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We investigate the mechanisms involved in the thermomigration of interstitial hydrogen in metals. Using
irreversible thermodynamics, we develop a comprehensive mechanistic model to capture the controlling
effects. Crucially, through validation against published experimental data, our results demonstrate that an
electron-wind effect plays a significant role, particularly for materials in which the thermomigration
direction matches the heat flux. These findings provide new insights into the factors that affect the
localization of solutes in metals. Moreover, our results indicate that atomistic models may be inadequate for
detailed thermomigration studies due to the omission of electronic effects.
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In response to the societal shift toward green energy,
hydrogen has emerged as a major candidate for energy
storage, energy distribution, and transport. Among engineer-
ing and scientific communities, there is an associated
increasing demand for high-fidelity mechanistic models
that can capture hydrogen absorption and redistribution in
metals, and ultimately hydrogen embrittlement (HE). Here,
we consider hydrogen redistribution resulting from temper-
ature gradients (thermomigration) and introduce a new
theoretical framework to simulate this effect. Remarkably,
no current theory can correctly capture available experi-
mental measurements. However, as concluded by Gonzalez
and Oriani [1], any such endeavor would be a “formidable
undertaking.” In the literature, discussion of hydrogen
redistribution has focused on the effects of hydrostatic stress
[2–10]. Notably, Elmukashfi et al. [5] presented a con-
stitutive model for coupled hydrogen diffusion problems
based on chemical potential gradients. Surprisingly, this has
only been used to capture stress-driven hydrogen redistrib-
ution, while the role of temperature remains underexplored.
However, for real technological problems, e.g., in nuclear
fusion reactors [11–13], and heat exchangers for hydrogen
fuel systems [14,15], thermomigration of hydrogen and
other solutes is also a vital consideration. The key knowl-
edge gap lies in understanding the factors that promote the
dominance of either effect.
A chemical potential gradient is a generalized force for

mass flow [16] in that it encompasses the effects of

temperature, stress, and concentration on diffusion. It is
defined as the change in Gibbs free energy with respect
to the change in atomic hydrogen (H) concentration,
μ ¼ ð∂G=∂CLÞ. An increase in the far-field hydrostatic
stress yields a reduction in the enthalpy of interstitial H
(and hence a reduction in the Gibbs free energy), as the
strain energy associated with lattice distortion due to H is
reduced due to lattice expansion induced by the applied far-
field stress. In effect, this promotes a reduction in chemical
potential and an associated increase in H solubility [17].
Hence, H diffuses to regions of high hydrostatic stress, such
as crack tips. The effect of temperature is not currently as
well understood.
In contrast to stress-driven diffusion [18–20], there is a

major lack of experimental data for the thermomigration of
H in metals. This can be attributed in part to the elusive
nature of interstitial H, particularly where elevated temper-
atures are involved [21]. The most prominent practical
examples of temperature-driven H redistribution are found
in Zr alloy cladding materials for nuclear fission applica-
tions [22–24]. During in-service conditions, temperature
gradients are established radially through the cladding from
internal heating and external cooling by circulating water.
Water-side oxidation produces H that is absorbed by the
material. However, the formation of Zr hydride precipitates
adds complexity to this problem and can somewhat obscure
the interpretation of results. Specifically, hydrides have
been reported to precipitate near the low-temperature end in
steady state, while the high-temperature end remains
largely hydride-free [25–27]. Sawatzky [28] provided
compelling experimental evidence showing that the con-
centration of H within the hydride-forming region increases
significantly with increasing temperature, before reducing
dramatically where the temperature for the terminal solid
solubility for precipitation is exceeded, i.e., in the non-
hydride-forming region. These results agree with the numeri-
cal predictions of Veschunov et al. [22], who developed
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phenomenological H transport and precipitation models.
However, these lack a physical foundation for thermomigra-
tion. In this Letter, we present and validate (using exper-
imental data) a thermodynamic model that accounts for
numerous independent mechanisms.
From Elmukashfi et al. [5], the Gibbs energy per unit

volume of a metal G is given by G ¼ ψ − σijεij þ
μ0C̄L − TSconf , where ψ is the elastic strain energy density
and contains the H hydrostatic swelling contribution [29], σij
is stress, εij is strain, μ0 the standard chemical potential for
H, C̄L the H lattice concentration, T is temperature, and Sconf
is the configurational entropy (entropy of mixing). In most H
transport models [5], the standard chemical potential, μ0, is
assumed constant. According to Kirchheim and Pundt [30],
μ0 mainly comprises vibrational and electronic contribu-
tions. Recently, de Andres et al. [31] showed using ab initio
modeling that harmonic vibrations play a crucial role in H
transport. For nonisothermal conditions, therefore, it is
obvious that the constant μ0 assumption does not hold.
Treating μ0C̄L as a function of vibrational and electronic
contributions only, we may write

G ¼ ψ − σijεij þ Gvib þ Ge − TSconf ; ð1Þ

where Gvib is the vibrational contribution to the Gibbs free
energy and Ge is the electronic contribution. The vibrational
contribution may be expressed as Gvib ¼ Hvib − TSvib,
whereHvib and Svib are the vibrational enthalpy and entropy,
respectively, which are obtained from the vibrational parti-
tion function [32]. As the driving force for H transport is
related to the chemical potential, we wish to extract the
vibrational contribution, μvib¼ð∂Gvib=∂C̄LÞ¼hvib−Tsvib,
where hvib and svib are the specific vibrational enthalpy and
entropy for interstitial H, respectively.
The electronic contribution to the Gibbs free energy is

given in terms of an electrical potential, Ge ¼ −FϕC̄e [33],
where F is the Faraday constant, ϕ the electrical potential,
and C̄e is the molar concentration of free electrons. Based
on the electrostatic transfer of charge from the lattice to
interstitial H in an open circuit, we may write the electronic
chemical potential for H transport as μe ¼ ð∂Ge=∂C̄LÞ ¼
ð∂C̄e=∂C̄LÞð∂Ge=∂C̄eÞ ¼ −ZesFϕ, where Zes ¼ ð∂C̄e=∂C̄LÞ
is the charge transfer coefficient. For nonisothermal prob-
lems in metals, we consider thermoelectric fields that arise
according to ϕ ¼ αST and ∇ϕ ¼ Tð∂αS=∂TÞ∇T þ
αS∇T ¼ ðαT þ αSÞ∇T, where αS is the Seebeck coefficient
(which relates the induced thermoelectric voltage to the
temperature difference across a material) and αT ¼
Tð∂αS=∂TÞ is the Thomson coefficient (note that the
Thomson effect may be disregarded for materials where
the thermoelectric power is independent of temperature).
As shown in [5], the hydrostatic stress contribution to the

chemical potential derives from hydrogen-induced volumet-
ric lattice swelling, since the elastic strain energy density,

ψ ¼ 1
2
ðεij − εplij − εsijÞCijklðεkl − εplkl − εsklÞ and the swelling

strain is given by εsij ¼ 1
3
VLC̄Lδij, where VL is the

partial molar volume of H in the solvent lattice
and C̄L the interstitial hydrogen concentration. Hence,
ð∂ψ=∂C̄LÞ ¼ −VLσH, where σH ¼ 1

3
σkk is the hydrostatic

stress. Furthermore, the configurational entropy contribution
to Eq. (1) yields the widely reported logarithmic relationship
between the chemical potential and H concentration [34],
μconf ¼ ∂=ð∂C̄LÞð−TSconfÞ¼RT lnðC̄L=ðC̄max

L − C̄LÞÞ, since
∂Sconf=ð∂C̄LÞ ¼ −R lnð C̄L=ðC̄max

L − C̄LÞÞ. For low lattice
concentrations relevant to metals, we may write the lattice
occupancy, θL ¼ C̄L=ðC̄max

L Þ ≈ ðC̄L=ðC̄max
L − C̄LÞÞ, where

C̄max
L represents the theoretical maximum interstitial H

concentration (corresponding to the total number of inter-
stitial sites). The modified chemical potential is now
given by

μ ¼ −VLσH þ hvib − Tsvib − ZesFαST þ RT lnðθLÞ: ð2Þ

In H transport modeling [35], the heat of transport, Q�,
has been used as a phenomenological term to capture
thermomigration. Zhang et al. [35,36] presented a modified
chemical potential-based model for H transport in Ni alloys
under temperature and hydrostatic stress gradients; the H
flux was given by J̄H ¼ −ðDLC̄L=RTÞ½−VL∇σH þ
ðQ�=TÞ∇T þ RT∇ ln θL�, where DL is H diffusivity.
Gradients of temperature, stress, and lattice H concentration
were treated as explicit driving forces for diffusion. In
Longhurst’s model [37], the chemical potential and temper-
ature gradients were treated as distinct driving forces, which
is peculiar, given that the chemical potential is clearly a
function of temperature. Here, we use our holistic descrip-
tion of the H chemical potential to derive an expression
forQ�. From irreversible thermodynamics [38,39], we write
coupled equations for hydrogen flux J̄H and heat flux Jq as

�
J̄H
Jq

�
¼

�
LHH LHq

LqH Lqq

��
XH

Xq

�
; ð3Þ

where the thermodynamic driving forces are defined as
XH ¼ −∇ðμ=TÞ and Xq ¼ ∇ð1=TÞ, and the coefficients Lij

are the Onsager transport coefficients. An alternative,
equivalent representation of these equations is given in
Supplemental Material, Sec. S1 [40]. In irreversible thermo-
dynamics, the driving force for mass transport, XH, arises
from the principle of entropy production, rather than from
energy minimization [41]. Consequently, the commonly
used isothermal diffusion law based solely on chemical
potential gradients, J̄H ¼ −ðDLC̄L=RTÞ∇μ, is insufficient
for describing nonisothermal systems. Onsager’s reciprocity
condition tells us that the off-diagonal terms, LHq and LqH,
are equal. In the first instance, consider the situation where
LHq ¼ LqH ¼ 0 (we later introduce a coupling between the
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fluxes via nonzero off-diagonal coefficients): we then have
from Eq. (3),

J̄H ¼ LHH

�
−
1

T
∇μþ μ

T2
∇T

�
; ð4aÞ

Jq ¼ −
Lqq

T2
∇T; ð4bÞ

where LHH ¼ ðDLC̄L=RÞ and Lqq ¼ κT2 and κ is thermal
conductivity. Note that for isothermal problems, Eq. (4a)
reduces to J̄H ¼ −ðDLC̄L=RTÞ∇μ. From Equation (2), we
may write the chemical potential gradient as a function of
the spatially varying fields as

∇μ ¼ −VL∇σH − svib∇T − ZesFðαS þ αTÞ∇T

þ R lnðθLÞ∇T þ RT∇ lnðθLÞ: ð5Þ

The vibrational enthalpy and entropy terms are derived
from the vibrational partition function [32] and their temper-
ature derivatives can be shown to yield Tð∂hvib=∂TÞ ¼
T2ð∂svib=∂TÞ, which eliminates the dependence of ∇μ
on hvib. Combining Equations (2), (4a), and (5) yields

J̄H ¼ −
LHH

T

�
−VL∇σH þ ðVLσH − hvib − ZesFαTTÞ

∇T
T

þ RT∇ lnðθLÞ
�
: ð6Þ

To derive Q� from our current model for H transport, we
may equate Eq. (6) to a general model for hydrogen
transport, e.g., from Zhang et al. [35], where J̄H ¼
−ðLHH=TÞ½−VL∇σH þ ðQ�=TÞ∇T þ RT∇ ln θL�. Q� is
hence given by

Q� ¼ VLσH − hvib − ZesFαTT: ð7Þ

The vibrational enthalpy per mole is

hvib ¼ NA

XM
i¼1

(giℏωi

�
1

2
þ
�
exp

�
ℏωi

kBT

�
− 1

�
−1
�
); ð8Þ

where NA is Avogadro’s constant, gi the degeneracy of
vibrational mode i, M the total number of vibrational
modes, ℏ is the reduced Planck’s constant, ωi the H atom
vibrational frequency, and kB is Boltzmann’s constant [42].
The vibrational frequency depends on the interatomic
potentials and masses of H and of the solvent atom [43].
Because of the vast differences between the vibrational
frequencies of H and the host metal, it is assumed that the H
vibrational entropy is independent of the latter.
Here, we show that when LHq ¼ LqH ¼ 0, the heat of

transport is given by the sum of distinct contributions

arising from: hydrostatic stress, vibrational enthalpy, and
electrostatic interactions. According to Wipf [44], the
primary contributions to Q� originate from (i) an intrinsic
migration energy difference between high and low temper-
ature regions (resulting in a net flux across atomic planes),
(ii) thermoelectric fields, (iii) electron scattering, and
(iv) phonon scattering. Equation (7) consists of (i) intrinsic,
Q�

int ¼ VLσH − hvib, and (ii) electrostatic,Q�
es ¼ −ZesFTαT,

factors, both of which were derived from our improved
description of the Gibbs energy [Eq. (1)]. Our intrinsic
contribution bears a resemblance to the classical Wirtz
model for vacancy thermomigration (from transition state
theory) [45]. In Wirtz’s formulation, the driving force for
vacancy transport arises from the difference between the
migration and formation enthalpies of vacancies. Both
quantities depend sensitively on the local hydrostatic stress
and the vibrational enthalpy. However, stress was not
previously reported to affect thermomigration. Using
Eq. (7), a rough estimate of its effect in Fe, where VL ≈
4.1 Å3=atom [46], suggests that it yields a comparatively
small contribution to Q� on the order of 2.5 J=mol per
1 MPa. Our electrostatic model (ii) is consistent with that of
Fiks [47,48]. Factors (iii) and (iv) relate to thermal transport
in metals, and hence, associated H fluxes should only
derive from LHqXq. These mechanisms will be discussed in
greater detail later. As there is no available experimental
evidence of H-affected thermal transport, we will first
consider Eq. (7) alone, such that LHq ¼ LqH ¼ 0.
As discussed earlier, very little heat of transport data is

available for non-hydride-forming materials. To our knowl-
edge, the only published experimental measurements ofQ�
for α-Fe and Ni (materials of interest to the HE community)
were by Gonzalez and Oriani [1] in the 1960s. The authors
used a thermo-osmosis technique to measure Q� in the
temperature range 400–600 °C, which involved enforcing a
temperature gradient across each material (with temper-
ature control at hot and cold ends, Th and Tc, respectively),
while applying a hydrogen gas pressure ph at the hot end,
and measuring the resultant cold end gas pressure pc at
steady state. Elevated temperatures were necessary for this
procedure to ensure that transients were diffusion con-
trolled rather than surface controlled (as the steady state
pressure is determined by interpolation between positive
and negative fluxes). Using the relationship Q�

exp þ ΔH ¼
−½RT2

ave lnðpc
ph
Þ=2ðTc − ThÞ�, heat of transport measure-

ments were obtained, where ΔH is the heat of solution
and Tave the average temperature. The heat of solution must
therefore be known to extract Q� using this procedure. The
authors assumed a fixed value for ΔH for each material.
While all measurements in Fe and Ni were negative over
the temperature range studied (implying redistribution from
cold to hot along temperature gradients), Q� was shown on
average to increase with increasing temperature. For most
hydride-forming materials (Zr, Ti, Nb), which are central to
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most H thermomigration studies,Q� is reported as a positive
value [49], i.e., H flux is of the same sign as heat flux. To
avoid the complexity associated with hydride formation,
however, the experimental data sets for hydride-free Fe
and Ni [1] are used to evaluate our new model. In experi-
ments, the vibrational frequency ω is often given in terms of
the wave number ω̄ ¼ ω=2πc [50], where c is the speed of
light in a vacuum. The wave numbers used here for Fe and
Ni are given in Table I. For hydrogen at interstitial lattice
sites, charge transfer has been estimated using density
functional theory in a number of studies. Juan and
Hoffmann [51] reported charge transfer Zes of 0.12e and
0.16e (where e is the elementary charge, 1.602 × 10−19C)
from Fe to H in tetrahedral and octahedral lattice sites,
respectively, while Itsumi and Ellis [52] reported charge
transfer of up to 0.6e. In Ni, Weng et al. [53] reported a
charge transfer of 0.25e. Charge transfer properties used in
this study are also given in Table I. In Figure 1, we present a
comparison of the predictions obtained from Eq. (7) with
those from CALPHAD Gibbs free energy functions [54].
The CALPHAD Gibbs free energy functions for the

Fe-H and Ni-H systems originate from experimental
thermodynamic data and first-principles calculations with
a functional form dependent on temperature expressed as
GC ¼ aþ bT þ cT lnT þ dT2 þ eT−1 þ fT3. The coeffi-
cients a to f are fitting parameters and are dependent on H
concentration. These functions are utilized here to derive
temperature-dependent heat of transport distributions from
Q�

C ¼ Tð∂=∂TÞð∂GC=∂C̄LÞÞ − ð∂GC=∂C̄LÞ, since Eqs. (4a)
and (6) can be shown to giveQ� ¼ Tð∂μ=∂TÞ − μ. Figure 1
shows weak agreement between Eq. (7) and CALPHAD-
predicted heat of transport distributions, but qualitative
similarities, in that the gradient of Q� with respect to T is
mostly negative. In contrast, both models reveal striking
disagreement with Gonzalez and Oriani’s [1] experimental
data. Having carefully considered key contributors to the
H chemical potential, we therefore hypothesize that these

major discrepancies arise from a nonzero off-diagonal
Onsager coefficient LHq. Specifically, factors (iii) electron
scattering, and/or (iv) phonon scattering, are implicated,
since Onsager reciprocity implies that the absent Q�
contributions have a direct effect on heat carriers (electrons
and phonons). In each case, the driving force derives from
momentum transfer via H impurity scattering [44], which
biases the H jump direction at the saddle point. The role of
phonon scattering in momentum transfer is a subject of

TABLE I. Property data used in modeling the heat of transport. Where data are obtained from experimental
measurements, references are provided.

Property Fe Ni Units Source

ω̄i 880, 1060 800, 940 cm−1 [55,56]

gi 3, 2 3, 2 � � � [55,56]

M 2 2 � � � [55,56]

Zes 0.6 0.25 e [52,53]

αS 3.58 × 10−5T2 − 0.07T þ 32.2 −0.03T þ 1.74 μVK−1 [57,58]

αT 7.16 × 10−5T2 − 0.07T −0.03T μVK−1 T ∂αS
∂T

ρth 4.00 × 10−10T 2.26 × 10−10T þ 1.20 × 10−7 Ωm [59]

dρ
dNH

2.45 × 10−35 7.31 × 10−36 Ωm4 [60,61]

NL 8.49 × 1028 9.15 × 1028 m−3 [62]

FIG. 1. A comparison of the predicted temperature dependence
of the heat of transport using our mechanistic model derived from
the XH driving force (shown in black) and the CALPHAD-based
model (shown in red) with experimental data from Gonzalez and
Oriani [1] for Fe and Ni. Continuous lines represent predictions
in Fe and dashed lines represent predictions in Ni.
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controversy, particularly as it requires that phonon motion
be considered independent of particle motion, and that
phonons transfer real momentum [48]. For these reasons,
we do not consider (iv). The role of electron scattering,
however, is said to give rise to a considerable contribution
to Q� in metals with both electron and hole bands [44]. In
an open-circuit, a zero net electric current is imposed, such
that the only contribution from (iii) in metals with a single
electron band originates from differences in momentum
and scattering between electrons at different temperatures
(and is likely to be small) [44]. In metals with electron and
hole bands (such as Fe and Ni), however, isodirectional
fluxes of both electrons and holes can arise in the direction
of heat flux while maintaining a zero net electric current
[44]. This forms the basis for Huntington’s model for the
charge carrier scattering contribution to the heat of trans-
port Q�

ele [48], sometimes called an electron wind, which
we employ here. The model was derived by considering the
electron drag force for a single ion, Fele ¼ ð1=4π3Þ ×R
R3 ℏkvFςHfðkÞd3k ¼ −ðQ�

ele=NATÞ∇T where k is the
electron wave vector (so that ℏk is the electron crystal
momentum), fðkÞ is the electron distribution function, vF
the electron velocity at the Fermi surface, and ςH the ion (H)
scattering cross-section for electrons. The integral is taken
over all k in reciprocal (momentum) space. The distribution
function f includes Brillouin-zone integrals characterized
by terms KF0 and KF1, respectively. An analogous expres-
sion for the electric current was also derived, with integrals,
KJ0 and KJ1. The resulting Q�

ele is given by

Q�
ele ¼ −FTαS

1þ γ

1 − 2γ
ð1þ 3δÞςHλeNe; ð9Þ

where γ and δ are dimensionless quantities which represent
the ratio of the hole to electron band contribution toKJ0 and
KF0, respectively. λe is the electron mean free path, and
Ne is the free electron density. The difficulty here lies in
quantifying γ and δ. On the basis that the number density of
both charge carriers is equal, γ is approximated as the ratio
of the electron effective mass to hole effective mass (since
KJ0 ∝ ð1=m�Þ), giving γ ≈ 0.1 [48]. For δ, experimental
measurements for the charge of transport Z� are used to
infer approximate values for Fe and Ni; for most one band
metals, Z� is on the order of 1.6e, while it ranges between
just 0.24 to 0.28e in Fe [63,64] and 0.57 to 0.67e
in Ni [63,64]. In Fe, for example, we approximate
δ ≈ 1.6−0.26

1.6 ¼ 0.84, which closely aligns with [48]. In Ni,
we estimate δ ≈ 0.61 using the same approach. In Eq. (9), it
is interesting to note the dependence of Q�

ele on αS; this is
derived from a dependence on the electron energy deriva-
tive of scattering time (rather than from electrostatic fields,
as in ∇μ). To enhance Huntington’s model [48], we relate
the product ςHλe to further experimental observables. From
Matthiessen’s rule, we write the total electrical resistivity as
the sum of temperature-dependent resistivity and resistivity
due to H impurity scattering, ρ ¼ ρth þ ρH, where
ρi ¼ ðme=Nee2τiÞ, me is electron mass, and τi represents
thermal or H impurity scattering time. From Fiks [47],
τ−1H ¼ NHvFςH, where NH is the H number density. When
combined with the expression for ρH, this yields
ςH ¼ ðdρH=dNHÞðNee2=mevFÞ ¼ ðdρ=dNHÞðNee2=mevFÞ.
Assuming the electron mean free path is dominated by
thermal scattering, we approximate λe ≈ τthvF, which yields
ςHλeNe ¼ ðdρ=dNHÞðNe=ρthÞ. Hence, our revised model
for the electron-wind effect is given by
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FIG. 2. Validation of the revised heat of transport model, accounting for the electron-wind effect by comparison with experimental
data from Gonzalez and Oriani [1] for (a) Fe and (b) Ni. Results of the CALPHAD-based model Q�

C in combination with the electron-
wind contribution are shown in red. Dashed lines represent individual contributions to the total heat of transport.
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Q�
ele ¼ −FTαS

1þ γ

1 − 2γ
ð1þ 3δÞ dρ

dNH

Ne

ρth
: ð10Þ

In the low concentration limit (as is appropriate for H in
metals), dρ=dNH is treated as constant, while polynomial
fitting is used to characterize the temperature dependence of
ρth in the temperature range 300 to 1000 K. Polynomial
fitting is also used to capture temperature-dependent
Seebeck coefficient data [57,58], and associated Thomson
coefficient data. For both Fe and Ni,Ne ¼ 2NL, whereNL is
the number of solvent atoms per unit volume, treated as a
constant. A summary of property data is given in Table I.
Accounting for the electron-wind effect, the heat of transport
[Eq. (7)] is now

Q� ¼ VLσH − hvib − ZesFαTT

− FTαS
1þ γ

1 − 2γ
ð1þ 3δÞ dρ

dNH

Ne

ρth
: ð11Þ

Maintaining consistency with the earlier phenomeno-
logical model for hydrogen flux [65], J̄H¼−ðDLC̄L=RTÞ×
½−VL∇σHþðQ�=TÞ∇TþRT∇ lnθL�, where Q� ¼ Q�

intþ
Q�

es þQ�
ele, we may write LHqXq¼−ðDLC̄L=RTÞ×

ðQ�
ele=TÞ∇T. Hence, the off-diagonal Onsager coefficients

are now given by LHq ¼ LqH ¼ LHHQ�
ele. The resultant

particle and heat fluxes are given in Supplemental Material,
Sec. S2 [40]. A comparison of this revised model with
experimental data is presented in Fig. 2, showing a
substantial improvement over Eq. (7).
Using experimental thermoelectric and resistivity data

(see Table I), the electron-wind contribution is shown to
significantly alter the functional form of Q�, so that the
experimental trends [1] are captured; crucially, no free
variables or fitting parameters were required in doing so.
These results support our earlier hypothesis, that thermal
transport mechanisms play a key role in H thermomigration.
The individual contributions to Eq. (11) and a modified
CALPHAD-based model,Q� ¼ Q�

C þQ�
ele, are also shown.

Notably, the electrostatic contribution to XH is shown to be
negligible for each material. For solutes with larger effective
charge Zes, however, Q�

es may represent a more important
contribution. As the intrinsic contribution is given by −hvib
(where σH ¼ 0), it will always promote Q� < 0 and
ð∂Q�=∂TÞ < 0. The electron-wind contribution, however,
is shown to give rise to ð∂Q�=∂TÞ > 0 in Fe and Ni,
consistent with experimental observations. This suggests
that in positive Q� materials like Zr [66], electron-wind
effects are dominant. In the absence of reliable thermoelec-
tric data, however, this is yet to be confirmed. In Ni, Eq. (11)
appears to slightly underpredict the experimental data. It is
worth noting that this discrepancy may arise due to the
omission of anharmonic contributions to hvib, which may
only be investigated using high-fidelity atomistic modeling.
Interestingly, the CALPHAD-based model for Q� with
electron-wind correction is shown to yield improved

agreement with the experimental data over the
CALPHAD-based model alone (see Fig. 1), though its
temperature dependence is inconsistent with our mechanis-
tic model. Nevertheless, we demonstrate its potential to aid
in deriving rough estimates for Q�.
In light of these findings, an interesting discussion

emerges from the failure of CALPHAD models alone to
capture Q� measurements. In particular, parallels between
associated thermodynamic data (excluding the electron-
wind effect) and molecular dynamics (MD) modeling can
be made. While classical MD potentials do not explicitly
account for electronic degrees of freedom, more recent
machine-learning potentials trained on first-principles data
may partially incorporate electronic effects implicitly.
However, neither approach explicitly includes nonequili-
brium electron transport phenomena, such as the electron-
wind effect, which is central to thermomigration. This
highlights the need for modeling frameworks that go beyond
equilibrium energetics and explicitly incorporate electronic
driving forces when addressing thermomigration in metals.
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