Magnon vs Phonon effects in electrical transport
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We calculate the electron-phonon scattering contribution to spin-dependent transport quanti-
ties in ferromagnetic Iron, Nickel and disordered Permalloy solving variationally the semi-classical
linearized Boltzmann transport equation. The dynamical matrix is calculated ab-initio and the
disorder is described within the Virtual Crystal Approximation. We compare our results to the
Relaxation Time Approximation which has severe limitations in metals. We find that the resistivity
has a characteristic polynomial behaviour according to the magnetic phase, which is easy to derive
analytically, while the Seebeck coefficient shows a much more complicated interrelation between
different scattering sources. The different scattering mechanisms are not at all independent, which
imposes a limitation to Mathiessen’s rule. We calculate the spin dependent Seebeck coefficient de-
scribing a build up of spin chemical potential under the application of a temperature gradient. We
find that a thermal gradient can produce a pure spin current at high temperatures in Permalloy.

Spin-related effects are fundamental topics in solid
state physics research [1]. Generation, control and detec-
tion of spin accumulation represent important achieve-
ments towards revolutionary spintronic technologies [2—
6]. Two kinds of spin currents can be generated: those
carried by free electrons (or diffusive), which appears only
in magnetic metals, and those mediated by magnons,
which can also appear in magnetic insulators.
Thermoelectric effects concern the coupling of heat cur-
rents and electric currents [7]. Similarly, heat and spin
currents can be interrelated in bulk magnetic systems.
In this paper, we examine the physics of thermoelec-
tric effects in collinear spin-polarised metals and we cal-
culate spin dependent transport coefficients ab-initio.
We choose Py since it is widely used as a spin injec-
tor in nanomagnetic experiments such as non local spin
valves [8, 9] and lateral spin valves [9-13] as well for do-
main wall motion [14, 15] and has been suggested for
applications in spintronic devices [2] due to its advanta-
geous properties such as its low magnetic anisotropy, high
Curie temperature (T¢=871 K), and significant spin-
dependent scattering that yields a highly spin-polarized
current within a few nanometers [16].

The Seebeck effect (SE) is the generation of net elec-
tromotive force when a thermal gradient is applied across
a material. In the presence of a varying chemical poten-
tial 4 and a temperature gradient VT, the local cur-
rent density j. in a closed circuit is given by: j. =
—a(év,u + SVT), where o is the electronic conduc-

tivity. Two spin counterparts have been discovered for
the Seebeck effect (SE), depending on whether the spin
current generated from a thermal gradient is a diffusive
spin current (known as spin-dependent Seebeck effect or
SDSE [10, 17]), or it is rather a magnonic spin current,
which goes under the name of spin Seebeck effect (SSE)
[18-20]. In spin polarised collinear metals, two spin chan-
nels are present. In the absence of spin-flip mechanism

these two channels are separated and transport proper-
ties are independent for majority and minority spin elec-
trons [21, 22]. Spin dependent current densities read:

ity = —0T7¢<éVM,J[ + S¢7¢VT), where we introduce the
spin dependent electrical conductivities o, and Seebeck
coefficients S, (n = {1,1}). The Seebeck coefficient for a
ferromagnet is defined as [22]:

UTS¢+U¢S¢.

(S)o = (1)

or+oy
A diffusive electronic spin current is driven by the SDSE
according to [10, 23]: j+ —j; =js = —or(l — PQ)AS%
where op = o4+ 0, P is the polarization of the conduc-
tivity (o4 —o)/(04+0,) and the spin dependent Seebeck
coefficient is:

AS=S; -8, 2)

The SDSE can be revealed experimentally [8, 10] by us-
ing the technique of Non Local Spin Valves (NLSV) [8, 9],
which allows to decouple the electrical current from the
spin current. The SSE gave input to the so called Spin-
Caloritronics [24, 25], and has a more complicated in-
terpretation involving magnon-phonon coupling [18, 26—
30]. The main differences between SSE and SDSE can
be summarized as i) the characteristic length of the sig-
nal (~1 mm for SSE, ~1 nm for SDSE) ii) SSE occurs
independently of the electronic structure of the mate-
rial [31, 32], iii) SSE amplitude is of a few nV/K while
SDSE is about three orders of magnitude stronger, iv)
SSE amplitude scales with the thermal conductivity of
the substrate [26], with a high intensity peak at low
temperature suggesting strong magnon-phonon coupling.
The SSE has therefore a different physical explaination
and must be differentiated from SE and SDSE which are
the main subjects of this letter.

In the following, we examine the effect of both
phonons and magnons (spin disorder) on the electron



transport properties, by solving the Boltzmann Trans-
port Equation (BTE) on two levels of approximation:
the Relaxation Time Approximation (RTA) model [33]
(considering the explicit electron bandstructure) and
a fully ab-initio Lowest Order Variational approxima-
tion (LOVA) [34] in which electron-phonon coupling
contribution is taken into account. We show that the
resistivity can be fitted well with the RTA model, and
electron-magnon scattering is the dominant mechanism
below the Curie temperature, and its residual increase
above T, is due to phonons. On the other hand, no
single RTA model is able to reproduce the experimental
variation of the Seebeck coefficient, and using only
phonon scattering returns the same order of magnitude
as experimental values, suggesting a partial cancellation
of the magnon contribution and a main role of phonons
for the diffusive SDSE.

Electrons in real ferromagnetic materials are subject
to complex scattering mechanisms. Several interactions
have to be considered to correctly describe the devia-
tion from the free electron model: electron-phonon (EP),
electron-electron (EE), electron-magnon (EM), disorder,
defects, etc. Some of these contributions (disorder, de-
fects) depend on the specific sample characteristics and
relatively temperature independent, and are dominant at
low temperature. These are absent in the case of pure
materials while other contributions (EP,EE,EM,MP) are
intrinsic properties. In the hypothesis of two or more in-
dependent scattering mechanisms with the same energy
dependence [35], the Mathiessen’s rule allows to deduce
the total mobility from the mobility of the two scattering
mechanisms alone. This rule is in practice used for the
relaxation time, even though it strictly applies only to
mobilities.

A phenomenological estimation of resistivity for spin
compensated metals is the Bloch-Griineisen formula [36—
38]: pa = po+p(T). po is called residual resistivity, and
is temperature-independent and due to scattering from
defects. The temperature dependent part of the resistiv-
ity p(T') is linear in the temperature for high tempera-
tures while at low temperature usually goes as T°. Spin-
polarized materials present a prevalent quadratic contri-
bution, representing the scattering of itinerant spins at
low T by lattice spin waves [39]. At T. the spin disorder
is maximal and so is its contribution to p.

A simple analytic expression for the Seebeck coefficient
does not exist to our knowledge. For non magnetic mate-
rials with “normal” electronic band structures, the See-
beck coefficient has a linear dependence with tempera-
ture and the sign of the coefficient gives insight about
the nature of the carriers into the material (negative sign
for electrons, or n type materials, positive sign in the
other case). At low temperatures the phonon-phonon
interaction can give rise to phonon-electron drag with a
characteristic maximum in |S|. If one neglects this effect,

Mott derived a simple formula [40]:

S kT [1 da(e)}

3e o de 3)
where one can see a ratio between the conductivity and
its energy derivative. Any global change in scattering
(i.e. non energy dependent) will simplify and leave S un-
affected. To change S the scattering must be different
for electrons below and above the chemical potential.
When scattering from both phonons and spin-flip inter-
actions are involved, it is difficult to recognise charac-
teristics due to a specific magnetic order, and to dis-
entangle the scattering mechanisms. In particular (see
experimental data from the literature below), there is no
clear distinction or kink between the ferromagnetic and
the paramagnetic phases, as in the case of the resistivity.
Electron-magnon drag and phonon-magnon drag also in-
troduce additional low temperature signatures. We will
compare progressively more complex models, including
either phonons or magnons or both.

Electron and phonon structures, electron-phonon cou-

pling matrix elements and LOVA transport coeflicients
as implemented in [41] are calculated using the ABINIT
package. We consider a collinear spin structure, with
two independent spin channels for each material. This is
a strong approximation since transport in these systems
is also influenced by spin-flip mechanisms [42].
For the RTA approach, the electronic band structures are
calculated from density functional theory (DFT), and the
transport properties are calculated using the BOLTZTRAP
code [43]. Calculation details and a review of the method
are given in the SI.
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FIG. 1. Resistivity for Fe (left) and Ni(right). Open black
circles: experimental results from Ref. [44]. Red lines with
closed squares: LOVA results from electron-phonon interac-
tion. RTA results: constant RTA (purple full lines), RTA
with phonon contribution only (cyan dashed line) and RTA
magnon contribution only (blue dotted line). Vertical dashed
lines correspond to the Curie temperatures.

Resistivity for Fe and Ni are compared to experimental
results in Fig. 1. The resistivity for each spin channel is
calculated from the electronic structure of the spin chan-
nel and the total resistivity is calculated as that of two
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FIG. 2. (Color on line) Top: ferromagnetic Seebeck coeffi-
cient (S)», bottom: Spin dependent Seebeck coefficient AS.
Left: Fe, middle: Ni, right: Py. Black dashed lines with open
circles: experimental results from Refs. [18, 44]. Red lines
with closed squares: LOVA. Purple lines with top triangles:
constant RTA (equal to RTA from magnons only). Dashed
lines with open triangles: RTA for phonons only (cyan) and
phonon-magnon scattering (blue). Vertical dashed lines de-
notes Curie temperatures. Open and full triangles refer to
RTA with r = —0.5 and r = 0.5 respectively. Experimen-
tal points for AS in Py at 300 K: black empty square is from
Ref. [8], black empty pentagon and hexagon are from Ref. [10].
The vertical dashed lines represent the Curie temperature of
each material.

PPy
prtpy’
Fig. 1 represent experimental results from Ref. [44]. Two

different phases are clearly distinguishable by the exper-
imental resistivity: a low temperature quadratic and a
high temperature linear part. The red solid curves with
closed squares represent the LOVA results, while the full-
purple, dashed-cyan and dotted-blue curves represent the
results from constant RTA (linear), phonon scattering
RTA (linear) and magnon scattering RTA (quadratic)
respectively. For temperature below the Curie temper-
ature (1043 K for Fe and 628.5 K for Ni), the electron-
magnon scattering show good agreement with the ex-
perimental data. The RTA parameters are shown in the
top-right panel. Both the low temperature ferromangetic
quadratic and the high temperature paramagnetic be-
haviours can be obtained by fitting the RTA model pa-
rameters (Tab. 2 in SI).

A quadratic dependence on the temperature was reported
also for Py [42, 45]. LOVA resistivity can for the moment

parallel channels: pgsp =

Black open circles in

be obtained only for phonon scattering (we still miss scat-
tering from spin disorder). The high T slope is roughly
correct for Fe and underestimated for Ni, which could
be due to thermal expansion or other effects. The high
temperature results are shifted along the y axes for sim-
plicity.

All RTA calculations were conducted considering only
scattering from acoustic phonons (being the two systems
cubic with one atom per unit cell). The parameters used
for RTA calculations were fitted on top of Resistivity re-
sults and are listed in the panels in Fig. 1.

As already pointed out, there are no well defined
temperature dependencies indicating the magnetic order
for (S),. We observe nevertheless specific features for
(S)s: mnegative sign below T. with a negative peak
and a tendency to zero at T.. Moreover, (S), shows
a positive maximum at around 200 K for Fe, due to
magnon-phonon drag [46], while Nickel presents a slope
modification from positive to negative at T, = 628.5 K.
For Py the situation is similar to Ni, but (S), maintains
its slope and becomes positive at T..

RTA calculations are obtained using the exponent for
scattering from acoustic phonons r = —0.5 (green
dashed lines). We note that with this exponent, it is
possible to have neither the correct sign for (S), nor
the minimum in temperature. The value we find that
best approximate the experimental results is and the
r = 0.5 case (scattering from phonons only: dotted
cyan lines and scattering from phonons and magnons:
dotted-dashed blue lines), which is an average of all
scattering effects. A positive exponent for the energy
in the phonon lifetime means that the more an electron
is close to the Fermi level, the more it will have a high
lifetime value, which is in contrast with the parabolic
band concept, and a higher mobility close to the Fermi
level. This poses some problems which are clearly a limit
to the RTA.

The LOVA calculations (red lines with closed squares)
give a overall results in agreement with the Seebeck
coeflicient, which is correct for sign and amplitude, even
at low temperature. LOVA returns a result in agreement
with a RTA model with a positive (averaged) energy
exponent, indicating that contrary to the resistivity, the
RTA cannot be used to separate the magnon scattering
from the phonon scattering, when the former is present.

Having calculated the Seebeck coefficient for the two
spin channels, it is now possible to estimate the SDSE co-
efficient in Eq. 2. Experimental results for AS are rare at
the moment, only some recent results from NLSV mea-
surement are available at ambient temperature [8, 10].
The control of the local temperature in the device is also
hard to establish, and is usually inferred from finite ele-
ment simulations. Our methods provides a valuable tool
for the estimation of the SDSE coefficient. We predict
(Figs. 2 (d, e, f)) that a spin current of several tents



of uV/K can be generated at elevated temperature, at
which (S), is also minimal, yielding optimal conditions:
je = 0 and js = max for spintronics.

Discussion

We use RTA to explore the 7(e) dependency plus the
effect on (S),. We shift from the perfectly parabolic
band structure, considering in its place the ab-initio full
valence band.

RTA is based on a single band, parabolic model. It
works surprisingly well for the resistivity of spin polar-
ized metals, and puts into evidence that two well distin-
guished phases exists, and in each of the two there is one
and only one prevalent scattering mechanism. On the
contrary, the RTA totally fails for the Seebeck coefficient
when magnons are involved, and this is symptomatic that
the scattering events are not disentangleble.

The minimum at intermediate temperature moreover
appears for only positive exponents in RTA, meaning that
the scattering is energy dependent. A positive r exponent
is needed to get the correct sign of (S), in all cases. This
means that scattering from acoustic phonons alone is not
enough, which is different from not having phonon scat-
tering at all. On the contrary, we show that taking into
account only phonons with a different relaxation time for
every electronic band gives the right sign, the right or-
der of magnitude, a minimum below T, and a decrease
in absolute value as the temperature increases. The dif-
ference with experimental results can be due to thermal
expansion ... RTA also gives extremum in (S), with a
positive r, which therefore is not a band alignment effet.
Why (S), gives an almost zero result close to T.? Fermi
smearing (cRTA) returns neither the minumum with 7T
nor the low value at T,. Changing r can give the right
sign, but we miss information relative to the exchange
between bands, as the temperature increases. Most of
the (S), comes from the phonon scattering rather than
from a pure electronic structure effect. Moreover, both
methods agree that, even if the system is still magnetic
and with a higher spin disorder as 7T is approached, the
magnon scattering has not a major role in the electron-
scattering. Matching experiment gives an estimation of
the average exponent.

Missing factor of 2 or so comes from additional ef-
fect on the lifetime 7(e¢). Lifetime epsilon dependency
goes wrong way to explain magnon induced T2 depen-
dency: this must come from explicit T dependency of
lifetime. This dependency cancels out of the Seebeck for-
mula within the RTA, which explains the weak impact of
magnons on the diffusive S. Total S is not just sum of
different scattering contributions

We conclude that it does not exists a single r exponent
which explains both (S), and AS. Magnons are not the

4

key yo achieve (S),. What is important is to correctly
consider phonons.

In conclusion, we calculated spin dependent transport
quantities from full ab-initio and mixed model/ab-initio
method. We stressed on the role that energy-dependent
relaxation time covers and on we found that the inclu-
sion of magnetic scattering imposes the introduction of
a new exponent in the RTA, which is the average of all
interaction included. On the other side, at the price of
a reasonable computation effort, the full ab-initio LOVA
calculation allows to take into account EPC from DFPT
gives parametrization-free results equivalent to introduc-
ing an average energy exponent in the RTA model.

We show that for resistivity the scattering mechanism
are easy to distinguish, therefore a RTA model calcula-
tion with proper parameters and the full ab-initio LOVA
are equivalent. The Seebeck coefficient on the contrary
needs a physical model difficult to explain (i.e. a pos-
itive r exponent), while EPC alone gives a good pre-
diction. The introduction of higher order correction,
such as spin flip scattering [47], thermal expansion, and
magnon-phonon coupling would improve the numerical
agreement.

LOVA results gives a result which is equivalent to
the effective electron scattering. For full anaddb cal-
culation there is no single exponent (all phonons present)

The importance of our calculation is that it offers a
possibility to calculate the bulk SDSE coefficient which
does not depends on the local heating in the experiment.
The SDSE shows a complex behaviour, sensitive to the
temperature. This is a new possibility to study electronic
spin currents in ferromagnetic materials and could help
find the most suitable spin current generator at a given
temperature.

To the best of our knowledge there are neither SDSE mea-
surements nor calculations for temperatures other than
300 K. We hope this study will stimulate higher temper-
ature work on the SDSE.

Ideally it is possible to project materials which produce
no electrical current and non-zero spin current.
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