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Spin-dependent electronic transport properties of liquid manganese
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The experimental resistivityr and thermopowerS of liquid manganese have been interpreted within the
framework of the extended Ziman formalism for both spin-independent and spin-dependent potentials. It
appears that the spin-polarized treatment leads to results in much better agreement with the experimental values
than the classical spin-independent approach.
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I. INTRODUCTION

In simple metals, the electrical current is considered to
carried in ans-p conduction band and the electronic tran
port properties are well described by the nearly free-elec
theory. However, for transition metals or alloys, the situat
is less clear owing to the presence ofd electrons. The origi-
nal Ziman theory1 was extended by Evans, Greenwood, a
Lloyd2 to apply to liquid noble and transition metals. The
simply replace the weak-ion pseudopotential in the Zim
theory1 by the t matrix determined using the muffin-tin ap
proximation expressed in terms of the phase shifts. Wit
the extended Ziman formalism, two approaches have b
developed. One has been initiated by Dreirachet al.3 and the
other by Esposito, Ehrenreich, and Gelatt.4 The difference
lies in the fact that the former includes onlys electrons to
form the conduction band whereas the latter takes into
count thes and d electrons. Both approaches do not ma
any difference between the majority~spin-up! and the minor-
ity ~spin-down! electronic potentials when the atoms be
magnetic moments randomly oriented like in the liquid pa
magnetic phase.

The aim of the paper is to show that, for liquid mang
nese, better results are obtained for the resistivity and t
mopower within a spin-polarized approach than within
spin-independent one.Ab initio total energy calculations5

performed for the solid manganesed phase below the melt
ing temperature show that two magnetic solutions are p
sible. A ferromagnetic one with a magnetic moment of 2.7mB
per atom and an antiferromagnetic one with a mom
amounting 3mB , the latter being favored for minimal energ
reasons. In the liquid phase the atoms remnant the solid
ation in the sense that they keep their magnetic mom
Since the paramagnetic phase does not exhibit a net ma
tization, it is of common use not to take into account the s
of the electron. As a result each electronic state is dou
occupied and all the electrons are subjected to the same
tential. For the transport properties, expressed within
scattering theory, the local potentials on the successive
have to be considered. The individual potentials lead to
scattering channels due to the imbalance between the sp
and spin-down electrons when a spin moment is located
the site. Presently the resistivity and thermoelectric pow
are calculated within the above assumption and compare
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the nonmagnetic situation. We use the extended Ziman
malism and obviously we take into account thed electrons.

In Sec. II the extended Ziman theory is summarized
gether with the relevant parameters. The calculated resis
ity and thermoelectric power within the local density a
proximation ~LDA ! @Ref. 6# and within the generalized
gradient approximation~GGA! as proposed by Perdew
Burke, and Ernzerhof~PBE! ~Ref. 7! are presented in Sec
III. The magnetic and nonmagnetic results are discusse
Sec. IV.

II. THEORY

The electrical resistivity of a liquid metal is expressed
a function of the energyE and wave vectork after the
Ziman1 formula, which writes,

r~E!5
3p me

2V0

4e2\3k6 E
0

2k

a~q!ut~q,E!u2q3 dq, ~1!

V0 is the atomic volume,q is the transfer wave vector,a(q)
is the structure factor which is calculated with hard-sphe
model in this work. The hard-spheres structure factor
very well on the experimental one for liquid manganese w
a packing fraction of 0.45;t(q,E) is the t matrix expressed
in terms of phase shifts:3,8

t~q,E!52
2p\3

mA2meV0
(

l
~2l 11!

3sinh l~E!exp@ ih l~E!#Pl~cosu!, ~2!

wherePl(cosu) are the Legendre polynomials, and whereu
is the angle between the incident and the scattered w
vector. The phase shiftsh l(E) are calculated from muffin-tin
potentials determined following the method of Mukh
padhyay, Jain, and Ratti.9 If the energy-dependent phas
shifts are known, this approach gives an energy-depen
resistivity and allows the calculation of the thermopower
follows:

S~E!52
p2 kB

2Tk

3ueuE
x with x52F] ln r~E!

] ln E G , ~3!
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wherekB is the Boltzmann constant,TK the absolute tem-
perature in Kelvin, andx the dimensionless thermoelectr
parameter.

Within our assumption, the potential felt by an electron
spin up differs from the one seen by an electron of s
down. It gives rise to a two-band conduction mechanis
The formula~1! written for the electron of spina ~a5up or
down! becomes

ra~E!5
3p me

2V0

2e2\3k6 E
0

2k

a~q!uta~q,E!u2q3 dq ~4!

where

ta~q,E!52
2p\3

mA2meV0
(

l
~2l 11!

3sinh l
a~E! l exp@ ih l

a~E!#Pl~cosu!. ~5!

The phase shiftsha(E) are calculated from muffin-tin poten
tials for each spin direction. The total resistivity is simp
expressed as

1

r
5

1

rup1
1

rdown . ~6!

The construction of the muffin-tin potentials has been giv
by Mattheiss10 for solids and has been adapted to~disor-
dered! liquid metals by Mukhopadhyay, Jain, and Ratt9

Three levels of approximations are used. The first one is
Slater11 x-alpha approximation with only the exchange e
fects and with the value of alpha~a! taken from Kohn-Sham
~KS! theory.12 The difference between the two approxim
tions appears in thea exchange parameter since it reduc
from a value 1~Slater! to 2/3 ~KS!. The second approxima
tion takes into account the correlation effects and co
sponds to the widely used LDA approximation.6 The last
approximation includes nonlocal effects via the gradient
the density and is known as GGA. The recent GGA appro
mation derived by PBE@Ref. 7# has been adopted.

The Fermi energy calculation used in this work was t
proposed by Esposito, Ehrenreich, and Gelatt.4 The position
of EF , with respect to the scattering muffin-tin zero pote
tial, depends on the shape of the integrated density of st
N(E) that has been determined following Lloyd’s13 method.
Esposito, Ehrenreich, and Gelatt4 introduced the number o
conduction electrons per atomNC ~effective valence! that is
different from the valenceZ. The Fermi energy is obtaine
by filling the density-of-states curve byZ electrons per atom
Z being the number ofd1s electrons of the conduction
band. The Fermi wave vectorkF is obtained fromEF@kF
5(2mEF)1/2/\#, NC is obtained from kF (NC
5kF

3V0/3p2). The two approaches are schematically co
pared in Fig. 1.

To include the spin effect, the Lloyd formula will be writ
ten for the electrons of spina ~a5up or down! as follows:

Na~E!'N0~E!1
2

p (
l

~2l 11!h l
a~E!, ~7!
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whereN0(E) is the free-electron integrated density of sta
irrespective of the spin direction andh l

a(E) the energy-
dependent phase shift for thea spin direction.
The total integrated density of states is

N~E!5 1
2 @Nup~E!1Ndown~E!#. ~8!

III. RESULTS

The spin-independent resistivity curves performed w
the Kohn-Sham,12 LDA ~Ref. 6! and GGA-PBE~Ref. 7! ap-
proximations are presented in Fig. 2. Calculated and exp
mental quantities at the Fermi energy are reported in Tab
We observe that the Kohn-Sham potential leads to a v
large calculated resistivity~1430mV cm compared to the ex
periment value of 205mV cm @Ref. 14#!. A comparable dis-
crepancy has been evidenced by Esposito Ehrenreich,
Gelatt4 for liquid iron since the calculated value of 113
mV cm for the resistivity is widely beyond the experiment
value of 136mV cm. It appears that the LDA and GGA
curves are very close but largely above the experimental
ues. Further, the GGA introduced to take care of the in
mogeneity of the electron density does not significantly i
prove the resistivity of liquid manganese. The ener
dependence thermoelectric power curves are shown draw
Fig. 3. A paper of Vedernikov15 indicates an experimenta
thermopower of liquid manganese decreasing with temp

FIG. 1. Schematic density of states and muffin-tin potential
the same energy scale. Dreirach’s~Ref. 3! and Esposito’s~Ref. 4!
approaches. We callE the energy relative to the muffin-tin zer
potential and« the energy on an absolute scale.
2-2
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ture from 20.5 mV °C21 at the melting point to22
mV °C21, 50 °C above the melting point. An other inform
tion can be obtained from an extrapolation of In12xMnx
~Refs. 16 and 17! and Sn12xMnx ~Ref. 17! thermopower of
alloys measured withx between 0 and 0.7. With In12xMnx
we obtain a value of114 mV °C21 while with Sn12xMnx we
obtain 18 mV °C21. For the three potentials, the calculat
thermopower of manganese is very negative~near
235mV °C21!. It can be noticed that the generalized gradie
correction does not improve the results of liquid mangan
in the nonmagnetic phase. Even if one considers a rela
inaccuracy of the Fermi energy determination, one can ne
obtain simultaneously a reasonable resistivity and th
mopower.

The spin-dependent curves have been calculated withi
atomic configuration following Hund’s rule with five un
pairedd electrons. The energy-dependent resistivity cur
are represented in Fig. 4. The curves are broader and
prominent than for the spin-independent representatio
Table II summarizes for comparison the same physical qu
tities as in Table I. These findings result from an electro

FIG. 2. Energy dependence of the electrical resistivity of liqu
manganese. Calculations were made at 1260 °C using the K
Sham~Ref. 12!, the LDA ~Ref. 6!, and GGA-PBE~Ref. 7! poten-
tials without spin effect.

TABLE I. Fermi energyEF , effective number of conduction
electronsNC , resistivityr(EF), and thermopowerS(EF) of liquid
manganese. Calculations were made at 1260 °C using the K
Sham~Ref. 12!, the LDA ~Ref. 6!, and GGA-PBE~Ref. 7! poten-
tials without spin effect.

Manganese
1260 °C

EF

~Ry.! NC

r(EF)
~mV cm!

S(EF)
~mV °C21!

Kohn-Sham 0.640 1.858 1430 233.7
LDA 0.675 2.010 1206 234.8

GGA-PBE 0.698 2.114 1051 235.4
Experiment 20565 14 2162 15
09420
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density of states that is more spread out as a consequen
the exchange splitting. The maximum of the PBE curve l
below the experimental value in contrast to the LDA ma
mum that is above. The thermopower is represented in
5. Both calculated values with our two density-function
theory ~DFT! approximation are near212mV °C21. It be-
comes clearly apparent that the spin-dependent approach
proves significantly the resistivity results and that for t
thermopower the values move towards zero in the right w

IV. DISCUSSION

Our spin-independent calculated resistivity including t
sd contributions has a very large value with respect to

n- FIG. 3. Energy dependence of the thermopower of liquid m
ganese. Calculations were made at 1260 °C using the Kohn-S
~Ref. 12!, the LDA ~Ref. 6!, and GGA-PBE~Ref. 7! potentials
without spin effect.

FIG. 4. Energy dependence of the electrical resistivity of liqu
manganese at 1260 °C with the LDA~Ref. 6! and GGA-PBE~Ref.
7! potentials by including the spin effect with a magnetic mome
of 5mB .

n-
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experimental result. Taking into account thed resonance,
similar high resistivities have been found by Esposi
Ehrenreich, and Gelatt4 for cobalt, iron, and copper in con
trast to nickel for which they obtained a satisfactorily agre
ment. On the opposite, neglecting thed electrons, Hirata
et al.18 do not encounter the discrepancy between the ca
lated and measured resistivity values since the theore
value of 188mV cm is close to the experimental one. Ne
ertheless their result faces a major objection, namely,
prominent weight of thed density of states at the Ferm
level. Indeed the theoretical calculations of Bose, Jepsen,
Anderson19 showed that the 3d electrons dominate the con
ductivity. Also the magnetic susceptibility measurements
El-Hanany and Warren20 points out that the paramagnet
behavior originates mainly from the spin of the 3d electrons.
It appears that one cannot doubt the participation of thed
electrons in the resistivity process. Unfortunately within t
spin-independent approach the calculated resistivity is no
agreement with the experiment. The comparison betw
Tables I and II points out that the spin-polarized results r
resent a noticeable progress over the nonpolarized c
Since the spin-polarized results are different from the non
larized ones only for an imbalance between the majority

FIG. 5. Energy dependence of the thermopower of liquid m
ganese at 1260 °C with the LDA~Ref. 6! and GGA-PBE~Ref. 7!
potentials by including the spin effect with a magnetic moment
5mB .

TABLE II. Fermi energyEF , effective number of conduction
electronsNC , resistivityr(EF), and thermopowerS(EF), of liquid
manganese. Calculations were made at 1260 °C using the K
Sham~Ref. 12!, the LDA ~Ref. 6!, and GGA-PBE~Ref. 7! poten-
tials by including the spin effect~magnetic moment of 5mB!.

Manganese
1260 °C

EF

~Ry.! NC

r(EF)
~mV cm!

S(EF)
~mV °C21!

LDA1spin 0.760 2.402 206 212.0
GGA-PBE1spin 0.800 2.594 154 211.5

Experiment 20565 14 2162 15
09420
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minority spin, our approach points towards the existence
local magnetic moments. The appearance of local mom
might be explained via two kinds of hypothesis. A possib
explanation is to assume the existence of genuine local
ments as a consequence of local short-range order in
liquid phase. The moments are supposed to be present in
solid state just below the transition temperature and not s
stantially perturbed during the melting. It implies a magne
ordering for the high-temperature solidd phase as found by
the calculations5 and a liquid short-range order close to th
solid one. Another possible explanation stems from the sp
density fluctuation theory developed by Moriya21 for para-
magnetic spin metals. In that model the low temperature s
ceptibility is expressed in terms of temperature-enhan
spin susceptibility. At higher temperature the enhancemen
reduced and gives rise under favorable conditions to Cu
Weiss susceptibility identical to that obtained for localiz
moments. The model thus predicts the formation
temperature-induced local moments due to spin fluctuatio
For solidd manganese the structure factor has not been m
sured but the experimental magnetic situation exhibits v
close behavior for the solid and the liquid phases.20 The mea-
sured magnetic susceptibility is decomposed into an
hanced Pauli susceptibility accounting for 75–80 % of t
total susceptibility and a remainder orbital paramagnetic s
ceptibility. Further the authors in Ref. 20 emphasize
nearly magnetic character of liquid manganese. As also
changes in the density of states are observed over the me
transition the presence of localized moments is very likely
manganese at high temperatures. Their appearanc
strongly suggested by the experimental findings and simu
neously supported by theoretical considerations.

The spin-polarized calculations have been perform
within a free-atom configuration corresponding to a spin m
ment of 5mB . Figure 4 evidences that the experimental va
can never be reached for the GGA energy-dependent re
tivity curve in contrast to LDA energy-dependent resistiv
curve. Now we focus only on the GGA approximation sin
it is a better approximation as regards the exchange corr
tion potential than the simple LDA. A cause of the discre
ancy of our GGA results with respect to the experime
should be the neglect of the multiple-scattering term. T
explanation can be discarded in view of the calculations p
formed by Nardi.22 Based on the results of iron the accou
for the multiple scattering in Lloyd’s formula gives rise to
reduction of about 15% for the resistivity. If a correction
similar magnitude is assumed for Mn, it worsens the h
spin configuration result and another explanation has to
proposed in order to reconcile the GGA results with the
perimental findings. As a matter of fact the atoms in t
liquid phase cannot be considered as independent like
gas. The electrons feel an interacting potential that gives
to a mean atomic configuration lowering the atomic mom
as in a solid. Figure 6 shows the influence of the moment
the resistivity curves for the GGA approximation. Th
energy-resistivity curves are raised with respect to the
creasing spin-moment configuration. The same beha
holds for the LDA curves that are not recorded since th
exceed in height the corresponding GGA curves. For l

-

f

n-
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moments ranging between 0 and 1mB the GGA resistivity is
far from the experimental values. With our Fermi ener
determination, the experimental resistivity can be obtain
for a moment varying between 3.5mB and 4mB . The study
confirms that the potential derived from the GGA appro
mation is the most appropriate for the transition metals. F
ther, our calculation furnishes estimation for the magnitu
of the local moments. Within the Ziman approach the valu
for the moment in the liquid phase are found slightly abo
the calculated values for the solidd phase.5

Examination of Fig. 7 representing the thermoelect
power curves indicates that the distance between the ca
lated and experimental values is considerably reduced w
the spin-dependent calculation. The values at the Fermi
ergy are even too negative for all the simulated mome
However a shift of the Fermi energy downward lower en
gies about 0.05 Ry~for a moment between 3.5 and 4! fits on
the experimental thermopower and stresses the fact tha
quantity is very sensitive to the Fermi level position. T

FIG. 6. Energy dependence of the electrical resistivity of liqu
manganese at 1260 °C with the LDA~Ref. 6! and GGA-PBE~Ref.
7! potentials for different magnetic moments.
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same energy variation also affects the resistivity. One m
to overcome the difficulty is to better locate the Fermi e
ergy. For instance withm54.5mB and a shift of energy of
20.05 Ry one obtains both the experimental resistivity a
thermopower. We believe that it could be realized by dro
ping our simple potential superposition model at the cost o
self-consistent density-of-states calculation.

V. CONCLUSION

The contribution of the 3d electrons to the resistivity is
well established. Within the Ziman approach the sp
independent treatment leads to resistivity values far ab
the measured ones. The present study shows clearly tha
spin-polarized approach improves substantially the resu
These findings suggest the existence of local magnetic
ments but further theoretical and experimental investigati
should be put forward to clarify the magnetic situations
liquid manganese.

FIG. 7. Energy dependence of the thermopower of liquid m
ganese at 1260 °C with the LDA~Ref. 6! and GGA-PBE~Ref. 7!
potentials for different magnetic moments.
et.
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