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The normal thermoelectric power and the Nernst coefficient of ferromagnetic metals are
considered for weak and strong magnetic fields when the Larmor notation frequency of the
conduction electrons, w, is respectively smaller and greater than the collision frequency
1/7 of these electrons. It is shown that the special properties of the electron-magnon
collision operator, referred to in earlier work,m lead to a violation of certain universal
properties (which are characteristic of nonferromagnetic metals) of thermomagnetic co-

efficients.

1. INTRODUCTION

WE showed earlier ['J that the electron-magnon
collision operator of ferromagnetic metals has
special symmetry properties considered as a
function of the energy variables. Expressed in
terms of the relaxation time these properties
mean that this time is a rapidly varying function
of (€ —¢) (€, and ¢ are, respectively, the en-
ergy and chemical potential of electrons) in the r
range | € — ¢ | = T (T is the temperature). Such
properties of the collision operator lead to the
possibility of the appearance of an electric cur-
rent (a thermal current) in the presence of a tem-
perature gradient (an electric field) in the zeroth-
order approximation with respect to the degener-
acy parameter T/¢.

The present paper investigates the influence of
these special features of the electron-spin wave
collision operator on the thermomagnetic effects
in weak (wT = 1) and strong (w7 > 1) magnetic
fields. However, it is assumed that uH < T (u
is the effective magneton) and therefore the spin-
wave spectrum is independent of the magnetic
field. For this condition, the transport equation
solution is of such a form that the quantity which
plays the role of the relaxation time is also inde-
pendent of the magnetic field.

It is known that in ferromagnets the galvano-
magnetic and thermomagnetic coefficients consist
of a normal component, due to the direct effect of
the magnetic field on conduction electrons, and
an anomalous component, due to the relativistic
spin—orbital effect of the magnetization on these

electrons. A theoretical comparison of the order
of magnitude of these two components is very dif-
ficult and we can only say that, on cooling, the
ratio of the anomalous to the normal component
decreases.® On the other hand, there are no
reliable experimental data on the thermomagnetic
properties of ferromagnetic metals. In the pres-
ent work, we restrict ourselves to the calculation
of the normal part of the thermoelectric power
and of the Nernst coefficient, which means that
our results can be compared with experiment only
under conditions such that the normal part can be

When w7 < 1 (as int), it is interesting to
consider the case when the scattering of conduc-
tion electrons (which determines the electrical
resistance) is mainly due to causes other than
magnons. However, if only the non-magnon scat-
tering is allowed for, we obtain the thermoelec-
tric power « and the Nernst coefficient « only
in the first-order approximation with respect to
the degeneracy parameter, although weak scat-
tering on spin waves gives )| and «) in the
zeroth-order approximation with respect to the
degeneracy parameter. It follows, therefore,
that the spin-wave scattering may be important.
If electrons are scattered mainly on defects the
thermoelectric power EY and the Nernst coeffi-
cient are inversely proportional to the first and
second powers of defect concentration, respec-
tively (instead of the zeroth and first powers in
the case of non-magnon-scattering).

In strong magnetic fields (w7t > 1), the
thermomagnetic coefficients o) and a; of ferro-
magnetic metals exhibit the following features.

1) Although allowance for collisions in the
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calculation of @ is important only in the second
approximation with respect to the small parame-
ter (w‘r"), the part of o) due to collisions ap-
pears in the zeroth-order approximation with
respect to the degeneracy parameter and there-
fore it may be comparable to the part calculated
without allowance for collisions in the first-order
approximation with respect to the degeneracy
parameter. The thermoelectric power will then
depend strongly on the magnetic field intensity
(without allowance for collisions with magnons,
the value of «| is independent of the magnetic
field).

2) For the usual types of scattering, « /oy
~ (wT)"! < 1. When the collisions of electrons
with magnons are allowed for, this relationship
is not satisfied. Then the Nernst coefficient may
be comparable with or greater than the thermo-
electric power.

3) For the usual types of scattering, the
product (@ /@) (o1/0y) in independent of tem-
perature and magnetic field. This is not true if
the scattering of electrons on magnons is allowed
for.

2. GENERAL RELATIONSHIPS

In the isotropic case, in the presence of a
magnetic field H along the z axis, a temperature
gradient VT along the x axis and an electrical
field E in the x-y plane, the components of the
electrical current j and of the thermal current
Q (when allowance is made for Onsager’s rela-
tionships [3]) are

je=o0Ex+ o, E,—B, 0T/0z,

jy=—ocE:+ o E,— B 0T/0x,
Q= TBEx—TB E,— &) 0T !0z,
Qy= TB,E.+ T8 ,E, — ¢, 9T/dz,

j:=0, Q.=0. (2.1)
If j=0, then a thermoelectric field appears
Ex= ay aT/ﬁ.‘lI, E‘U =] 6T{01, (2 2)
Byoy —B,o Bys,+oyB
ay= It 2Il i_ L , oy = Il 2_L_L 2lI L . (2.3)
Sj o1 )+ oL

The thermoelectric tensor « is, according to Eq.
(2.3), related to the tensors ¢ and B, and to find
the latter it is sufficient to calculate the electrical
and thermal currents on the application of an elec-
tric field, for example, along the x-axis direction,
and in the absence of a temperature gradient.

The electron distribution function in the pres-
ence of an electric field differs from the equili-
brium Fermi function ny(€), so that
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Ang =n; —ng(e) = — pu. (g) dn,/de (2.4)

(* refer to electrons with different spin direc-
tions; the notation is the same as in (1), If we
introduce as variables the energy (€), the pro-
jection of the momentum along the magnetic field
(pz), and the azimuthal angle in the Larmor
orbit (¢), then the transport equation for An has
the form

dAn
ot }col_ 0.

Here v = 9€/0p is the electron velocity,

= —eH/m*c is the Larmor frequency, and m*
= p/v.

We shall consider separately the cases wT
<« 1 and wT >» 1 (7 is the relaxation time of
conduction electrons).

Bno px o
% ‘/’Exﬁ*“—ma—cpA"Jr{

(2.5)

3. WEAK MAGNETIC FIELDS (wT << 1)

In this case o /oy = B|/B) ® wT << 1. There-
fore, from Eq. (2.3), we have

oy =Byloy, ap=ay(sr/sy +Br/By).  (3.1)
For the non-magnon scattering of electrons
1T 1T Sy
o z—e—;—, aiz?—g—.fotzc—”—au. (32)

We shall now consider the case when spin
waves are among electron scatterers. Since wT
<« 1, the term with the magnetic field in the
transport equation (2.5) is small and we shall
allow for it by the iteration '

Any = An.o+ Any, (3.3)

(up = ux, + Ug, ). The quantities An, ; are defined
by the equations

aﬂo px aAno
oe eExF +{ ot }col =0,

(3.4)
~opom + 3]

Since An; is defined by Eq. (3.4) without
bringing in the magnetic field, its solution is
known: 1 u, is directed along the x axis so that
An, determines fjj, oy, and also the thermoelec-
tric power «j, which remains the same as in the
absence of a magnetic field.

The Nernst coefficient « | is related to
and o), which are calculated with the help of An;.
As shown in [1]’ the symmetry of the electron-
magnon collision operator is such that the tensor
B may appear even in the zeroth-order approxi-
mation with respect to the degeneracy parameter
(and not in the first order as in other types of
scattering). Nevertheless, as shown in our
earlier work, if electrons are scattered only on

= 0.

col

(3.5)
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magnons, the thermoelectric power is found to be
of the same order as «) in Eq. (3.2).
It is easily shown that in this case

~ D ~
a_L~(DTsOC||~6J_d|| S (36)

where TIS) is the momentum relaxation time for

electrons scattered on magnons [cf. [1], Eq. (4.10)].
Thus the results, both for the thermoelectric
power and for the Nernst coefficient, are the same
as for other scatterers.

We shall consider in greater detail the more
interesting case when electrons are scattered on
spin waves less than on other scatterers. In this
case (cf. [1], Sec. 5)

Ui = uio +ulio- (3.7)
Here ug = eETy/m* (74 is the relaxation time
for the non-magnon scattering of electrons) is
the drift velocity of electrons without allowance
for collisions with magnons, and uf is the change
of this velocity when such collisions are allowed
for. Then, although uf < u(g, uj is not an even
function of x = (€ — ¢)/T and therefore it pro-
duces a thermal current in the zeroth approxima-
tion with respect to the degeneracy parameter.
This thermal current is due to the quasi-odd

part of the drift velocity

wly (@) = § [, (2) =y (— )],
and

ono . Td 4 d
— Gl (@) = 1 g () (L (@2 do’ = 2w (3.8)

Substituting Eq. (3.7) into Eq. (3.5), we obtain
(uy is directed along the y axis):

St (2 2)+ (5), —o St i 09

Since the term (0u/dt)g is small, we can use it in
the iteration so that, in analogy with Eq. (3.7), we
have

— d !
Uzl Uiy + Uiy

where
ul, =0t @iy +u'g)s (3.10)
F) ’ aud
— o ) = (P2, (3.11)

It is easily seen that because ‘rd/‘rS «< 1, itis
sufficient to substitute ud (wty )uio into Eq.
(3.11). Then it is convement to write down first
the result for the quasi-odd part

o (3.117)

a ’ Ta d ’
— Fowly (@) = 155 5 (0taput) (L (22) dz
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Since ug is independent of the energy in the

zeroth approximation with respect to the degener-
acy parameter, then the first term in Eq. (3.10)
gives a contribution to §; only in the first ap-
proximation of this parameter (this term is re-
sponsible for 0| = w7qo| ). Thus that part of

w3, of the drift velocity, which is due to the scat-
tering on spin waves and gives a contribution to
B in the zeroth approximation with respect to
the degeneracy parameter, consists of Eq. (3.11)
and the second term of Eq. (3.10):

(3.12)
Comparing Egs. (3.12) and (3.8), we find
. 1 d(lnp)
B/By = 3mrd(1_-§d(l—n7}r—5) (3.13)

Since 0/0) = wTy, we find from Eq. (3.1) that

1 d(
o) = 4mrda" (1——‘71(1%)>

(3.14)
where a is given by Eq. (5.9) in J. From Eq.
(3.14), we conclude that the usual relationship of
Eq. (3.2) is retained between «) and «, but the
quantities «| and «) themselves are different
from the corresponding quantities for the
‘“‘normal’’ types of scattering. In particular, in
the case of scattering on defects, «) is as
pointed out in m—inversely proportional to the
defect concentration; « |, as indicated by Eq.
(3.14), is then inversely proportional to the
square of the defect concentration.

4. STRONG MAGNETIC FIELDS (w7 >» 1)
In this case
o1/ =oT>>1.

It will be shown that a relationship of the type of
Eq. (4.1) is not satisfied by the tensor B if the
scattering of electrons by spin waves is important.
However, before dealing with this case, it is use-
ful to consider the results for the ‘‘normal?’

types of scattering. In the latter case B,/B)

~ wT >» 1, so that Eq. (2.3) assumes the form

(4.1)

oy = —Pp /o,
ap = —@ByBL toylo) oy =) e <ay.

The following conclusions can be drawn from the
foregoing formulas:

1. The temperature dependence and order of
magnitude of the thermoelectric power remain

(4.2)
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the same as in the absence of a magnetic field:
«| is independent of the magnetic field because

o1 B1) = @1)6 B}),

where UO(B”) is the electrical conductivity (the
coefficient §||) in the absence of a magnetic field.

2. The Nernst coefficient « | is inversely
proportional to the magnetic field and w7 is in-
versely proportional to the magnetic field and
w7 orders of magnitude smaller than the thermo-
electric power.

3. The product of these two ratios (o;/a )
(0 /01) is independent of temperature and mag-
netic field.

We shall now return to the case of electron
scattering on magnons. Its characteristic feature
is this: in the absence of other types of scattering
(as well as in the absence of any scattering), the
thermal current (the tensor B) may appear not in
the first but in the zeroth—order approximation
with respect to the degeneracy parameter. We
shall represent the tensor B in the form

By =81 + B BL=B% + L

Here, Bﬂ is due to all types. of electron scattering,
except scattering by spin waves; Bﬂ_ is the value
of B, calculated without allowance for any colli-
sions; and ﬁﬁ and B9 are the parts of B and B
which are related to the scattering by spin waves.

Since 85 appears in the zeroth approximation,
and B°, Bd in the first approximation with re-
spect to the degeneracy parameter, the former
should be allowed for specially in Eq. (2.3).
Therefore, we have

(4.3)

—_ 1
(1“—0.1”‘1‘(13”7 OC||——6—: ) (44)
1
Bls, +B8%s
ap=oaf +aj, aj=-"LL LT 4= ”. (4.5)
o1 o1

When w7t > 1, the collision term in the trans-
port equation (2.5) is small and therefore we
shall use it in the iteration. Then

Ani = An__H, + An__H + An__;.z + .« .

and correspondingly

where
a Py 7]
— TReEy 5 — 0 5-An, =0, (4.6)
so that u, = —cE/H,
) 3 . -
— 05 Anit {w Ani_l}»st— 0 (i=1,2...). (47

All the even approximations to the drift veloc-
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ity, uyp, are directed along the y axis and de-
termine B, and o,; all the odd approximations,
Usn .1, are directed along the x axis and deter-
mine B and oj. From now on, we shall omit the
index of the vector component of uy for the sake
of brevity.

As is evident from Egs. (4.4) and (4.5), ozi is
determined by a correction to the first approxi—
mation with respect to collisions (/3” ), and a”
by the correction to the second approximation
(,B_L) Moreover, according to Eqgs. (4.4) and (4.5)

(4.4%)

so that it is more convenient to calculate ai

first.

o) = ajoy/o; —Bliloy,

5. NERNST COEFFICIENT ai, DUE TO THE

SCATTERING OF ELECTRONS ON MAGNONS
(wr > 1)

We should first determine Anl from the equa-

tion
3[3;1 + {3%?0 }COI -0 (51)

with An; taken from Eq. (4.6). The collision in-
tegral is the sum of the integrals representing
{o64An/at} ¢ and other scatterers {8An/dt}g,
which in this section will be allowed for by intro-
ducing a relaxation time 74, so that

dAn An dAn
= — A +{%7}, (5.2)
Therefore
An; = And + An U, = u‘; + us,
where
1 9 E, . 1 E
d dng a__ x
Any = 0Tq Jde e P=C g 1. u = — ot  H '
and Anls is given by the equation
0An, dAn| _ p (9u] ,
A m=5 { a1 } {W} _T{ﬁ}s’ (5.3)

the form of {ou/ot}g is given by Eq. (2.9) in [
Substituting Eq. (4.6) into Eq. (5.3), we obtain

Ay = ¢ 222 vy Ty Ly (32) a0
Fr {Ls @2) (@ — 2) dr’}. (5.4)
Since the contributions to the electrical and

thermal currents are governed, respectively, by
the quasi-even and quasi-odd parts of the drift

velocity,-- it is convenient to write down the ex-
pressions for them:

) E, , N

— Tl = — ¢ g () SL_ (zz') (z — z') da’, (5.5)
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_%wﬂ— —‘CE*(@Ts) ! SL_ (zz') dz (5.6)

x

From Egs. (5.5) and (5.6) it is evident that the
momentum relaxation time of electrons scattered
on magnons is of the order of 75(7v’ )~! for the
quasi- even part of the drift velocity, and of order
~TgY~ ! for the qua51 -odd part (we should point
out that y ~ Te/¢, ¥’ ~ T/Tg). According to [,
the contribution of the quasi-odd part of Eq. (5. 6)
to the thermal current is (y’)"! times greater
than the contribution of the quasi-even part of
Eq. (5.5), so that the latter can be neglected in
the calculation of the thermal current.

Using Eq. (3.1) from [1]’ and substituting Eq.
(5.6), we find the thermal current Q% associated
with the scattering on magnons:

Qr = — —g—Tp3 (2n?H3)-1 ’;‘_ﬁg dx%x
0
w_(z) —w_(— )] = —%Zci—T i - (5.7)

(N is the conduction electron density). Since
o] = —ecH‘iN, then

(5.8)

Because 73!~ T, therefore aS ~ T.
As is easily proved by means of Eq. (4.4), the
order-of-magnitude value is

T
at z—:——c-(mr)-l, (5.9)

L
where 771 = ( ’ral +7v'7t3") is the total relaxation
frequency of electrons. Comparison of Egs. (5.8)
and (5.9) allows us to conclude that ozl may be
considerably greater than ol | and that the tem-
perature dependence of oS 1 given by Eq. (5.8) is
the same as for the ‘‘normal’’ case a1 given by
Eq. (5.9) when the latter quantity is due to the
scattering on lattice defects and is characterized
by a relaxation time which is independent of
temperature.

6. THERMOELECTRIC POWER aﬁ DUE TO THE
SCATTERING OF ELECTRONS ON SPIN
WAVES (w7 » 1)

The thermoelectric power o can be repre-
sented in the form [cf. (4.4) and (4.5)]

oy = —Py/o, +asoyley. (6.1)

The second term in Eq. (6.1) is calculated by
means of a correction to the distribution function
in the first-order approximation with respect to
collisions, while the calculation of the first term
requires iteration of the transport equation (4.7)
to the second order, so that we have
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R A
Since in the zeroth-order approximation with
respect to the degeneracy parameter, the thermal
current appears only due to the odd (as a function

of x) part of the drift velocity, we shall be in-
terested only in that part of u,. The quantity ud
is an even function of x, and the operator (B/Bt)d
is even (in the sense of Eq. (3.9) in (1] ), so that
(ou /at)d is also an even function of x. There-
fore, it is sufficient to use that part of u, which
is contained in the expression

ous Ous ud
= feu= [ (5)+ () + ()]
In subsequent calculations, it is essential to
divide (a/at)d into terms representing collisions
with phonons (9/0t)f and with defects, the latter
being represented by a relaxation time 7.
Similarly,

(6.3)

d — f D
uf u1+u1.

Neglecting the small terms of the order of y or
v’ compared with the other terms, and introduc-
ing the notation Tf, T? for the energy and mo-
mentum ‘‘relaxation times’’ of electrons scattered
on phononsl), the quasi-odd part of the drift veloc-
ity w., is given by:

— M (2) =

o SLf (zz) Wy (2') — w’y (2)] dz’

av 7
1 dn, Y .» 2
_ —_ _ D
oty W () ( ox ) + (o)-rs e ot Ya )

X SL_ (zz') da’ — G%SL_ (zz') [we, (— )

d(l
+ w2, (2)] dz’ %SL"(I‘I,) {%7 ‘(illlnm; [w! ()
u @] — W, (=) +wl, @1+ Foul ()} da.
(6.4)
Since wa yuf D the terms in braces in

Eq. (6.4) (i.e., a.'i(au /dt)g) are of the order of

i SO S
ot, 17 ot ot?

Ugp.

The first term in the right-hand part of Eq. (6.4),
which originates from w‘l(aul/at)f, is of the
order of

1 Y ¥

W~
ot; -1 0Ty otf

[cf. (5.6)]. Since T? >> T‘;‘, the terms in braces

DThe form of L[*] is irrelevant in our case; all that is
important is that L(x, x') are simply numbers which are in-
dependent of temperature.
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may be neglected as being small corrections of
the order of T%/Tp. It can be shown that the
second and third terms in the right-hand part of
Eq. (6.4) are of the order of

1 T 1 s

~

—u, =~
ot ot 0 Ty W

and the fourth term is of the order of wS;/wT.
Thus

~ 1 1 1

w?y z(‘“u T ot +wr§ ) (6.5)
The relationship (6.5) means that if electrons are
scattered on phonons (magnons), then the ratio of
the components of the tensor S in the second
approximation to its components in the first ap-
proximation contains not (wrf )~ ( (w'rp)‘l) but
a much larger parameter (w‘r%) P ((wrg)™h.
Since

Bj_/ﬁs[i = —2/w.s_1’

then, comparing Eqgs. (6.1) and (4.5), we find that
the first term in Eq. (6.1) is of the order of
aiw_z/W§1.

Furthermore, since

G
(e ).

it is easily seen that the second term in Eq. (6.1)
is either equal in its order of magnitude to the
first term (if the relaxation time for electron
scattering on defects is less than the energy re-
laxation time for electron scattering both on
phonons and magnons) or smaller than the first
term (if the relaxation time for electron scatter-
ing on defects is longer than any one of these
times). Thus for the thermoelectric power aﬁ,
we have:

- Jl Jz Js s
where Jy , 3 are numerical parameters of the
order of umty 2) The expression (6.6) contains all

AThey are determined by integral of certain combinations
of Lg and L_, and can be evaluated. However, in view of
the limitations of the isotropic energy spectrum model, we
present no ‘‘exact’’ numerical formulas.
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the information on the dependence of aﬁ on tem-
perature and magnetic field and on its order of
magnitude (together with Eq. (5.8) of aﬁ). Since

a = TJet, (6.7)
then in moderately strong magnetic fields aﬁ may
be comparable with o} | and then the thermoelec-
tric power « will depend strongly on the mag-
netic field (in accordance with the law o« = A

+ B/H?).

Furthermore, a comparison of Eq. (5.8) with
Eqgs. (6.6) and (6.7) allows us to conclude that «
may be comparable with or even greater than «,
(the latter will occur if, in accordance with the
above discussion, «| depends strongly on H).

Finally, it is easily seen that the ratios
oy/o; and a /o) are now essentially different
and, therefore, (o) /0)) (a)/a)) may depend
both on temperature and on the magnetic field.
Thus the properties of the thermomagnetic coef-
ficents a) and « | listed at the beginning of Sec.
4 do not apply to ferromagnetic metals in strong
magnetic fields.
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