ter had a resistance of 1069 ohms at 4.2°K. and a dR/d T of
approximately one ohm per degree over the range 1.8 to
20°K. Temperature changes of 0.01-0.02° could be de-
tected with this thermometer.

The system for the magnetic detection of superconduc-
tivity?! consisted of a primary coil, wound on the lower end
of the brass vacuum case, and four equally spaced secondary
coils S1, S2, S3 and S4, wound on the outside of the experi-
mental chamber and coaxial with the primary coil. The
primary coil, constructed of 1117 turns of No. 30 AWG
copper wire, was 15.1 cm. long. The secondary coils con-
sisted of approximately 3000 turns of No. 40 AWG single
cotton enameled copper wire. Each coil was 2.2 cm. long.
In all experiments coil S1 was empty, the specimens under
test being located in coils S2, S3 and 84

The experimental procedure for detecting superconduc-
tivity was as follows: with the experimental chamber at a
fixed temperature somewhat above the expected transition

(21) F. H. Horn and W. T. Ziegler, TH1S JoUrRNAL, 69, 2762 (1947).

(22) K. Mendelssohn, Z. Physik, T8, 482 (1931).

(23) W. H. Keesom, “"Helium,’’ Elsevier Publishing Co,
N. Y., 1942, p. 49.

, New York,



March 5, 1953

CRYSTAL STRUCTURE AND SUPERCONDUCTIVITY OF LANTHANUM

1219

TasLE II1
CRYSTAL STRUCTURE OF LANTHANUM SPECIMENS

Source Specimen Specimen dimensions, mm.,
Cooper 1 La2 Cyl. 20.3 X 4.8
Lal Cyl. 19 X 4.4
La 4F Powder
Cooper 2 Laé6 Cyl12.3 X 4.1
La?7 Cyl. 11.4 X 4.2
Cooper 3 La 10 Cyl. 19 X 4.4
Spedding 1 La 1S Cyl.9.8 X 4.4
La 28 Cyl. 9.9 X 4.4
Spedding 2 Lal5 Cyl. 20 X 4.4
La 14 Cyl. 25 X 4.4
Hilger La3 Rect. piece 4 X 11.5 X 2.6

8 Structure of filings taken from specimen before low temperature experiment.

taneously with specimen.
time.

Crystal structure

As-received Heat treatment
condition After heat treatmentd Days Temp., °C.
h.c.p.®
h.c.p.’ fe.cbe 4 350
h.c.p. f.c.e’ 4 350
h.cp.f fe.che 4 350
h.c.p.? f.cc.* 4 700
h.c.p.? fe.cbf 4 350
h.c.p.® fe.e 4 350

fe.elb 4 350
h.c.p.%’

f.c.c. and some h.c.p.b’ 4 350
h.c.p.® fc.c.be 4 350

b Structure of filings heat treated simul-

¢ Structure of massive specimen from same source heat treated in similar manner but at a different
4 Filings taken from massive specimens after heat treatment always had h.c.p. structure, due, it is believed, to the

conversion of f.c.c. to h.c.p. modification as result of the filing operation. ¢ Structure after cooling to 2°K.; another unidenti-

fied structure, presuniably the result of surface oxidation, also present.

4.2°K. 7 Structure of massive specimen before cooling.

temperature, coil S1 and the coil surrounding the specimen
(for example S2) were connected externally in such a manner
that on closing the primary circuit the voltages induced in
the coils opposed each other. A galvanometer in the sec-
ondary-circuit ordinarily gave a deflection when the primary
was energized. This deflection could be reduced to zero by
suitable adjustment of an external variable inductance in
the secondary circuit.

With the secondary circuit balanced, the primary circuit
was energized at 10-15-second intervals during a series of
measurements in which the temperature of the experimental
chamber was slowly lowered (or raised); any unbalancing of
the coils arising from the occurrence of superconductivity
in the specimen was observed as a galvanometer deflection.
From the variation of deflection with temperature the course
of the transition could be followed. The maximum deflec-
tion depended upon the magnitude of the primary current
and the volume of the specimen. With the primary cur-
rent (0.26-0.27 amp.) and the specimen size (1.2-1.8 g.)
usually used, galvanometer deflections of 3-5 cm. were ob-
served when a specimen became superconducting.

In the range 6 to 4.2°K. cooling of the specimen was
achieved by allowing the helium pressure in the experimen-
tal chamber to decrease slowly to atmospheric pressure.
Temperatures below 4.2°K. were obtained by pumping on
the experimental chamber. Warming was achieved by
allowing the experimental chamber to warm up as a result
of heat leak or, in later experiments, by means of a heater
wound on the lower end of the experimental chamber. This
heat leak was due primarily to the copper lead wires leading
to the experimental chamber which were in imperfect con-
‘tact with the main helium reservoir. The heat leak was
largely eliminated in the later experiments by a rearrange-
ment of the copper leads.

The lanthanum specimens usually were approximately
cylindrical in shape. They had weights varying from 0.7 to
2.5 g., and usually had a length of 2022 mm. and a diame-

- ter of 4.5-4.9 mm. To prevent air oxidation each speci-
men was sealed at room temperature in a small capsule
(made of 7 mm. Pyrex glass tubing) under helium gasat 10—
20 cm. pressure. The capsules (usually three) were separated
by Lucite spacers, and the entire assembly held together
with cellulose acetate cement. The spacers were so con-
structed that each specimen was positioned approximately
at the center of its secondary coil.

Experimental Results

The physical dimensions and heat treatment of the various
specimens tested for superconductivity are summarized in
Table III. Table IV summarizes the results of the tests
for superconductivity. The transition range given in
Table IV corresponds to the temperature interval in which at
least 959, of the total galvanometer deflection arising from
the magnetic transition occurred. The transition tempera-
ture given corresponds to the temperature at which one-half
of the total deflection was noted. Readings of the deflection

/ Structure of massive specimen after cooling to

TaBLE IV
SUPERCONDUCTIVITY OF LANTHANUM SPECIMENS
As-received
condition After heat treatment
Transi- Transi- Transi-
tion tion tion
Source of Specimen  temp., range Transition range
lanthanum designation °K. (deg.) temp., °K. (deg.)
Cooper 1 La2 5.05 0.15
Lal 5.0 .1 5.2 0.1
La"4F 3.9 3 5.25 .3
Cooper 2 La 6 3.2 .2
La?7 3.1 .3 3.2 .2
Cooper3 La 10 3.55 .22 4.2 .07
Speddimg 1 La 1S 5.2 .2 5.4 .15
La 28 5.3 0.6-0.8
Spedding 2 La 15 5.45 .3
Lal4 5.5 .25
Hilger La3 4.6 ca. .1 5.4 .1

were reproducible to about 1 mm. when the specimen was
maintamed at a fixed temperature, In general, the mid-
point of the transition has been computed from the gas
thermometer reading. The transition range, as well as the
warming and cooling rates, were computed from the re-
sistance thermometer readings. Warming and cooling
rates of 0.1-0.25° per minute were usually employed.
Figures 1 and 2 show typical transition curves. In these
plots the fraction of the total galvanometer reflection re-
sulting from the transition into superconductivity has been
expressed as a per cent. change in magnetic induction. In
a number of instances the transition curve found on cooling
lay 0.05-0.1° below that obtained on warming. In other
instances no consistent differences were noted. It is not
clear whether these differences represent an actual hysteresis
in the transition or resulted from temperature inequalities.
However, on the basis of the rapidity of response of the speci-
men to temperature variation when in the transition, it is
believed that much of this difference represents a tempera-
ture gradient between the thermometers and the specimen.

Discussion of Results

The occurrence of superconductivity in lan-
thanum was first observed by Mendelssohn and
Daunt?* using a magnetic method. These investi-
gators reported a transition temperature of 4.71°K,
for a specimen reported to contain 989, La, 1%
Fe, and traces of C, Si, Al and Mg. Shoenberg,%
also using a magnetic method, has reported that a

(24) K. Mendelssohn and J. G. Daunt, Nature, 139, 473 (1937).
(25) D. Shoenberg, Proc. Camb, Pkil. Soc., 88, 577 (1937).
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Fig. 1.——Superconductivity of lanthanum filings (Cooper
1) before and after heat treatment for 4 days at 350°.
Dotted curve shows transition in bulk specimen after same
heat treatment.
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Fig. 2.—Superconductivity of lanthanum (Spedding 2)
after heat treatment for 4 days at 350°. Dotted curve
shows transition before heat treatment (La 15).

lanthanum specimen (Hilger, Lab. No. 7239),
presumably similar to our Hilger spectmen, was
superconducting at 4.2°K. On the other hand,
MecLennan, Allen and Wilhelm,?® using the elec-
trical resistance method, observed no supercon-
ductivity in a “‘pure” specimen of lanthanum over
the range 300 to 1.9°K. The crystal structure of
these specimens was not given.

More recently Parkinson, Simon and Spedding*®
have observed a rather sharp specific heat anomaly
at 4.37°K. in a specimen of lanthanum having a
purity similar to our Spedding 2 specimen. They
interpreted this anomaly as arising from a super-
conducting transition. Theseinvestigatorsreported
that a check on the crystal structure of their
lanthanum at room temperature showed lines
corresponding to both hexagonal close-packed and
cubic close-packed forms. They attributed the
lack of sharpness of the thermal transition to the
known presence of both phases in the specimen.

In the present work the superconducting transi-
tion temperature of massive specimens of the six
different lanthanum samples tested ranged from
3.1° to 5.5°K. (Table IV). A preliminary report

(26) J. C. McLennan, J. F. Allen and J. O. Wilhelm, Phil. Mag., [7}
10, 500 (1930).
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on two of these specitnens has been niade else-
where.?” Heat treatment, which presumably con-
verted the specimens to the f.c.c. form and at the
same time removed strains, raised the transition
temperature somewhat, while at the same time
(with one exception, La 2S) the transition range
was narrowed somewhat or remained essentially
unchanged.

The crystal structure of the massive specimens
studied for superconductivity in the “as-received”
state is not known with certainty, though filings
taken from the specimen in all cases had primarily
the h.c.p. structure. The attempts to fix the struc-
ture of these massive specimens have been dis-
cussed in Part I of this paper. However, the
specimen La 4F (Cooper 1 m the form of filings)
which became superconducting at 3.9°K. was
shown to have the h.c.p. structure both before
and after cooling to 2°K. Thus, it appears that the
h.c.p. form of lanthanum (presumably in a strained
state) is a superconductor; the transition tempera-
ture of h.c.p. lanthanum in the strain-free state
remains to be determined.

The structure studies made of massive spectmens,
as well as filings, of Cooper 1 (La 1), Cooper 2
(La 6) and Hilger (La 3) lanthanum, heat treated
as described in Table IV, showed that these speci-
mens very probably had predominantly the f.c.c.
structure before cooling to 2°K. None of these
specimens was examined immediately after cooling.
However, filings from these samples, known to be
f.c.c. before cooling, showed no change in structure
as a result of being cooled to 2°K. Massive speci-
mens of Cooper 2 (La 7), Cooper 3 (La 10) and
Spedding 1 (La 1S) were found to have the f.c.c.
structure after cooling to helium temperatures.
The specimen La 4F (Cooper 1 filings) was shown
to have the f.c.c. structure both before and after
cooling to 2°K. All of these specimens were supet-
conductors, the two purest (Hilger and Spedding 1)
having the highest transition temperatures (ca.
5.4°K.). We conclude, therefore, that f.c.c. lan-
thanum is a superconductor with a transition
temperature near 5.4°K.

The occurrence of superconductivity in both the
h.c.p. and f.c.c. modifications of lanthanum is in
agreement with an empirical observation relating
structure and superconductivity made by Born
and Cheng.?® '

There was some evidence that one of the heat
treated Spedding 1 specimens (La 2S) may have
been a mixture of the h.c.p. and f.c.c. modifica-
tions. This may account for the broad transition
(0.6-0.8°) observed with this specimen. On the
other hand, the specimen La 14 (Spedding 2),
which contained a considerable amount of the h.c.p.
modification, had a small transition range (0.25°)
and the highest transition temperature (5.5°K.).

While there was little difference in behavior
between the three Cooper samples as regards the
h.c.p.~f.c.c. transition, there was considerable
difference in their superconducting transition tem-
peratures both before and after heat treatment.
Much of this difference in behavior was probably

(27) W. T. Ziegler, J. Chem. Phys., 16, 838 (1948).
(28) M. Born and K. C. Cheng, J. phys. radium, (8] 9, 249 (1948).
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due to the differing purities of the materials, The
occurrence of lanthanum hydride in these samples
(as mdicated both by X-ray diffraction and from
the method of preparation of the metal) suggested
that the lower transition temperature of the
Cooper 2 sample might be due to the presence
of hydrogen, since it has been shown that lan-
thanum hydride (LaH,.4) 1s not a superconductor
down to 1.8°K.?* However, heat treatment of La 7
in high vacuum for four days at 700° resulted in
no marked change in the superconducting transi-
tion temperature or the width of the transition,
although this treatment has been found adequate

(29) W. T. Ziegler and R. A. Young, Proc. Int. Conf. on Low Tem-
perature Physics, Oxford, England, August, 1951, p. 124.
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to convert lanthanum hydride to lanthanum metal.??
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Mechanism of the Hydrolysis of Diborane in the Vapor Phase’

By H. G. WEiss!® anNp I. SHAPIRO!?
RECEIVED MARcH 21, 1952

The order of the hydrolysis of diborane at 50.5° in the vapor phase was found to be 3/2; 1.e., first order with respect to

water concentration and half-order with respect to diborane concentration.
sociation of diborane into borine followed by the stepwise substitution of hydroxyl groups for hydrogen in borine.

A plausible mechanism to fit the data is the dis-
Evidence

for the formation of the; i.ntermediate products is presented. The stoichiometric ratio of water to diborane is ca. 5.5:1.
Variations in the composition of the condensed end-products as a function of the relative concentration of reactants are given.

The hydrolysis of diborane as expressed by the
equation
B,Hs; + 6H.0 —> 2H;BO; + 6H; (1)

has been used as the basis for the quantitative
analysis of diborane,?*? although very little is
known about the mechanism of the hydrolysis.
Stock, Wiberg and collaborators have assumed that
the hydrolysis occurs in a stepwise fashion with
the general replacement of H with OH groups
directly in the diborane molecule. Their proposed
10-step mechanism® for the hydrolysis appears to
be hypothetical since there is no experimental
support. Nekrasov* has speculated that the initial
step in the hydrolytic process is the reaction of di-
borane either with one molecule of water in the
case of excess diborane, or with two molecules of
water in the case of excess water. Such an inter-
pretation implies a second or third order reaction
and is contradictory to the experimental data ob-
tained in this Laboratory.

The mechanism of the hydrolysis presented here
is consistent with the results of a detailed study of
the order of reaction under conditions of widely
varying concentrations of reactants. The over-all
order was found to be 3/2; i.e., first order with
respect to water and !/, order with respect to di-
borane.

Experimental

1. Reagents. Diborane.—The preparation of diborane

used in these experiments has been described in detail in a

(1) Presented before the Pacific Southwest Regional Meeting,
American Chemical Society, San Diego, California, May 10, 1952.

(la) Mathieson Chemical Corporation, Pasadena, California.

(2) (a) A. Stock and C. Massenez, Ber., 45, 3529 (1912);
Stock and K. Friederici, ibid., 46, 1959 (1913).

(3) E. Wiberg, ibid., 69B, 2816 (1936).

(4) B. V. Nekrasov, J. Gen. Chem. (U.S.S.R.), 10, 1156 (1940).

() A.

previous publication.? Immediately before use the diborane
was purified (v.p. 225 mm. at —111.8°) by the usual high
vacuum techniques.

Water.—Distilled water was freed of dissolved gases by
repeated distillation in the vacuum apparatus prior to use.

Boric Acid.—J. T. Baker analyzed boric acid was used
without further purification. The boric acid was dried in
vacuo at 50°.

2. Apparatus.—A two-liter round bottom flask served
as the reaction chamber. Mixing of the gases was accom-
plished by means of a glass-encased induction-type stirrer.
A diborane storage and injection tube was inserted into one
neck of the flask. Two concentric stopcocks at the top of the
injection tube were constructed so that the relative positions
of the openings could be set for either storage of the dibo-
rane or injection of the diborane into the reaction chamber by
displacement with mercury. The assembly could be re-
moved from the flask and attached directly to the vacuum
line for filliig with diborane. A three-way stopcock was
used either to admit water vapor into the reaction chamber or
to connect the reaction chamber with the vacuum system.
The pressure of the system was measured with a cathetome-
ter on a single column mercury manometer. The entire
system was maintained at 50.5 &= 0.2° in an oil-bath.

3. Procedure.—A measured quantity of diborane was
placed in the storage tube in the reaction flask, Then the
reaction flask was evacuated and brought to the tempera-
ture of the bath. The stirring motor was turned on and
water vapor from a reservoir tube was admitted slowly into
the reaction chamber until a predetermined pressure was
reached. This pressure always was lower than the vapor
pressure of water at 50°. Next, the diborane was injected
into the reaction chamber and the total pressure of the sys-
tem was followed as a function of time. At the end of the
experiment the reaction was ‘‘quenched’’ by condensing the
remaining diborane and water in liquid nitrogen traps and
then the hydrogen was pumped into a gas buret and meas-
ured. The diborane remaining was measured after separa-
tion from water.

Results and Discussion
The order of the reaction is obtained by com-
parison of the rates of hydrolysis under conditions

(3) I. Shapiro, H. G. Weiss, M. Schmich, Sol Skolnik and G. B. L.
Smith, THis JoUrNAL, T4, 901 (1952).



