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The structures of tantalum, niobium, and vanadium were investigated in the temperature
range 110—400°K by x-ray diffraction analysis; in addition their electrical resistances
were measured at 110—300°K. It was shown that in the investigated range of tempera-
tures there were no phase transitions in Ta and Nb; an anomaly observed in the thermal
expansion coefficient of vanadium was of the A-point type and its temperature depended on
the metal purity (220-233°K). The thermal expansion and electrical conductivity anomalies
were ascribed to a transition in vanadium to the antiferromagnetic state.

THE structure of transition metals of the VA-
subgroup of the periodic system (Ta, Nb, and V)
has not yet been sufficiently well investigated
below room temperature. Nevertheless, the in-
vestigation of these metals, vanadium in particu-
lar, at low temperatures is of great interest be-
cause a transition to the antiferromagnetic state
has been predicted theoretically for vanadium
(and probably for tantalum and niobium).m The
only paper dealing with the structure of vanadium
at low temperatures (2] reported anomalies in the
temperature dependence of the bcc lattice
parameter and the x-ray diffraction intensity
at 236°K. The anomalous nature of the tempera-
ture dependence of a number of physical proper-
ties of vanadium has been reported for the 180—
240°K range. These properties are the electrical
resistance,u_“] magnetic susceptibility,m internal
friction,m thermoelectric power,m mechanical
properties,m and elastic constants.® The pres-
ent authors are not aware of any investigation of
the structure of Ta and Nb at low temperatures.
The purpose of the present study was to in-
vestigate the structures of tantalum, niobium,
and vanadium at 110—400°K by the x-ray diffrac-
tion method. As an auxiliary method, we used the
measurement of the electrical resistance of these
metals in the temperature range 110—300°K.

INVESTIGATION METHOD

The investigation was carried out on poly-
crystalline samples in the form of strips or
plates, 0.1—0.3 mm thick. The purity of the
tantalum was 99.99%, and that of the niobium
99.95%. The samples of vanadium were 99.74%
pure (according to a chemical analysis they con-

tained 0.1% O, 0.04% C, 0.005% N, 0.01% H, less
than 0.063% metal impurities) and 99.20% (0.61%
0, 0.05% C, 0.08% N, 0.03% H, and less than
0.038% metal impurities). The reason for using
vanadium samples of different purities was that
small admixtures of interstitial impurities
markedly altered the properties of the metal, in
particular the value of its crystal lattice parame-
ter.[10713] The crystal structure of Ta, Nb, and
V was investigated using a type URS-501 x-ray
diffractometer, fitted with a low-temperature
attachment.[!4 A holder for plate-like samples,
surrounded by two hemispherical resistance
furnaces, was placed in a copper chamber which
was in contact with liquid nitrogen (the upper
part of the chamber was the bottom of a Dewar
vessel). As a rule, below about 18°C, the test
temperature was regulated by varying the level of
liquid nitrogen in the Dewar vessel, but at higher
temperatures the hemispherical furnaces were
switched on.!)

The parameters of the bce lattices of tantalum
and niobium were deduced from the diffraction
peaks (Kqgy and Kgy) of the (400) plane using
copper radiation. Vanadium was investigated
using copper and chromium radiation; the crystal
lattice parameters were calculated using the re-
flections from the (321) planes (Cu Ky radiation)
and (211) planes (Cr K, radiation). In all cases,
the diffraction peaks were recorded automatically:
in each measurement, a constant range of angles
on the 26 scale was recorded on the chart of the
type EPP-09 automatic recorder. The backlash

DThe furnaces were supplied with power through a ferro-
resonant voltage stabilizer.
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FIG. 1. Temperature dependence of the crystal lattice
parameters and linear expansion coefficients of tantalum and
niobium.

in the goniometer and automatic recorder was
selected first. The diffraction line position was
determined by finding the center of gravity with
an accuracy of £0.3’, which ensured an accuracy
of not less than +0.00005 A in the measurement
of the crystal lattice parameters of the investi-
gated metals.

The low-temperature cryostat attachment to
the URS-501 diffractometer also made it pos-
sible to measure the electrical resistance using
the double bridge circuit, based on the PPTN ap-
paratus.[w] The plate samples were placed in
massive copper holders and inserted into the
isothermal part of the cryostat. The temperature
was measured with a differential chromel —
alumel thermocouple (cold junction at 0°C); a
type PPTN-1 low-resistance potentiometer, was
used as the measuring instrument. The accuracy
of the temperature measurement was not less
than 0.2 deg. In the measurement of the electri-
cal resistance, we employed two thermocouples
(placed near the center of the sample and near
the holder); the difference between their readings
did not exceed 0.2 deg.

RESULTS OF THE INVESTIGATION AND
DISCUSSION

The results of the measurements of the
crystal lattice parameters of tantalum and
niobium are shown in Fig. 1; the same figure in-
cludes the temperature dependence of the linear
expansion coefficients. Both metals retained the
bce structure over the whole investigated range
of temperatures; no singularities were observed
in the temperature dependence of the linear ex-
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FIG. 2. Temperature dependence of the relative electrical
resistance r = [R(T) — R(110°K)]/R(110°K) of tantalum, nio-
bium, and vanadium (V, - 99.74% pure, V, - 99.20% pure)

pansion coefficients, which might indicate the
presence of phase transitions. The temperature
dependence of the crystal lattice parameters of
tantalum and niobium in the 110—400°K range was
described satisfactorily by the parabolic equa-
tions:

Ta: a = 3.2987(1 + 4.705-10-%-T -+ 1.895-10—°-72), (1)

Nb: ¢ = 3.2970(1 + 3.497-10-¢.T 4 4.040-10-9-72). (2)

The nature of the temperature dependence of
the relative electrical resistance of tantalum and
niobium also exhibited no anomalies in the
110—300°K range (Fig. 2). No measurements of
the electrical resistance of Ta, Nb, and V were
carried out at higher temperatures, because at
these temperatures the electrical resistance of
these metals is affected considerably by the
processes of the redistribution of the crystal
lattice defects, including interstitial impuri -
ties.[5:16] These processes give rise also to a
time dependence of the value of the electrical
resistance at lower temperatures, and, there-
fore, in all cases, the measurements were carried
out immediately after the annealing of the samples
at a high temperature in vacuum.

The temperature dependence of the crystal
lattice parameter of vanadium (Fig. 3) was more
complex. Although the bcc structure was re-
tained, a nonmonotonic dependence a (T ) was
observed for samples both of 99.74% purity
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(curve 1) and 99.20% purity (curve 2). Inflections
in these curves led to the appearance of anomalies
of the A-point type in the temperature dependence
of the linear expansion coefficients (Fig. 3). In
the purer sample, the anomaly occurred at

=~ 200°K, in the less pure at ~ 233°K. The temper-
ature width of the thermal expansion ‘‘peak’’ was
less for the purer sample.

An inflection, similar to that in the lattice
parameter, was also observed in the temperature
dependence of the relative electrical resistance of
vanadium (Fig. 2). Some disagreement between
the temperatures of the anomalies determined by
different methods (the electrical resistance ano-
malies were observed at 195 and 230°K, respec-
tively) was obviously due to the low accuracy in
the plotting of the graphs near T,.

Thus, the nature of the temperature dependence
of the crystal lattice parameter and of the elec-
trical resistance of vanadium indicates the pres-
ence of a phase transition, whose temperature de-
pends on the purity of the metal. Since the crystal
structure does not change and there is no dis-
continuity in the a (T) curves (the crystal lattice
parameter is the first derivative of the thermo-
dynamic potentials ") but there is a discontinu-
ity in the linear expansion coefficient (i.e., in the
second derivative of the thermodynamic poten-
tials), we conclude that the transition in vanadium
is of the second type.

There are several published opinions about
the nature of this transition. One of these, which
suggests a structural transition, i.e., a phase
transition of the first kind,[sj is not confirmed by
the results obtained. It has also been suggested
that, at relatively low temperatures, interstitial
impurity ordering takes place in vanadium,“"ﬂ
i.e., a process which obviously could be accom-
panied by a phase transition of the second kind.
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The possibility of this type of ordering of impur-
ities in metals has been mentioned earlier for
higher temperatures,m] but no direct confirma-
tion has yet been reported. This hypothesis seems
to be supported by the fact that an anomaly is
observed not only for cy; but also for c4, when
the temperature dependence of the elastic con-
stants of vanadium is investigated.m

However, it is difficult to see how the ordering
of the small amount of the substitutional impurity
which was present in the investigated vanadium
could produce a noticeable discontinuity in the
thermal expansion coefficient, especially as the
ordering of interstitial impurities at low tem-
peratures should not occur only in vanadium, but
it should occur also in tantalum and niobium,
which have tetrahedral and octahedral holes of
greater volume. However, this has not been ob-
served. Tetragonal splitting of the x-ray reflec-
tions has not been observed either and there is
even no asymmetry in the diffraction peaks,
which should be observed for an ordered distri-
bution of interstitial impurities. The form of the
peaks is approximated satisfactorily by the
expression (1 + yx? )'1; the difference between
the linear expansion coefficients along the direc-
tion (211) and (321) has not been observed
either.

In view of this, the most acceptable explana-
tion of the nature of the anomaly in vanadium is
that proposed at the beginning of this paper,
namely, that there is a phase transition of the
second kind which is associated with the para-
magnetic—antiferromagnetic transition.1:3
This point of view is supported, apart from the
result given here, by the observations of Burger
and Taylor 33 who found a small maximum in the
temperature dependence of the magnetic suscepti-
bility, which was characteristic of the antiferro-
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magnetic transition. The absence of an anomaly in
the c4 (T) curve o] may be due to the magnetic
anisotropy of vanadium. The fact that a neutron-
diffraction investigation of vanadium powders at
20°K 1% showed no superstructure maxima is in-
sufficient to reject the antiferromagnetic order-
ing hypothesis: it has been pointed out 2% that,
owing to the possible precession of the magnetic
moment vector of uncompensated 3d-electrons
(precession period ~ 10~ !4 sec), neutron-diffrac-
tion analysis using thermal neutrons, having a
transit time of ~1071% sec/atom, is incapable of
detecting antiferromagnetic superstructure re-
flections.

The observed shift in the transition tempera-
tures toward high temperatures when the inter-
stitial impurity content in vanadium is increased,
and the differences between the temperatures of
the anomaly reported in the literature, are asso-
ciated with the considerable influence of the im-
purities on the temperature of the paramagnetic—
antiferromagnetic transition. (A strong shift
in the antiferromagnetic transition temperature
is observed, for example, in chromium on the
addition of small amounts of nitrogen.[m) The
‘“negative’’ discontinuity of the linear expansion
coefficient observed at the phase transition point
does not contradict L. D. Landau’s theory of
phase transitions,[” according to which

ACp dT,

Since the specific-heat discontinuity is always
positive, the sign of the discontinuity in the
thermal expansion coefficient is solely due to the
nature of the dependence of T) on pressure. It
should be mentioned that the discontinuity in the
linear expansion coefficient is negative also for
the paramagnetic-antiferromagnetic transition in
chromiumM% (for which dT,/dp < 0 [22]) and ob-
viously in manganese; for cubic ferromagnets
(Fe, Ni, Co)Aa > 0.
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