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First-principles study of the anisotropic magneto-Peltier effect
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We study theoretically the anisotropic magneto-Peltier effect, which was recently demonstrated experimen-
tally. A first-principles-based Boltzmann transport approach including the spin-orbit interaction shows that Ni
has a larger anisotropy of the Peltier coefficient (AIT) than Fe, consistent with experiments. It is clarified that
spin-flip electron transitions due to the spin-orbit interaction are the key in the mechanism of the large anisotropic
magneto-Peltier effect. Using our method, we further predict several ferromagnetic metals with much larger ATI

than that of Ni.
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I. INTRODUCTION

The spin-orbit interaction (SOI) plays a key role in
mechanisms of various spintronic phenomena, such as the
spin Hall effect [1], the Rashba—Edelstein effect [2,3], mag-
netic anisotropies [4], and the anisotropic magnetoresistance
(AMR) [5-7]. Among them, a transport phenomenon strongly
coupled with the magnetization is the AMR in ferromagnets,
where the electrical resistivity depends on the relative angle
between the charge current and the magnetization owing to
the SOI acting on spin-polarized charge carriers.

Similar to the AMR, thermoelectric coefficients also de-
pend on the direction of the magnetization. The Seebeck
coefficient S in a ferromagnet is dependent on the relative
angle between the directions of the thermal gradient VT
and the magnetization M [see Fig. 1(a)], which is called
the anisotropic magneto-Seebeck effect (AMSE) [8—19]. The
reciprocal effect of the AMSE called the anisotropic magneto-
Peltier effect (AMPE), in which the Peltier coefficient IT
depends on the relative angle between the charge current J.
and M, has also been investigated recently [20-22]. Uchida
et al. [21] directly observed temperature change due to the
difference in the Peltier coefficient AIT = IT; — I1,;, where
1, (IT,) is the Peltier coefficient for M || Jo (M L J.) in
ferromagnetic metal slabs [see Fig. 1(b)]. Uchida et al. [21]
found that Ni, NigsPts, and NigsPds exhibit clear AMPE. On
the other hand, in their experiments, Fe did not show clear
AMPE and NiysFess showed only small signals. They also
observed the similar tendency in the AMSE measurements;
the AMSE signal of Ni was clear but that of Fe was negligibly
small [21]. Although both the AMPE (AMSE) and AMR
are associated with the SOI, we can find a clear difference
in the material dependence between these phenomena; while
Fe exhibits the small but finite AMR [7], no clear AMPE
signal was obtained in Fe in contrast with the case of Ni
with a large AMPE coefficient [21]. The origin of such a
strong material dependence of the AMPE and AMSE should
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be clarified; however, no theoretical study has addressed the
material dependence of these phenomena so far.

In this study, we investigate theoretically the intrinsic
mechanism and the material dependence of the AMPE by
analyzing the anisotropy of the Peltier coefficient AT on
the basis of the first-principles-based Boltzmann transport
approach including the SOI. We show that AIT in Ni is
much larger than that in Fe, in agreement with experimental
observations, and that such a difference in AIT comes from
the presence of the spin-flip electron transition around the
Fermi level in Ni. Using this calculation method, we reveal
that | ATI| of several ferromagnetic metal alloys containing Pt
[23] is much larger than that of Ni. Although we focus only
on the AMPE in this study, the results can be applied to the
AMSE simply by dividing AIT by the temperature 7 on the
basis of the Onsager reciprocal relations.

II. CALCULATION METHOD

In the present analysis, we focus on the intrinsic mech-
anism of the AMPE by applying the first-principles-based
Boltzmann transport approach to bulk ferromagnets. This is
because the AMPE (AMSE) discussed in this study occurs
in bulk ferromagnets and does not require any interfaces,
unlike other phenomena; e.g., the spin-dependent Seebeck
and Peltier effects in magnetic nanostructures [24-26] and
the magneto-Seebeck and Peltier effects in magnetic tunnel
junctions [27-29].

The electronic structure of each system was calculated
by using the full-potential linearized augmented plane-wave
(FLAPW) method including the SOI implemented in the
WIEN2K program [30]. We employed conventional unit cells
for bee Fe and fce Ni [31], where we set M along the [001]
direction [see insets of Fig. 2(a)]. By applying Boltzmann
transport theory [32] to the obtained electronic structures, we
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(a)  Anisotropic magneto-Seebeck effect (AMSE)

VT ferromagnetic metal \74

(b) Anisotropic magneto-Peltier effect (AMPE)

heat released

heat absorbed

ferromagnetic metal

FIG. 1. Schematic illustrations of (a) the AMSE and (b) the
AMPE.

calculated the Peltier coefficient I, (¢« =L, ||) given by

L[ ou(e)e — p)(=g)de
e [ou(e)(—)de

where pu is the chemical potential, f(e) =
{exp [(¢ — n)/kgT]+ 1}~ is the Fermi distribution function,
and  0(€) = 5L 3, (i, K)ve (i, K)S(e — €)  is  the
energy-dependent conductivity. Here, €; ik is the eigenenergy
with wave vector k in band i, v (i, k) [v, (i, k)] is the group
velocity along the direction parallel (perpendicular) to M,
is the relaxation time assumed to be constant, and N is the
number of k points used in the summation. The temperature
T in the Fermi function was fixed to 300 K in our analysis
to compare with experiments performed at room temperature
[21]. We estimated the AMPE from the anisotropy of the
Peltier coefficient AIT = IT; — I1,.

We also analyzed the AMR given by the anisotropy of the
electrical resistivity. The AMR ratio is defined as Ap/pay =
(o) — ,ol)/(%,ou + %,ol), where p (o) is the electrical resis-
tivity when the electric current is parallel (perpendicular) to
the magnetization. Note here that p, (o« =1, ||) is the inverse
of the electrical conductivity o, and is formulated as follows
in Boltzmann transport approach:

1 1
Yy — 2
P Oy foa(e)(—%)de @

By comparing Eqgs. (1) and (2), we see that the numerator
of Eq. (1) gives the difference in the material dependence

between the AMPE and AMR, which will be discussed in
more detail in the next section.
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FIG. 2. Calculated p« dependencies of (a) the anisotropy of the
Peltier coefficient AIT = IT — IT, and (b) the AMR ratio Ap/p.y
for Fe and Ni. (¢) The total DOS of Fe and Ni.

III. RESULTS AND DISCUSSION

In Fig. 2(a), we show the calculated anisotropy of the
Peltier coefficient AIT as a function of the chemical potential
w for Fe and Ni. Here, i = 0 corresponds to the Fermi level
€r. At £ =0, Ni has a AIT of 0.114 mV, which is much
larger than that of Fe [33]. These values of AII are consis-
tent with the experimental ones [21], not only qualitatively
but also quantitatively. We also calculated the p dependen-
cies of AMR ratios for Fe and Ni, as shown in Fig. 2(b),
where the AMR ratio of Fe is larger than that of Ni around
© = 0. Such opposite material dependencies of the AMPE and
AMR clearly indicate that these phenomena follow different
physical pictures, consistent with the findings of previous
theoretical studies [34,35].

To explain the fundamental physical properties of the
Peltier coefficient, one can utilize the following approximate
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expression of Eq. (1), called the Mott formula [36]:

I~

2 2
mksT) 1 [dD(e)} ’ 3

3e D(ep)| de

where IT is the Peltier coefficient and D(e) is the density of
states (DOS). This expression suggests that a smaller D(ep)
and a larger [dD(€)/de].—¢ are better for obtaining a larger
IT and its anisotropy. As shown in Fig. 2(c), the DOS of Ni
satisfies such conditions.

Our results for the AMR ratios can be understood from
the relation that the electrical conductivity is approximately
proportional to the DOS at the Fermi level D(ep), which is
derived in the same manner as Eq. (3) [36]. This relation
holds for the present case because we confirmed that the
calculated o (o)) of Fe is larger than that of Ni, as expected
from the DOS shown in Fig. 2(c). Owing to such a material
dependence in the conductivity, the anisotropy o; — o is also
larger in Fe than in Ni, leading to the AMR ratios shown
in Fig. 2(b). Note here that our calculations for the AMR
ratios took into account only the intrinsic contribution from
the band structures of Fe and Ni. On the other hand, in actual
experiments, s-d scattering due to impurities provides non-
negligible contributions to the conductivity [37], leading to the
experimental behavior that the AMR ratio of Ni is larger than
that of Fe [7]. However, in the case of the AMPE, not only
the DOS itself but also its derivative give a large contribution
to the Peltier coefficient. Therefore, in ferromagnets having
a large [dD(€)/de€].—¢ and a small D(ep), the effect of the
s-d scattering is relatively weakened. This is a possible reason
why our calculated value of AIT in Ni agrees quantitatively
with the experimental results, even though the effect of the s-d
scattering is disregarded and the relaxation time is assumed to
be constant in the present study.

To obtain further insight into the large ATIT in Ni, we focus
on spectral weights A(k, €) =) ;8(¢ — €;x) [38] of Fe and
Ni. Figures 3(a)-3(c) show the two-dimensional wave vector
(k1, k) dependencies of A(k, er) in Fe at kya/m =0, 0.5,
and 1, respectively. Here, k) represents the wave-vector
coordinate parallel (perpendicular) to M; we set k; = k; and
ki =k, in the present case. Owing to the presence of the
SOI, fourfold symmetry of A(k, €) in the (k;, k) plane is
slightly broken for all k,. This gives the anisotropy of A(k, €)
between k and kj directions, AA(k, eg) = A(ky, ky, k;, €p) —
A(ky, k;, ky, €r), as shown in Figs. 3(d)-3(f). From Figs. 3(d)
and 3(f), we see that non-negligible values of AA(K, €g) occur
around the k; and kj lines through (0,0), which can yield
a finite value of ATII. Figures 3(j)—3(1) show the anisotropy
AA(K, ep) in Ni calculated from A(k, €g) shown in Figs. 3(g)-
3(i). We find that Ni has large values of AA(K, ep) especially
at kya/m = 0 [Fig. 3(j)], which distribute broadly around the
ki and k lines through (0,0). Such large and distributed
AA(K, €p) can be the origin of the large AIT in Ni.

To clarify the reason for the difference in AA(K, €p)
between Fe and Ni, we next analyzed the band structures
along the k; and kj lines through I' = (0, 0, 0), as shown in
Figs. 4(a)—4(d). Note that these band structures are calculated
for conventional unit cells introduced in Sec. II. This is why
the band structures in Figs. 4(a)-4(d) are seemingly different
from the well-known ones calculated for the primitive unit
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FIG. 3. (a)-(c) The in-plane wave vector (k| , k;) dependencies
of the spectral weight A(k, €f) in Fe at (a) k,a/m =0, (b) kya/m =
0.5, and (c) k.a/m = 1. (d)—(f) The in-plane wave vector (k, k)
dependencies of the anisotropy of the spectral weight AA(K, €g) in
Fe at (d) k,a/m =0, (e) kya/m = 0.5, and (f) kya/m = 1. (g)-(@) The
same as (a)—(c) for Ni. (j)—(1) The same as (d)—(f) for Ni.

cells [39,40]. The band structures for the conventional cells
are identical to those obtained by folding the band structures
for the primitive cells. If the SOI is absent, we can identify
both majority- and minority-spin bands, which have identical
dispersions in the k, and k; lines [Figs. 4(a) and 4(c)]. When
the SOI is taken into account, the majority- and minority-spin
bands are mixed, and the &k, and kj lines have different band
structures [Figs. 4(b) and 4(d)].

The SOIEL - S = 5[%(L+S, + L_S;)+ L;S;] has two ef-
fects on band structures, where L and S are, respectively,
the orbital and spin angular-momentum operators. First, the
term %(L+S_ + L_S.) gives the spin-flip electron transition
between majority- and minority-spin bands, leading to the
band splitting at their crossing point. In this case, the magnetic
quantum numbers m in these bands need to differ with each
other by 1 [41]. Second, the term &£L.S, gives the spin-
conserving electron transition between bands with the same
spin and the same m, also leading to the band splitting [42].
Since the SOI £L - S mainly affects the band structure along
the kj line, this interaction gives anisotropic band structures in
between k and k, lines, leading to finite AA(K, €f).

Let us discuss each band structure of Fe and Ni in more
detail. In the band structure of Fe in the absence of the SOI
[Fig. 4(a)], we have a crossing point between minority-spin
bands close to e [see dashed arrow in Fig. 4(a)]. However,
the band splitting due to the SOI is rather weak at this point
[Fig. 4(b)]. We can also find other crossing points between the
majority- and minority-spin bands, but they are not close to
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FIG. 4. Band structures along the k; and k; lines through I" for
Fe in the (a) absence and (b) presence of the SOL. (c), (d) The same
as (a) and (b) but for Ni. In panels (a) and (c), d orbitals contributing
to each band are indicated on the curve, where ds2_,» and d,2_» are,
respectively, abbreviated as d_> and d,» for simplicity.

€r; the closest crossing point from €g is at € — eg & —0.09 eV
[see solid arrow in Fig. 4(a)]. Moreover, at this crossing point,
since both majority- and minority-spin bands originate from
the same d,, state (m = =£1), the spin-flip electron transition,
i.e., the band splitting, does not occur when the SOI is taken
into account [Fig. 4(b)]. This is why Fe has small AA(K, €g).
On the other hand, Ni has a favorable band structure for
large AA(K, ep). First, near the center of the k line, three
minority-spin bands cross nearly at a single point around eg
[see the dashed arrow in Fig. 4(c)]. At this point, since one
band includes the d,, component and the other two bands have
the d,»_,» component, the spin-conserving transition occurs
through L., leading to the band splittings. Moreover, we can
also find two crossing points between majority- and minority-
spin bands at € — eg &~ 0.02 eV and ~—0.01 eV, sufficiently
close to e [see the solid arrows in Fig. 4(c)]. In addition,
at one of them with € —ep &~ 0.02 eV, the majority-spin
band comes from the d32_» (m =0) and do_p (m = £2)
components and the minority-spin band includes the d,, (m =
+1) component. Thus, at this point, the spin-flip transition
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FIG. 5. Experimental results on the AMPE and AMSE in the
single-crystalline Ni. (a) Lock-in amplitude Aeye, and phase ¢even
images. (b) Schematic of the setup in the AMPE experiments. (c),
(d) LIT frequency f dependencies of A.yen and @eyen at the corners L
and R of the U-shaped Ni sample.

occurs between the majority-spin ds.2_,2(,2_y2y state and the
minority-spin d,, state through the operator L_,, leading to
significant band splittings. We can conclude that, in the case
of Ni, both the spin-conserving and spin-flip transitions occur
around ep, which is in sharp contrast with the case of Fe
with only a weak spin-conserving transition around €g. These
transitions give rise to a large anisotropy of the band structure
between the k| and kj lines [Fig. 4(d)], which is the origin of
the large AA(Kk, ep) in Ni shown in Fig. 3(j). It is well known
that the exchange splitting of Ni is smaller than that of Fe [43].
This is the reason why the spin-flip transition is more effective
in Ni than in Fe.

As mentioned above, our calculated value of AIT in Ni
agrees with the experimental results in Ref. [21]. However,
we assumed single-crystalline Ni in our calculations, al-
though polycrystalline samples were used in the previous
study. Thus, we carried out the AMPE experiments using a
single-crystalline Ni for direct comparison of our theory with
experiments. Using the lock-in thermography (LIT) [44-51],
we observed the distribution of the temperature modulation
induced by the AMPE on the surface of a U-shaped single-
crystalline Ni slab with M along the [001] direction. During
the LIT measurements, we applied a magnetic field H with
magnitude H = £10.0 kOe and a rectangularly modulated
ac charge current with the amplitude of J. = 1.0 A and the
frequency of f =25.0 Hz, and zero dc offset to the slab
[Fig. 5(b)]. Since the AMPE exhibits an even dependence
on the M direction [21], we extract the H-even component
from the raw LIT images [Fig. 5(a)], where the LIT amplitude
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FIG. 6. Calculated values of AIT at u = O for Fe, Ni, FePt, CoPt,
NiPt, and Ni;Pt. White and black stars indicate experimental values
estimated by the AMPE and AMSE measurements, respectively.
Note that Fe does not exhibit clear AMPE in both the calculations
and experiments. Crystal structures of CoPt, NiPt, and Ni;Pt are also
shown.

and phase of the H-even component are denoted by A.ye, and
Peven» respectively. As seen in the top two panels of Fig. 5(a),
the signal is generated around the corners of the U-shaped
structure and the sign of the temperature modulation at the
corner L is opposite to that at the corner R, which is the
behavior expected for the AMPE. In Figs. 5(c) and 5(d), we
show the f dependencies of Acyen and @even. By combining
these results with numerical calculations based on finite ele-
ment method [21], we obtained AIT = 0.11 mV for single-
crystalline Ni, which is almost the same as that for polycrys-
talline Ni. In Fig. 6, we compare the ATI values obtained by
our calculations with those by the experiments. Here, white
and black stars indicate experimental values estimated from
the AMPE and AMSE measurements, respectively. We see
that our theoretical values agree well with all the experimental
values.

The above calculations remind us of the importance of the
SOI in the mechanism of the AMPE. On the basis of this
knowledge, we predict promising systems for obtaining large
AMPE. We considered L1y-ordered FePt, CoPt, and NiPt, and
L1,-ordered NisPt [52], since Pt has a strong SOI (Fig. 6).
Here, since the [001] direction is special for the L1 structure,
we set M along the [100] direction and estimated AIl =
HH — HL = H[l()()] — H[()l()]. We found that NiPt has a huge
ATI of 1.31 mV, which is more than ten times larger than that
of Ni. It was also found that CoPt and NisPt have relatively

large |ATI|, which are about four times larger than that of Ni
(note that CoPt has a negative AIT). On the other hand, FePt
has a small AT of about half the value in Ni, although FePt
is a well-known ferromagnetic metal with strong SOI. Such
a nontrivial material dependence of ATI clearly indicates that
not only a strong SOI but also a small exchange splitting is
required for obtaining a large ATII. Note that, although the
largest ATIT was obtained, NiPt might have a low Curie tem-
perature (7¢ ~ 200 K) as shown in a previous experimental
study [23]. Thus, to realize huge AMPE at room tempera-
ture, CoPt (Tc 2 800 K) or NizPt (Tc 2 300 K) would be
hopeful.

IV. SUMMARY

We give a microscopic physical picture of the AMPE by
calculating the anisotropy of the Peltier coefficient AIT on
the basis of the first-principles-based Boltzmann transport
approach including the SOI. We showed that Ni has a much
larger ATI than Fe, consistent with recently reported observa-
tions on polycrystalline Fe and Ni. By carrying out additional
AMPE experiments using single-crystalline Ni, we confirmed
that our calculated ATT also agrees with the experimental one
estimated in single-crystalline Ni, which can emphasize the
consistency between our theory and experiments. Analysis
of the band structures clarified that the spin-flip electron
transition due to the small exchange splitting is the key for the
large ATII in Ni. Such an insight is important not only for ad-
vancing the understanding of the AMPE and AMSE but also
for developing research for other spin-caloritronic phenomena
with interconversion between charge and heat currents due to
the SOI. We further calculated ATI in some ordered alloys
including Pt. It was found that L1j-ordered CoPt and NiPt
and L1,-ordered Ni3Pt can have huge |ATI|, which are about
several to ten times larger than that of Ni. Our first-principles
analysis clarified the microscopic mechanism of the AMPE
and predicted hopeful materials to obtain larger AMPE, which
is beneficial for developing nanoscale thermal management
technologies using electronic and spintronic devices. Further
experiments on the temperature dependence of the AMPE
would provide more detailed information on the relationship
between AIT and band structures, which will be addressed in
future works.
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