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The temperature dependences of the Hall field, paramagnetic susceptibility, and electrical resistivity 
of polycrystalline Zr and Re were investigated in the 77-3 50° K temperature range. An anomalous 
Hall field was found in the investigated nonferromagnetic transition metals; it varied with temperature 
as T 2• The relationships of the Hall coefficient with the Pauli susceptibility x (R* a: x) and the elec
trical resistivity p (R* a: p2) were found. It was concluded that a large fraction of the d electrons in 
Zr and Re was in the collective state. 

MANY experimental investigations of the Hall effect 
in the paramagnetic region have been carried out re
cently in order to verify a number of theories dealing 
with the temperature dependence of the spontaneous 
Hall effect in ferromagnetic metals. It has been estab
lished that in all ferromagnetic metals above the Curie 
temperature[1 - 31 and all rare-earth metals above the 
Neel temperature[ 4 - 61 the experimentally measured 
Hall field E has the classical (normal) component En, 
which is practically independent of temperature, as 
well as a considerable anomalous component of the field 
Ea, which depends strongly on temperature. There have 
been fewer experimental investigations of the anoma
lous Hall field, and particularly of its temperature de
pendence, in nonferromagnetic transition metals. 

The present paper deals with the temperature de
pendences of the Hall field, paramagnetic susceptibility, 
and electrical resistivity of two nonferromagnetic tran
sition metals: Zr (4d) and Re (5d). The Hall effect of 
Zr has been investigated before. [ 7 - 101 However, the 
published results have yielded no definite quantitative 
relationships for the temperature dependence of the Hall 
effect. Moreover, the temperature dependences of the 
paramagnetic susceptibility and electrical resistivity 
have usually not been investigated in the same samples. 
As far as the present authors are aware, the tempera
ture dependence of the Hall effects in Re has not yet 
been investigated at all. 

RESULTS OF MEASUREMENTS AND DISCUSSIONS 

The Hall effect and the paramagnetic susceptibility 
were investigated using Zr and Re samples with elec
trical resistivity ratios p(300°K)/p(4.2°K) = 27 for Zr 
and p(300°K)/p(4.2°K) = 38 for Re. The Hall field was 
proportional to the magnetic field intensity throughout 
the investigated range of temperatures (77-350°K) and 
magnetic fields (Hmax = 15 kOe); the magnetic suscep
tibility of the samples was independent of the magnetic 
field intensity. 

The temperature dependences of the Hall coefficient 
R* = E/H, determined from the tangents of the slopes 
of the E(H) isotherms, are given in Fig. 1 (curves de
noted by 1). It is evident from this figure that the Hall 
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FIG. I. Temperature dependences of the Hall coefficient R * 
(curves I) and of the paramagnetic susceptibility x (curves 2) of Zr and 
Re. 
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FIG. 2. Dependences of the Hall coefficient R* (curves I) and of 
the paramagnetic susceptibility x (curves 2) of Zr andRe on the square 
of temperature. 

field in Zr andRe depends strongly on temperature; in 
Zr, the Hall field increases, while in Re, it decreases 
when the temperature is increased. However, the tem
perature dependence of the Hall fields of Zr andRe are 
both described satisfactorily, as shown in Fig. 2 
(curves 1), by a quadratic law, i.e., 

R* =a+ bT2 , (1) 
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where a and b are constants which are independent of 
temperature: a= 2.6 x 10-13 V· cm·A-1 ·0e-\ B = 1.5 
x10-17 V·cm·A-1 ·0e-1 ·deg-2 for Zr and a= 3.2 
x 10-12 V ·em· A - 1 • Oe -\ b = -1.2 x 10-17 V ·em· A - 1 

• Oe-1 • deg-2 for Re. 
Thus, the investigated transition metals (Zr, Re) ex

hibit the anomalous component of the Hall field Ea and 
the experimentally determined dependence of the Hall 
field on T is due to the temperature dependence of Ea. 
In this connection, we should note that the absolute value 
of the anomalous Hall field Ea of ferromagnetic metals 
always decreases with increasing temperature in the 
paramagnetic region, following the Curie-Weiss law, 
while in the case of Zr andRe the anomalous Hall field 
is proportional to T 2 • This is the distinguishing char
acteristic of the behavior of the Hall effect in the in
vestigated nonferromagnetic transition metals. It is 
also worth mentioning that if the anomalous component 
of the Hall field is ignored in the determination of the 
effective number of carriers n* from the value of E/H, 
as it is done usually, the value of n* may differ consid
erably from the true value. The classical Hall field 
should be determined from measurements at low tem
peratures because the anomalous Hall field disappears, 
according to the theory, at T = 0°K, 

In order to determine the relationship of the anoma
lous Hall field with the susceptibility and electrical re
sistivity, we used the same Zr andRe samples to meas
ure the temperature dependences of x and p. The re
sults obtained for the volume susceptibility, x (T) are 
presented in Figs. 1 and 2 (curves 2). We can see that 
the paramagnetic susceptibility of Zr andRe is propor
tional to T 2, like the Hall field. 

It is known that the susceptibility of the spin para
magnetism of metals can be represented approximately 
in the form[ 111 

=2 •N("-)+ (Jtkf!n)z [N"(")- (N'(so))z Jrz 
x fln "" 3 ~o N (so) , (2) 

where N(~0) is the density of electron states at the Fer
mi surface; ~ 0 is the Fermi level at T = 0°K; N'(~0) 
= [dN{t:)/dt:]t:=~o and N"(~c) = [d~{t:)/dt: 2]t:=~o are de-

rivatives of the function N{t:) at the Fermi surface; llB 
is the Bohr magneton; k is the Boltzmann constant. We 
shall show later that the chief contribution to the sus
ceptibility of Zr and Re is made by the Pauli paramag
netism, while the contribution of the Langevin paramag
netism is negligibly small. Consequently, the tempera
ture dependence of the paramagnetic susceptibility of 
Zr andRe is governed by the temperature dependence 
of the Pauli paramagnetism (Xp a: T 2), in agreement 
with our experimental observations. The different na
ture of the temperature dependence of the susceptibility 
x for Zr andRe (x increases proportionally to T 2 for 
Zr and decreases in the case of Re) is possibly due to 
the fact that in the case of Zr the derivative N"(~0) 
> [N'(~0)]2/N(~0), and for Re N"(~0) < [N'(~0)] 2/N(~0). 
It is possible that the anomalous temperature depend
ence of the susceptibility in the case of Zr (dx/dT > O) 
is due to the fact that the Fermi level (~0) lies close to 
a minimum of the N{t:) curve, where N'{t:) = 0. This is 
likely to be due to an overlap of the energy bands. 

The magnetic susceptibility found by direct measure
ments represents, in general, a sum of a number of 

susceptibilities: 

x = xJ1> + x~•> + xz + XL + xpo, (3) 

where xa> is the diamagnetic susceptibility of atoms; 
xa2 > is the diamagnetic Landau susceptibility; Xz is the 
orbital component of the susceptibility; XL and Xpo 
are, respectively, the Langevin and Pauli (including the 
exchange interaction) susceptibilities. 

The electronic components of the specific heat, y 
= 2.89 x 10-3 J. mole-1 • deg-2 for Zr[ 121 and y = 2.3 
x 10-3 J. mole - 1 • deg-2 for Re, [ 131 were used to deter
mine the electron state density N(~) near the Fermi 
surface and Eq. {2) was used to calculate (at low tem
peratures) the Pauli component of the susceptibility, 
x p. Comparison of the calculated values with the ex
perimental data, corrected for the diamagnetism of ion
ic cores Xd> = -27 X 10-6 cm3/mole (Zr) and -36 
x 10-6 cm3/mole (Re) and for the Landau diamagnetism 
of the s electrons, showed that Xexper >> Xcalc· It is 
usual to attribute this difference to the fact that the der
ivation of Eq. {2) from the band theory ignores the ex
change interaction between electrons. On the other 
hand, the orbital paramagnetism ( xz)' particularly in 
the case of Zr, can make a definite contribution to the 
susceptibility. According to an estimate reported in 
[ 141 , xz for Zr is approximately 100 x 10-6 cm3/mole. 
It has been demonstrated in [ 15 1 that when the exchange 
interaction between electrons is taken into account, the 
spin component of the susceptibility (at T = 0° K) is 
given by Xpo = 21J.sN(~){1- a)-\ where the correction 
factor due to the exchange interaction, (1- a)-\ is de
termined from the experimental data and its value is 
about 2-3. 

Thus, analysis of the experimental results shows 
that the Langevin component of the susceptibility XL is 
negligibly small. We therefore reach the conclusion 
that the degree of delocalization of the d electrons is 
high in Zr and Re. The conclusion regarding delocaliza
tion is supported also by the value of the electronic 
component of the specific heat, which is relatively large 
for Zr and Re. 

As already demonstrated, the paramagnetic suscep
tibility of Zr andRe varies, like the Hall field, propor
tionally to the square of temperature. Therefore, the 
Hall field and the susceptibility are related by a simple 
linear dependence (cf. Fig. 3): 

R* = c +ax, {4) 

where c and d are constants independent of tempera
ture: c = -10.1 x 10-12 V. em· A- 1 • oe-\ d = 1.35 
x 10-6 V· em· A- 1 • G-1 for Re and c = -4.6 x 10-12 V 
• cm·A-1 ·0e-\ d = 7.1 x10-7 V•cm·A-1 ·G-1 for Zr. 
It follows that the experimentally observed quadratic 
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temperature of the anomalous Hall effect may be due to 
the temperature dependence of the Pauli paramagnetism 
of Zr and Re. However, it must be mentioned that the 
temperature dependence of the anomalous Hall field Ea 
may also be due to a relationship of this field with the 
electrical resistivity. In fact, according to the the-
ory[ 16 - 183 which assumes that carriers are scattered 
mainly by phonons, the anomalous Hall coefficient is 
proportional to the square of the electrical resistivity. 
Measurement of the electrical resistivity p in the in
vestigated range of temperatures show that p varies 
proportionally to temperature and therefore the depend
ence R* ex: T2 may be the consequence of the dependence 
R ex: p 2, which is presented in Fig. 4. 

In conclusion, the authors express their deep grati
tude to Professor E. I. Kondorskii for valuable discus
sions. 
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