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Spin-dependent electronic transport properties of liquid manganese
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The experimental resistivitp and thermopoweS of liqguid 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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[. INTRODUCTION the nonmagnetic situation. We use the extended Ziman for-
malism and obviously we take into account thelectrons.

In simple metals, the electrical current is considered to be In Sec. Il the extended Ziman theory is summarized to-
carried in ans-p conduction band and the electronic trans-gether with the relevant parameters. The calculated resistiv-
port properties are well described by the nearly free-electroffy and thermoelectric power within the local density ap-
theory. However, for transition metals or alloys, the situationProximation (LDA) [Ref. € and within the generalized
is less clear owing to the presencecbélectrons. The origi- gradient approximation(GGA) as proposed by Perdew,
nal Ziman theorywas extended by Evans, Greenwood, andBurke, and ErnzerhofPBE) (Ref. 7) are presented in Sec.
Lloyd? to apply to liquid noble and transition metals. They !ll. The magnetic and nonmagnetic results are discussed in
simply replace the weak-ion pseudopotential in the ZimanSec. IV.
theory' by thet matrix determined using the muffin-tin ap-

proximation expressed in terms of the phase shifts. Within Il. THEORY
the extended Ziman formalism, two approaches have been ) o o _
developed. One has been initiated by Dreirathl? and the The electrical resistivity of a liquid metal is expressed as

other by Esposito, Ehrenreich, and Gefafthe difference @ function of the energ)E and wave vectok after the
lies in the fact that the former includes ordyelectrons to ~ Ziman' formula, which writes,
form the conduction band whereas the latter takes into ac-

count thes and d electrons. Both approaches do not make 3mmiQq (2 23
any difference between the majoritspin-up and the minor- P(B)= 1273® o a(q)lt(q,E)[*qda, @

ity (spin-down electronic potentials when the atoms bear

magnet!c moments randomly oriented like in the liquid para-) is the atomic volumeg is the transfer wave vectaa(q)

magnetic phase. is the structure factor which is calculated with hard-spheres
The aim of the paper is to show that, for liquid manga-model in this work. The hard-spheres structure factor fits

nese, better results are obtained for the resistivity and the(,-ery well on the experimental one for liquid manganese with

mopower within a spin-polarized approach than within aa packing fraction of 0.45;(q,E) is thet matrix expressed
spin-independent oneAb initio total energy calculatioRs in terms of phase shifts?

performed for the solid manganegghase below the melt-

ing temperature show that two magnetic solutions are pos- 23

sible. A ferromagnetic one with a magnetic moment ofu, 7 t(q,E)=— W—E (21+1)

per atom and an antiferromagnetic one with a moment my2meQy T

amounting Jug, the latter being favored for minimal energy , .

reasons. In the liquid phase the atoms remnant the solid situ- xsinz (E)exdin(E)]P(coso), @
ation in the sense th"."t they keep their magnetic momen%‘vhereﬂ(cos&) are the Legendre polynomials, and where
Since the paramagnetic phase does not exhibit a net magne

S . . 1S the angle between the incident and the scattered wave
tization, it is of common use not to take into account the spin

of the electron. As a result each electronic state is doublveCtor' The phase shiftg(E) are calculated from muffin-tin

occupied and all the electrons are subjected to the same p gaehntfls Jiier:ergugega%)il:?%gg etnh:r rrjstehc;dn dgfntMuhk;soe-
tential. For the transport properties, expressed within th yay, ’ ' gy-aep P

scattering theory, the local potentials on the successive sitesshIftS are known, this approach gives an energy-dependent

have to be considered. The individual potentials lead to tw resistivity and allows the calculation of the thermopower as

scattering channels due to the imbalance between the spin-u%HOWS:

and spin-down electrons when a spin moment is located on
the site. Presently the resistivity and thermoelectric power S(E)=— 7Kg Tk
are calculated within the above assumption and compared to
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wherekg is the Boltzmann constant,x the absolute tem- 0 Ty I
perature in Kelvin, andy the dimensionless thermoelectric 0 "
parameter. Dreirach Esposito
Within our assumption, the potential felt by an electron of )
spin up differs from the one seen by an electron of spin
down. It gives rise to a two-band conduction mechanism. I K
The formula(1) written for the electron of spia (a=up or §
down) becomes

A

%’
2m*

w _37Tm§QO 2k o 2 3
p (E)_WJO a(q)[t*(q,E)|*g®dq (4)

0 0 (E)

where muffin tin radius

3
Muffin tin potential

_ 2T S o1
my2meQ T (

Xsiny(E), exdin/(E)]Pi(cosd).  (5)

ta(q!E): -

The phase shiftg“(E) are calculated from muffin-tin poten-
tials for each spin direction. The total resistivity is simply

muffin tin zero ener
expressed as &z &y

€
1 1 1 V (r)
—=—5T —down - (6) v
p pw pon absolute
energy

The construction of the muffin-tin potentials has been given  scale
. O . . _
by Mattheiss® for solids and has been adapted (thsor FIG. 1. Schematic density of states and muffin-tin potential on

dered liquid metals by Mukhopadhyay, Jain, and RA&tti. . o
Three levels of approximations are used. The first one is thtehe same energy scale. Dreiractiel. 3 and Esposito'sRef. 4

1 . . . approaches. We calt the energy relative to the muffin-tin zero
Slatet x-alpha approximation with only the exchange ef- potential ande the energy on an absolute scale.
fects and with the value of alpha) taken from Kohn-Sham

12 ; H
(.KS) theory. Thehd|ffereﬂce between the two appm)é'ma' whereNg(E) is the free-electron integrated density of states
tions appears in the exchange parameter since it re ucesirrespective of the spin direction angd®(E) the energy-

from a value L(Slate) to 2/3 (KS). Thg second approxima- dependent phase shift for thespin direction.
tion takes into account the correlation effects and corres

sponds to the widely used LDA approximatidrthe last The total integrated density of states is
approximation includes nonlocal effects via the gradient of
the density and is known as GGA. The recent GGA approxi-
mation derived by PBERef. 7] has been adopted.

The Fermi energy calculation used in this work was that . RESULTS

proposed by Esposito, Ehrenreich, and Gélathe position The spin-independent resistivity curves performed with

of Eg, with respect to the scattering muffin-tin zero poten-y, Kohn-Sham? LDA (Ref. 6 and GGA-PBE(Ref. 7) ap-

tial, depends on the shape of the integrated density of Stat?)?oximations are P :
. - presented in Fig. 2. Calculated and experi-
N(E) that has been determined following LloytPsnethod. mental quantities at the Fermi energy are reported in Table I.

Esposito, Ehrenreich, and Gefatttroduced the number of \ye' opeerve that the Kohn-Sham potential leads to a very

conduction electrons per atoNy. (effective valencgthat is large calculated resistivit{1430 4} cm compared to the ex-
different from the valenc&. The Fermi energy is obtained periment value of 2050 cm [Ref. 14)). A comparable dis-
by filling the density-of-states curve @yelectrons per atom, crepancy has been evidenced by Esposito Ehrenreich, and
Z being the number ofi+s electrons of the conduction Gejatf for liquid iron since the calculated value of 1130
band. The Fermi wave vectde: is obtained fromEr[Ke ) cm for the resistivity is widely beyond the experimental
:(ZgnEF) éh]’ Nc is obtained from ke (Nc  yajue of 13640 cm. It appears that the LDA and GGA
=ke"Qo/37%). The two approaches are schematically cOm-c,ryes are very close but largely above the experimental val-
pared in Fig. 1. _ _ues. Further, the GGA introduced to take care of the inho-
To include the spin effect, the Lloyd formula will be writ-  qgeneity of the electron density does not significantly im-
ten for the electrons of spia (a«=up or down as follows: prove the resistivity of liquid manganese. The energy
dependence thermoelectric power curves are shown drawn in
N,(E)~Ny(E)+ EE (21+1) 5*(E), (7) Fig. 3. A paper Qf \(edernikd\‘? indicates an exp_erimental
™ thermopower of liquid manganese decreasing with tempera-

N(E)= %[Nup(E)+Ndown(E)]- (8)

094202-2



SPIN-DEPENDENT ELECTRONIC TRANSPOR .. PHYSICAL REVIEW B 64 094202

E : : ! ' " 120 T T ¥ T T
o
16 Mn T=1260°C . . Mn T-1260°C
o fll:)a;er-Kohn-Shan};) 100 |-- - - Slater-Kohn-Sham 4
- — LDA
GGA-PBE - GGA-PBE
0 Indicates the resistivity , [|* 80 B ) o . T
1.2 | atthe calculated Fermi 1 | @ Indicates the o
energy thermo-electric  + 7/ %\
60 - power at the T 7

| calculated Fermi . ,

€
3]
L)
‘O_ 40 | energy i
> 0.8} b
2 .
@ Experim power
5 p
g o :
0.4} . L

N
o
T

Thermoelectric power (uV ° c")
N
o

A
1)
—

T~

0. . I _
00 02 04 06 08 1.0 L
Energy (Ry) 00 02 04 06 08 1.0

Energy (Ry)

FIG. 2. Energy dependence of the electrical resistivity of liquid
manganese. Calculations were made at 1260 °C using the Kohn- FIG. 3. Energy dependence of the thermopower of liquid man-
Sham(Ref. 12, the LDA (Ref. 6, and GGA-PBE(Ref. 7 poten-  ganese. Calculations were made at 1260 °C using the Kohn-Sham
tials without spin effect. (Ref. 12, the LDA (Ref. 6, and GGA-PBE(Ref. 7) potentials
without spin effect.

ture fram —0.5 uV*°C ' at the melting point 02 gensity of states that is more spread out as a consequence of
mV°C%, 50°C above the melting point. An other informa- the exchange splitting. The maximum of the PBE curve lies
tion can be obtained from an extrapolation of IpMn,  pelow the experimental value in contrast to the LDA maxi-
(Refs. 16 and 1)rand Sp_,Mn, (Ref. 17 thermopower of ~ mum that is above. The thermopower is represented in Fig.
alloys measured witlx between 0 and 0.7. With {n,Mn, 5. Both calculated values with our two density-functional
we obtain a value of-14 uV °C~* while with Sn_,Mn,we  theory (DFT) approximation are near 12wV °C™ 2. It be-
obtain +8 uV °C~ . For the three potentials, the calculated comes clearly apparent that the spin-dependent approach im-
thermopower of manganese is very negatifeear proves significantly the resistivity results and that for the
—35uV °C™ Y. It can be noticed that the generalized gradienthermopower the values move towards zero in the right way.
correction does not improve the results of liquid manganese

in the nonmagnetic phase. Even if one considers a relative IV. DISCUSSION

inaccuracy of the Fermi energy determination, one can never oy spin-independent calculated resistivity including the

obtain simultaneously a reasonable resistivity and thersq contributions has a very large value with respect to the
mopower.

The spin-dependent curves have been calculated within an Mn T=1260°C = .
atomic configuration following Hund's rule with five un- P,,=205 pQ cm Y
pairedd electrons. The energy-dependent resistivity curves o I’ -L‘ -
are represented in Fig. 4. The curves are broader and less ~ — LDA+ Spin | AL

[—— GGA-PBE + Spin

prominent than for the spin-independent representations. ® Indicates the resistivity!

Table Il summarizes for comparison the same physical quan- 5150 | at the calculated ”
tities as in Table |. These findings result from an electronic g PRSIy o
z
TABLE |. Fermi energyEr, effective number of conduction %100 L
electronsNc, resistivity p(Eg), and thermopowe8(Eg) of liquid 2
o

manganese. Calculations were made at 1260 °C using the Kohn-
Sham(Ref. 12, the LDA (Ref. 6, and GGA-PBE(Ref. 7 poten- 50
tials without spin effect.

Manganese Er p(Eg) S(Ef) 0 A i i i
1260 °C (Ry.) N¢ (w2 cm) (uVv°C™h 00 02 04 06 08 1.0
Energy (Ry)
Kohn-Sham 0.640 1.858 1430 —33.7
LDA 0.675 2.010 1206 —34.8 FIG. 4. Energy dependence of the electrical resistivity of liquid
GGA-PBE 0.698 2.114 1051 —-35.4 manganese at 1260 °C with the LORef. 6 and GGA-PBE(Ref.
Experiment 2055 14 —1+21 7) potentials by including the spin effect with a magnetic moment

Of 5/LB .
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TABLE II. Fermi energyEg, effective number of conduction minority spin, our approach points towards the existence of
electronsNc, resistivity p(E¢), and thermopowe$(E), ofliquid  |ocal magnetic moments. The appearance of local moments
manganese. Calculations were made at 1260 °C using the KOh’Fnight be explained via two kinds of hypothesis. A possible
Sham(Ref. 12, the LDA (Ref. 6, and GGA-PBE(Ref. 7) poten- gy janation is to assume the existence of genuine local mo-
tials by including the spin effedmagnetic moment of ag). ments as a consequence of local short-range order in the
liquid phase. The moments are supposed to be present in the

ll/lze;n(??gese (FE;/.) Ne (Z (()ECFr)n) (5/'(55)71) solid state just below the transition temperature and not sub-
stantially perturbed during the melting. It implies a magnetic
LDA +spin 0.760  2.402 206 —12.0 ordering for the high-temperature solitphase as found by
GGA-PBE+spin  0.800 2.594 154 -11.5 the calculationsand a liquid short-range order close to the
Experiment 2055  —1+21° solid one. Another possible explanation stems from the spin-

density fluctuation theory developed by Moriydor para-
magnetic spin metals. In that model the low temperature sus-

experimental result. Taking into account tderesonance, Ceptibility is expressed in terms of temperature-enhanced
similar high resistivities have been found by Esposito,SPin suscepubl!lty. At. higher temperature the e.n.hancement_ is
Ehrenreich, and Gel&tfor cobalt, iron, and copper in con- 'educed and gives rise under favorable conditions to Curie-
trast to nickel for which they obtained a satisfactorily agree-Weiss susceptibility identical to that obtained for localized
ment. On the opposite, neglecting teelectrons, Hirata Moments. The model thus predicts the formation of
et al*® do not encounter the discrepancy between the calcUtemperature-induced local moments due to spin fluctuations.
lated and measured resistivity values since the theoretic&l0r solidé manganese the structure factor has not been mea-
value of 188 cm is close to the experimental one. Nev- Sured but the experimental magnetic situation exhibits very
ertheless their result faces a major objection, namely, th&lose behavior for the solid and the liquid pha%%the mea-
prominent weight of thed density of states at the Fermi Sured magnetic susceptibility is decomposed into an en-
level. Indeed the theoretical calculations of Bose, Jepsen, arffftnced Pauli susceptibility accounting for 75-80% of the
Andersoni® showed that the @& electrons dominate the con- total susceptibility and a remainder orbital paramagnetic sus-
ductivity. Also the magnetic susceptibility measurements ofc€Ptibility. Further the authors in Ref. 20 emphasize the
El-Hanany and Warréfl points out that the paramagnetic nearly magnetic chgracter of liquid manganese. As also fe_w
behavior originates mainly from the spin of the 8lectrons.  changes in the density of states are observed over the melting
It appears that one cannot doubt the participation of the 3 transition the presence of localized moments is very likely in
electrons in the resistivity process. Unfortunately within theManganese at high temperatures. Their appearance is
spin-independent approach the calculated resistivity is not i§rongly suggested by the experimental findings and simulta-
agreement with the experiment. The comparison betweef€0USly supported by theoretical considerations.

Tables | and Il points out that the spin-polarized results rep- _The spin-polarized calculations have been performed
resent a noticeable progress over the nonpolarized casWithin a free-atom configuration corresponding to a spin mo-
Since the spin-polarized results are different from the nonpo™ent of Sug . Figure 4 evidences that the experimental value

larized ones only for an imbalance between the majority an§@n never be reached for the GGA energy-dependent resis-
tivity curve in contrast to LDA energy-dependent resistivity

curve. Now we focus only on the GGA approximation since

Mn T=1260°C ' it is a better approximation as regards the exchange correla-
40 - ] tion potential than the simple LDA. A cause of the discrep-
— I.‘ "‘\ ancy of our GGA results with respect to the experiment
© PR should be the neglect of the multiple-scattering term. This
;20 ' 3 ‘f\ 1 explanation can be discarded in view of the calculations per-
g , J 2 formed by Nard?? Based on the results of iron the account
2 Eefvéieliheraponer for the multiple scattering in Lloyd's formula gives rise to a
8. oL following [15] o E i L. . .
o e N reduction of about 15% for the resistivity. If a correction of
*§ / [ S similar magnitude is assumed for Mn, it worsens the high
920r [ _ _ I S spin conflguratlon result anc_J another explanatlon_ has to be
£ ,' - GGA-PBE + Spin proposed in order to reconcile the GGA results with the ex-
§ | ® Indicates the thermoelectric perimental findings. As a matter of fact the atoms in the
40} 1 Py liquid phase cannot be considered as independent like in a
" gas. The electrons feel an interacting potential that gives rise
- . ' . to a mean atomic configuration lowering the atomic moment
00 02 04 06 08 1.0

Energy (Ry)

as in a solid. Figure 6 shows the influence of the moment on
the resistivity curves for the GGA approximation. The

FIG. 5. Energy dependence of the thermopower of liquid man-€nergy-resistivity curves are raised with respect to the de-

ganese at 1260 °C with the LDA&Ref. 6 and GGA-PBE(Ref. 7

creasing spin-moment configuration. The same behavior

potentials by including the spin effect with a magnetic moment ofholds for the LDA curves that are not recorded since they

51U’B .

exceed in height the corresponding GGA curves. For low
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FIG. 6. Energy dependence of the electrical resistivity of liquid ~ FIG. 7. Energy dependence of the thermopower of liquid man-
manganese at 1260 °C with the LORef. 6 and GGA-PBE(Ref.  ganese at 1260 °C with the LD/Ref. 6 and GGA-PBE(Ref. 7)
7) potentials for different magnetic moments. potentials for different magnetic moments.

moments ranging between 0 angd the GGA resistivity is same energy variation also affects the resistivity. One mean
far from the experimental values. With our Fermi energyto overcome the difficulty is to better locate the Fermi en-
determination, the experimental resistivity can be obtaineergy. For instance wittm=4.5u5 and a shift of energy of
for a moment varying between 35 and 4ug. The study —0.05 Ry one obtains both the experimental resistivity and
confirms that the potential derived from the GGA approxi-thermopower. We believe that it could be realized by drop-
mation is the most appropriate for the transition metals. Furping our simple potential superposition model at the cost of a
ther, our calculation furnishes estimation for the magnitudeself-consistent density-of-states calculation.

of the local moments. Within the Ziman approach the values
for the moment in the liquid phase are found slightly above
the calculated values for the solitiphase’

Examination of Fig. 7 representing the thermoelectric The contribution of the 8 electrons to the resistivity is
power curves indicates that the distance between the calcwell established. Within the Ziman approach the spin-
lated and experimental values is considerably reduced witindependent treatment leads to resistivity values far above
the spin-dependent calculation. The values at the Fermi erthe measured ones. The present study shows clearly that the
ergy are even too negative for all the simulated momentsspin-polarized approach improves substantially the results.
However a shift of the Fermi energy downward lower ener-These findings suggest the existence of local magnetic mo-
gies about 0.05 RYfor a moment between 3.5 anglfits on  ments but further theoretical and experimental investigations
the experimental thermopower and stresses the fact that ttelould be put forward to clarify the magnetic situations of
quantity is very sensitive to the Fermi level position. Theliquid manganese.

V. CONCLUSION
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