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Considerable discussions have occurred about the critical role played by free electrons in the transport of heat
in pure metals. In principle, any environment that can influence the dynamical behaviors of electrons would
have impact on electronic thermal conductivity (k) of metals. Over the past decades, significant progress and
comprehensive understanding have been gained from theoretical, as well as experimental, investigations by taking
into account the effects of various conditions, typically temperature, impurities, strain, dimensionality, interface,
etc. However, the effect of external magnetic field has received less attention. In this paper, the magnetic-field
dependence of electron-phonon scattering, the electron’s lifetime, and . of representative metals (Al, Ni, and
Nb) are investigated within the framework of all-electron spin-density functional theory. For Al and Ni, the
induced magnetization vector field and difference in electron density under external magnetic-field aggregate
toward the center of unit cell, leading to the enhanced electron-phonon scattering, the damped electron’s lifetime,
and thus the reduced k. On the contrary, for Nb with strong intrinsic electron-phonon interaction, the electron’s
lifetime and &, slightly increase as external magnetic field is enhanced. This is mainly attributed to the separately
distributed magnetization vector field and difference in electron density along the corner of unit cell. This paper
sheds light on the origin of influence of external magnetic field on &, for pure metals and offers a new route for

robust manipulation of electronic thermal transport via applying external magnetic field.
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I. INTRODUCTION

Thermal conductivity, one of the fundamentally physical
properties, measures a material’s capability to conduct heat
and specifies its enormous applications [1,2]. Electrons and
phonons are the two well-known heat carriers in solids [3].
In semiconductors and insulators, phonons dominate heat
transport, and the microscopic process can be effectively
described by the Peierls-Boltzmann transport equation (BTE)
within the framework of density functional theory (DFT)
[4-6]. Electrons influence phonon thermal transport mainly via
electron-phonon interaction (EPI) at intermediate and higher
temperatures [7,8]. In metals consisting of free electrons, the
thermal transport is dominated by electrons, and phonons
influence electronic thermal transport mainly via EPI [9].

Study on the contribution of magnons (spin wave), the third
elemental excitation, to thermal transport has long received
extraordinary attention [10,11]. With the development of spin
DFT [12-15], the noncollinear magnetism is described, and
physical properties modulated by external magnetic field
(Bext) can be theoretically simulated by first principles.
Recently, Jin et al. [16] demonstrated that B could alter
the anharmonicity of interatomic bonds in diamagnetic semi-
conductor InSb and thus modulate phonon transport process.
Among various ways to engineer thermal transport [5,17,18],
the magnetic field demonstrates great advantage with the merit
of being controllable, nondestructive, and easy-to-apply [19].
Yet, the key scientific challenge is to better understand how
thermal transport of electrons and phonons are modulated
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under B.. Though previous literatures [20-23] studied the
effect of B¢ on thermal conductivity of materials, such as
metals and superconductor films, via theoretical simulations
as well as experimental measurements, the underlying mech-
anism still remains unrevealed.

In this paper, the electronic thermal transport in metals
(Al, Ni, and Nb) modulated by B,y is investigated within
the framework of spin DFT. The metals were chosen as
model systems mainly because electrons dominate the thermal
transport, and lattice contribution (phonons) can be negligible
[9]. The modulated electronic thermal transport in metals is
studied mainly by computing the electron-phonon scattering
under the influence of B.. Then, the key parameter of the
electron’s lifetime is extracted and transferred to compute
electronic thermal conductivity (k¢) based on the Boltzmann
transport theory.

II. COMPUTATIONAL METHODOLOGY

In the presence of By = V X Aext, the Kohn-Sham equa-
tion describes the noninteracting electrons states as [14]

(=1/2V? +v; + pupo - B)®;(r) = &;®:(r) (1)

and can be derived by minimizing the total energy
within the framework of spin DFT. Based on the two-
component Pauli spinors ®;, the noncollinear electron density

p(r) =Y <I>;[(r)d>i(r) and magnetization density m(r) =
D CDj(r)aCIJ,-(r) are calculated to describe the total
energy E [p, m] [14]

Elp,m] = T[p,m] + Vey[p] + Bexe - m+ Ul p]
+ Exclp,m], (2)
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where T, Vex, and U are the kinetic energy, external potential,
and Hartree energy, respectively, o is the vector of Pauli
matrices, and pp is magnetic permeability. In Eq. (1), the
effective scalar potential vy = vexy + vy + vxc + 1 /2C2Agxt
and magnetic vector field B; = By + Bxc are constructed
with the exchange-correlation (XC) potential vxc and XC
magnetic field Bxc, respectively, as vxc = d Exclp,m]/dp
and Bxc = 0Exc[p,m]/om. The exact functional form of
Exc cannot be computed, and some approximations have
to be made in practice. To ensure the numerical analysis as
accurately as possible, the exact-exchange-only approximation
was adopted, and the augmented plane wave basis was chosen
to avoid shape approximations for the effective potential
[14]. To solve the above Kohn-Sham equations, the two-step
variational process was followed. (1) At the first variational
step, the Hamiltonian containing only the scalar potential v
is solved, and the scale states serve as the basis for the second
step. (2) At the second variational step, the magnetic terms
and spin-orbital coupling are included [14,16]. By solving
the Kohn-Sham equations, the two-component spinors (P),
noncollinear density (o), and magnetization density (m) under
B can be obtained and further applied to compute relevantly
physical quantities.

To investigate the magnetic-field dependent electronic
thermal transport, the key lies in computing the influence
of external magnetic field on the intrinsic EPI. The EPI
fundamentally arises from the coupling of Bloch states with
lattice vibration, and such process can be described by
averaging Eliashberg spectral function (?> F) around the Fermi
surface (Efr) [24] as

«*F(w) =1/Ng, >

k.k+q

x 3 gkl S8 e — o). (3)

v

The sum is taken over the initial and final Bloch state k
and k + g and phonon branch v and then averaged by the
number of energy states N around the Fermi level. The gi x14.»
is the EPI matrix, and the § function ensures the energy
conversation during the electron-phonon scattering process.
Then, the averaged electron-phonon coupling strength (A) can
be computed as 2 f o’ F (w) Jwdw, and the induced electron’s
linewidth (T") is expressed as [24]

I(e) =27 / " R F (gl — (e — 0g)
0

+ f(e + wqv) + zn(qu)]dqua 4

where electrons obey the Fermi-Dirac distribution (f) and
phonons follow the Bose-Einstein distribution (n). The average
electron’s lifetime (r) can be extracted as A/I" and then
used to compute electronic transport properties. Based on the
free gas model, the conductivity tensor (oyg) is written as
Oup = €>Tugu g, where u is the group velocity. By projecting
the k-space tensor o,g into the energy range, one can
effectively compute k| as [25] (see Sec. S1 in the Supplemental
Material [26])

Ko = 1/(e2m)faaﬂ(a)(g — w?[—0f.(T;e)/0elde, (5)
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where u is the chemical potential, €2 is the volume, and o,(¢)
is the energy projected conductivity tensors.

The inclusion of Be is implemented by the state-of-
the-art all-electron full-potential linearized augmented plane
wave (FP-LAPW) code ELK [14,27]. With the augmented
plane wave basis, it can be used to accurately compute the
effective potential under external magnetic field without local
discontinuities in the XC potentials introduced by functional
approximations [13]. To compute the EPI in Al, Ni, and Nb,
the primitive cell containing one atom was used, and the
external magnetic field was applied in the [001] direction. The
converged results were obtained by performing simulations
with 32x32x32 k-point mesh, 4x4x4 g-point mesh, and
eight empty states. After the EPI calculations, the electron’s
lifetime was extracted and further applied to compute elec-
tronic transport properties. Such procedure was accomplished
by Quantum Espresso [28] and BoltzTrap [25] packages. By
computing electronic energy states and the electron’s lifetime
of metals, the electronic transport properties, e.g., k¢ and o,
can be obtained.

III. RESULTS AND DISCUSSIONS

Under the influence of By, microscopic electrons are
subjected to an external Lorentz force, and the distribution
of electron density perturbs. The local magnetization vector
field emerges, and its magnetic moment is verified to be linear
with B.y. By comparing the distribution of m and change in
electron density (Ap) in the presence of B, the opposite
distribution pattern is observed for Al, Ni, and Nb. In Fig. 1,
the modulus of induced m and Ap under external magnetic
field projected along [001] direction for Al, Ni, and Nb,
respectively, is presented. Its absolute value can help determine
the distribution pattern of the induced magnetization vector
field plane in metals. Due to the noncollinearity, the induced
m and A p along other directions also exist, but their absolute
value is small. Under the action of external Lorentz force,
the quantum behaviors of electrons are influenced by external
magnetic field. It shows that under the influence of By, the
modulus of the induced m concentrates towards the center of
unit cell in Al and Ni, which is in positive correlation with the
distribution pattern of Ap. It means that the large modulus of
the induced m corresponds to big electron density difference.
For Nb, however, m is symmetrically separate along the corner
of the unit cell, and its value is negatively correlated with Ap.
The difference in the distribution pattern of the modulus of the
induced m and A p can intrinsically interpret the variation for
the change trend of electronic thermal conductivity in Al, Ni,
and Nb.

To interpret it from the atomic level, the electron local-
ization function (ELF) for Al, Ni, and Nb is calculated. In
Figs. 2(a) and 2(b), we observe that there exists relatively
low localization and many itinerant electrons in Al and
Ni. Consequently, free electrons are easily subjected to the
Lorentz force in the presence of an external magnetic field
and aggregate towards the center of the unit cell, leading to
the increased electron-phonon coupling strength and decreased
electron’s lifetime in Al and Ni. Under the influence of B, the
delocalized electrons tend to aggregate towards the center of
the unit cell. For Nb, electrons are highly localized around core
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FIG. 1. The 2D slice projected along the [001] direction of (a)—(c) the modulus of induced magnetization vector field under external
magnetic field B, = 0.1 a.u. and (d) —(f) the induced difference in electron density under B., = 0.01 a.u. and 0.1 a.u. for Al, Ni, and Nb,

respectively.

ions. As a consequence, relatively fewer itinerant electrons
exist in Nb, and the induced Ap by external Lorentz force
tends to separately distribute along the core ions in the corner
of unit cell, leading to the damped electron-phonon coupling
strength. Besides, due to the highly localized electrons, the
modulus of induced m symmetrically distributes along the
corner of unit cell, and its value is negatively correlated with
Ap. The different behavior of the electron localization in Al,
Ni, and Nb is of great importance to explain the difference in
the absolute value of k.

The induced A p under B,y greatly influences the electron-
phonon scattering in metals. For Al and Ni with Ap con-
centrating towards the center of unit cell, the average o> F
increases as the magnetic field is enhanced (see Sec. S2 in
the Supplemental Material [26]), indicating the enhanced EPIL.
Besides, it observes that the dominant peak of o> F locates
at 37.67 meV and 30.81 meV for Al and Ni, respectively,
corresponding to the highest acoustic phonon branch. For Nb,
the dominant peak of 2 F locates at 16.26 meV, where the
phonon density of states aggregates. Moreover, as the strength
of B increases, the dominant peak of a?Fis slightly reduced,
and the EPI is damped. To interpret this, the influence of By
on quantum behaviors of electrons and phonons is investigated.
Upon comparing the phonon dispersion and phonon density of
states in the presence of varying By, it shows that there exists
little change for Al, Ni, and Nb, which suggests that the effect
of external magnetic field on electronic thermal transport in
metals occurs mainly via influencing the quantum behaviors of
electrons but not phonons. Furthermore, the difference in the
modified distribution of electrons of Al, Ni, and Nb leads to
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the enhanced or damped EPI. For Al and Ni, the concentrated
electrons towards the center of unit cell enhance the EPI, while
the separately distributed Ap in the corner of unit cell of Nb
damps the EPL

With the magnetic-field dependent average o F, the related
A and t for Al Ni, and Nb at room temperature can be
effectively computed. In this paper, the external magnetic field
over the range 0.001-0.30 a.u. (1 a.u. = 1715.26 Tesla) is
applied. On the one hand, the choice of the small magnetic
field, such as 0.001-0.01 a.u. (~1.7-17 Tesla), can enable
experimentalists to verify the theoretical simulations. On the
other hand, the use of very large magnetic fields, such as
0.01-0.3 a.u. (~17-510 Tesla), may help elucidate physical
mechanisms that may be obscured at smaller magnetic fields
and prompt future experimental and theoretical work [15]. The
theoretically predicted A in the absence of By is 0.44, slightly
smaller than the value of 0.49 [9] but in good agreement
with measured data of 0.38-0.48 [29]. In Fig. 3(a), it shows
that the calculated A for Al slightly increases for By up to
0.02 a.u. and then keeps almost constant for stronger magnetic
field. For Ni, the calculated A slightly increases as external
magnetic field is enhanced. For instance, the A is 0.2321
at By = 0.001 a.u., and it gradually increases to 0.2523
at B¢ = 0.3 a.u. However, the opposite trend is observed
for Nb, where A slightly reduces with increasing B.. In
Fig. 3(b), it is observed that the calculated T of Nb slightly
increases as By is enhanced, which is consistent with the
change trend of the reduced A. For Al and Ni, the trend is
opposite, and the computed t decreases by applying stronger
B It is worth pointing out an interesting phenomenon that
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FIG. 2. The 2D electron localization function (ELF) of (a) Al, (b) Ni, and (c) Nb projected along the [001] direction (the same direction as

the applied magnetic field).
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FIG. 3. Magnetic-field dependent (a) electron-phonon coupling
strength (1) and (b) the electron’s lifetime (7) averaged over the
Fermi surface for Al, Ni, and Nb at 300 K. The spline lines are
guide for eyes. (Inset) Comparison of the induced Ap in Al under
the external magnetic field of 0.01 a.u. and 0.1 a.u. with the case of
B = 0 a.u. (see text for details).

there exists a sharp reduction in t of Al for Be up to
0.01 a.u. To interpret this, the calculated electron densities
of Al under B¢ =0, 0.01, and 0.1 a.u. are compared. It
shows that there exists relatively large Ap in the presence
of the external magnetic field (0.01 a.u.), with the largest
amplitude of 107 8%a.u.73 (1 a.u. = 0.529177 A). Furthermore,
the induced Ap exhibits approximately the shape of circle,
with the large values concentrating towards the center. When
the B,y is enhanced further to 0.1 a.u., the absolute value of
the induced Ap enlarges to 3 x 1077 a.u.~3, and the shape of
circle becomes clear, as shown in Fig. 3(b). It concludes that the
concentrating Ap towards the center induces the continuous
decrease in t and that such change then becomes slight after
Ap reaching to the saturated shape.

After explicitly obtaining electron’s lifetime by first princi-
ples, the . can be predicted without empirical parameters. In
Fig. 4, the theoretically predicted magnetic-field dependent
ke for Al, Ni, and Nb at 300 K are presented. Here, for
comparison, the k. is normalized by their respective value
without B.y,. In the absence of By, the k¢ of Al is calculated
to be 232.73 W/mK at 300 K, which is relatively smaller
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FIG. 4. Magnetic-field dependent electronic thermal conductivity
of Al, Ni, and Nb at 300 K. The thermal conductivity results are
normalized by their respective value in the absence of external
magnetic field. The spline lines are guide for eyes.

than literature data of 246 W/mK [9] but larger than the
calculated value of 223.93 W/mK using direct nonequilibrium
first-principles molecular dynamics [30]. By solving the BTE
using first-principles calculations [6], the predicted lattice
thermal conductivity of Al at 300 K is 7.91 W/mK, and
the total thermal conductivity is 240.64 W/mK, which agrees
well with the experimental value of 237 W/mK [31]. For
Ni, the predicted . in the presence of magnetic field (0.001
a.u.) is 92.14 W/mK and is consistent with the value of
90.7 W/mK [32]. The reason to start with By, of 0.001 a.u.
for Ni is that slight imaginary phonon frequencies exist in
Ni in the presence of an external magnetic field, with the
present supercell approach to include an external magnetic
field into computing phonon dispersion curve. However, for
Nb, the predicted k¢ is 36.9 W/mK and is relatively smaller
than the literature value of 54 W/mK [33]. The plausible
explanation is that the theoretically calculated electron-phonon
coupling strength of 1.44 is relatively larger than the literature
value of 1.24 [34], resulting in the reduced 7 and k¢. Apart
from that, we find bidirectional magnetic-field effect on the
electronic thermal transport in the three metals studied: the
theoretically predicted «. of Nb is increased by 12% with
the magnetic field increasing to 0.3 a.u., while for Al and Ni
the calculated «; is decreased by 5% and 25%, respectively,
with increasing magnetic field. For Al, a relatively sharp
reduction at B = 0.001 a.u. exists, corresponding to the
steep decrease in electrons’ lifetime, as shown in Fig. 3(b).
The difference in the change trend between Al, Ni, and Nb is
intrinsically related to their electron localization. It is shown
in Fig. 2 that the electron localization of Al is the smallest,
indicating that the most itinerant electrons in Al exist. Under
the action of Lorentz force induced by an external magnetic
field, the itinerant electrons tend to move in metals. For Al
and Ni, the induced Ap aggregate towards the center of unit
cell and thus results in the enhanced EPI and reduced «,.
Consequently, the difference in the amplitude of decreased
under external magnetic field in Al and Ni is mainly caused
by the variation in the number of itinerant electrons. However,
for Nb, the change trend in ) is opposite, and the root reason
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is that strong electron localization occurs and that electrons
are mainly localized around Nb atoms. As a consequence, the
Ap is distributed along the corner of unit cell under a strong
external magnetic field and thus induces the damped EPI and
increased ).

Besides «j, the electrical conductivity (o) of those metals
can also be obtained by first principles. In Fig. S6 of the
Supplemental Material [26], the electrical conductivity o
for Al, Ni, and Nb at 300 K is presented. In the absence
of an external magnetic field, the theoretically predicted
o of Al, Ni, and Nb is 3.2x107 S/m, 1.2x10’ S/m, and
5.1x10°S /m, respectively, and is consistent with the reference
data of 3.8x107 S/m, 1.4x107 S/m, and 6.7x10° S/m [35].
Moreover, as the external magnetic field is enhanced, the
change trend of o is the same as that of k¢ in Al, Ni, and
Nb (see Fig. S7 in the Supplemental Material [26]). In Al,
for instance, a sharp decrease occurs at By = 0.001 a.u.,
and then o slight changes with increasing magnetic field.
Theoretically, o and x. have the same change trend with
the external magnetic field, and, consequently, the ratio
between them stays constant, which obeys the Wiedemann—
Franz law [31]. Following the Wiedemann—Franz law, the
calculated Lorentz number (defined as L = k. /0T) for Al,
Ni, and Nb is 2.42x 1073 W/ QK?, 2.41 x 1073 W/ QK?, and
2.47x 1078 W/ QK?, respectively, which is consistent with the
constant of 2.44x 1078 W/ QK?2.

IV. CONCLUSION

In summary, the influence of an external magnetic field
on the electron’s lifetime and electronic thermal transport in
three representative metals (Al, Ni, and Nb) is investigated
by considering intrinsic electron-phonon scattering from the
all-electron first-principles calculations. Upon applying the
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external magnetic field, the magnetization vector field is
induced, and the difference in electron density demonstrates
distinct distribution pattern for Al, Ni, and Nb, resulting in
the opposite trend in the magnetic-field dependent electron-
phonon scattering, the electrons’ lifetime, and electronic
thermal conductivity. For Al and Ni, the predicted electronic
thermal conductivity decreases as external magnetic field
increases. This is mainly caused by the aggregated electron
density towards the center of the unit cell, which enhances
the EPI and thus suppresses the electron’s lifetime. For Nb,
the electron density is separately distributed along the corner
of the unit cell under strong external magnetic field, which
leads to the reduced electron-phonon scattering and thus
enhanced electronic thermal conductivity. By elucidating this
process, the computational framework presented herein can be
straightforwardly extended to heavily doped semiconductors
or metallic systems where electrons dominate heat transport.
The ability to alter the electronic thermal transport by external
magnetic field also provides guidance for the vast amount of
applications with tailored electronic thermal conductivity. We
expect that our study will stimulate future experiments to ma-
nipulate thermal conductivity of pure metals without altering
its original structures with such process being reversible. This
is fundamentally different from the conventional strategy in
literature, where irreversible structure modification is usually
involved, such as alloying, doping, low dimensionality, and
nanostructuring.
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