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We theoretically study the twofold and fourfold symmetric anisotropic magnetoresis-
tance (AMR) effects of ferromagnets. We here use the two-current model for a system
consisting of a conduction state and localized d states. The localized d states are ob-
tained from a Hamiltonian with a spin—orbit interaction, an exchange field, and a crystal
field. From the model, we first derive general expressions for the coefficient of the twofold
symmetric term (C3) and that of the fourfold symmetric term (Cy) in the AMR ratio.
In the case of a strong ferromagnet, the dominant term in C5 is proportional to the
difference in the partial densities of states (PDOSs) at the Fermi energy (Er) between
the de and dv states, and that in C} is proportional to the difference in the PDOSs
at Fr among the de states. Using the dominant terms, we next analyze the experi-
mental results for FeyN, in which |Cy| and |Cy| increase with decreasing temperature.
The experimental results can be reproduced by assuming that the tetragonal distortion

increases with decreasing temperature.

1. Introduction

The anisotropic magnetoresistance (AMR) effect is a phenomenon in which the elec-
trical resistivity depends on the relative angle between the magnetization (M) direction
and the electric current (I) direction (see Fig. 1)."7 The AMR effect has been studied
extensively both experimentally and theoretically since 1857, when it was discovered by

W. Thomson." The AMR ratio, which is the efficiency of the effect, is generally defined

*E-mail address: kokado.satoshi@shizuoka.ac.jp
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by
Ap(o) — plo) —p1

P N pL ’ )

with p; =p(7/2). Here, ¢ is the relative angle between the thermal average of the spin
(S) (x—M) and I, and p(¢) is the resistivity at ¢.
Experimentally, Ap(0)/p has been measured for various ferromagnets such as Fe,?

Co,Y Ni,¥ Ni-based alloys,? and half-metallic ferromagnets.®®) In addition, the AMR

ratios of many ferromagnets have been observed to be

A/)T@) = cg + €2 cOs 20, (2)

where ¢, is the coefficient of the twofold symmetric term and c¢q is chosen to be ¢, so as
to satisfy Ap(m/2)/p=0.10-11,16-18)

Theoretically, expressions for Ap(0)/p have often been derived by using electric
transport theory based on the two-current model with s-d scattering.?3%6:19.20) The
s—d scattering means that the conduction electron (denoted as s) is scattered by im-
purities into the localized d states (denoted as d) with the exchange field and the
spin-orbit interaction. As a representative study, Campbell, Fert, and Jaoul (CFJ)?
derived an expression for Ap(0)/p for strong ferromagnets®") such as Ni-based alloys
[see Eq. (E-10)]. On the basis of the CFJ model,? Malozemoff obtained an expression
for Ap(0)/p for weak ferromagnets®") as well as strong ferromagnets.>% In addition,
we extended the CFJ model? and the Malozemoff model>® to a more general model,
which could systematically explain the experimental results of Ap(0)/p for various fer-
romagnets including half-metallic ferromagnets.!?)

We also derived the analytic expression for Ap(¢)/p given by Eq. (2).2) We then
showed that the twofold symmetric feature of Eq. (2) could be intuitively explained
by considering the d states distorted by the spin—orbit interaction. Note here that the
crystal field of the d states was not taken into account in the derivation of Eq. (2).
The d states were indexed by M=0, +1, and +2, with M being the magnetic quantum
number of the 3d states. Furthermore, the partial density of states (PDOS) of each d
state at the Fermi energy (Er) was assumed to be constant regardless of the d state.

22-31

Recently, the AMR ratios of several ferromagnets®*Y have been experimentally

observed to be
Ap(¢)

p
Here, Cy (Cy) is the coefficient of the twofold (fourfold) symmetric term, and Cj is

= Cp + Cy cos 2¢ + Cy cos 4¢. (3)
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chosen to be Cy — Cy so as to satisfy Ap(m/2)/p=0. For example, |Cs| and |Cy| for Fe,N
increase with decreasing temperature 7 as shown later in Fig. 11.22726) The coefficients
C, and C, were measured to be Co=—0.0343 and C,=0.00556 at T=4 K.2?

The set of Cy, Cs, and C4, however, has seldom been derived within the frame-
work of transport theory and has often been represented by phenomenological expres-

27-29,52,33) We anticipate that expressions for Cy, C5, and Cjy obtained by transport

sions.
theory will play an important role in the analysis and understanding of the AMR ef-
fect. We also predict that the fourfold symmetric term in Eq. (3) may appear under
the crystal field of the d states, which was neglected in the previous models'? [i.e., Eq.
@)

In this paper, we obtained Cy and C; by extending our model'*?% to one with a
crystal field. We first performed a numerical calculation of Cy and C for a strong ferro-
magnet using the d states, which were obtained by applying the exact diagonalization
method (EDM) to a Hamiltonian of the d states with a crystal field. The result revealed
that C'y appears under a crystal field of tetragonal symmetry, whereas it vanishes under
a crystal field of cubic symmetry. We next derived general expressions for the resistivity,
Cs, and Cy for ferromagnets with the tetragonal field using the d states, which were
obtained by applying first- and second-order perturbation theory (PT) to the Hamil-
tonian. From the expressions, we obtained expressions for Cy and Cj for the strong
ferromagnet with the tetragonal field. The result showed that C5 cos 2¢ is related to the
real part of the probability amplitudes of the specific hybridized states and C} cos4¢ is
related to the probabilities of the specific hybridized states. In addition, we performed
a simple analysis of the experimental results of Cy and C} for Fe4N using the dominant
terms in Cy and C) obtained by PT. The experimental results could be reproduced by
assuming that the tetragonal distortion increases with decreasing 7T'.

The present paper is organized as follows: In Sec. 2, we obtain wave functions of
the localized d states by applying first- and second-order PT to the Hamiltonian of
the localized d states. Using the wave functions, we derive general expressions for the
resistivity, Cy, and CYy for ferromagnets. In Sec. 3, we obtain expressions for Cy and Cy for
a strong ferromagnet from the above-mentioned C5 and C}. In addition, we perform the
numerical calculation of C5 and Cj using the d states, which are obtained by applying
the EDM to the Hamiltonian. We then compare C; and Cj obtained by PT and the
respective values obtained by the EDM. In Sec. 4, we analyze the experimental results of

C5 and Cy for FeyN. The conclusion is presented in Sec. 5. In Appendix A, we show the
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matrix of the Hamiltonian. In Appendix B, we give the zero-order states of the d states,
which are obtained by performing the unitary transformation on the perturbation term.
In Appendix C, we describe the overlap integrals of the s—d scattering rate. In Appendix
D, we give an expression for the s—d scattering rate. Section E shows that the present
Ap(0)/p (=2C5) coincides with our previous model'®?” and the CF.J model? under

appropriate conditions.

2. Theory

In this section, we obtain general expressions for the resistivity, Cy, and Cy in a
model in which I flows in the = direction and (S) (ox—M) lies in the xy plane (see
Fig. 1). We here use the two-current model with s—d scattering in which the conduction
electron is scattered into the localized d states by nonmagnetic impurities.? 3 %6:19.20)
The d states are obtained by applying PT to a Hamiltonian of the d states. We also

explain the numerical calculation method for Cy and C4, in which the d states are

obtained by applying the EDM to the Hamiltonian.

z
1 //Ferromagnet

y

Current | ‘ Average of spin (S)
X

Fig. 1. (Color online) Sketch of the sample geometry. The current I flows in the z direction, the
thermal average of the spin (S) (x—M) lies in the zy plane, and ¢ is the relative angle between the
I direction and the (S) direction.

2.1 Hamultonian

We first present the Hamiltonian H of the localized d states of a single atom!®3%
in a ferromagnet with a spin—orbit interaction, an exchange field, and a crystal field
of tetragonal symmetry. This crystal field represents the case that distortion in the z

direction is added to the crystal field of cubic symmetry.?®) Note that C, appears under
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a crystal field of tetragonal symmetry, whereas it vanishes under a crystal field of cubic
symmetry, as will be described in Sec. 3.2.

The Hamiltonian H is expressed as

H="Hy+V, (4)
7_[0 = chbic - H- 87 (5)
V= ‘/;0 + ‘/t-;etrav (6)

with

Houvie = 3 | Bellry, xo (8)) {2y Xo (9)] + Iy, Xo (9)) (92 Xo (9)] + |22, X0 (8)) 2, X0 (9)])
o=%

4<Eyﬂx2——y2,x00¢»(x2——yQ,xU(¢H<+|322——r2gx00¢»<322-—72,xg(¢)D],

‘/so = AL - Sa
Viewa = 3 [0:(122 %0 (8)) (22 X0 (9)] + 32, X0 ()} y2, X2 (6)])
o=%

0,182 = 1%, X (6)) (32 =% %o (9)

and
S = (S,.5,,5.), (10)
L= (L. L, L), (11)
H = H(cos ¢, sin 6, 0), (12)

where H > 0. Here, S is the spin angular momentum and L is the orbital angular
momentum. The spin quantum number S and the azimuthal quantum number L are
chosen to be S=1/2 and L=2."")

The above terms are explained as follows: The term Hupic represents the crystal field
of cubic symmetry. The term —H -5 is the Zeeman interaction due to the exchange field
of the ferromagnet H, where Hox—M and Hx(S). The term V, is the spin—orbit inter-
action, where \ is the spin—orbit coupling constant. The term Vi, is an additional term
to reproduce the crystal field of tetragonal symmetry. The state |i, x,(¢)) is expressed
by 17, Xo(0))=|i)|xs(¢)). The state |i) is the orbital state, defined by |zy)=zyf(r),
lyz)=yzf(r), [zz)=2zf(r), |2* —y?)=3(a® —y*) f(r), and [32° —r?)=57=(32% —?) f(r),
with f(r) being the radial part of the 3d orbital, where r:\/m. The states

|zy), |yz), and |zz) are referred to as de orbitals and |2% —y?) and |32? —r?) are referred
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to as dy orbitals. The quantity E. is the energy level of |zy) and E., is that of |2 —y?).
The quantity A is defined as A=E, — E, J. is the energy difference between |zz) (or
lyz)) and |zy), and §, is that between 322 — r?) and |2? — y?) (see Fig. 2). The state
IXo(¢)) (6=+, —) is the spin state, i.e.,

X+(8)) = —= (e[ 1)+ 1), (13)

-5~
N}

X-(0) = E(—e’wl N+, (14)

which are eigenstates of —H - S. Here, |x+(¢)) (]x—(¢))) denotes the up spin state
(down spin state) for the case that the quantization axis is chosen along the direction
of (S). The state | T) (] |)) represents the up spin state (down spin state) for the case

that the quantization axis is chosen along the z axis.

Energy
# |322—r2,0'>
A ___$_7 |x2—y2,0'>
————— |XZ,O'>, |yz,o>
O $5€

o)

Fig. 2. Energy levels of the 3d states in the crystal field of tetragonal symmetry. The energy levels

are measured from F..

Regarding the parameters, we assume the relations A/H < 1, [\|[/A < 1, 6. /A K
1, and ¢,/A < 1, bearing a typical ferromagnet in mind. In particular, H, A, and ||
are roughly set to H~1 eV, A~0.1 eV, and |A\|~0.01 eV.3%37)

2.2 Wave functions of localized d states

To obtain the wave functions of the d states, we apply first- and second-order PT
to H of Eq. (4). Here, Hy of Eq. (5) is the unperturbed term, while V' of Eq. (6) is
the perturbed term. When the matrix of H is represented in the basis set |zy, x(¢)),
192, X0 (), 12 X0 (@), 5% — 12, Xo(@)), and [32% — 12, x,(6)), the unperturbed system
is degenerate (see Table A-1 in Appendix A). We therefore use PT for the case that

38,39)

the unperturbed system is degenerate. First, the unitary transformation is per-
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formed for the subspace with the basis set |zy, x+(9)), |y2, Xo(¢)), and |xz, x,(4)) as
mentioned in Appendix B. As a result, we obtain the zero-order states as [, x4 (¢)),
50 X (8D, 1€ X+ (6D, [0 X (@), 16 x_(6)), and [¢_, x_(@)). Here, & and 6. repre-
sent the eigenvalues of V' in the above subspace, where £ is given by Eq. (B-1). The

respective zero-order states are expressed as

€ax+(0)) = A[ (0 = VI H W)y, x4(6)) +iAsindlyz, x+ (9)) — iAcos ooz, x+(6)

10c, X+(0)) = cos Plyz, x+(0)) + singlrz, x1(9)),

& (6)) = B3 + /32 + W)[ay, x4 (8)) + iAsin dlyz, x+ (6)) — iAcos frz, x+(6)) .

€6 x-(6)) = A0 = /B F Xz, x-(6)) — iXsin glyz, x-(6)) + iXcos dlaz, x-(9))]

|02, X~ (9)) = cos Plyz, x—(9)) + sin plzz, x_(9)),

(17)

(18)

(19)

€0 (6)) = B| (0. + V& + W)lay, x-(9)) — iAsin 6lyz, x-(9)) + iAcos ofoz, x-(9))]

with
A= (2024 2)\% — 26./62 + \2) 712, (21)
B = (262 + 202 4+ 26./62 + \2)71/2, (22)

NeXta USing the basis set |§+7Xi<¢)>a |65,Xi(¢)>7 ’f*)Xi((b)% ‘12 - y27Xi(¢)>7 and
1322 — 1% x+(¢)), we construct the matrix of H of Eq. (4) as shown in Table I. In the

construction, we perform, for example, the following operations:

AMLaSz + LySy)e, x-(9)) = 1

: V262 232 F 26./6F 1 X2

X { \/? [32% — %) (=i cos 20| x+(9)) — sin 2¢|x—(¢)))

A2 2 2 1o
Hio|a® =47 x4 (9)) — 5 A |2y, x-(9))

+i%(55 T2+ N
x[[z2) (i sin |x+(¢)) — cos p|x-(¢)))

7/42
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Table I. Matrix representation of H of Eq. (4) in the basis set |4, x+(9)), |9¢, X+ (0)), &=, x+(9)),
‘€+ax—(¢)>7 |567X—(¢)>7 |£—7X—(¢)>7 |‘T2 - y27X+(¢)>7 |SC2 - y27X—(¢)>7 |322 - T23X+(¢)>a and ‘322 -
72, x—(#)). Here, & is defined as £1=(0. 4+/02 + A\2)/2 [see Eq. (B-1)]. In addition, A and B are given
by Egs. (21) and (22), respectively. In this table, (¢) in x,(¢) is omitted due to limited space.

1€+, x+) [0y x+) 16—, x+) 164, x-) [0e,x—) -, x—) l«® — ¢?,  2® — %, 327 — 7, 327 — 7,
X+) X-—) X+) , X-) 2
(Esx -F4e 0 0 0 5 0 0 —ixA VA A
X (26— = A) x(26-+3%) X sin 2¢ X cos 2¢
(e, x+1 0 -4 0 24 0 AB —i 0 _i/aa VN
X(—26- + X(—26- + X cos 2¢ X sin 2¢
A) A)
€ x4l 0 0 “Hie o0 AB 0 0 —iAB — V5328 Y3328
X (264 — N) x (264 +3) xsin2¢ X cos 2¢
(v, x| 0 a4 0 Hoiey 0 0 —iAA 0 ;Y3)24 —¥3x%a
x(—2¢6- + x (26~ + 3) X cos 2¢ X sin 2¢
A)
ol 0 3 0 Fao 0 0 e
X (26— —X) X (24 — A) X sin 2¢ X cos 2¢
(€= x| 0 2D 0 0 0 LS —iAB 0 i35 325
xX(—26- + x (264 + %) X cos 2¢ X sin 2¢
A)
(2 — 9%, o0 i3 0 iAA 0 iAB -4 A 0 0 0
X+ \ \
x (26~ +3) X (26+ + 3)
(2 — 92, XA 0 iAB 0 —i) 0 0 HiA 0 0
I
x (26~ +3) x (264 + 3)
(32 — 2, A L Y. X ~EE g 0 —Z4Aat 0
X+ by
X sin 2¢ X cos 2¢ X sin 2¢ X cos 2¢ X sin 2¢ X cos 2¢
i e e R S 0 0 et
X—
X cos 2¢ X sin 2¢ X cos 2¢ X sin 2¢ X cos 2¢ X sin 2¢
+|yz) (i cos §|x+(¢)) + sind|x-(9)))] ¢ (23)
ALy S, + L,S,)|6 _ VBN g 2
(LaSe + LySy)l0e, x-(9)) = i—5—[327 —17)(isin2¢|x+(9)) — cos 2|x-(¢)))
A A
. 2 2
—igle® =47 x-(9)) + Slwy, x4 (). (24)

Equations (23) and (24) play an important role in Cy and Cj as described in the ¢
dependence of the wave functions in this section.

Applying the usual first- and second-order PT to H in Table I, we obtain |7, x.(¢)),
where 7 (¢) denotes the orbital index (spin index) of the dominant state in |i, x.(¢)).
The d state of the up spin |7, x4 (¢)) is expressed as

Crx(0) = cepq(l2® =7 x=(0)) + wiisT o sin26[32” — 1%, x4 (9))

+w§:2’:27_ cos 20322 — 1%, x_(8))) ... , (25)

8,/42
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0 x+(0) = caill2® =42 xa(0)) + Wit o, 08 20]32% — 12, X1 (9))
+whs . sin20]322 — 1% y_(9)) ... | (26)
€ x4(0) = ce_sl(l2® =12 x=(9) +wist o sin20[32% — 12, x4 (0))
+wsst e cos20[322 — 1% x_(#)))... . (27)
22 = 12 x4 (0) = ooy (127 — 4P xe(9)) +wha Vs, cos20[327 — 12 x4 (9))) ...
(28)
322 =2 X1 (0) = s (1327 — 2 x4 (0) + wlil i cos 2002 — P x4 (0))) ...
(29)
and the d state of the down spin |, x_(¢)) is expressed as
Erx=(0) = cep (17" = 4* x4 (0)) + wihiT o, c0520|32% — 1, x4 (6))
twi e sin20]322 — 1% x_(0)) ... | (30)
0 x=(8) = (2% =y x=(8)) + Wi o, sin 20327 — %, x1.(0))
Fwi e cos20[322 =12 x_(9))... , (31)
Ex=(0) = ce (127 = y? X+ (0)) + Wi a, c0520]322 — 1% x4 ()
i, sin20]32% — 12 x_(9)) ... | (32)
22— 12 X=(0) = oy (j2? — yP X_(0)) + wiaYi cos20[322 — 1% x_(0)) ... |
(33)
322 =12 x(9)) = esapa (1322 — 1% x_(0)) + wli L cos20|a® — P x_(9)) .. .
(34)

In the right-hand side of Eqs. (25)—(34), we specify only the [32% — r% x,(¢)) and
|22 — %, x»(¢)) terms because these states contribute to the present transport in which

I flows in the x direction (see Appendix C). The dominant states in |y, x,(¢)),
10c, X (8)); [6-5 Xo(9)), |22 — ¥%, Xo(#)), and [32% — 7%, x,(¢)) are respectively written
as &4, X0 (), 10 Xa(8)), 6= X0(9)), 2% — ¥, X0 (9)), and [322 — 12, X,(¢)), although
they are not shown in Egs. (25)—(27) and (30)—(32). The other states, except for the
dominant state in each |i, x.(¢)), represent the slightly hybridized states due to the

spin—orbit interaction. The quantity w;f, cos 2¢ or w;f, sin 2¢ represents the probability

[XS
j7o.

amplitude of |j, x»(¢)) normalized by ¢; .. Here, w?’ is the coefficient of the cos2¢ or
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[ 0 zl4 zl2 3z/4 T S5zl/4 3nl2 Trxl4 2r

- et s
. I
|

sing |32 -r%,7.)

1) 0 zl4 rl2 3rl4 T 5z14 3zxl2 Txl4 2z

2.2 x<5> _Xéf) ¥<5><S>X <SX I 4

S$ng 13212, z,)

(b)

Fig. 3. (Color online) (a) Schematic illustration of the ¢ dependences of |zz,x_(¢)), cos |32 —
72, X+(9)), and sin ¢[322 — r?, x_(¢)) in ALy Sy|zz, x_(4)) of Eq. (A-1). The upper part shows the top
view (looking down along the 2 axis) of |22, x_(¢)). The middle part shows cos ¢|322 — 72, x4 (¢)) in
the zy plane. The lower part shows sin ¢|322 — r%, x_(¢)) in the xy plane. Here, |2z, x_(¢) is shown
by the sky-blue or sky-blue-bordered orbital and [32% — 72, xy.(¢)) is shown by the yellow or yellow-
bordered orbital. The blue curve in the middle part is cos ¢ and that in the lower part is sin ¢. Note
that the ¢ dependent coefficients of [322 — r2, x1(¢)) are given by only cos¢ and sin ¢; that is, the
prefactor of cos ¢ or sin ¢ is ignored. In addition, the color-filled orbitals (white orbitals with a colored
border) express regions with a negative sign (positive sign) in the wave function, where the ¢ dependent
coefficients are taken into consideration in regard to [32% —r2, x4 (¢)). (b) Schematic illustration of the
¢ dependences of |yz, x_(¢)), sin¢|322 — 72, x 1 (¢)), and cos ¢[322 — 72, x _(¢)) in AL, S.|yz, x—(¢))
of Eq. (A-2). The upper part shows the top view (looking down along the z axis) of |yz, x—(¢)). The
middle part shows sin ¢[322 — 72, x . (¢)) in the xy plane. The lower part shows cos ¢[322 — 72, x_(¢))
in the a2y plane. Here, |yz, x—(¢)) is shown by the pink or pink-bordered orbital. The blue curve in the

middle part is sin ¢ and that in the lower part is cos ¢. The other notation is the same as in (a).

sin 2¢ term normalized by ¢; ¢, while ¢;¢ is the coefficient of the constant term, which
does not depend on ¢. Such w;f, cos 2¢ and w;f, sin 2¢ generate the twofold and fourfold
symmetric terms of Ap(¢)/p as described in Sec. 2.5.
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[ 0 rl4 rl2 3rl4 V4 5714 3zl2 Txl4 2r
Dominant y y y y y y y
() A(s)(s) A {
state (S) <ty %’ & (s) N N (S)
1622 '%’X _(/IQ_’X % X _Olz_’k :Z T/lz_’x %%’X _O|g_’x ) X
o ST E T T
ybridized

State % ¥
cos2¢ (32212, x,)
—X

(cos2¢)’ = %(h cosdg) |

Hybridized

state

sin2¢|32°-r?, x_)

> 1

(sin2¢)” == (1- cos4g)

(a) :
[ 0 l4 l2 3rl4 T 5zl4 312 Trxl4 2

Dominant

State

18, 2-) —3"

Hybridized

State

sin2¢ (322 -r%,x,)

(sin2¢)’ = %(1— cos4g)

Hybridized
state

cos2¢ |32 —r2, 1) -

(b) (c052$)2 :%(H cos4g)

0 0 rl4 7l2 3rl4 V.4 5714 3xl2 Txl4 2r

Dominant y y y y y ¥ v
state (s) A4S} &S)(S)2 (s) { i { (s)
e -%X —2@—5( %%’X _Elz_’k :25%3_& %&'x _Eg"x ) X
Hybridized S)

state ¥ ¥
cos2¢ |3z 12, x,)
—X

(cos2¢)’ :%(h cos4g) |

Hybridized
state

sin2¢ |32° 1%, 1)

2 1
(sin2¢)” == (1-cos4g)
() i

Fig. 4. (Color online) Schematic illustration of the ¢ dependences of the dominant states in de states
and the hybridized states in Egs. (30)—(32). The dominant states in (a), (b), and (c) are |4, x—(#))
of Eq. (18), |0, x—(¢)) of Eq. (19), and |€_, x—(¢)) of Eq. (20), respectively. The hybridized states are
represented by expressions with a probability amplitude of cos 2¢ or sin 2¢, i.e., cos 2¢[32% — 12, x1(¢))
and sin 26|32% — 2, x4 (¢)), where the prefactor of cos 2¢ or sin 2¢ is ignored. In each panel, the upper
part shows the top view (looking down along the z axis) of the dominant state. In (a) and (c), the middle
part shows cos 2¢|32z2 — 72, x 1 (¢)) in the xy plane, and the lower part shows sin 2¢|322 — 72, x_(¢))
in the zy plane. In (b), the middle part shows sin 2¢[32% — 72, x_(¢)) in the zy plane, and the lower
part shows cos 2322 —r2, x4 (¢)) in the xy plane. The state |yz, x_(¢)) is shown by the pink or pink-
bordered orbital, |xz, x—(¢)) is shown by the sky-blue or sky-blue-bordered orbital, and |zy, x—(¢)) is
shown by the gray or gray-bordered orbital. The state [322 — 12, x_(¢)) is represented by the yellow or
yellow-bordered orbital. The color-filled orbitals (white orbitals with a colored border) express regions
with a negative sign (positive sign) in the wave function including the probability amplitude. In the
middle part of (a) and (c) and the lower part of (b), the blue and red curves are cos2¢ and cos? 2¢
[=(1 4+ cos4¢)/2], respectively. In the lower parts of (a) and (c¢) and the middle part of (b), the blue
and red curves are sin 2¢ and sin? 2¢ [=(1 — cos {11(;5) 4{22]’ respectively.
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[ 0 zl4 rl2 3zl4 T 5714 3rxl2 Txl4 2z
Dominant y< > y<S> y<S><S y ( >y y y (s)
state i S i! i ;i S i i i i i S
X =y% 22) X X X X X X X X X
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Fig. 5. (Color online) Schematic illustration of the ¢ dependences of the dominant states in dvy
states and the hybridized states in Egs. (33) and (34). The dominant states in (a) and (b) are |22 —
y2, x_(¢)) and [32%2 — 3%, x_(¢)), respectively. The hybridized states are represented by expressions
with a probability amplitude of cos2¢, i.e., cos2¢|32% — r?, x_(¢)) and cos 2¢|z? — y?, x—(¢)), where
the prefactor of cos2¢ is ignored. In each panel, the upper part shows the top view (looking down
along the z axis) of the dominant state. In (a), the lower part shows cos 2¢[32% — %, x_(¢)) in the zy
plane. In (b), the lower part shows sin 2¢|z% — y2, x_(¢)) in the zy plane. The state |322 — 12, x_(¢))
is shown by the yellow or yellow-bordered orbital. The state |22 — 52, x_(¢)) is shown by the green or
green-bordered orbital. The color-filled orbitals (white orbitals with a colored border) express regions
with a negative sign (positive sign) in the wave function, where the probability amplitude is taken into
consideration in regard to |3z2 — 72, x_(¢)) and |22 —y%, x_(¢)). In the lower parts of (a) and (b), the
blue and red curves are cos2¢ and cos?2¢ [=(1 + cos 4¢) /2], respectively.

2.3 Origin of cos2¢ and sin2¢ terms in d states

We explain the origin of the cos2¢ and sin2¢ terms in Egs. (25)—(34). In the
de states, the cos2¢ and sin2¢ terms appear through de — dv hybridization. In
the d~y states, they appear owing to dy — de — d' hybridization, in which the d~
states are hybridized to the dv' states via the de states. These hybridizations are
due to the specific matrix elements in Table I, i.e., (322 — r% x,(0)|H|x, X0 (@)
and (322 — 12 X (0)|H|0:, X0 (@), with o=+, — and o’=+, —. We now focus
on (322 — 12, X (B)HIéw, x_(6)) and (322 — 12, X (8) [ HJ6, X_(9)), where (327 —
72, Xo (@) H|Ex, x4 () and (322 — 72, X0 ()| H|0e, x4+ (@) can also be discussed in a

similar way. These matrix elements originate from only the cos2¢ and sin2¢ terms

12/42



J. Phys. Soc. Jpn.

in Egs. (23) and (24). Here, cos2¢ and sin2¢ are formed by the multiplication of the
following coefficients:
(i) The ¢ dependent coefficients of |32% — r?, x_(¢)) in AL,Sy|zz, x—(¢)) of Eq. (A-1)
and AL, S.|yz, x—(¢)) of Eq. (A-2).
Note that the ¢ dependent coefficients of |2 — 32, x_(¢)) in Egs. (A-1) and (A-2)
are not responsible for the cos2¢ and sin 2¢ terms in Egs. (23) and (24).
(ii) The ¢ dependent coefficients of |xz, x—(¢)) and |yz, x—(¢)) in Egs. (18)—(20).
We discuss (i). We first emphasize that the operations that generate |322 —12, x,(¢)) are
ALy Sylzz, x—(¢)) of Eq. (A-1) and AL, S,|yz, x—(¢)) of Eq. (A-2). In Fig. 3(a), we show
the ¢ dependences of cos ¢|322—r%, x4 (¢)) and sin ¢|322—r2, x_(¢)) in AL, Sy|zz, x—(¢))
of Eq. (A-1). Here, the coefficients of [32%2 —r?, x.(¢)) are given by only cos ¢ and sin ¢;
that is, the prefactor of cos ¢ or sin ¢ is ignored for simplicity. When ¢=0, the coefficient
of [32%2 —r%, x(0)) is finite, whereas that of |3z2 —r2 x_(0)) is zero. In brief, since the
spin direction of |x_(0)) in |zz, x—(0)) is the x direction, S,|x_(0)) becomes S,|x_(0))
=—1|x+(0)). Namely, the spin is reversed by the operation of S,. In contrast, when
¢=m /2, the coefficient of |322 —r2, y_(7/2)) is finite, whereas that of [32% —r?, x (7/2))
is zero. In short, since the spin direction of |x_(7/2)) in |xz, x_(7/2)) is the y direction,
Sylx—(m/2)) becomes Sy|x—_(m/2)) =—3|x-(m/2)). Namely, the spin is conserved under
the operation of .S,. In a similar way, we can consider the ¢ dependence of the coefficient

of [322 —r% x+(9)) in AL,S,|yz, x_(#)) of Eq. (A-2) [also see Fig. 3(b)].

2.4 Illustration of d states

In Figs. 4 and 5, we show schematic illustrations of the ¢ dependences of the
dominant states and hybridized states in Egs. (30)—(34). The dominant states are
€+, x—(9)) of Eq. (18), [d:, x—(¢)) of Eq. (19), [€-,x-(¢)) of Eq. (20), |2* —y%, x—(¢)),
and |322 —712, x_(¢)). The hybridized states are represented by expressions with a prob-
ability amplitude of cos 2¢ or sin 2¢, i.e., cos 2¢|32% — 12, x+(9)), sin 2¢|32% — 12, x+(9)),
and cos 29|z —y2, x_(¢)), where the prefactor of cos 2¢ or sin 2¢ is ignored for simplic-
ity. Each probability is also given by cos? 2¢ [=(1+cos 4¢) /2] or sin® 2¢ [=(1—cos 4¢)/2].
Such ¢ dependences originate from the ¢ dependent coefficients of [32% — 1% x,(¢)) in
ALy Sy + LySy)€x, x—(9)) of Eq. (23) and AN(L,S; + LySy)|0e, x—(¢)) of Eq. (24). These
operations are commented on as follows:
(i) AM(LaSs + LySy)|&x, x—(9)) of Eq. (23)

When ¢=0, only AL,S,|zz, x_(0)) in this operation generates |3z2 — 12, x4 (0)) [see
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the case of =0 in Figs. 4(a) and 4(c)]. This feature comes from the case of ¢p=0
in Fig. 3(a). When ¢=n/2, only AL,S.|yz, x—(7/2)) in this operation generates
1322 — 12, x4 (m/2)) [see the ¢=m/2 case in Figs. 4(a) and 4(c)]. This feature is due
to the case of ¢=m/2 in Fig. 3(b).
(i) M(LaSe + LySy)[0e, x—(0)) of Eq. (24)
When ¢=0, only AL,S.|yz, x_(0)) in this operation generates |322 — 72, y_(0)) [see
the case of ¢=0 in Fig. 4(b)]. This feature stems from the case of ¢=0 in Fig.
3(b). When ¢=n/2, only AL,S,|zz,x—(7/2)) in this operation generates |32% —
2 x_(7/2)) [see the case of ¢p=m/2 in Fig. 4(b)]. This feature is due to the case of
¢=m/2 in Fig. 3(a).
Here, |2y, x_(¢)) in |£+, x_(¢)) and [d., x_(¢)) is not responsible for the ¢ dependent
coefficients of 322 —72, x_(¢)) as found from the fact that (322 —r?%, x, ()| H|zy, xo(4))
does not depend on ¢ (see Table A-1).

2.5 General expression for resistivity
Using |4, x(¢)) of Egs. (25)—(34), we can obtain a general expression for p(¢). The
resistivity p(¢) is first described by the two-current model,? i.e.,

p+(9)p—(9)
p+(9) + p—(8)

The quantity p,(¢) is the resistivity of the o spin at ¢ with o=+, —, where o=+ (—)

p(9) = (35)

denotes the up spin (down spin) for the case in which the quantization axis is chosen

along the direction of (S). The resistivity p,(¢) is written as

*

Po(P) = naez—;w) (36)

where e is the electric charge and n, (m?) is the number density (effective mass) of the
electrons in the conduction band of the o spin.*>*") The conduction band consists of
the s, p, and conductive d states.'® In addition, 1/7,(¢) is the scattering rate of the

conduction electron of the o spin expressed as

S ORELID D)

(37)

Ts,o—dj,s )
with

1 27

Tso—dis(®) B

where i=¢,, 0., £, 2? — y?, and 322 — r?. Here, 1/7,, is the s—s scattering rate, which

is proportional to the PDOS of the conduction state of the o spin at Fy, D19 The

77‘imp‘]vﬂ‘/imp(Rﬂ)2 |(27 X<(¢)‘ Zkax? XU ‘ Dz Kl (38>
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s—s scattering means that the conduction electron of the o spin is scattered into the
conduction state of the ¢ spin by nonmagnetic impurities or phonons. The quantity

1/Ts5—d; < (®) is the s—d scattering rate.'20)

The s—d scattering represents the scattering
of the conduction electron of the ¢ spin into the o spin state in the localized d state of ¢
and ¢ by nonmagnetic impurities. The quantities ¢ and ¢ respectively denote the orbital
and spin indexes of the dominant state in |4, xc(¢)). The localized d states |i, x.(¢)) are
given by Eqs. (25)—(34) obtained from H of Eq. (4). The quantity DE? represents the
PDOS of the wave function of the tight-binding model for the d state of the i orbital
and < spin at Ep as was described in Ref. 19.3%) The conduction state of the ¢ spin
€%y, (4)) is represented by the plane wave, i.e., [e#%, v, (¢))= (1/VQ)e™**|x,(0)),
where k, is the Fermi wavevector of the o spin in the x direction (i.e., the I direction)
and € is the volume of the system. The quantitiy Vin,(R,) is the scattering potential
at R, due to a single impurity, where R, is the distance between the impurity and the
nearest-neighbor host atom.'? The quantity N, is the number of nearest-neighbor host
atoms around a single impurity,'®) n,, is the number density of impurities, and A is
the Planck constant h divided by 27.

On the basis of |(i,xc(¢)]e™", xo(¢)) ‘2 described in Appendix C, we obtain
> i1/ Tso—ai—(¢) in Eq. (37) up to the second order of A\/H, \/A, \/(H £ A), 6/H,
d¢/A, or 6;/(H £ A), with t=¢ or . Details are given in Appendix D.

Using these results, we obtain p,(¢) of Eq. (36) as

P (D) = po.s + P2.sCO82¢ + py oS4, (39)

where po, is the constant term, which is independent of ¢, ps, is the coefficient of the

cos 2¢ term, and p,, is that of the cos4¢ term. These quantities are specified by

0 2

Poo = POy + P, (40)
1 2

Pro = Pyt + Py, (41)
2

Pio = pi,ga (42>

where v of pi’y (u=0, 2, 4 and v=0, 1, 2) denotes the order of A\/H, A/A; A\/(H £ A),
6:/H, 6;/A, or 6;/(H + A), with t=¢ or 7. The quantities pq(f(), are obtained as

pO,:ﬁ: = Ps,+ + Zps,:l:—mcz—yQ,:t + Zps,:t—>322—r27:t7

3 /A\°
p(()Qj: =25 (_) (NA%po s e, =+ 3psx s+ N2B%pss ¢ 1)
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de =0+ A2 £ /62 + )\ (50)

lo =X — 0. £4/02+ N2, (51)
where A, B, and £ are respectively given by Eqgs. (21), (22), and (B-1) and \?(A? +
B?*)=1 and \(A?d_ + B?d,)=1/2 are used. Here, p;, is the s—s resistivity and psy_4, ¢
is the s—d resistivity. The s—d scattering rate 1/7; ,—4, ¢ is defined by

1 27 ikoz 2
= g Na Vi (Ba)? [ (327 = 12, X0 (9) €7, xo(0)) | DL
Ts,aﬂdi,c h
27 1 d
= EnimpNngvﬁDig, (52)
with
Vo = Vimp(Rn)gav (53)

where ¢, is given by Eq. (C-5). The overlap integral (322 — 72, x,(¢)|e?***, x,(¢)) in
Eq. (52) can be calculated using Eq. (C-1). Note that Eq. (52) has been introduced

2,19) (

to investigate the relation between the present result and the previous results see

Appendix E). Equation (52) was used in the previous models.? %)
On the basis of Egs. (36)—(39) and (C-6)—(C-8) and Appendix D, the features of

P20 €08 2¢ and py, cos4¢ in Eq. (39) are described as follows:

(i) The resistivity pa, cos2¢ [see Egs. (39) and (41)] is related to the real part of the
probability amplitudes of [32% — %, x,(¢)) and |22 — y?, x,(¢)), which are given by
Re[w;’;ﬂqgﬁ] cos 2¢ and Re[w;’;y%] cos 2¢, respectively [see Egs. (D-3) and (D-6)].
The quantity cos2¢ in the probability amplitude is shown in Figs. 4 and 5.

(ii) The resistivity p4, cos4¢ [see Egs. (39) and (42)] is related to the probabilities of
1322 — 1%, xo (@) and |22 — y?, X, (9)), which are given by |wé’§2_T2 (1t cosdg)/2

and |wi’§_y2 (14 cos4¢) /2, respectively [see Egs. (D-4) and (D-7)]. The quantity
(1 4 cos4¢)/2 in the probability is shown in Figs. 4 and 5.

2.6 General expressions for Cy and Cy

Using Egs. (1), (35), and (39)—(42), we obtain a general expression for Ap(¢)/p up
to the second order of \/H, \/A; \/(H=+A), 6:/H, 6;/A, or 6;/(H+A), with t=¢ or 7.
The AMR ratio Ap(¢)/p is explicitly expressed by the form Ap(¢)/p=Cy+ Cs cos2¢ +
Cycos ¢, where Cy=Cy — Cy. The coefficients Cy and C, are written as

1 1 0 0 0 0
Cn Pé,l*ﬂé,)_ P(()zr (1) P(())— 1) 1 P(()zr ) Po,)— (2)
2T T L 0wl @2 o | T o | o P T ) Pt
(Pos +Po2)* \Po 0.+ Po+ tPo~ \Po_ 0.+
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1 1 0 0
n 1 Pg)_ +Pgl Péi (1) +£ (1)
©) ©) ©) © P2.= T oy P2+

0
Po+ T P( ) Po,—  Po+ Po, Po,+
(0) (0)
1 Po+ (1 Po~ (1
T O ( ) ol + _<o>‘/’5,)+> 7 (54)
Po+ t Po,— \ Po,- Po,+
2 1 1
Y ReY.r
o 0 0 0 0
P2 (00 450 T 0 (0 + o) 2,0, )0
1 0 0
1 Pél + Pg)_ Pél (1) Pé)— 1) 55
Y570 L 0 © P 2= T oy P2t | 5 (55)
(Po.+ +P0.-)* \ o~ Po,+

where p’s is given by Eqs. (43)—(47). Using Eqs. (54), (55), and (43)—(47), we can
investigate Cy and Cy for various ferromagnets. Also note that Ap(0)/p (=2C5) of the
present model coincides with that of our previous model'® and that of the CFJ model®

under appropriate conditions (see Appendix E).

2.7 Calculation method of Cy and Cy by exact diagonalization method

As a different approach from PT, we perform a numerical calculation of Cy and
Cy using the d states, which are obtained by applying the EDM to H in Table I.
The first purpose of this approach is to find the crystal field that leads to Cy#0. The
second purpose is to check the validity of the results obtained by PT (see Sec. 3). The

calculation in the EDM is as follows:
(i) We numerically obtain |i, x.(¢)) in Eq. (38) by applying the EDM to H in Table I.

(ii) Utilizing the obtained |[i,x.(¢)) and Table C-1, we numerically calculate

(¢
(i Xs(0) e, Xo ()" of Eq. (C-6).
(iii) Using the calculated |(4,xc(®)[e™", xo(¢)) i
Ap(¢)/p of Eq. (1) with Egs. (35)—(38). The numerical values of Ap(0)/p and

, we obtain a numerical value for

Ap(m/4)/p are represented by fo and fr/4, respectively.
(iv) When the AMR ratio is expressed as Eq. (3), we have

200) _ 2Cy = fo, (56)
M = Cy— 20, = fupu. (57)
From Egs. (56) and (57), we obtain Cy and Cy as
=D (58)
Cy= % — %. (59)
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3. Application to Strong Ferromagnets

On the basis of Cy of Eq. (54) and C4 of Eq. (55), we obtain expressions for Cy
and Cy for a strong ferromagnet with D —0 and D 7é0 The coefficients Cy and Cy
are compared with those obtained by the EDM. In addltlon, from the results of the
EDM we find that C4 appears under a crystal field of tetragonal symmetry, whereas it

vanishes under a crystal field of cubic symmetry.

3.1 FEzpressions for Cy and Cy
Using Eqgs. (43)—(47), (54), and (55), we obtain expressions for Cy and Cy for a sim-
ple system with Dg?ﬁ:Décf)ﬁ and Dg(gcé)_ ) —Déi)g 2 . The relation Di?_?ﬂ _:Déi)g_rz B

gives

p =0, (60)

where pglz is given by Eq. (45). In addition, in accordance with previous studies*? we

*

assume ni=n_, mi=m’*, and v,=v_, where v,=v_ is satisfied by setting k =k_

Egs. (53) and (C-5). The expressions for Cy and Cy are then written as

1 Pél (2) Péo) (2)
=T | ot oL
Pos T Lo~ \Po,~ Po,+
3 1 A 27:,—7“51 A 2 A 2 Ty
BEET RS (Z) T+, \#-a rea{r 1) = H+A) r+r, |’
(61)
2 0 2
Y A )
4= 0 0 0
P+ ) o (o + Pl
3 Te1 — Te2 A 2 1 A 2 ’
==t e (2 - 62
21 +r+r, (A) s \m—a) )|t (62)

2 2
bt () Gt
20 +r+ry)(r+ry \ 6 A H+A

Here, we have

Ps,—
_ P 64
Ps,+ ( )
Te1r = Ts.,—) (65)
Teag =Te, — =T —, (66)
Ty =Tg2gy2 - = T32p2 _, (67)
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where

Ps—d;,—
Ps,+

with i=£,, 0., £, x® —y?, and 32% —r2. The resistivity ps_.q, _ is given by Egs. (49) and
(52), where 0 in ps ;—.q4, — is unspecified because the o dependences of n,, m’, and k, are
ignored as noted above. Furthermore, we note that r; _ satisfies the relation r; _ o Dg’d_)
[see Eq. (52)].

On the basis of (i) and (ii) of Sec. 2.5, the features of Ccos2¢ and Cycosd¢ are

described as follows:

(i) The term Cycos2¢ is related to the real part of the probability amplitudes of
1322 — 12, X, (¢)) and |22 — %, x4 (¢)), which are given by Re[w;’;#%} cos 2¢ and
Re[w’s_, ]cos2¢, respectively [see Egs. (D-3) and (D-6)]. Concretely, C,cos2¢

z2—y2.0
(2)

5o C0s2¢ in the numerator of each term in Cscos2¢ [see Eq.

contains a single p
(61)]. Here, p) cos2¢ is related to the real part of the probability amplitudes of

Nea

1322 — 1%, xo(9)) and |2? — 32, x,(¢)) as noted in (i) of Sec. 2.5.

(ii) The term Cycos4¢ is related to the probabilities of [32? — 1% x,(¢)) and |2 —
Y%, Xo (), which are given by |w3s, . [*(1£cos4¢)/2 and [w)s_ ., ,|*(1+cos4¢) /2,
respectively [see Egs. (D-4) and (D-7)]. Concretely, Cycos4¢ contains a single
pf‘), cos 4¢ in the numerator of each term in Cy cos 4¢ [see Eq. (62)]. Here, pf}, cos4¢

is related to the probabilities of [32% — 12, x,(¢)) and |22 —y?, x,(¢)) as noted in (ii)

2
Nea

of Sec. 2.5. Also, ¢, of Eq. (63) arises from high-order processes of dy — de — dv/, in
which the d states are hybridized to the dv’ states via the de states. Such processes
reflect the fact that there are no off-diagonal matrix elements in the subspace of

the dv states (see Table I).

We next determine the effective value of the undefined parameter A/é., by comparing

Cy obtained by PT with that obtained by the EDM. We here put
Te1 = Ta(l + 77)7 (69)
Tea = T¢, (70)

where 7 represents the difference between 7.1 /r. and r.o/r.. Figure 6 shows the |A|/d,
dependence of Cy of Egs. (62) and (59) for the systems with H=1 eV, A=0.1 eV,
A=—0.01 eV,*") r=0, 7"7:0.01,43) re/ry=1, and n=0, 1, and 2. Here, r=0 and r,=0.01
are set on the basis of those for Fe,N.'9 The range of |)\|/d, is roughly assumed to
be 0.5 < |A|/d, < 1.5 by consideration of the above parameters and J,/A < 1. At
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each 7, Cy obtained by PT decreases with decreasing |\|/d, because of ¢ o< (A/d,)%. In
contrast, C'y obtained by the EDM is nearly constant. In particular, when each de state
has the same PDOS at Er (i.e., n=0), Cy of Eq. (62) for PT becomes Cy=c}, whereas Cy
of Eq. (59) for the EDM is evaluated to be Cy~0 independently of |A|/d,. In addition,
the difference in Cy between PT and the EDM decreases with decreasing |A|/d,. From
these results, the effective value of |\|/d, for PT is considered to be |A|/d,~1/2. In
other words, the present PT is unsuitable for application to systems with |A|/d, 2 1.
With regard to (), from now on we focus on the dominant term with
[\/(H £ A)]” or (\/A)? under the condition |A|/d,~1/2. Namely, we neglect ¢} with
(A/6,)2 [(\/A) = M/ (H + A))?, which corresponds to high-order processes. The domi-

nant term in Cj is thus expressed as

A\° 1 A\’ (1)

— — r+r

A) r+r, H—-A 7
As seen from Fig. 6, Cy of Eq. (71) agrees relatively well with that obtained by the

EDM with |A|/6,=1/2.
Furthermore, we extract the dominant terms from C5 of Eq. (61) and Cy of Eq. (71)

_3 Tel — Te2
3214747,

(71)

Cy

taking into account the relation of typical ferromagnets, |A/H| < 1. The dominant

terms are
3/2\° Ty — Te1
C,==-|= SR , 72
2 8(A) (I+7r+7ry)(r+7y) (72)
3 )\ 2 Te1r — Te2
Cy=— | — . 73
1T 39 <A> (I4+r+ry)(r+ry) (73)

As a characteristic feature, Cy of Eq. (72) is proportional to 7, —rey (o Dfﬁl)_ - fo?_),

while Cy of Eq. (73) is proportional to 7.3 — rey (o Dg?_ — Dg?_).
3.2 Various features of Cy and Cy

We investigate various features of C; and C for a strong ferromagnet with H=1 eV
and A=—0.01 eV. We here use C; of Eq. (61) and Cj of Eq. (71) for PT and C; of Eq.
(568) and Cy of Eq. (59) for the EDM, where |A|/d.=|)\|/d,=1/2 is set for Cy and C,4
for the EDM. We also utilize Egs. (69) and (70). As a particularly important result, we
find that Cy appears under the crystal field of tetragonal symmetry, whereas it vanishes
under the crystal field of cubic symmetry.**

Using the EDM, we obtain the 7./r, dependences of Cy and Cy for a system with
the crystal field of cubic symmetry, where A=0.1 eV, §.=4,=0, r=0, r,=0.01, and n=0
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Fig. 6. (Color online) The quantity |\|/d, dependence of Cy for the systems with the crystal field
of tetragonal symmetry. We here set H=1 eV, A=0.1 eV, A=—0.01 eV, r=0, r,=0.01, r./r,=1, and
1n=0, 1, and 2. The solid curves represent Cy of Eq. (71) for PT. The dot-dashed curves represent Cy
of Eq. (62) for PT. The dashed curves represent Cy of Eq. (59) for the EDM.
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Fig. 7. (Color online) The quantity /7, dependences of Cy and Cj for the system with the crystal
field of cubic symmetry. We here set H=1 eV, A=0.1 eV, A=—0.01 eV, 6.=0,=0, r=0, r,=0.01, and
1n=0. The solid lines represent C5 of Eq. (58) and Cj of Eq. (59) for the EDM.

(see Fig. 7). We find that C can be expressed as a linear function of r./r,. The sign of
(5 changes in the vicinity of r./r,~1. Furthermore, Cy takes a value of almost 0.
Figure 8 shows the r./r, or n dependences of Cy and C, for a system with the
crystal field of tetragonal symmetry, where A=0.1 eV, r=0, and n=0 and 1. From the
results of PT, we find Cy~0 for the system with r.; /r,=r.(1 +n)/r,=1 and Cy#0 for
that with 7. /r,=r.(1+n)/r,#1. This feature mainly reflects Eq. (72). We also obtain
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Black lines: C,
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Fig. 8. (Color online) The quantity /7, dependences of Cy and Cj for the system with the crystal
field of tetragonal symmetry. We here set H=1 eV, A=0.1 eV, A=—0.01 eV, r=0, r,=0.01, and 1n=0
and 1. The solid lines represent Cs of Eq. (61) and Cy of Eq. (71) for PT. The dashed lines represent
Cs of Eq. (58) and Cy4 of Eq. (59) for the EDM, where |A|/d.=|\|/d,=1/2.

C,=0 for the system with n=0 and C,70 for that with n70 because of Cy o r.; — reo
(= r.n). The coefficients Cy and Cy obtained by PT qualitatively agree well with those
obtained by the EDM.

In Fig. 9, we show C) for systems with the crystal field of tetragonal symmetry, where
r./r,=1, 1.2, and 2 and n=0. Here, Cy for PT takes a value of 0 because of n=0, and
|Cy| for the EDM is much smaller than |Cs|. The upper panel shows the ., dependence
of C5 for systems with A=0.1 eV and r=0. The middle panel shows the r dependence of
(5 for systems with A=0.1 eV and r,=0.01. The lower panel shows the A dependence
of Oy for systems with r=0 and r,=0.01. In the upper panel, when r./r,=1, C5 for
PT is close to that for the CFJ model, i.e., Co=(1/2)Ap(0)/p=(3/8)(\/H)*(a — 1),
with a=r.=r, (see Appendix E.2). In the middle and lower panels, C5 for PT takes
a value of almost 0 in the case of r./r,=1. The sign of Cy for PT is negative in the
case of r./r,=1.2 or 2. In addition, |Cs| for PT increases with decreasing r or A and
with increasing r./r,. These features mainly reflect Eq. (72). In all panels, Cy for PT
qualitatively agrees well with that for the EDM.

Figure 10 shows (5 and () for systems with the crystal field of tetragonal symmetry;,
where r./r,=1 and n=1, 3, and 6. The upper panel shows the 7, dependences of Cy and
C, for systems with A=0.1 eV and r=0. The middle panel shows the r dependences
of Cy and C; for systems with A=0.1 eV and r,=0.01. The lower panel shows the A
dependences of Cy and Cj for systems with r=0 and r,=0.01. In all panels, the sign of
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Fig. 9. (Color online) The coefficient Cy for strong ferromagnets with the crystal field of tetragonal
symmetry. We here set H=1 eV, A=—0.01 eV, r./r,=1, 1.2, and 2, and n=0. Upper panel: The quantity
r, dependence of Cs for the systems with A=0.1 eV and r=0. Middle panel: The quantity r dependence
of Cy for the systems with A=0.1 eV and r,=0.01. Lower panel: The energy A dependence of Cy for
the systems with r=0 and r,=0.01. The solid curves represent Cy of Eq. (61) for PT. The dashed
curves represent Cy of Eq. (58) for the EDM, where |A|/d.=|)A|/d,=1/2. The dots represent Cy of the
CFJ model.?) Note that Cy is not shown because Cy for PT is 0 and Cy4 for the EDM is much smaller
than |Cy|.

Cy for PT is negative, while that of Cy for PT is positive. In addition, |Cs| and Cy for
PT increase with decreasing r.,, r, or A and with increasing 7. Such features are mainly
due to Egs. (72) and (73). The coefficients Cy and Cy for PT qualitatively agree well
with those for the EDM.
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Fig. 10. (Color online) The coefficients Cy and Cjy for strong ferromagnets with the crystal field of
tetragonal symmetry. We here set H=1 eV, A=—0.01 eV, r./r,=1, and =1, 3, and 6. Upper panel:
The quantity 7, dependences of Cy and C4 for the systems with A=0.1 eV and r=0. Middle panel:
The quantity r dependences of Cy and (Y4 for the systems with A=0.1 eV and r,=0.01. Lower panel:
The energy A dependences of Cy and Cy for the systems with =0 and r,=0.01. The solid curves show
C5 of Eq. (61) and Cy of Eq. (71) for PT. The dashed curves represent Cy of Eq. (58) and Cy of Eq.
(59) for the EDM, where |A|/0,=1/2 and |\|/d.=1/2.

4. Simple Analysis of Cy and Cj for Fe,N

Utilizing the above results, we perform a simple analysis of the experimental re-
sults?? for the T dependences of C; and Cy for an Fe,N*47) film on a MgO(001)
substrate, where I flows along Fe,N [100]. The experimental results clearly show the

difference in the behaviors between the low-temperature range of 4 K <7 < 35 K and
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the high-temperature range of 35 K < 7" < 300 K (see circles in Fig. 11). Here, we re-
gard Fe,N as a strong ferromagnet with DEQNO.”) In addition, we mainly focus on the
effect of the PDOSs of the de states on C4. Note that we do not take into account the
realistic crystal structure of Fe,N (i.e., a perovskite-type structure®®) for simplicity.*®)

From Eqgs. (72) and (73), we first obtain simple expressions for Cy and Cy for Fe,N.

By taking into account the relation for Fe;N, i.e., r < 1 and r, < 1,'9 ¢,y and C4 are

given by
3 /2’ ry—7re1 K(l—Ra) k(1= Ro—AR,)
8\ A T4y 1+ R 1+ R
K K
C . 3 A 2 Telr — Te2 o Z(Ral B R52) _ ZARE (75>
T 32\A) r+r, T 1+R T 1+R’
where
3 A 2 Te1l Te2
=35\ A Rez_uRsz_aARsst _Rsa
K 3 (A) y L1 r 2 r 1 2
R— r_ Ps,—/ Ps.+ _ _Ps— 7 (76)
Ty ps-»d.,,—/ps,—i- Ps—d,,—
With ps—a,,—=ps—d,s 2 ~=Ps—d, .~ Here, AR is proportional to DS?? — Dg?f,

which is the difference in the PDOSs at Er among the de states.

We next determine parameter sets for \, A, R, R.q, R.o, and AR, that can reproduce
the experimental result for the T" dependences of Cy and Cy. The quantity A is set to
A=—0.013 eV for Fe.?®) The quantity A is assumed to be A=0.1 eV.?") Here, the T
dependence of A is considered to be negligibly small, because the decrease in the lattice
constant due to a decrease in T is less than 0.5%,%? where A of 0.1 eV is due to the
Coulomb interaction between a magnetic ion and the surrounding ions. We accordingly
adopt the T dependences of R, Ry, R.o, and AR.. The T dependence of R (R, R.o,
and AR,) is shown in the middle (lower) panel of Fig. 11. Details of the parameter sets
are given below.

We express R of Eq. (76) as

imp ph
s,— s T Ps,—
s :p’impp’, (77)
ps—>d-y,— ps—>d7,—

imp imp

h
where p,_ and p,_q4 _ are assumed to be p, _=p;" 4 p.’ and Ps—sdy,~ =Py, — (see

Sec. 2.5). The quantity pi;flf

is the s—s resistivity due to impurities and pfﬁ’dw _ is the

s—d resistivity due to impurities, where d,, — represents the dvy states of the down spin.
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Here, pi™/p™, s set so that

s—dy,—

imp
Ps,—
imp

s—dy,—

<1, (78)

by considering that p™" 0, _ (pi"Py satisfies the relation p;rf’d%_ x Dgﬂi) (PP o D49y
and also Fe N satisfies D%)_ > D). On the other hand, ,05}1_ is the s—s resistivity due to
the phonons. This pzh_ depends on T through the influence of the number of phonons,
which depends on T'.

The parameter sets in the high- and low-temperature ranges are noted below.

(i) In the high-temperature range of 7' > 35 K, we have

R =0T, (79)

AR. =0, (80)
(1)

Ro=Rq=1- (1+ R"), (81)

with ©=0.0270, T*=35 K, R*=0T*, and C\’ '=—0.0126, where C\'  is the exper-

imental value of Cy at T=T"*.22)

The procedure for determining this parameter set is as follows: First, Cy is ex-
perimentally observed to be almost 0. Since Cy x AR, [see Eq. (75)], we assume
AR.=0 (or R.;=R.2); that is, the PDOSs of the de states at Er take the same value.
From the viewpoint of the crystal structure of Fe N, this assumption may imply
that the crystal exhibits cubic symmetry.*® Next, since |C5| gradually decreases
with increasing T', we straightforwardly take into consideration the T dependence
of R of Eq. (77), where R is included in the denominator of Cy of Eq. (74). The
denominator 1 + R is expressed as

pon

imp ’
s—d~y,—

1+ R~1+

(82)

by using Egs. (77) and (78). Here, p?h, is assumed to be proportional to T on the
basis of the experimental result for the 7" dependence of the total resistivity.?®

Thereby? ( Ps f/pgipd%f) is given by

R =0T, (83)

where 6 is a constant number. On the other hand, R., is determined so that Eq.

(74) satisfies the condition (7', Cy)=(T", C’éT*)). Namely, R.o is expressed as R.o=1—
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(C’Q(T*)/Fé)(l + 0T™). Substituting this R.o and AR.=0 into Eq. (74), we obtain

C5 1+ 01)
= . 4
¢, 14 0T (84)

From the least-square fitting of Eq. (84) to the experimental result for Cs, we
determine 6 to be © (=0.0270),°" where the fitting is done for T=35—150 K by

paying attention to the relatively low temperature side. Using ©=0.0270, we can
also evaluate R.o of Eq. (81).

(i) In the low-temperature range of 7" < 35 K, we have

R =0T, (85)
T-T* (1+R _p
AR, = ! 86
R, —RY  RYUT — R
. — (33 €. T € € , 87
R.o T T, t = T (87)
Rel = Rz—:2 + ARE; (88>

with Ty=4 K, R%=1—(1+R*)C{") /i, RY=1— (14 R)(CS™ +4C\™) /i, Ri=OT;,
C’Q(T’):—O.O343, and CLETZ):O.OO556, where CéTl) (CiTl)) is the experimental value of
Cy at T=T; (Cy at T=T;).%?

The procedure for determining this parameter set is as follows: We first adopt
R=0OT, which is the same as Eq. (79) in the high-temperature range, on the basis
of the expeimental result of the 7' dependence of the total resistivity.?® Second,
since Cy was experimentally observed to be a linear function of T', we assume C4 to
be Cy=pT + q, where p and ¢ are constants. The constants p and ¢ are determined
so that Eq. (75) satisfies the condition (7', Cy)=(1], CiTl)), (T*,0). As a result, Cy
is expressed as Cy=(T — T*)CZET’)/(TZ — T%). From this Cy and Eq. (75), we obtain
AR, of Eq. (86). The obtained AR, may indicate the following two properties: One
is that the crystal has tetragonal symmetry, which generates AR.#0 due to the
difference of the PDOS at Ey among the de states. The other is that the tetragonal
distortion increases with decreasing T". Third, R., is assumed to be R.o=p'T + ¢’ as

a simple form, where p’ and ¢’ are constants. The constants p’ and ¢’ are determined
so that Eq. (74) satisfies the condition (7, Cy)=(T}, CéTl)), (T, CQ(T*)).

Substituting the above-mentioned A and A, Egs. (79)—(81), and Egs. (85)—(87) into
Egs. (74) and (75), we obtain Cy and Cy for Fey,N, where Cy in the low-temperature

range was described above. In the upper panel of Fig. 11, we show the 7" dependences
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of C5 and Cy. We find that Cy and Cy for PT successfully reproduce the experimental
results. In particular, the experimental results in the range 4 K < T < 35 K, in which
the change of |Cy] is about four times as large as that of |Cy|, can be explained by the
ratio of the coefficients of AR, between Eqgs. (74) and (75).

Finally, we comment on the above-mentioned T" dependence of AR,, i.e., the dif-
ference in the PDOSs at Er among the de states. The T" dependence of AR, has been
assumed to arise from the increase of the tetragonal distortion due to a decrease in
T'. The tetragonal distortion may originate from the anisotropic thermal compression
of the lattice. This compression is considered to be due to the adhesion between the
FeyN film and the MgO substrate. We expect that such an assumption will be verified

experimentally in the future.

5. Conclusions

We theoretically studied the twofold and fourfold symmetric AMR effects of fer-
romagnets. In particular, we obtained the coefficients of the twofold symmetric term
(cos 2¢ term) and the fourfold symmetric term (cos 4¢ term) in the AMR ratio, denoted
as Cy and CYy, respectively. We used the two-current model for the system consisting of
the conduction state and localized d states. The localized d states were obtained from
the Hamiltonian with the spin—orbit interaction, the exchange field, and the crystal

field. Details are given as follows:

(i) We performed the numerical calculation of Cy and Cy for a strong ferromagnet using
d states, which were obtained by applying the EDM to the Hamiltonian. The result
revealed that Cy appears under the crystal field of tetragonal symmetry, whereas it

vanishes under the crystal field of cubic symmetry.

(ii) We derived general expressions for the resistivity, Cs, and Cy for ferromagnets with
the tetragonal field using the d states, which were obtained by applying first- and
second-order PT to the Hamiltonian. From the expressions, we obtained expressions
for Cy and CY for the strong ferromagnet with the tetragonal field. The result showed
that C5 cos 2¢ is related to the real part of the probability amplitudes of the specific
hybridized states |322 —r?%, x5 (¢)) and |22 —y?, X, (¢)) and C, cos 4¢ is related to the
probabilities of [32% — 72, x,(¢)) and |z* — ¥?, X+ (¢)). In addition, we investigated
various features of Cy and C; obtained by PT and found that they qualitatively
agreed well with those obtained by the EDM.

(iii) We analyzed the experimental results of the 7" dependences of Cy and Cy for an
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Fe4N film on a MgO substrate using the dominant terms in C5 and C, obtained by
PT. The dominant term in Cy was proportional to the difference in the PDOSs at
E% between the de and dv states, and that in C); was proportional to the difference
in the PDOSs at Er among the de states. The experimental results in the high-
temperature range (35 K < 7' < 300 K) were well reproduced by taking into account
the T" dependence of the s—s resistivity and by assuming that the PDOSs of the de
states at Er took the same value. This assumption might imply that the crystal
structure of Fey,N exhibits cubic symmetry. Also, the experimental results in the low-
temperature range (4 K < T < 35 K) were successfully reproduced by assuming that
the difference in the PDOSs at Er among the de states increased with decreasing T
This assumption suggested that the tetragonal distortion increases with decreasing
T'. Here, the tetragonal distortion was considered to originate from the anisotropic
thermal compression of the lattice due to the adhesion between the MgO substrate

and FeyN film.
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Appendix A: Matrix Representation of ‘H
We construct the matrix of H of Eq. (4) as shown in Table A-1.

In the construction, we perform, for example, the following operations:

ALS, ez X (6)) = ALyJr2)S, - ()
= (I — 9) + VBB — ) (i cos 6l (9)) + sindlx- (),
(A1)
ALeSulyz x-(0)) = ALaly2) S ()
= A — ) + VBB — )5 (isin 6]y (6)) — cosdlx-(6).
(A2)

30/42



J. Phys. Soc. Jpn.

Table A-1. Matrix representation of H of Eq. (4) in the basis set |zy, x+(0)), |yz, x+(6)),

“TZ7X+(¢)>7 |Iya X—(¢)>7 |yZ,X—(¢)>7 ‘Izvx— (¢)>a |932 - y27X+(¢)>7 |3Z2 - T27X+(¢)>7 ‘I2 - y2ax—(¢>>7
and [322 — 72, x_(¢)). In this table, (¢) in x,(¢) is omitted due to limited space.

2y, x+) lyz, x+) [€2, x+) lzy, x—) lyz, x—) 2z, x—) l® — y% 1327 — % 2 — % 327 - P
X+) X+) X-) X-)

(zy, X+ 7g ig sin¢ 72’% cos ¢ 0 %cosq& 5 sin¢g 0 0 —iA 0
(yz, x+| 71’% sin ¢ 7% + 0. 0 7% cos ¢ 0 72’% 71'% cos ¢ 71'@ cos ¢ %sinq& @sinzﬁ
(zz, x+| z% cos ¢ 0 7%+55 7% sin ¢ z% 0 71'% sin ¢ i\/g)‘ sin ¢ 7% cos ¢ \/25)‘ cos ¢
(zy, x—| 0 7% cos ¢ 7% sin ¢ % 71'% sin ¢ i% cos ¢ —iA 0 0 0
(yz, x—| %cosd) 0 72’% ’L% sin ¢ % + 5. 0 7% sin ¢ 7@ sin ¢ z% cos ¢ z@ cos ¢
(xz, x—| %siru;& 7,% 0 71'% cos ¢ 0 45, %cos¢ 7@ cos ¢ z% sin ¢ 7'@ sin ¢
(x? y? 0 z% cos ¢ 2% sin ¢ i —% sin ¢ %cosd) -4 A 0 0 0
X+
(3z2 -7, 0 z@ cos ¢ —i@ sing O —@ sin ¢ —@ cos¢p O —% +A+ 0 0
X+] oy
(z® — 2, QX 2 sin¢ —3cos¢ 0 —iycosp  —ijsing 0 0 AN 0
x-|
(322 — 12 0 \/g)‘ sin ¢ @cosd) 0 71'@ cos ¢ z@ sin ¢ 0 0 0 L4+ A+s,
x-|

Equations (A-1) and (A-2) play an important role in Cy and Cj, as described when we

discuss the ¢ dependence of the wave functions (see Sec. 2.2).

Appendix B: Zero-Order States

Performing the unitary transformation for V' of Eq. (6), we obtain the zero-order
states.®)

Table B-1 shows the matrix representation of V' in the subspace with the basis
set |xy, X0 (), |yz, Xo(9)), and |xz, xo(@)), with o=+ or —. The eigenvalues of V' are
obtained as &4, d., and £_, with

5.+ /62 + N2 B1)

2

In the case of o=+, the eigenstates for &,, 0., and £ are respectively given by
€024 (@) of Ba. (1), 6., x+(9)) of Eq. (16), and J¢_, x_(6)) of Eq. (17). Tn the
case of o=—, the eigenstates for £, d., and £_ are |£,, x_(¢)) of Eq. (18), |6, x—(¢))
of Eq. (19), and [£_, x_(¢)) of Eq. (20), respectively. These states correspond to the

§r =

zero-order states in PT.

Appendix C: Overlap Integral of s—d Scattering Rate
We briefly discuss | (7, x.(6)|e®®, x»(4))|? in Eq. (38), where |i, x.(¢)) is represented
by a linear combination of [zy, Xo(9)). vz, Xo(9)), |22, X0(9)), [2? — y*, X+ (¢)), and
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Table B-1. Matrix representation of V of Eq. (6) in the subspace with the basis set |zy, x+(¢)),
lyz, x+(9)), and |22, x£(9)).

2y, x+(0)) vz, x+(0)) |zz,x+(0))

(zy, x£(9)] 0 +ijsing  Fijcose
(yz,x+(¢)]  TFiysing Oc 0
(12, x(0)]  %idcos¢ 0 5.

1322 — 1%, X0 ().

On the basis of a previous study,? we first give the following overlap integral:

) 1
(1, xor ()| FT o () / / / F0 ke T dudydzs,

. 327TFC Gku,aku,a
o (%—W> e €1

Here, we have [eR=T . (¢))= (1/v/Q)eRsTy,(¢) (see Sec. 2.5), ky =(ky.0, kyosk:o),
ko=|ks|, and |uv, xo (@))=Ff (r)pvxs, with p=z, y, z, v=x, y, z, o=+, —, and o'=+,
—, where f(r) is the radial part of the 3d orbital expressed by f(r)=[e ", and " and
¢ are constants. The state |uv, xo/(¢)) denotes the uv orbital with o’ spin.

Using Eq. (C-1), we can calculate the overlap integrals for realistic orbitals. In the

case of k,=(k,,0,0), corresponding to I//x (see Sec. 2.5), we have

(@ = X (D, X0 (6)) = 50100 (©2)
(322 = 1 X (97 Xal0)) = =5 b (©3)
(19X (D] x0(9)) = (52 X (B)|e%, 0 (6) = {2, X (D)7, x5 (6)) =0,
(4

with
1927 k2 (©5)

T VA )
Equations (C-2)—(C-4) mean that only [32% — 72, x,(¢)) and |2* —y?, x(¢)) contribute
to the transport of I//x.
Next, using Eqgs. (C-2)—(C-5), we obtain |(7, x(¢ )|eik“z,xg(¢))‘2 in Eq. (38). Here,
[i,X<(9)) is given simply by i, x.(¢))=3; 3=, a75(9)]j, X0 (4)), Where a5 (¢) is the
i

coefficient of |j, xo(¢)). In the case of j=2® — y* or 32> — 7%, aj5(¢) corresponds

to ¢, cl-&w;-f, cos 2¢, or cixw;f, sin2¢, as seen from Eqs. (25)—(34). As a result,
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‘(z’, X (@) e, Xa(qﬁ)}!z is expressed as

: ikox 1 z< 1 4,
XD Xo (O] = |02 (D00 = 5ol f(D)ga| - (CO)

In addition, ‘(z, Xe(0)|e®® xo(h)) ’2 leads to the following two types of expressions (see

Table C-1). Type 1 is written as
[0 + 0. cos 20 = [6o)? + %WC\Q + (6yle + Loly) cos 2¢ + %\EC\Q cosdp, (C-7)
where ¢y (£.) is the coefficient of the constant term (cos2¢ term). Type 2 is
10, sin 262 = %w _ %|€s|2cos4¢, (C-8)

where /5 is the coefficient of the sin 2¢ term. Type 1 generates the twofold and fourfold

symmetric terms and type 2 generates the fourfold symmetric term.

Appendix D: s—d Scattering Rate
Using Egs. (38), (25)—(34), and (C-2)—(C-8), we obtain the sum of the s—d scattering
rates of the second term in the right-hand side of Eq. (37), i.e., >, > 1/7 5 4,(9).
We can express ) . Z 1/ Ts.oma,c (@) as

2T
Z Z _nimpNnVEmp(Rn)2<X0,a + X2¢,a’ + X4¢,O’)' (D1>

Tso—dic(®) D
Here, X, is the constant term, which is independent of ¢, Xs4, is proportional to

cos 2¢, and Xy, , is proportional to cos4¢. The terms of o=+ are as follows:

2 §+ 7+
w ‘ Df+ +

2
X0,+ = 5 ‘Cf-&-,Jr‘ 0y 322—r2 +

1 2
2( 2 2|, bet (d)
+ les. +] (01 + 2% )w3z2—r2,+‘ Ds.

2
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Table C-1. Expressions for ‘(i,X<(¢))|eik”“,xa(¢)>|2. Types 1 and 2 are given by Egs. (C-7) and
(C-8), respectively. Here, Egs. (C-2)—(C-5) are used.
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with 01=(2% — 92, X0 () |e®%, xo (4)) and 0o=(32% =12, x,(6)|e**, x,(4)), where 0; and

09 are calculated in Egs. (C-2) and (C-3), respectively. The terms of o=— are as follows:
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Appendix E: Relation between the Present Model and Previous Models
E.1 Correspondence to our previous model

We show that Ap(0)/p (=2C5) of the present model coincides with that of our
previous model' under the condition D( )=Dp , which indicates that the orbital ¢
dependence of the PDOS is ignored. Under this condition, ps 5.4, ¢ is replaced by ps »—d.c
[see Egs. (49) and (52)]. This replacement leads to pé}izo [see Eq. (45)].

On the basis of Eq. (7) in Ref. 19, we first give an expression for the resistivity with
spin-flip scattering p,(¢), i.e.,

_ p1(0)p—(9) + p(P)p— () + p_(P)py (D) '
M) = o @ Tt @) T At apsie D

with a=m*n,/(m*n_),') where p; _(¢) [p—+(®)] is the resistivity of the spin-flip

scattering from the up spin to the down spin (from the down spin to the up spin).
Using Egs. (1), (E-1), and (39)—(47), we can obtain an expression for Ap(¢)/p. The

coefficient C is finally obtained as

1
Cy = < (Pei i+ 05 Y2), (E-2)
with

X = [(ps+ + psp—d+)(ps— + ps——d— + p—3) + (ps,— + Ps——d,— ) P+,
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X[Ds 4+ Pst—dt + P+ Ps——d + (L Fa)py -+ (L+a)p_ 4], (E-3)
Vi = (ps,— + ps——d~)(Ps,— + ps——d— + p—+ — P1.-)
H(ps,— + ps—a- + - A+ a)py -+ (1 +a )p- 4], (E-4)

Yo = (ps+ + Ps+—dt)(Ps+ + Ps4—d+ + pr— — P—+)

H(pss + Pot—ir + oy (1 +a)pr -+ (1 +a)p- ], (E-5)
N 3 A2
/)gl = g <H _ A) (ps,+ﬂd,* - p8,+ﬂd,+)7 <E6>
2
(2 _ 3 (A _ E-7
P, 8(H+A)(m,w¢ Ps,——d,—)- (E-7)

Here, we have ignored the ¢ dependences of p _(¢) and p_ (¢) in the same manner
as in Ref. 19; that is, p+ _(¢)=p4 _ and p_ . (¢)=p_ + have been used.
On the assumption of H > A, we express C of Eq. (E-2) as

3/A\" 1
Cr= g (5) e = PtV b (oot = puma Wl (B9
where [\/(H £ A)]*~(\/H)? has been used. As a result, Ap(0)/p (=2C5) becomes
Ap(0) A\ 1

3 2
—7;—'221 (};) 35K0a+~¢—-—P&+ﬂ¢+)YL+(P&—~¢+-—P&—e¢—)yﬂ-

(E9)

Equation (E-9) corresponds to Eq. (28) in Ref. 19.

E.2 Correspondence to CFJ model

We show that Ap(0)/p (=2C3) of the present model coincides with that of the CFJ
model? under the condition of the CFJ model, i.e., Dfﬁ:O, Te1=Teo="y=0a, 1 <K o, and
r < 1.1 Here, C, is given by Eq. (61).

Under the above condition and the assumption of H > A, we express Cy of Eq.
(61) as

Cy = g (%) (v — 1), (E-10)
where [A\/(H + A)P~(\/H)2. As a result, Ap(0)/p (=2C5) becomes
o

Equation (E-11) is Ap(0)/p of the CFJ model in Ref. 2.
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Fig. 11. (Color online) Upper panel: The T dependences of Cy and Cy4 for FeyN. The solid curves
represent Eqs. (74) and (75) for PT. The dots represent the experimental values in the temperature
range from 4 to 300 K for the case of I//Fe,N [100].?2) Middle panel: The T dependence of R in Eq.
(76). The expression for R is given by Egs. (79) and (85). Lower panel: The T' dependences of R.q,
Reo, and AR, in Eq. (76). The expressions for R.1, Reo, and AR, are given by Egs. (81) and (88),
(81) and (87), and (80) and (86), respectively. The black solid curve (black dashed curve) represents
R.1 (R.2). The blue solid curve represents AR..
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48)

49)
50)

51)

We report a basic feature of FeyN. The crystal structure of FeyN is a perovskite-
type structure, in which N is located at the body center position of fce-Fe.*®) The
unit cell with a cubic shape consists of a corner site and three face-center sites.
Here, the de states for each spin at the corner site are considered to be degenerate.

The three face-center sites are in the xy, yz, and xz planes and are denoted Fj,,

F,., and F,, respectively. We can then specify the ground and excited states of
the de orbitals at F,,, F., and F}, taking into account the effect of N at the body

center site. At F,

zy, the ground state is the xy orbital, while the excited states are

the yz and xz orbitals. At F,

y=, the ground state is the yz orbital, while the excited

states are the zy and xz orbitals. At F).., the ground state is the xz orbital, while
the excited states are the xy and yz orbitals. In this system, the PDOSs of the zy,
yz, and xz states for each spin at Ey take the same value. In contrast, when the
system has tetragonal distortion in the z direction, the PDOS of the zy state at

Er is different from that of the yz or zz state at Erp.

We obtain pi™ o D* from Egs. (17) and (19) in Ref. 19.

From Fig. 2 in Ref. 22, we roughly evaluate the total resistivity piota to be
Protar>=T"/3 + 14 p€ - cm. This piotar is expressed as piora= p+p—/(p+ + p-) = p-
owing to the relation for FeyN, i.e., p_/p, < 1.1 Here, p_ is simply given by
p— = Ps— T Ps—d—= ,05,}: + PP pzipdﬁ. Since pf;h, depends on T, we assume
p?}i:T/ 3 and ,0?15’ + pinj’dﬁzlél. Namely, ,05}1, is proportional to 7.

In this study, we only consider the relation R o< T' [see Eq. (83)] on the basis of
Ref. 50. We here do not judge the validity of ©=0.0270. The present model, which
consists of the d states of a single atom, does not take into account the d states

in the unit cell of the realistic crystal structure (i.e., perovskite-type stucture). In

such a model, it is inconsequential to judge the validity of the numerical value of

.
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