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The temperature dependence of the paramagnetic susceptibility of yttrium and rhenium single crystals
is investigated for two directions of the field relative to the hexagonal axis, ¢ I H and ¢ 1 H, at tem-
peratures from 20.4 to 293°K. It is found that x| > ¥, in both metals. The orbital contribution to the
susceptibility is estimated by comparing xmeas With x calculated on basis of the band theory. In the
metals investigated, the temperature-dependence coefficient dy/dT is positive. Possible causes of

the observed temperature dependence are discussed.

l . To study further the anisotropy of the paramagnetic
susceptibility of metals with hexagonal close-packed
structure'’, we investigated the susceptibility of single
crystals of rhenium and yttrium.

Bommer ! first observed a weak increase of the
susceptibility of metallic yttrium when the temperature
was decreased from room temperature to 90°K. Later
Chechernikov ™’ , in measurements on single-crystal
and polycrystalline samples of yttrium, established that
the Curie-Weiss law holds in a wide temperature range
(from 80 to 1000°K). The susceptibility of rhenium was
measured!*? only on polycrystalline samples at high
temperatures; a positive sign of the coefficient dx/dT
was established.

We investigated in the present work crystals grown
by zone melting"’. The purity of the different rhenium
crystals was sufficiently high (~99.98%), and the re-
sults of the susceptibility measurements were uniform
for all of them. The yttrium was less pure (99.8%) and
exhibited an appreciable dependence of the susceptibility
(in magnitude and in temperature radiation) on the con-
tent of the ferromagnetic impurities in the metal. We
discuss here the characteristic results for the purest
rhenium crystals (Pz03°K/P4.2° K = 1020) and yttrium
Y1 (Pye5°k/P42°k = 14), and also present for compari-
son results obtained for the sample Y2 (0,40 K/0, 00K

= 11), which contains a larger percentage of ferromag-
netic impurities than Y1 (see the table). The samples
were prepared in the form of spheres of ~1.5 mm diam-
eter. The hexagonal axis was revealed by etching the
yttrium samples with nital and the rhenium samples
with concentrated nitric acid. The measurements were

Table I
% of fetto- 10 100 | x 10 Data b;
magnetic Xy -10° Xy 3 - 10 ata by
Sample imporitios 1 polycr others
Y1 0.003 174 200 191 191 17
370
Y2 0.035 208 229 222 187 %]
196 [9]
Re 0.00036 68.3 73 71 65 [1]

DWe are grateful to N. A. Koroleva for supplying the rhenium crys-
tals and G. E. Chuprikov for the yttrium crystals.
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made by the same method as in'"!, The relative meas-

urement error was ~1%. The sample was mounted in
such a way that the suspension axis was perpendicular

to the direction of the hexagonal axis in the sample.

This made it possible to obtain different crystallographic
orientations in a plane containing the hexagonal axis, by
rotating the magnet around the sample.

The dependence of the susceptibility of yttrium and
rhenium on the direction of the magnetic field was de-
termined in a field H = 10.2 kOe (Fig. 1). Symmetrical
curves were obtained with a period of 180°. For both
metals, the susceptibility in a direction perpendicular
to the hexagonal axis (x ) is larger than in the direction
parallel to this axis (x ). In a plane perpendicular to
the hexagonal axis, the susceptibility is isotropic within
the limits of experimental error. The anisotropy of the
susceptibility in yttrium and rhenium is much smaller
than in zirconium (x; = 147 and x, = 86 X 107° e.m.
units/mole*'),

Measurements of the susceptibility for two directions
of the field relative to the hexagonal axis (H 1 c and
H Il ¢) at room temperature and at liquid-hydrogen
temperature have shown that the susceptibility in fields
from 5 to 15 kOe does not depend on H. In Table I are
shown values of X| and x , at room temperature, and
also the values of {he susceptibility for polycrystals,
calculated by means of the usual averaging formula

X polycr = G+ 2x1) /3. (1)

We present here also the results of measurements of
the molar susceptibility, obtained for polycrystalline
samples in*®?, Notice should be taken of the good
agreement between the values of Xpolycr calculated by

formula (1) and data by others, with the exception of the

A +/0? e.m.un/mole
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FIG. 1. Dependence of the sus-
ceptibility of single crystals of ytt-
rium and rhenium on the angle be-
tween the direction of the magnetic ,,
field and the hexagonal axis at 293°
K. el
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results of®*}. This is apparently due to the fact that the
yttrium investigated in®’ contained a large amount of
rare-earth metal impurities (0.3%).

The temperature dependence of the susceptibility
were measured from 20.4 to 293°K in a constant field
H = 10.2 kOe for the two aforementioned directions of
the field relative to the hexagonal axis. As seen from
Figs. 2 and 3, the x(T) curves of yttrium Y1 and of
rhenium are similar: the coefficient of the temperature
dependence of the susceptibility is positive (dyx/dT > 0)
at high temperatures and the susceptibility increases at
lower temperatures (in rhenium below 50°K and in
yttrium below 110—120°K). For rhenium, in a direction
parallel to the hexagonal axis, the temperature depen-
dence of the susceptibility is stronger than in a direction
perpendicular to it. In Y1, at temperatures above 120°K,
the x(T) curves are practically parallel for both field
directions relative to the hexagonal axis. In Y2, in the
entire measured temperature interval, an appreciable
growth of the susceptibility is observed with decreasing
temperature.

2. The investigated metals, yttrium and rhenium are
Pauli paramagnets, as is evidenced by the absence of a
Curie-Weiss dependence of the susceptibility on the
temperature (an exception is sample Y2, for which the
situation will be discussed later). In the band theory, the
Pauli susceptibility is determined by the density of
states on the Fermi boundary N(Eg):

Xsp == pe?N (EF),

where up is the Bohr magneton, and N(Eg) is calcula-
ted from the coefficient of the electronic specific heat
y: N(Ef) = 3y/7%k*. On the basis of the experimental
data on the electronic specific heat, we determine the
values of the spin susceptibility of yttrium and rhenium.
From a comparison of Xpolycr with Xsp (see Tables I

and II) we see that the measured susceptibility is higher
than that calculated from the band theory, as was noted

Table II
Metal | 7y, mJ/mole-deg? *epl0' Yorb1® | a,ev| Er, eV
[}
|
Y 10,2 [7} 132 ~ 60 \~2 6,3[13]
Re 2045 [¥] 207 | ~40 |~75 11204

for other transition metals'®’. The difference between

the measured and spin susceptibilities is attributed to
the presence of a non-zero orbital magnetic moment in
metals with partly-filled d- or p-bands'®'®!. In this
connection, the gyromagnetic ratio should differ from
g = 2 by an appreciable amount. As shown by measure-
ments™'?, g = 1.2 in vanadium. This indicates that the
contribution of the orbital magnetic moment to the sus-
ceptibility is comparable with the spin contribution.
Assuming that the exchange and correlation effects
cancel each other, the paramagnetic susceptibility of a
transition metal in the absence of localized magnetic
moments is represented'’ as the sum of the following
contributions:

X =Asp + Xorb + Xdia>

where Xsp is the spin susceptibility of the s- and
d-electrons, xorp is the orbital susceptibility, and xg4ia

X, -/pf e.m. un/mole

FIG. 2. Temperature dependence \\
of the susceptibility of yttrium for - \
two crystallographic directions. For = \
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FIG. 3. Temperature dependence of the susceptibility of rhenium in
two crystallographic directions. Curve 1 —c1 H,2 —c |l H.

is the diamagnetic susceptibility of the ionic core and
of the free electrons.

Estimates of xorp without allowance for the diamag-
netic contribution are given in Table II. According to
Orgel'?7, the orbital contribution to the susceptibility
is determined by the expression

Yorb = 2up?n (10 — n) [ 5A,

where n is the number of electrons per atom and A is
an energy parameter of the order of the width of the
d-band. Hence, knowing xorp, We can calculate A (see
Table II). In the calculation of the electronic structure
of yttrium™®? and™* by the method of joined plane
waves, the values obtained for the Fermi energy Ep
were 6.3 eV for yttrium and 11.2 eV for rhenium. Thus,
the calculated values of Ex and the values of A obtained
from experiment are of the same order of magnitude,
thus indicating that the foregoing estimates are reason-
able.

The experimentally observed anisotropy of the sus-
ceptibility is most probably due to the anisotropy of the
orbital contribution, although the possibility of aniso-
tropy of the diamagnetic component of the susceptibility
is not excluded.

As was already indicated above, the temperature de-
pendence of the susceptibility of Re and Y1 are des-
cribed by curves with minima. The increase of the sus-
ceptibility at low temperatures is connected with the
presence of a small amount of ferromagnetic impurities
in the samples. In Y,, which contains an appreciable
number of these impurities (particularly gadolinium—
0.02%), there appears a contribution to the susceptibility
from the magnetic moments localized on the impurities,
with a clearly pronounced Curie-Weiss temperature
dependence. The latter masks the weak true tempera-
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ture dependence of the susceptibility of yttrium.

According to the classification of Kriessman'®?, the
temperature dependence of the susceptibility of transi-
tion metals is determined by the position of the Fermi
boundary on the plot of the density of states. In metals
with an odd number of d-electrons, Ey lies at the maxi-
mum of the state-density curve and dy/dT < 0, while in
metals with an even number of d-electrons it lies in the
minimum and dx/dT > 0. In both yttrium and rhenium,
the Fermi boundary should lie at the maximum of the
state-density curve. This is evidenced by the large
value, compared with the nearest neighbors, of the
molar susceptibility in these metals: x,. = 1197,

Xw = 55! and X~ = 9 X 107° e.m. un/mole!!, Indeed,
as seen from the state-density curve plotted from the
data on the electronic specific heat for the metals of the
4d- and 5d- group''®?, the Fermi boundary in rhenium
is located at the minimum. Accordingly, the coefficient
dyx/dT in rhenium should be positive, as is indeed ob-
served experimentally. The position of Eg of yttrium
on the density of states curve is shown arbitrarily.
Judging from the form of the experimentally observed
temperature dependence of the susceptibility for pure
yttrium (if we assume that the decisive role in the tem-
perature dependence of the susceptibility is played by
the spin contribution), the Fermi boundary in yttrium is
not at the maximum of the state-density curve, or else
the maximum in this region of the electron concentra-
tions has a complicated form.

Another reason for the appearance of a temperature
dependence of the susceptibility may be the presence of
small groups of carriers. The Fermi surfaces of
yttrium™®! and rhenium™*’, constructed on the basis of
the band-structure calculations, are complicated in
form. Measurements of the de Haas—van Alphen effect
in rhenium™”’ have confirmed, in main outline, the
theoretical model. Thus, the presence of small groups
of carriers, with an anisotropic equal-energy surface,
is quite probable for the proposed Fermi surfaces.
These carrier groups, possibly, make different contri-
butions to the susceptibility, depending on the direction
of the magnetic field relative to the crystal. Moreover,

starting with a certain temperature corresponding to the
energy parameters of this small group, the magnitude
and anisotropy of this contribution should change. Such

a picture is observed in rhenium and zirconium®’,

This effect may not appear in yttrium, owing to the slight
purity of the investigated crystals.
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