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We present the first ab-initio type descriptions of the temperature dependence of
the magnetic part of the electrical conductivity. We implemented the Disordered
Local Moment (DLM) scheme into Kubo’s linear-response formalism using the
screened Korringa-Kohn-Rostoker (KKR) approach. In order to test the
proposed scheme, we calculated the magnetic resistivity of bulk Fe and Co.
The results seem to give a qualitatively correct temperature dependence of the
magnetic part of the electrical resistivity in the ferromagnetic region.

Keywords: theory of electronic transport; electronic conduction in metals;
spin-disorder scattering

1. Introduction

The age of spintronics started with the discovery of giant magnetoresistance (GMR) in
1988 [1,2]. Presently GMR based magnetic read heads are commonly used in magnetic
recording [3]. The understanding of the underlying effects as well as the design of new
spintronics devices require a proper theoretical description of magneto-resistivities.
Nowadays zero-temperature ab-initio descriptions of the electric resistivity have become
almost a standard procedure by making use of the Kubo-Greenwood equation and the
Screened Korringa-Kohn-Rostoker method [4-6]. At non-zero temperatures, however,
additional effects such as clectron—phonon scattering and electron—-magnon scattering
become rather important. Assuming that the electron—phonon interaction (R._pn),
impurity scattering (R;) and the magnetic part (Ry;) contribute additively, the total
temperature-dependent resistances of the parallel (P) and the antiparallel (AP)
configurations of a spin valve corresponding to a simple parent lattice are given by

RID(T) = RGM(T) + Ry + Reopn(T), M

where the impurity and phonon scattering contributions are clearly independent of the
magnetic configuration. The temperature-dependent GMR ratio,

R — RP RY(T)— RY(T)

GMR(T) = =
( ) R? Rf\)/[(T) + Ri + Refph(T) '

(@)
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depends therefore only in the denominator on the temperature-dependent phonon-—
electron contribution.

Calculations of the GMR ratio at zero temperature with the ab-initio Kubo—-KKR
method were performed for example by Weinberger and Szunyogh for a FeCo spin valve
structure [7]. Clearly enough an ab-initio evaluation of temperature-dependent GMR
ratios would also require a proper description of the temperature dependence of the
magnetic resistivity. Earlier theoretical studies dealing with the problem of temperature-
dependent magnetic resistivities, op(7), started either from the Boltzmann equation using
a simple s-d scattering model Hamiltonian [8—10], or applying the so-called two-current
model of Fert [11-15]. In both cases experimental parameters were used in order to
determine om(7). According to our knowledge up-to-now there is no fully ab-initio
description for the temperature-dependent magneto-resistivity in the literature. The aim of
this paper is therefore to develop a theoretical tool for the calculation of onm(7'). For this
purpose we implemented the Disordered Local Moment (DLM) scheme in the KKR-
Kubo formalism. As a trial system we tested this new approach for the bulk systems Fe
and Co. Quite clearly the present formalism can easily be carried over to alloyed layered
systems (two-dimensional translational symmetry) by making use of the properties of the
screened-KKR method [16]. Only then does an evaluation of the GMR(T) of a given
system become accessible.

2. Theory
2.1. The Disordered Local Moment approach

The Disordered Local Moments (DLM) theory in the context of the Korringa-Kohn-
Rostoker Coherent Potential Approximation (KKR-CPA) was proposed originally by
Gyorffy et al. [17] and is based on the idea that in itinerant metallic magnets, on a certain
time-scale 7, which is small compared to the characteristic time of spin fluctuations, but
longer than the electron hopping times, the spin orientations of the electrons leaving an
atomic site are sufficiently correlated with those arriving such that a nonzero
magnetization exists when the appropriate quantity is averaged over 7. In the DLM
scheme the magnetic excitations are modelled by associating local spin-polarization axes
{é} with all lattice sites that vary very slowly on the time-scale of the electronic motions.
These local moment degrees of freedom produce local magnetic fields centred at lattice
sites which in turn affect the electronic motions and are self-consistently maintained by
them. By taking appropriate ensemble averages over orientational configurations the
system’s magnetic properties can be determined. As a mean field approximation, the CPA
was applied for these ensemble averages.

The DLM for three-dimensional translationally invariant systems was first used to
calculate the magnetic properties of the paramagnetic state of ferromagnetic materials
[17,18], and later on was generalized to non-zero temperature ferromagnetic states by
taking into account relativistic effects in order to evaluate temperature-dependent
magnetic anisotropies [19,20]. An implementation of the DLM in the screened-KKR
method [16]; i.e. an implementation for two-dimensional translationally invariant systems
facilitated the description of anisostropic surface magnetism and thin films [21]. In the
following section we present an implementation of this particular DLM scheme into the
KKR-Kubo-Greenwood formalism.
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2.2. The Kubo-Greenwood equation at finite temperatures

For the electrical conductivity calculations we used Kubo’s [22] linear-response theory.
In this approximation the static (¢ =0, w=0) electrical conductivity is given by [23]:

7th
UMH = N_Vm<m - Jf’]‘qn‘]glna(gF - Em)a(SF - 81’!)>’ (3)
where u={x,y,z}, N is the number of atoms, V,, the atomic volume, {...) refers to the
statistical average, e is the Fermi energy, and J#  are the matrix elements of the current
operator,
Jh = (m|J"|n),

in the basis of the eigenstates |n) of the unperturbed Hamiltonian, the current operator
being given by

J(r) = ecy™ (1T Y(r). ©)
By making use of the identity,
1 1
D In{nld(e — £2) = —=ImG*(e) = —5=[G*(e) = G (o)), (5)
— b4 27i
:t _ . .
G (e) = nlirilo G(e + in)(e). (6)
Equation (3) can be rewritten as
h + +
Oup = —Tr(J“ImG (ep)*ImG (eF)>, (7)
NVat

or, by introducing the notation

ef = lim e +in,
720

as

1, . - o - _ - _
Oup = Z {Uuu(8+; 8+) + Upw(s &) — G/L/L(‘9+, ) — UM[I.(S > ‘9+)}a (8)

where

i
Gupler, e2) = N”V : Te(/“ImG™ (1) ImG* (s5)), )

(sie{et, e ) i=1,2). (10)

Expressing the Green’s functions in terms of scattering path operators (SPO) "%(¢) as
described in [5] the resistivity can then be obtained by assuming a region consisting of 7
intermediate atomic layers in between two semi-infinite systems. If n tends to infinity,
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the resistivity converges to the corresponding bulk value. According to [5] or [6] a typical
contribution ,,,(¢1, £2) is then given by

Oupl(er, €2) = S (g2, 1)z ‘”(81)1‘”(81,Sz)fq]’p'(82)> (11)

U p=1 iel(Ly) =1 jel(Ly)

where the summations over i and j cover all pairs of sites situated in layers 0 <p, ¢ <n.
In Equation (11), Ny is the number of atoms in a layer and /(L) is the set of indices
belonging to a simple two-dimensional lattice L,.

In the basis of regular scattering solutions Z7'(r,;, €) [24] the matrix elements of the
current operator, Equation (4), are given by

JﬁfAA,(el ,8) = ec/ ZPrpir 1) T 28 (1 £2) 1, (12)
ws

where A =«u and the integration has to be performed over a particular unit
(Wigner-Seitz) cell. Provided that two-dimensional invariance applies in all layers under
consideration we can make use of the fact that

Ji(e1,6) = JﬁO(SI,Sz) = J,’Zi(Sl,Sz)Vl' € I(Ly). (13)

For this very reason one can easily see that for each layer p the sum over i € I(L,) gives Ny
times the same contribution, therefore,

Gu(er,€2) = — ZZ(Z TT<JP(82,81)Tp0q/(81)ﬂ(€1,82)Tq"p0(€2)>> (14)

p=1 gq=1 \jel(L>)

with C=mh/V,. If we neglect the so-called vertex corrections [4] we can reformulate the
statistical average of the products in the above equation as

Gupl€r, €2) = — ZZ Z [/déodéjp({éo,éj})

P 1 g=1jel(L,)

X Tr(lﬁ (82,81,éo)(lljo’qj(sl))pom % s JU(e1, 82, 8) (7" (82))q]e p()eo) 15)

where P({éy,¢é;}) is the probability of an {éy,é;} configuration. The restricted averages
(T Y(gy)) p0é,.jéj €an be obtained by freezing in the local moment directions in sites 0 and j
and averaging over all other lattice sites. Note that now also the current matrix elements
are direction dependent, since a rotational transformation of Equation (12) yields

3
T0 aa(E1.62,0) = D > " O R (21,£2) Oy (16)
V=1 T T
where J S,F:F’(S 1, &2) refers to a current matrix if the local moment points along the Z axis,
and O,r and R,,, denote appropriate representations of that rotation which takes the 2
axis into the ¢ axis in the angular momentum as well as in coordinate space, respectively.
The sum in Equation (15) can be split into a site-diagonal and an off-diagonal term,

Gun(e1,62) = 6% (61,82) + 6" (61, 8), (17)
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where the diagonal part is given by
- C Ar a A o
Guu(er1,62) = — / dePp(e)Tr(z%sz, £1, )T (e1)) 5 L1 (61, €2, e><zp°-P°<82>>,,oé). (18)
p=I

Expressing the restricted scattering path operators within the single-site CPA approxima-
tion [24] and using the underlying two-dimensional translational invariance,

(t77(e)) o= Tl (€)D" (e, ) = T () D" (e, &)Vi € I(L), (19)

one obtains

C A . . . .
& (e e ==Y / AePy@)TH S0 (e, 0, DT (e1)D (o1, DL o1, 22, )T (e2) DV (02, ) |,
o3
p_

(20)

where P,(¢) is the probability density function of the local moment direction distribution
in layer p [21], and

D"(e,8) = [I+ (m)(e. ) — m, ,(e))T ()],

with m. () and m,(e, é) being the inverse scattering matrices [24] of the coherent media,
and the local moment ‘impurity’ pointing in the ¢ direction, respectively.
The site off-diagonal part can be further decomposed into two terms:

-1 -2 -3
0,,.(¢1,8) =0,,(c1,8) +0,,(61,6), (21)

where

&2, (61, 62) = %Z D=8 D Tr(Ihen, )T e ifer, e (e))  (22)

p=1 ¢=1 Jel(L2)
and

3 C A A
Gulerne)=—3" 3 Trlll(er e)r™ )1, 2T (e2). (23)
p=1 jel(L2)\{0}

As one can see 62

- arises from sites located in different layers, while 6;3m arises from sites in
one and the same layer. Restricting the local moments on two different sites, the restricted
SPO can be written as [24]

(x4 (e)) = D"(e, &)t Y(e)DY(e. ¢)).

P0&;, gje;
with

D"(e,6) = [+ T (e)(m, (e, ) — m, ()]
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52 ., can be written as

G (e1,82) =— ZZ(l—qu) > / / dé; dé;P,(&)P,(é)
p 1 g=1 JEI(L2)

X Tr{lﬁ(Ez,Sl,éi)Q (e1,8)T7"Y (1) DY (e, ;)

Using this expression and neglecting vertex corrections o,

x Ji (e1, £)D" (e3, &)tV (1) D7 (e2, éi)},
or, by introducing the quantity,
Jer.en) = / d6Py(E)D (62, )0 (e, 1, D" (61, 0), (24)

as

& (e1.2) = — ZZU—WX YT {{j"“Y@,sl)zf‘)"”(sl)z‘ﬂel,sz);sz(m}.

L q= JEI(L2)

From the Fourier transformed form,
. 1 2 -
0 = o [ R ek
Qspz

where Qgpz is the volume of the surface Brillouin zone, and using the orthogonality
relations,

) . 1 - -
S (o)) T8 () = — / w2k, e1) 22 (k, e2)dPk,
¢ Qspz

Jel(Ly)
we finally obtain for ¢ GW,
& (e1.62) = ) / Tr{zﬁ“‘”(ez, ek, e " (1, )T (K, 82)}d2k.
Zp=1q=

(25)

Similarly, using again a lattice Fourier transformation we obtain for & (81, £2),

UW(81,82)

— Z / Te 10" oo 02 o) 1" o1 ) )|+ G507 ),
SB Z

(26)

where 6;%’”(81,82) arises from extending the sum in Equation (24) to VjeI(L,) and
subtracting the term for j=0,

3c""(51,62) = ——Z//de1 de;iP,(é)Py(ej) x Tr{J”(sz,al,el)D (e1,6)1(e1)D’ (g1, ¢))
x Ji(e1, 8D (62, )2l (2D (62, ) |

C n -, ,
D L PANCH NIV ANCRN LI
p=1
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Summarizing all the terms, the electrical conductivity obtained from Equation (8) is of
the form,

n

Gun(er.e2) = %Z{ [ Pa@TE 2 o1 oD 1 1 D2, )]
p=I

~Tr( 2" e, (o1, e2)(e))

1

o2 f Tl 2" e, 0229k, 20 (o1, 2202k, 82)}dzk} . (27)
q=1

2.3. Computational details

In order to perform the calculations we first have to calculate the temperature-dependent
Weiss fields as described in [21], which provide the probability distributions P,(é), and
then evaluate Equation (27).

We calculated the magnetic part of the conductivity of bulk Fe and Co using
Equations (27) and (8) in terms of the screened KKR. For the k integration in
Equation (27) we used a quadrature with 1600 points in the two-dimensional Brillouin
zone, which gave converged results. The so-called intermediate region consists of 7
atomic layers; the o(ep % i8, e = i8) in Equation (8) were calculated for finite imaginary
parts § of the Fermi energy. A side-effect of considering a finite number of atomic layers is
a (1/n)-like decay [25] in the calculated resistivity
~ th(‘s) +

(28)

AQuu(9)
Q;}./L(na 8) = % .

ou(n, 8)

Therefore plotting ng,,,(n,§) versus n the slope of the curve for large enough » yields
0,,(8), the bulk resistivity value at a given value of 8. In practice it turned out that
no,,(n,8) is already linear in n for n > 50 layers. For the § dependence of the resistivity we
found the same linear dependence already described in the literature [26,27], namely

Quu = %l_l)l’(l) Quu(8)~ (29)

For this continuation to the real axis we used g,,,(5) values corresponding to §=1 and
2 mRyd. The magnetization direction was chosen to be perpendicular to the intermediate
layers, i.e., pointed along to the Z direction, which in turn causes a small difference between
the o,, and o« = 0y, components of the resistivity. Since this difference turned out to be
smaller than 1 u2cm in the whole temperature regime, we confine ourselves to using the
0., component of the resistivity only.

3. Results for bulk Fe and Co

First we calculated the temperature-dependent Weiss fields, which are needed for the finite
temperature thermal averaging in Equation (27). In using the experimental lattice
parameter (5.4 a.u.) we obtained a too large Curie temperature (7,) for pure bcc Fe,
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namely 1670 K, which is about 60% larger than the experimental 7. of 1040 K. This
deficiency is probably due to a shortcoming of the mean-field approximation. However,
for a lattice parameter of 5.07 a.u., we can recover the experimental 7. In Figure 1 we
show the calculated T, for bec Fe versus the lattice parameter used in the calculations.
It should be noted that the lattice parameter at the experimental Curie temperature is even
larger than the one at zero temperature, namely 5.55 a.u. according to Section 1.1.2.2 of
[28]. Since the LDA usually yields lattice parameters smaller than the experimental ones
(5.3 a.u. [29]) Gyorffy et al. [17] used this particular lattice parameter, and in employing
the non-relativistic version of the DLM found a Curie temperature of 1250 K in terms of
the divergence of the paramagnetic spin susceptibility.

As a second test system we chose Co bulk which — as is well-known — shows a phase
transition from hep to fecc at about 600-800 K, which, however, by using only the fcc
geometry in the whole temperature regime was neglected in the present calculations.
At zero temperature the theoretical LDA lattice parameter (6.69 a.u. [29]) differs by less
than 1% from the experimental one. At the experimental 7., however, the lattice
parameter is considerably enlarged, namely amounts to 6.84 a.u. [28]. In the Co case the
DLM considerably underestimates the Curie temperature; even at 6.84 a.u. we only get
950 K. The experimental 7, is 1380 K, which can be simulated in terms of the DLM by
using a lattice constant of 7.04 a.u.; see also Figure 2.

From the self-consistent potentials corresponding to the paramagnetic DLM state we
first calculated the Weiss fields as described in [21] for specific temperature points. In using
these Weiss fields we then calculated the corresponding temperature-dependent electrical
conductivities in terms of Equation (8). For low temperatures, it seems that the
ferromagnetic potentials (corresponding to zero temperature, screened KKR without
DLM) describe the electronic structure better. It turned out, however, that the difference
between the ferromagnetic and paramagnetic potential only influences the conductivity
results marginally. In Figure 3 the results for bee Fe are displayed corresponding (a) to the
experimental lattice parameter which gave an overestimated Curie temperature, and (b) for

1600-
1400 -
<
= 1200 -
1000 -
800 +—F—F—TFT——F——T——T

5.0 5.1 5.2 5.3 5.4 5.5
a(a.u.)

Figure 1. Calculated Curie temperature for bece Fe corresponding to different lattice parameters.
The experimental zero temperature lattice parameter is 5.4 a.u., the experimental Curie temperature
is 1040 K.
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the lattice parameter that recovers the experimental Curie temperature. For comparison
we also show the experimental total resistivity values from [28].

It became customary [30] to assume that well above the Curie temperature only
phonon—electron interactions contribute to the resistivity. By using the Bloch-Griineisen
formula [31],

7\° [Op
_(T)Y=K|— ) J|—), (30)
Qph e( ) <®D> <T
1400 -
1200
< 1000 o
o -
'_
800 -
600 -
40— T T T T T T 1
6.65 6.70 6.75 6.80 6.85 6.90 6.95 7.00 7.05

a(a.u.)

Figure 2. Calculated Curie temperature of fcc Co corresponding to different lattice parameters.
The experimental Curie temperature is 1380 K, at which the lattice parameter is 6.84 a.u. [28].

Bulk Fe resistivity
180

1 v
160 —@— Experimental total resistivity /

—A— Prediction for p,.q, from Exp
140

—M— DLM theory, a=5.07 a.u.
—W— DLM theory, a=5.4 a.u.

120 !

100

80 A-A-A——A

60

40

20

0 —

0 250 500 750 1000 1250 1500
T(K)

p (n€2em)

Figure 3. (Colour online) Black circles: experimental total resistivity from [28]. Blue up-triangles:
magnetic part of the resistivity with detached phonon-electron contribution of Bloch-Griineisen
form. Red down triangles: our results corresponding to the experimental lattice parameter (5.4 a.u.),
green squares: for a lattice constant of 5.07 a.u.
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where ©p is the Debye temperature, and J is a Debye integral [31], we can fit the
parameter K to the linear part of the experimental Fe resistivity above 7. Subtracting this
Bloch-Griineisen term from the total resistivity we get a first guess for the magnetic
resistivity, which is also displayed in Figure 3. It has to be mentioned that this
approximation, although used by Weiss and Marotta [30] for several magnetic metals, is
still theoretically not justified, since in this procedure the magnon—phonon interactions [§]
are completely neglected.

It can be seen from this figure that the DLM gives the right order of magnitude of the
magnetic resistivity, but however is systematically too large. The deviation between the
calculated resistivities corresponding to the two different lattice parameters used is less
than 40% at room temperature and also for temperatures far below the Curie temperature.
The DLM result for the experimental lattice parameter fits well to the experimental total
resistivity for temperatures below about 700 K, although the total resistivity ought to be
larger than the pure magnetic contribution. We also have to mention that the DLM gives
a constant magnetic resistivity in the paramagnetic phase since there the probability
density function is constant, i.e., is temperature independent above the Curie temperature.

The results for fcc Co are shown in Figure 5. It can be seen that below 700 K the DLM
results corresponding to different lattice parameters differ by about 30%. The common
feature of the calculated curves is an up-turning just below the Curie temperature. This
again seems to be a consequence of the applied mean field approximation. We can see that
below 700 K the computed resistivity curves are by about 50-100% above the experimental
total resistivity, which as should be recalled, contains all possible contributions. In the case
of Co the above-mentioned method to subtract the phonon—electron contribution by using
a fit for the Bloch-Griineisen formula doesn’t work sufficiently well, because below 600 K
a negative value for the (experimental) magnetic resistivity is obtained, see Figure 4, which
of course does not make any sense at all.

100
80 - Co exp. Resistivity
------- BG. formula

601 — — R(exp)-BG
=
g ]
= 404 . //
a

204

o _
T T T T % T
0 500 1000 1500

T(K)

Figure 4. (Colour online) Experimental resistivity of Co (red straight curve) and of the Bloch-
Griineisen (BG) fitting function (black dotted). The difference of the experimental curve and the BG
curve (blue dashed), which should be an approximation to the magnetic part of the resistivity, is
negative below 500 K. (The loop around 700 K is the sign of an fcc-hep phase transition.)
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Weiss and Marotta [30], however, did use this method of subtraction to evaluate
the high-temperature (saturated) magnetic resistivity of Co and cited a corresponding
value of 50 uQ2cm. The main deficiency of this subtraction procedure probably is a
consequence of different phonon—electron contributions in the hcp and fcc phases: from
the slope of the resistivity in the paramagnetic phase with respect to temperature only
conclusions for the fcc phonon—electron contribution can be gained. In addition, the
temperature regime between the Curie temperature and the melting point is possibly
too small to saturate a magnetic resistivity, thus making it difficult to detach a linear
phonon—electron contribution. For this reason in Figure 5 only the experimental total
resistivity is shown.

It is obvious that our DLM results overestimate the magnetic part of the resistivity,
however, we have to stress that they are the very first parameter-free (ab-initio) results ever
obtained for bulk Fe and Co. The deviations from experiment most likely emerge from an
inaccurate determination of the Curie temperature which in turn is a consequence of the
mean-field approximation, although also an inaccurate description of spin—spin
correlations in a mean-field description probably adds to these deviations. It should be
mentioned that in the case of chemically disordered systems more accurate descriptions
can be given by taking into account for example vertex corrections [4]. From Figure 2
of [32] it can be seen that by taking into account vertex corrections the resistivity of non-
magnetic Cu,. Zn;_. is reduced by about a factor of 2. The resistivity is even further
reduced by taking into account short-range ordering by means of a non-local CPA [33]
instead of the single-site CPA used in the present paper. Based on the analogy between the
‘chemical’-CPA and the ‘spin-disorder’-CPA, we expect therefore that an inclusion of
vertex corrections and of short-range order will also reduce our results for the
temperature-dependent resistivity.

Co resistivity

180 1 'y
160 Exp
140 _. ~—W¥— DLM a=6.82 a.u.
1 | —@— DLMa=6.9 a.u. ¢
120
] | —A— DLM a=7.04 a.u.

p (uQcm)

0 —— T
0 250 500 750 1000 1250 1500
T(K)

Figure 5. (Colour online) Magnetic resistivity of Co. DLM calculations corresponding to the fcc
lattice parameter 6.82a.u. (red down triangle), 6.9 a.u. (green diamond) 7.04a.u. (blue upper
triangle). The experimental [28] result is shown as a full (black) line.
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