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We study the intrinsic spin Hall effect (SHE) based on the orbitally degenerate periodic Anderson model,
which is an effective model for heavy fermion systems. In the very low resistivity regime, the magnitude of the
intrinsic spin Hall conductivity (SHC) is estimated as 2000~ 30004 e~' Q~' cm™; it is about ten times larger
than that in Pt. Its sign is negative (positive) in Ce (Yb) compound systems with f! (f!%) configuration.
Interestingly, the obtained expression for the SHC depends only on the density of conduction electrons but is
independent of the strength of the c-f mixing potential and the mass-enhancement factor. The origin of the
huge SHE is the spin-dependent Berry phase induced by the complex f-orbital wave function, which we call

the “orbital Aharonov-Bohm effect.”
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I. INTRODUCTION

Spin Hall effect (SHE) is a phenomenon that an applied
electric field induces a spin current in a transverse direction.
It has been attracting a great deal of interest as a method for
creating and detecting spin current. Recently, the SHE in
metallic systems are intensively studied due to the interest
for both the unsolved origin and the possibility of an appli-
cation to spintronics device.'™

Recent intensive studies of the SHE in transition metals
was initiated by the observation of the huge SHC in Pt.> To
elucidate the origin of the huge SHE in transition metals,
theoretical calculations of intrinsic SHE have been per-
formed intensively.'"'* The intrinsic SHE occurs in multi-
band metals with strong spin-orbit interaction (SOI) indepen-
dently of impurities, which has a close relation to the
intrinsic anomalous Hall effect (AHE) in ferromagnetic
metals.'* In Ref. 13, the authors have revealed that huge
SHEs are ubiquitous in multiorbital d-electron systems by
calculating SHEs in various 4d and 5d transition metals. This
study succeeds in explaining sophisticated and systematic
experimental studies by Otani’s group.” Therefore, it is
strongly suggested that the intrinsic mechanism is dominant
in transition metals.

The large SHE in transition metals is induced by the
phase factor of the d-orbital wavefunction in the presence of
the atomic SOI, which we call the “orbital Aharonov-Bohm
(AB) effect.”’> The intrinsic SHC is predicted to be simply
proportional to the spin-orbit polarization at the Fermi level
(I-s),. According to the Hund’s rule, the SHC should be
positive (negative) in transition metals with more (less) than
half-filling. Moreover, occurrence of large orbital Hall effect
(OHE), which is a phenomenon that large d-orbital Hall cur-
rent is induced by the electric field, is also predicted theo-
retically in many transition metals.'> These fact suggests that
a very large SHE and OHE may appear in f-electron systems
compared to that in d-electron systems since SHE and OHE
are proportional to (I-s), and , respectively

In heavy fermion systems, very large AHE appears under
the magnetic field:'*"!"° in clean heavy-fermion systems,
anomalous Hall conductivity (AHC) oy, is independent of p
sufficiently below the coherent temperature 7,,, whereas
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04,5 p~2 above Ty, which indicates that the intrinsic contri-
bution is dominant in such clean samples. In Ref. 20, they
studied the AHE based on the orbitally degenerate periodic
Anderson model (OD-PAM), which is an effective model for
heavy-fermion compounds. The obtained general expression
has succeeded in explaining the huge AHC observed in
heavy-fermion systems. Considering the close relationship
between SHE and AHE, one might expect that huge SHE can
be realized in heavy fermion systems.

In this paper, we study the intrinsic SHE based on the
OD-PAM. It is found that the huge SHE in heavy fermion
systems originates from the orbital AB effect, which is given
by the spin-dependent Berry phase induced by the complex
f-orbital wavefunction. In the low resistive regime, the SHCs
in Ce- and Yb-compound systems are predicted to be about
2000~ 30004 ¢! Q! cm™! in magnitude, which are one or-
der larger than that the value observed in Pt. The sign of the
SHC is negative (positive) in Ce (Yb) compound systems
with f! (f%) configuration since the SHC is proportional to
the spin-orbit polarization (I-s) #.15 The obtained expression
for the SHC does not depend on the strength of the c-f mix-
ing potential nor the mass-enhancement factor. The SHC in
f-electron systems will be measurable by using recently de-
veloped fabrication technique of high-quality heavy-fermion
thin film.?!

Recently, present authors have studied the extrinsic SHE
based on the orbitally degenerate single-impurity Anderson
model (OD-SIAM).?? Using the Green’s functional method,
we have derived both the skew scattering and side-jump
terms analytically. It is found that the side-jump term derived
in the OD-SIAM has a great similarity to the intrinsic term
derived in the OD-PAM: The SHCs are simply proportional
to (l-s)# and their magnitude are almost the same in both
mechanisms. In Sec. IV, we discuss the relationship between
the intrinsic and the side-jump mechanisms.

II. MODEL AND HAMILTONIAN

In the present paper, we study the intrinsic SHE and OHE
for both Ce- and Yb-compound heavy-fermion systems
based on the OD-PAM. In these systems, the number of f
electron or hole is unity, and the total angular momentum J is
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5/2 or 7/2. In the presence of the strong atomic SOI, the J
=7/2 level is about 3000 K higher than the J=5/2 level.
Therefore, we consider only J=5/2 (J=7/2) state in Ce**
(Yb**) ion with 4f' (4f'%) configuration. We note that I-s
=%[J(J+1)—L(L+l)—S(S+1)] is given as follows:

l-s=-2 for J=5/2,

3
l-s:E for J=7/2. (1)
Here, we introduce the following OD-PAM Hamiltonian,
which had been used to explain the large Van-Vleck mag-
netic susceptibility?? and the small Kadowaki-Woods ratio**
in heavy-fermion systems with orbital degeneracy.

. : -
H=2Y, ECroChot > E firiim
ko kM

i i !
+ 2 (Vi inCho+ ViroCrofind) + U 2 iy
Mko iM#M'

(2)
i

where, ¢, is the creation operator of a conduction electron
with spin o==*1. f,tM is the operator of a f electron with
total angular momentum J=5/2 (7/2) and z component
M(-J=M=]) for Ce’* (Yb**). g is the energy for c elec-
trons, Ef is the localized f-level energy, and U is the Cou-
lomb interaction for f electrons. Vi, is the mixing potential
between the ¢ and f electrons, which is given by?°

| 2 [ m
VkMa'= mv“-’ﬂ‘/f% a%ayl (0k» d)k)? (3)

where, a,ﬁfg is the Clebsh-Gordan (C-G) coefficient and
Y"(0, ¢y) is the spherical harmonic function. Here, the C-G
coefficient for /=3 is given by (for [=3)

ar == o{(7112=Ma) 11?8, yyyy for J=5/2,

al ={(12+Ma)TH?8, 01y for J=7/2.  (4)

Here, the k dependence of V; is neglected due to the small
radius of the f-orbital wave function. We also neglect the
crystalline electric field splitting of E/ level since its effect
on the intrinsic Hall effect would not be essential.>> Hereaf-
ter, we put U=0; the effect of Coulomb interaction on the
SHC will be discussed in Sec. IV.

From the expression of the C-G coefficient in Eq. (4), we
see that conduction electrons with T spin mainly hybridize
with M=-5/2 (M=7/2) for J=5/2 (J=7/2), which is con-
sistent with the Hund’s rule: that is the spin and orbital an-
gular momentum are parallel (antiparallel) for J=5/2
(J=7/2). We will show that the sign of the SHC is explained
by the spin-orbit polarization.!> In the present study, we ne-
glect the effect of crystalline electric field on f orbitals since
it is small due to the small radius of the f-orbital wave func-
tion. Hereafter, we put fi=1.

In Fig. 1, we show the band structure of OD-PAM given
in Eq. (2). Here, E,:: represents the hybridization bands given
by Eg =3[ (ex+E) = V(eg—E")*+4|V*]. In this study, we as-
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FIG. 1. (Color online) Band structure of the OD-PAM given in
Eq. (2). Here, E; is the hybridization band.

sume the metallic state, where the Fermi level w lies in the
c-f hybridization band. In this figure, kr is the Fermi mo-
mentum and A=E/— .

Here, the conduction and f-electron Green’s functions for
OD-PAM in the absence of the magnetic field are given by as
follows:2°

¢ |Vk lT|2 -l
ka(w>=<w+u—sk—2—“4 .6
M @+ p=Ey

Gy (@) = Gy () Sypag
+ E G,%,,(w) V;:MG'GIL;U(U)) VkM’o'sz;/['(w) .

(6)

We note that G -(w)=0.?" The diagrammatic expression for
Eq. (6) is given in Fig. 2. G is the f-electron Green’s func-
tion without hybridization given as

1

GY ()= ———.
kM() w+,u—Ef

()

Now, we consider the quasiparticle damping rate I'(w),
which is mainly given by the imaginary part of the f-electron

self-energy, EAk(w) in heavy-fermion systems. In the dynami-
cal mean-field approximation, the self-energy is composed
local f-Green’s function, #EkaMM,(w)Eg(w)éMM,, which
is diagonal with respect to M and is dependent of M in the
orbitally degenerate case.’* Here, N is the number of k

f 0 0 . 0f
Gianr Gk§1 Gk§1 Gy Giap
- <+ X—e—X

V;\X\ lo

V'/\"J[’cr

FIG. 2. The diagrammatic expression for the Green function in
Eq. (6) (Ref. 20).
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points. Therefore, in the present study, we assume that I is
diagonal with respect to M and is independent of the mo-
mentum. Moreover, since f electrons are degenerate in the
present model, we assume that I'j; is approximately indepen-
dent of M and can be approximated as I"y;;, =y, Where
v is a constant. In this study, we perform a calculation of the
SHC using this constant y approximation. Then, the retarded
(advanced) Green’s functions are given by

|Vf|2 )—1

w+u—-F+(=)iy

G,‘;R(A)(w) = (w +pu—E—

Gng(A)(w) =[w+u—-E+(=)iy]™". )

III. CALCULATIONS OF SHC AND OHC

In this study, we calculate ogy based on linear response
theory. According to Streda,’® the SHC at T=0 in the absence
of the current vertex correction (CVC) is given by ogy
=0'ISH+ O'ISIH, where

1 ac A A A
oLy = ﬁv% T JSGRISGM oo ©)

o= Z NZ wdwTr[JS—JCGR I JC

—<R<—>A>:|. (10)

Here, o, and oy, represents the Fermi surface term and the
Fermi sea term, respectively.
In the present model, the charge current operator is given

by ji:—eﬁk#, where —e(e>0) is the electron charge and

s Ok,

X . J
Vkp= 2 _Skckockaz { ok, VkMUCkako +H. C}
(11)

Next, we explain the s-spin current operator jfL In the
present model, §_ is given by
i =S g i S s, 1
§e= 245 ChoCho+ 20 SulwrS me (12)
o M

where Sy,==,,,5[a 1% It is straight forward to show that
SM=—g (g) for J=5/2 (J=7/2). Then, the spin current fi
={0},S.}/2 is given by

A 0'(98k (9ka0—
Ji— ok C,iack0+2{ ( +SM> Tmko

+H.c}. (13)

In a similar way, the total angular-momentum current op-
erator, jLE{ﬁ,i#,jz}/Z, is given by replacing Sy, in eq. (13)
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FIG. 3. (Color online) A schematic view of the anomalous ve-
locity v“.

with M. Then, the orbital angular-momentum current opera-
tor, JOEJJ —JS, is expressed as

JG = {65 .1 2= 2{

dk

NVirse
—(M -8, ke Choftns + H. C}
w

(14)

Then, the orbital Hall conductivity (OHC) ogp= (JO)/E
due to the OHE is given by ooy=0g,+ 0y, Where aJOH and
o-ng are, rOespectively, given by Egs. (9) and (10) by replacing
J, with J.

Here, we study the velocity given by the c-f mixing po-
tential Vi, (Ref. 20)

(?VkMa'

Jk, 2

=v'+0l. (15)

=— z(M - _>kT'?VkMU ok — (Vimo®.0) 1.

Here, v{ is the anomalous velocity given by k derivative of
the phase factor a,, ,=exp{i(M—5) ¢} in Vjy,. Figure 3 is a
schematic view of the anomalous velocity vV, ¢y. Since
vixk, and thus Zv{(de/ dk,) #0, the anomalous velocity
gives rise to the large SHE and AHE in heavy fermion sys-
tems. On the other hand, vfkax gives a normal velocity. In
Eq. (9) and (10), the terms which contain single v{, give rise
to the SHC.

A. Calculation of the Fermi surface term

Here, we calculate the SHC by neglecting CVC according
to Egs. (9) and (10), using Egs. (11) and (13). Ji and J,S} are
composed of the conduction electron term dey/ dk,=d, &
and the hybridization term J,V. Figure 4 shows the terms

for ogy in which j)f,j‘C is composed of zero or one J,,,V;.
Figure 4(a) gives large SHC since d,Vj includes the anoma-
lous velocity in Eq. (15). We note that the terms in Fig. 4(b)
that are composed only of d,e;-dye, vanishes identically.
Moreover, there exists the terms that are proportional to
3, Vi, Vi, as shown in Fig. 6. In Appendix B, we will show
that these terms are much smaller than the contribution by
Fig. 4(a). Therefore, we here focus on the terms in Fig. 4(a).

In this section, we derive the analytical expression for the
Fermi surface term since the Fermi surface term dominates
over the Fermi sea term, as discussed in previous
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FIG. 4. The diagrammatic expressions for ogy. (a) The diagram-
matic expressions for the dominant terms. (b) The diagrammatic
expressions of the terms composed only of d,e,, which vanishes
identically.

studies.!®!1-13.28 The Fermi sea term will be derived in Sec.
III B.

According to Egs. (9), (11), and (13), the Fermi surface
term O'ISH for Fig. 4(a) is given by

4 1{30

=——2, | —+S

SH 277N,§L,2< 2 M)
aV, de
[ (?I];Mo-o"kk kMu'|G 0)|2G0fR(O)+C.C. .

(16)

Here, we confine ourselves to the case J=5/2 state corre-
sponding to Ce** ion. In Sec. IV A, we will discuss the case
for J=7/2 state. Then, by using the following relationships:

2
> MVl = | ’| L (1+165sin* 0), (17)
Mo
> P Vinol? = (18)
Mo
2 Mol Vi = VX1 - 4 sin? 0), (19)
Mo

kV

Isin fsin ¢  dg  degy .
E+k2 k
X y

=—sin fsin ¢, (20)

sin” 07k, dk

Eq. (16) is transformed as follows:

€ 52 laé‘k
Vi~

o Y
SHZ 2 aN 7 =k ok (u E)2

(21)
where k=|k|.
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Here, we analyze Eq. (21) when v is small enough: in this
case

cR |Vf|2 - ~ -1
Gy (0) = Koo oy =(pu-&+il)™,
(22)
h ~ |Vf|2 [V
where &,=g,+—- and [ .= Gy - Since v/ (x> + %)

=7d(x) for small - 'y, we obtain the followmg relationship:

1 T
GRO)|P = ——————==—8u-Ep). 23
G OP =g = F kB ()

Substituting above equation into Eq. (21), we obtain the
following relationship for small y:

—e 52 1dg

— 2, —— Ol E 24
OsH= 2 N21§k&k (= Ep). (24)

Now, we approximate the conduction electron as free elec-
tron. Then, o, for J=5/2 is given by

26 ki e 26

ol om0 ke €20
SHE T 02 ST T o a1

NFS? (25)

where a is the lattice spacing and N represents the number
of large Fermi surface. The first line in Eq. (25) means that
the SHC depends only on the density of conduction electron
nc=k13p/ 372, except for Np. This result suggests that SHCs in
Ce-compound heavy-fermion systems take similar large
negative values. The second line in Eq. (25) is obtained by
putting  kp=m/a. When a=4 A, then e/2ma
~ 10004 ¢! Q7! cm. If we assume that Npg=2~3, we ob-
tain  ogy=2000~3000% ' Q' em™! for Ce-compound
system. Interestingly, the expression obtained above is inde-
pendent of the strength of the c-f mixing potential.

Next, we discuss the Fermi surface term for the OHC. By

replacing JS with J in Eq. (9), o'y, can be calculated in the
same way as SHC. The obtained result is

7
130 (26)

U'IOH =
Thus, o-IOH shows a large positive value in Ce compounds. In

contrast, the relation opy;>|o%y| is satisfied in transition
metals since the SOI is weak and (I-s), < 1.1

B. Calculation of the Fermi sea terms

In this section, we derive the analytical expression for the
Fermi sea term oy, and show that the Fermi surface term (I)
dominates the Fermi sea term (II). According to Egs. (10),
(11), and (13), the Fermi surface term O'ISIH for Fig. 4(a) is
given by
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ol = J d <—+S)
SH 4kaM(, L% M

X{ﬁzgmg%{ﬁcfzw) ) - ) T
_ <R PN A>} a‘;l;iMU g;k{ aG;cR(w) GfR( )
w
R
— GER( )ﬁGf () -<R<_>A>H. (27)

Using the relations in Egs. (17)—(19), and performing the
M ,o summations in Eq. (27), it is transformed as

—e 1 dgy
1= o5 (- 2yt

0 dw
™ | lo-so@-E+ip- V2|
(28)

To perform the w integration in Eq. (28), we rewrite the
integrand in Eq. (28) as follows:

(0+u-e)(w+p—E +iy) - |V]*
=(0+pu-E+iy)o+u-E +iy), (29)
where
+ Y — sk_Ef)
- = 1 T 30
, 2(+q_@ (30)

Then, the w integration in eq. (28) can be performed analyti-
cally as follows:

dw
m(w+,u—E;;+i‘y+)2(w+,u—E,;+iy‘)z
B 1 Ey+E —2pu—i(y" +7v)

(Ef—Ex—i(y" = V)P (Ef— p— iy Eg—p—iy)
(31)

2 Ef—u—iy
AT (32)

[E}E iy =)V Ei—p—iy

We analyze Egs. (31) and (32) when vy is small: since
Im[In(x * iy)]= F w0(x), the imaginary part of Egs. (31) and
(32) is approximated as

_ mo(pu—Ep)

Im{Eq. (31)} = E—E) (33)
270 - Ep)

Im{Eq. (32)} = —(E,“:—E,:)3 , (34)

for Ce compounds, where the Fermi level lies under E/, as
shown in Fig. 1. Substituting above equations into eq. (28),
ogd and oy is given by
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e ‘3 |f|2158k7T5(,LL E})

= , 35
SH™omN< 7 k ok (Ef - E;)? (33)
- 19, 2760(u — EY)
Hb 2 k k
e 36
Osu= 2N§7|f|kak (Ef - E;) (36)

We will explain in Appendix A how to perform the k sum-
mations in Eq. (36). In case of |V/*/(E/-u)>1, final ex-
pressions for olslf_’l and O'HH are obtained as

slla{ == AkFO'ISH’ (37)
o5 = Oy (38)
Here AkF (EL_‘ )za Uand a, —-% — =1+ LiT)z Consid-

ering the relation E; ke Bk, in Fig. 1, 1t is straight forward to
show that Ay _~ 1 up to O[(A/|V/])*]. In this case, we obtain
the following relationships for small 7:

OH ~ TSN ~ — O, (39)

Ly > gy (40)

Therefore, two Fermi sea terms oy and oy almost can-
cel, and as a result, the Fermi surface term oy, gives a domi-
nant contribution to the SHC.!®!1328 Note that the same
relations also hold for the OHC and the total OHC is mainly
given by the Fermi surface term.

IV. DISCUSSIONS
A. SHC and OHC in Yb-compound system

Now, we discuss the SHC for J=7/2, which corresponds
to the case in Yb-compound systems. To perform M, o sum-
mations, we use the following relations for J=7/2:

> M Vi = —1(1 +30 sin? 0), (41)
Mo
> P Vinol* =2V, (42)
Mo
ME Mo|Vipol? = VA1 +3 sin’ 6). (43)

By using the above relationships, we can perform the cal-
culation of o by following Sec. III A. As a result, o%,;, for
J=7/2 takes a large positive value as

L5k e 15
=e__ = .
TSHZ 42 T g 141

The second line in Eq. (44) is obtained by putting kz=1/a.
This result suggests that SHCs in Yb-compound heavy-
fermion systems take similar large positive values. We can
also calculate the Fermi sea for J=7/2 by following Sec.
III B. Then, we recognize the relationship in Egs. (39) and
(40) for J=7/2.

(44)
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FIG. 5. (Color online) Effective Aharonov-Bohm phase in two-
dimensional OD-PAM.

In the same way, the OHC for J=7/2 state is given by

14

ot OH = ?UISH (45)
Therefore, we note that the sign of SHC is negative for
J=5/2, it is positive for J=7/2, whereas the OHC is positive
for both cases. These facts are consistent with the results
obtained in 4d- and 5d transition metals.'>!> In Sec. IV B,
we will show that the sign of SHC is equal to the sign of the

spin-orbit polarization (I-s),."?

B. Orbital Aharonov-Bohm phase factor

In previous sections, we have discussed the SHE based on
the OD-PAM using the Green’s function method. In this sec-
tion, we give an intuitive explanation for the origin of the
huge SHE in heavy-fermion systems. For this purpose, we
consider the two orbital model with M= *5/2, assuming the
strong crystalline field. In the case of J=5/2, the c-f mixing
potential is  given by V. (F) OC{\ngf"(f) Ov—5n0
+Y37(F) Susnet in the real-space representation: if we drop
the second term, it can be approximated as Vj.(r)
% Y33(F) o< e 3%, where ¢,=tan”'(y/x).

In Fig. 5, two examples of the clockwise motion of the
conduction electron along the nearest three sites [fy;—c
—c— f)] are shown. Here, 6; represents the angle between
the incoming and outgoing electron. Therein, the electron
acquires the phase factor ¢3¢ due to the angular depen-
dence of the ¢-f mixing potential in real space, V(). This
phase factor can be interpreted as the orbital AB phase factor
at the f site, which works as the effective magnetic flux
(=306/2m) ¢, through the area of the triangle. Here, ¢,
=2m7fi/e is the flux quantum. On the other hand, V, is
approximately given by V,, (F)xe¥% for J=7/2. In this
case, the effective magnetic flux per triangle is (30°0/2) ¢,
which is opposite to that for J=5/2. Recently, Streda®’ had
discussed the SHE in real space. His study also demonstrate
the essential role of the orbital angular momentum on the
SHE

In summary, a conduction electron acquires the spin-
dependent orbital AB phase factor, which originates from the

PHYSICAL REVIEW B 81, 224401 (2010)

spin-dependent c-f hybridization in the presence of strong
SOI. This is the origin of the huge SHE in heavy-fermion
systems. This consideration also explains the sign difference
of the SHC between Ce and Yb compounds. Thus, the origin
of the SHE in heavy fermion systems is well understood
based on the simplified two-orbital model.

C. Relationship between the intrinsic and side-jump terms

So far, we have studied the OD-PAM with translational
invariance and found that huge intrinsic SHC emerges. Here,
we consider the depletion of f electron. The quasiparticle
damping rate vy increases in proportion to the depletion ratio
x. In the case of x<<1, the intrinsic SHC is independent of x
if 7 is smaller than the band splitting.'"!3 In addition to the
intrinsic term, the depletion may induce the extrinsic terms,
that is, skew scattering term o and side-jump term oy

In the dilute limit where 1 —-x<€1, intrinsic term does not
exist. In this case, present authors had studied the extrinsic
SHE based on the orbitally degenerate single-impurity
Anderson model.?*> For kp=m/a (a is a lattice spacing), the
expressions for skew scattering and side-jump terms are ob-
tained as®’

w e 1
oo =%52;<l~s>w (46)
ol =309 for J=5n (47)
e . T = N
SH™ o ma7 m
ot =209 for =2 (48)
SH™ 2 a7 m ST

for both J=5/2 ({I-s),=-2) and J=7/2 ({I-s),=3/2). Here,
&, is a phase shift for d partial wave. From the above equa-
tion, we find that the extrinsic term is proportional to the
spin-orbit polarization (I-s),,. In these two Anderson models,
both intrinsic term gy and side-jump term gy originate
from the anomalous velocity that arises from the k derivative
of the phase factor in the mixing potential. Here, we compare
Eqgs. (25), (44), (47), and (48). Very interestingly, the follow-

ing relationship holds in a accuracy of *7.2%:
oS = oy (49)

This fact indicates unexpected close relationship between the
intrinsic term and the extrinsic side-jump term, and therefore
it would be very difficult to distinguish these two mecha-
nisms experimentally. This fact would be the reason why
intrinsic (or side-jump) term are widely observed from single
crystals to polycrystal or amorphous compounds.

V. SUMMARY

In this paper, we studied the intrinsic SHE and OHE
based on the OD-PAM. We derived the analytical expression
for the intrinsic SHC and OHC based on the linear response
theory. In calculating SHC and OHC in this study, we have
performed the €, integrations among several electronvolt ac-
curately. Consequently, the dominant contribution for the
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SHC arises from the heavy quasiparticles with narrow band-
width. We found that both SHC and OHC are mainly given
by the Fermi surface term (I). The obtained results for Ce-
compounds (J=5/2) are given by Egs. (25) and (26) and
those for Yb compounds (J=7/2) are given by Egs. (44) and
(45). The SHCs for both compounds are approximately ex-
pressed by Egs. (47) and (48). These results suggests that
SHCs in Ce (Yb) compound heavy-fermion systems take
similar ~ large  negative  (positive)  values; 2000
~3000% ¢! Q7' cm™! in magnitude. The mechanism of the
huge SHE and OHE in f-electron systems is the orbital AB
effect, which is given by the spin-dependent Berry phase
induced by the complex f-orbital wavefunction. Therein, the
SHC is proportional to the spin-orbit polarization (I-s),. The
SHC in f-electron systems will be measurable by using re-
cently developed fabrication technique of high quality
heavy-fermion thin film.>! For the same reason, large SHE
may be expected in > systems such as U- and Pr-based com-
pounds. However, quantitative calculations are important fu-
ture problems.

Here, we briefly comment on the effect of the Coulomb
interaction U. In the present study, we have calculated the
SHC with U=0. In the PAM, the effect of the self-energy
correction is represented by the renormalization of the mix-
ing potential V7o — \zViye» Where z7'= 1—%2(8)=m*/m
is the renormalization factor due to the self-energy.>*3! Since
the SHC obtained in this study is independent of Vj,,,, the
SHC will be independent of the mass enhancement due to
Coulomb interaction. (In contrast, the AHE under the mag-
netic field is proportional to the magnetic susceptibility x°
«m”/m.) Next, we discuss the CVC due to Coulomb inter-
action. In Ref. 20, it was proved that the CVC by U does not
give rise to the skew scattering term and thus its quantitative
effect on the SHE is expected to be small.*® However, the
CVC due to spin fluctuations might be significant in nearly
quantum-critical point.3> This is an important future issue.
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APPENDIX A: DERIVATION OF Eq. (38)

Here, we explain the way we performed the k summations
in Eq. (36) and derive Eq. (38). In performing the k summa-
tions analytically, we assumed that the density of state N(w)
for conduction electron is constant: 2, =N(0)[de;. Then
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FIG. 6. The diagrammatic expression for the term proportional
to akaM(rakaM(r-

term in the bracket in Eq. (A1) is approximated as =1. As a
result, ogp is given by
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APPENDIX B: CALCULATIONS OF THE TERM
PROPORTIONAL TO 8,V 4,V

In the main text, we have calculated the term proportional
to d,Vd,e; and explained that it gives a dominant contribu-
tion to the SHC. In this appendix, we derive the SHC given
by d,Vyd,Vj and show that it is very small and negligible. In
this case, to perform the M, o summations, we use the fol-
lowing relations:
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Here, we first perform the calculation for the Fermi sur-

face term. By using the above relationship shown in Eqgs.
(B1), the SHC given by (A)—(D) in Fig. 6 is given by
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The diagrammatic expressions for Eqs. (B2) and (B3) are,
respectively, given by (A) and (B), and (C) and (D) in Fig. 6.
The contributions from the diagrams (E) and (F) turn out to
cancel out.

When vy is small, we obtain a following relationship:
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Substituting the above equations into Egs. (B2) and (B3),
and performing the k summation, we obtain
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Osy = %EQNFS’ (B6)

where a is defined by |u—g |=ag, .

In a similar way, we calculate o’ISI‘i‘I and o’ISH After per-
forming the M, o summations using Eq. (B1), we obtain the
following expression of the Fermi sea term for (A)-(D) in
Fig. 6:
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As explained in Sec. III B, after performing w integration,
above expressions are rewritten as follows for small 7:
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Performing the k summations in Eq. (B9), and as a result, we
obtain the following expressions for

2 16
g P = EAkF|:_,8

Nps, Bl1
7 21 :| FS ( )

where S is defined by |E+
1, the relation a= B~ 5 is satisfied since E} ~gy, is satis-
fied in the present model. Since the relatlon Ak =1

+0[(A/V,)2] holds well as discussed in Sec. III B, O'ISH is
given by

—ul= Bsk As recognized in Fig.

ohiA-D) (B12)

To perform k summations in Eq. (B10), we use the fol-
lowing approximation: Ek#ZN(O)k% [de,. Then, ogfy is

given by
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Fmally, we obtain the final expressions for oy, o5y and
ouh are given by the summations of Egs. (25) and (B6), Eqgs.
(37) and (B11), and Egs. (38) and (B13), respectively.
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Here in Egs. (B14)—(B16), the terms that is proportional to «
is given in Fig. 6. In total, the SHC is given as

o e <26 1 )N
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In Eq. (B17), the factor 26/21 and «/42 in the bracket come
from the terms with d,V;d,&; and the terms with d,V;d,Vy,
respectively. Since a~1/2, the terms proportional to
9, Vid,e shown in Fig. 4 gives a dominant contribution.

(B17)
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