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Thermoelectric effects in magnetic materials were theoreti-
cally investigated with a focus on the magnon-drag effect, in
which charge currents are generated by the collective excitations
of magnetization (magnons). For this purpose, we developed
a numerical technique for calculating charge currents induced
by magnetization dynamics. A temperature gradient is intro-
duced by random magnetic fields consistent with the fluctuation-
dissipation theorem. We identified two distinct components in
magnon-drag currents, one coming from the spin-transfer effect
and one from the momentum-transfer effect, which are inter-
preted in terms of spin-motive forces. We also investigated the
anomalous Nernst effect induced by skyrmion texture. Magnon-
drag transverse currents are generated by the Hall effect either
in the electrons or in the magnons. We found that the latter

process is dominant in our numerical results.

Key words: Thermoelectric effect, Magnon-drag effect, See-
beck effect, Anomalous Nernst effect
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Fig.1 Schematic view of magnon-drag effect. (a) Propagating
spin waves push conduction electrons (momentum-transfer com-
ponent). (b) Gradient of magnon density also induces charge cur-
rent (spin-transfer component).
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Fig.2 Magnon intensity distribution in k-space (a) and in real
space (b) under temperature gradient. (a) Intensity difference
between AT =21 K and 0K is plotted. (b) Snapshot of S is plot-
ted for AT =21 K.
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Fig. 3 Four-terminal geometry for calculating magnon-drag
effect. Normal leads are attached to square sample. Charge
current in each lead is calculated.

(JsE) = Uright) = (Jleft) » (14)
(]ANE) = <.jup> - (jdown) . (15)

TEEND. T T jig & Fig. 3 D left ¥ 7% N 5 BT
Thb. RETIE, FTHEELRECBIL~Y 7 Y F
S RO VTR, RICHEEIRRE & U CI—RE 21
1LREED D BB ORI OV TR D,

41 —HFHIBIRETDYT /Y RSy IHMR

Z U~ BEIEIRRETO~ 7 ) ¥ KT v Zah5iC
OVTORKBEEZBAT S, AY ¥ H OB LA
Lo, MEARTIZFmETRENL <7 U HhE S
nNTws., K@) LY, FHkTEINDE< T JITHL
T, AEVRBEDOWBAESIZIERTHIH, v7 /) v
IRIEOZ2 A AR, JEREPEARNG T OHERE IS X 2 IEWTEIEH O
SIFIIAFAET B, WA S IZREA B O R IR 2 E )
RTF v VTRl 2WHANER T 7 Y F I v 7%
REFHEL, BTomMIHLT

Gy = 1= (1— g)ymagVT (16)

2e?
L) REREHZ). TIT, Fpg YT/ OB
TV -1, pIIAEY MV ZHOIEMBIETDOKE X T
Ho. X (16) O 1IEHIZAE Y BITHS EFIZR,
(8) WZHHbd 5 (HEMIZIE, <27 7 VIRIEOZ2R/A B
X%). pICILBIT %45 2 HIZEB ERITH S L TN,
FEWBIEORX (9) ICHIBT B, T2, ToORPLLID
LAY URBATH T L BB RBAITRGE, B IS
DOBFFRZEAT. OF ) A UBTHIIMNRD S SR
~, GERBEBATHE RS SRS, Fig. 4 128
RO EZRT. KA Sb25 L9 ICmEAERIIH L
THOHFNCER (EMICIEETORNL) SFRIhTw
b, ZOZE XY, EMBKSTH L EHEBITHS LR
hHELGE LTS, W, EEREBITRSEA Y BLEMH

_-005]
B
ol
=
=l
A
=
7
0.1
-@— J,q = 0.5V}
—-@—Jsa = —0.5Vp
0154 5 10 15 20 25
AT [K]

Fig.4 Magnon-drag Seebeck currents in uniform ferromagnet.
They are enhanced when s-d exchange coupling is antiferromag-
netic (Jgq <0).
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Fig.5 (a) Spin configuration of skyrmion system with Ny, =2,4,6,8. (b) Seebeck current (jgg) in skryrmion system. Magnitude of
current is almost unaffected by skyrmion structure. (¢) Anomalous Nernst current (jang) that flows perpendicular to temperature

gradient. (d) (jang) With sign reversal of Jgq.
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