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Abstract. The spin-disorder resistivity (SDR) of transition metal ferromagnets (Fe, Co, Ni), rare-earth ferro-
magnet Gd, and Ni,MnSn Heusler alloy is determined from first principles. We identify the SDR at the Curie
temperature with the residual resistivity of the corresponding system evaluated in the framework of the disor-
dered local moment (DLM) model which has the zero spin-spin correlation function. The underlying electronic
structure is determined in the framework of the tight-binding linear muffin-tin orbital method which employs
the coherent potential approximation (CPA) to describe the DLM state. The DLM fixed-spin moment approach
is used in the case when the DLM moment collapses. The electronic structure of hcp-Gd is determined using
both the open core and LDA+U approaches. The Kubo-Greenwood approach is used to estimate the resistivity.
For bee-Fe and Ni;MnSn alloy we shall also estimate the temperature-dependent of resistivity below the Curie
temperature using a semiempirical approach. Calculations are compared with the supercell Landauer-Biittiker
approach developed recently as well as with available experimental data and overall good agreement is obtained.

1 Introduction

Temperature dependence of the resistivity is one of the ba-
sic properties of metallic systems. In normal metals and
alloys without an external magnetic field are two dom-
inant mechanisms contributing to the resistivity, namely
the residual resistivity due to the scattering of conduction
electrons on impurities and other structural defects, and
the resistivity due to phonon scattering. In ferromagnetic
metals there is an additional scattering mechanism due to
magnetic fluctuations, which usually reach their maximum
close to the Curie temperature (7.) [1,2]. The latter, spin-
disorder part of the resistivity (SDR) is the subject of this
paper. The resistivity due to phonon scattering is well un-
derstood [3] and it depends linearly on temperature T above
the Debye temperature.

On the other hand, first-principles calculations of SDR
have not been attempted until recently. Theoretical treat-
ment [4,5] based on the s-d-model Hamiltonian predicts
a quadratic temperature-dependence for low temperatures,
a constant, temperature-independent resistivity above T,
andap « [1 — M*(T) /Mg] behavior at intermediate tem-
peratures. SDR can also depend on magnetic short-range
order, particularly in the critical region around T, [6]. The
saturated magnetic resistivity above 7, corresponds to the
limit of vanishing spin-spin correlations. It is often ex-
tracted from experiment [7] by extrapolation of the phonon
contribution to 7 = 0 and subtracting the residual resistiv-
ity.

Quantitative description of the SDR from first-principles
calculations requires a consistent averaging procedure. One
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option is to perform a direct averaging of the Landauer-
Biittiker (LB) conductance over spin configurations in su-
percells. This has been done for bee-Fe and fec-Ni [8,9]
and recently also for heavy rare-earth metals [10]. Another
option is to use the disordered local moment (DLM) ap-
proach [11] which approximates the paramagnetic state as
an uncorrelated ensemble of randomly oriented spins and
solves the electronic structure problem in the coherent po-
tential approximation (CPA). The Kubo-Greenwood linear
response calculation, with proper inclusion of vertex cor-
rections, can then be performed [12,13]. A semi-empirical
approach [14] to calculate the SDR was implemented by
assuming a quadratic temperature dependence and calcu-
lating the parameters from first principles.

In this paper the SDR is calculated using the DLM
method and the standard linear response technique applied
in the bulk unit cell with the inclusion of vertex correc-
tions. We consider the transition metals bce-Fe and fcc-
Ni, the rare-earth hcp-Gd, and the Heusler alloy Ni;MnSn.
The results are compared with experiment and with first-
principles calculations using direct averaging over spin-
disordered supercells. The coefficient of the semi-empirical
T? term for the total resistivity is also calculated for bec-Fe
and Ni,MnSn.

2 Formalism and computational details

The electronic structure calculations were performed using
the scalar-relativistic tight-binding linear muffin-tin orbital
(TB-LMTO) scheme [15] and the local density approxima-
tion (LDA) [16]. The effect of disorder (the DLM model)
is described by the CPA formulated in the framework of
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Table 1. Calculated SDR (pspr) for bee-Fe in the KG-DLM ap-
proach are compared with a related theoretical supercell LB-
approach [8,9] as well as with the experimental value [7]. We
also present the magnetic moments in the ferromagnetic phase
(M) and in the DLM phase (MP"™M) when available. The ex-
perimental lattice constant of bcc-Fe was used in calculations.

Method
KG-DLM | supercell LB | exper
My (up) 2.18 222 2.18
MM (1) 2.06 - -
PSDR (NQCIH) 71.5 85 80

the TB-LMTO Green’s function method [17]. The same
atomic sphere radius was used for all the constituent atoms
in the case of Heusler alloys, and lattice constants were
taken from experiment.

In fcc-Ni, the DLM moment collapses to zero while
the moment in a real material is expected to persist due to
longitudinal spin fluctuations. [18,19] In this case we em-
ploy the fixed-spin moment (FSM) approach [20] and treat
the local magnetic moment as an adjustable parameter to
recover the experimental value of the SDR [9]. In the case
of hcp-Gd we used both the open-core and the LDA+U
approaches [21].

The residual resistivity is then determined by the linear-
response theory as formulated in the framework of the TB-
LMTO-CPA method using the Kubo-Greenwood (KG) for-
mula [22] applied to the DLM state (KG-DLM), including
vertex corrections [13].

3 Results and discussion

In this section we present results for the SDR of transition-
metal ferromagnets Fe and Ni, the rare-earth gadolinium,
and Ni;MnSn Heusler alloy.

3.1 Transition metal ferromagnets: bce-Fe and
fce-Ni

We have performed KG-DLM calculations in the frame-
work of the spdf basis set. The results are summarized
in Table 1. The magnitude of the ferromagnetic local Fe-
moment is in a good agreement with the experiment as
well as with the corresponding DLM value in agreement
with previous studies [11]. The KG-DLM and supercell
LB results for SDR agree both well with experiment. The
small differences between both theoretical approaches are
mainly due to the small difference in the local moments.
The effect of vertex corrections in bulk KG calculations
(KG-DLM) is only a few percent.

In fce-Ni the static local moment in the DLM state is
unstable, and the calculation of SDR can not proceed in
the usual way. However, electrons are still expected to be
scattered by fluctuating local moments [18,19]. In previous
supercell LB calculations [8] the local moment in fcc-Ni
was used as an adjustable parameter, and it was found that
agreement with experiment requires the local moment of
about 0.35 up. Here we proceed in the same way without
attempting to evaluate the effective local moment in the
paramagnetic state [19] directly. The atomic potentials are

Table 2. Calculated SDR (pspr) for ferromagnetic fcc-Ni in the
KG-DLM approach is compared with the results of the supercell
LB approach [8,9]. The experimental value is 15 yQcm [7,23].
Calculated resistivities are presented as a function of the effective
Ni-local moment M.g. Results are shown for the spd f-basis. In
the case of the LB approach we also show theoretical errorbars
[9]. The experimental lattice constant of fcc-Ni was used.

Method Mer (uB) | pspr (uf2cm)

KG-DLM 0.3 10.2
045 19.7
0.6 29.7

supercell LB 03 12+0.3

04 18+0.4

0.5 23+0.5

0.66 29+0.6

prepared using the FSM method by constraining the Ni-
local moment to several values: 0.6,0.45,and 0.3 ug. (The
self-consistent value in the ferromagnetic state is 0.604 ug
for the spdf basis set.)

The results for fcc-Ni are summarized in Table 2, which
also includes the supercell LB results [9] and the experi-
mental value. The KG-DLM calculations agree well with
the LB results for all chosen values of the local moment.
The experimental SDR is reproduced using a local moment
value close to 0.35 ug.

3.2 Rare earth hcp Gadolinium

The rare earth metals are interesting another class of mag-
netic metals in which 4f electrons responsible for their
large local moments are much more localized as 3d elec-
trons in the transition metal ferromagnets. Their orbital
moment are not quenched in general (irrelevant for Gd).
This may indicate some limitations in evaluation of the
SDR in which a classical spin rotation model used above
is adopted. We shall consider in some detail the case of
ferromagnetic hcp-Gd for which the experimental data are
available [7,24]. If spin-orbit is strong enough, the fd-
model predicts that the SDR is proportional to (J + 1)J
where J is a fixed angular momentum. On the contrary, if
the spin-orbit coupling is small to relevant energy scales,
the SDR should be proportional to (S + 1)S. The relevant
energy scales (spin-orbit splitting, exchange splitting, the
bandwidth) are roughly of the same order of magnitude in
hcp-Gd and this complicates the physics.

We will determine the SDR in hcp-Gd using approach
developed above for transition metal ferromagnets but its
electronic structure should reflects the localized charac-
ter of 4 f electrons properly which are not well described
by the LDA. We employ two approaches, namely (i) the
treatment of the 4 f orbitals as fully localized by excluding
them from valence states and filling them in accordance
with Hund’s rule (the open core approach), and (ii) the ap-
proximate treatment of electron correlations in narrow 4 f
bands in the framework of the LDA+U method [21]. In the
former approach are 4 f electrons explicitly excluded from
the transport while in the latter approach not but their in-
fluence is small. The atomic potentials were constructed
from the ferromagnetic state [10] and results are presented
in Table 3.
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Table 3. Calculated theoretical SDR (in uQcm) for in-plane and
c-axis cases in the hcp-Gd as obtained using the KG-DLM and
supercell LB approaches. The experimetal results are also shown.
The experimental lattice constant was used.

SDR in hcp Gadolinium
SDR type KG-DLM | supercell LB | Exp
In-plane SDR 59.1 58.9 105
c-axis SDR 40.2 420 95

The SDR determined by the KG-DLM and supercell
LB approaches obtained in the framework of the open core
approach agree very well each to other. The calculated in-
plane resistivity is greater as compared to the c-axis re-
sistivity in agreement with experiment suggesting a proper
description of the electronic structure anisotropy in the first-
principles calculations. On the other hand, the absolute val-
ues of in-plane and c-axis resistivities are significantly un-
derestimated as compared to the experiment.

The localized character of 4 f-states of Gd suggests the
relevance of their quantum character. We have scaled the
SDR components by a factor (§ + 1)/S (in Gd it is the
same scaling by a factor (J + 1)/J) to account for the quan-
tum correction effects missing in the present approach. As
a result the SDR was enhanced to about 75 uQcm and
60 pQcm for the in-plane and c-axis. Despite of obvious
improvement, the agreement between the theory and ex-
periment is still worse as compared to the transition metal
ferromagnets or Heusler alloys (see below). In the open-
core approach the resistivity depends of the exchange pa-
rameter ¢ of 5d-bands: the larger splitting represents large
disorder in the DLM-state. We have tested this by perform-
ing the LDA+U calculations applied to 5d-band so that cal-
culated d-moments increased from its LDA value 0.68 ug
to 0.76 ug. The calculated SDR values were 77 uf2cm and
60 pQcm for the in-plane and c-axis. The reader interested
in more details and also to results for other members of the
Gd-Tm family is referred to a recent paper [10].

3.3 Heusler alloy Ni,MnSn

Heusler alloys are another magnetic metals for which ex-
perimental data are available in the literature. These al-
loys have L2;-structure formed by four interpenetrating
fcc sublattices mutually shifted along the body-diagonal
with the sublattice occupation Ni-Mn-Ni-Sn for Ni,MnSn.
We employ the spdf basis and the DLM model for the
Mn sublattice. Small induced magnetic moments on the
Ni and Sn atoms in the ferromagnetic state collapse in the
DLM state, and their effect is neglected here. The experi-
ment also shows negligible residual resistivity at 7=0 K for
Ni;MnSn [25] which simplifies comparison with the calcu-
lated value. On the contrary, e.g. in Ni,MnSb alloy, there
is a large residual resistivity due to alloy disorder present
even in the stoichiometric alloy [25]. The calculated re-
sults using the KG-DLM and supercell LB approach are
compared in Table 4. The calculated SDR values obtained
by the KG-DLM approach agree well with both the exper-
iment and results of the supercell LB approach. We note
that the spin disorder is almost fully concentrated on the
Mn-sublattice and the moments have predominantly d char-
acter similarly like in transition metal ferromagnets.

Table 4. Calculated theoretical SDR in Heusler alloy Ni,MnSn
in the KG-DLM approach is compared with corresponding ex-
perimental data [8] and related supercell LB approach. The DLM
is limited to the Mn-sublattice. The experimental lattice constant
was used.

SDR in Heusler alloys (in uQ2cm)
Alloy KG-DLM | supercel LB | experiment
Ni;MnSn 50.4 47.7+0.4 46.6

3.4 Resistivity of bcc-Fe and Ni;MnSn below 7,

The determination of the 7-dependent resistivity below T,
is a difficult problem not fully solved yet. A direct ap-
proach to this problem can be realized in the framework
of the LB approach: we construct supercells and map the
real-space spin configuration as obtained e.g. from Monte-
Carlo simulations for a classical Heisenberg Hamiltonian
at the specified temperature 7. The Monte-Carlo method
is particularly useful as it can be also used to include mag-
netic short-range order (MSRO) effects [9] which are oth-
erwise difficult to include in analytic theories [5,6]. A sim-
pler approach can be used for systems in which the MSRO
effects are weak, like, e.g., in some Heusler alloys [14]
or bce-Fe. For example, an empirical expression p(T) =
0o + AT + CT? is obeyed reasonably well in a number of
Heusler alloys [25]. It should be pointed out that this is an
empirical fact and not a rigorous theory, and that in other
cases, e.g. for rare-earth metals the above expression is in-
valid.

However, for systems where this relation is observed
one can approximate the SDR contribution as pspr(7) =
CT?, where the constant C = p(T,)/T?. If one identifies
p(T.) with the SDR as calculated above in the framework
of the KG-DLM approach, it is possible to estimate the
T-dependence of the resistivity also below 7. Because T
can be determined from the Heisenberg model constructed
from the same electronic structure as used for the SDR cal-
culations, the coefficient C unifies in a single number rel-
evant transport and thermodynamical characteristics of the
system and its estimate is thus a test of internal consistency
of the present approach. Such a program was successfully
tested for the case of NioMnSn and Pd,MnSn Heusler al-
loys (see [14] for details) and here we wish to check it for
bce-Fe ferromagnet.

Using the same electronic structure as used in trans-
port calculations (DLM state, spd f-basis set) we have con-
structed the corresponding Heisenberg Hamilonian [26] for
the estimate of 7. The Curie temperature was determined
in the framework of the random-phase approximation and
we obtained 7.,=1105 K (the experiment is 1040 K). We
have estimated also the constant C using the calculated
SDR in the KG-DLM (see Table 1) and obtained C=0.586x
10~* uQcm/K?2. To compare with experiment, we used the
tabulated electrical resistivity data for Fe [7] from which
we have extracted the phonon contribution. The residual
resistivity of pure bce-Fe is negligible (of order 0.1 uQcm).

The result is shown in Fig. 1. We mention an overall
good agreement between the present simple theory and ex-
periment below T, which, in turn, justifies the first princi-
ples estimate of the coefficient C in this case. It should be
noted that similarly good agreement was obtained also for
T-dependent resistivity of NipMnSn below T.. Some devi-
ations were due to the offset between calculated (322 K)
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Fig. 1. Temperature dependence of the resistivity of bce-Fe below
T, assuming empirical 72-dependence (see text for details). The
theory (full line) is compared with the experiment (bullets) [7].

and experimental (340 K) Curie temperatures [14]. In both
cases, however, with the exception of very low tempera-
tures, the contribution due to spin-disorder scattering dom-
inated that coming from scattering on phonons.

4 Conclusions

We have presented a simple theory of the paramagnetic
spin-disorder resistivity based on the disordered local mo-
ment model combined with the Kubo-Greenwood linear-
response technique and applied it to magnetic transition
metals, to the hcp Gadolinium, and to the Ni;MnSn Heusler
alloy. The results agree reasonably well with experimen-
tal data and with the results of the supercell Landauer-
Biittiker approach in all systems considered. The case of
Ni requires a special approach in which the FSM-DLM
method is used. Present results, in an agreement with a re-
cent study, [9] indicate an interesting relation between the
SDR and the local Ni moments in the magnetically disor-
dered state, where the local moment is induced by the lon-
gitudinal spin fluctuations [19]. The agreement obtained
for hep-Gd is much less satisfactory as the theoretical cal-
culations underestimate the SDR values but reproduce cor-
rectly the larger in-plane value as compared to the c-axis
value. This indicates some limitations of classical spin-
disorder model and necessity to include quantum correc-
tions (e.g. a correction factor (§ + 1)/§ slightly improves
agreement with the experiment). Finally, we have shown
that in particular cases it is also possible to estimate the
magnetic contribution to the resistivity below T, in systems
with small magnetic short-range order at 7. by assuming
its quadratic dependence on T but this conclusion has to be
taken with a caution.
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