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Theory of domain-wall magnetoresistance in metallic antiferromagnets
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We develop a theory to compute the domain-wall magnetoresistance (DWMR) in antiferromagnetic metals
with different spin structures. In the diffusive transport regime, the DWMR can be either negative or positive
depending on the domain-wall orientation and spin structure. In contrast, when the transport is in the ballistic
regime, the DWMR is always positive, and the magnitude depends on the width and orientation of the domain
wall. Our results pave the way for using electrical measurements for probing the internal spin structure in

antiferromagnetic metals.
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I. INTRODUCTION

Antiferromagnetic (AFM) materials are promising candi-
dates for next-generation spintronic nanodevices with advan-
tages of low-power consumption, fast spin dynamics, and
small size [1,2]. In AFM memory devices, the data are stored
in domains separated by domain walls (DWs) [3]. Highly
efficient manipulation and accurate detection of AFM spin
structures are essential for further developing the frontier of
this field [1,4]. The most extensively explored mechanisms for
writing magnetic states in AFM metals so far are spin-transfer
torques and spin-orbit torques [1,4]. The magnetic state in
a single domain can be electrically read out by measuring
the anisotropic magnetoresistance (AMR) [5], the tunneling
magnetoresistance (MR) [6] in AFM spin valves, and the
tunneling AMR [7,8].

The comprehensive interplay between charge or spin cur-
rents and DWs brings diverse interesting phenomena and
opens new opportunities for spintronic applications. The spin
dynamics of DWs have been systemically studied in the
presence of charge and spin currents in both ferromagnetic
(FM) and AFM systems [9-34]. These studies greatly en-
rich the methods of electrically manipulating the magnetic
texture. Conversely, how itinerant electrons scatter off a DW
conveys magnetic texture information. Charge and spin cur-
rents scattering from FM DWs [35-45] and spin currents
scattering from AFM DWs [30-32,46,47] have also been ex-
plored extensively. Yet how charge currents are scattered by
AFM DWs and the associated domain-wall magnetoresistance
(DWMR) remain unexplored theoretically. Related studies
could provide useful means for the detection of AFM domain
structures.

In FM metals, a DW usually acts as an effective magnetic
barrier and increases the MR [35—40]. Negative DWMR might
appear in special cases when either the DW enhances the
electron decoherence and reduces the weak localization in dis-
ordered systems [36] or the relaxation time is spin dependent
[48]. AFM metals, on the other hand, have more complex
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magnetic textures than FM metals [49]. Consequently, the
AFM DWMR may exhibit more exotic properties [50]. Re-
cently, an experimental study on charge transport in the AFM
metal Mn,Au has reported a surprising AMR with the oppo-
site sign to the typical AMR in FM systems and furthermore
AFM DWMR signatures were found that are not understood
on a theoretical level so far [51,52]. This clearly calls for a
study to fill the gap of a missing theory of AFM DWMR
to complete the understanding of DWMR in systems with
different magnetic orderings and symmetries.

In this paper, we formulate a framework to explore the
DWMR in AFM metals in cubic lattices with A-type, C-type,
or G-type AFM spin structure as shown in Fig. 1. Our for-
malism is general and can be used for other AFM lattices.
Assuming that the DW is pinned, we investigate the charge
transport in the direction perpendicular to the DW. The local
magnetic moments of the neighbors in the charge current
direction may be ordered in parallel (ferromagnetically) or
in antiparallel (antiferromagnetically). We name these two
configurations as parallel (P) and staggered (S) configurations,
respectively (see Fig. 1). Assuming that the Fermi wavelength
lr is much smaller than the DW width w, we treat the trans-
port problem in the diffusive regime and the ballistic regime,
separately. The two regimes correspond to different cases in
which the mean free path of the itinerant electrons is signifi-
cantly smaller than the DW width, lyrp < w, and oppositely
Ivrp > w.

In Fig. 2, we schematically present our main result. We find
that the DWMR is always positive in the P configurations. In
addition, its magnitude is proportional to 1/w in the diffusive
regime and 1/w? in the ballistic regime. These behaviors are
very similar to the DWMR in FM metals [40]. In contrast,
the DWMR in the S configurations strongly depends on the
ratio between the DW width and the mean free path as well
as the doping level. In this case, the DWMR is negative in the
diffusive regime for most doping levels. The DW promotes
rather than hinders the electron mobility. This is because the
DW can effectively suppress the magnetic staggering stiffness
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FIG. 1. A-type, C-type, and G-type AFM structures. The black
vectors show the direction of the charge current j,. In parallel (P)
and staggered (S) configurations, spins are parallel and antiparallel
for neighbors in the direction of the current, respectively. The DW is
perpendicular to the current direction.

and thus enhance the electron mobility. On the other hand, in
the ballistic regime, the DWMR becomes positive. It is pro-
portional to 1/w near-half filling (about one electron per cubic
cell) and vanishes in the low filling. Consequently, the DWMR
changes its sign when the DW width becomes comparable to
the mean free path for the intermediate electron filling case in
the S configurations.

The rest of this paper is structured as follows. In Sec. II, we
introduce the generic Hamiltonian and its symmetry. In Secs.
IIT and IV, we develop the diffusive transport theory and the
ballistic transport theory separately and calculate the DWMR.
In Sec. V, we give a short conclusion.

II. HAMILTONIAN

We model the itinerant electrons in two-sublattice AFM
metals, containing antiferromagnetically coupled A and B
sublattices, with the following generic Hamiltonian:

H=—Jn(x)- o1, + h(k)ogt, + hy(k)opTo, (1

— P configuration — S configuration

Near-half filling
4

0 ® + ~ s w
lF 2 SN /—_—f__
Low filling NS = X —

Ballistic w < lyFp Diffusive w > lypp

FIG. 2. Domain-wall magnetoresistance (DWMR) R,, as a func-
tion of DW width w. In P configurations, the DWMR is positive. In
S configurations, it depends on the ratio between the domain wall
width and the mean free path of the electrons /ypp. In the diffusive
regime, the DWMR is negative in most cases while in the ballistic
regime the DWMR is positive. Here, /r is the Fermi wave vector.

TABLE I. Hamiltonian H and the spin-spiral spectrum E;.

H=—Jn-ot, + h(k)oygt, + ha(k)ogty and spectrum E;,
Type withs, ¢ ==+1

hy = —2tcosk,
hy = —2t(cos ky + cos k;)
As E} = =2t cosk, — 2t cosk;

+2¢t sin § sink, + s\/4t2 cos? % cos? k, + J?

hy = =2t cosk,
hy = —2t(cosk, + cosk,)
A, Ef = =2t cos § cosk, — 2t cosk;

+s\/4tz(cos ky — ¢ sin % sink,)? + J?

hy = —=2t(cos ky + cosk,)
h, = =2t cosk,
o Ef = =2t cosk, + 2¢t sin § sink,

—|—s\/412[cos % cos ky + cosk, > + J?

hy = —2t(cosk, + cosk;)
h, = —2t cosk,
G E = —2t cos § cosk,

+s\/4t2(cos ky 4 cos k. — ¢ sin 4 sin k) 4 J>

hy = —2t(cos k, + cosk, + cosk;)
h, =0
Gs E} =2¢isin % sin k,

+s\/412[cos % cosk, + cosk, + cosk,]* + J?

2

where k is the electron wave vector and J is the strength of
the s-d exchange interaction between the itinerant electrons
and the staggered local magnetization n [1,53]. Without loss
of generality, we consider a Néel-type DW perpendicular to
the x axis. The local magnetization is parametrized as

n(x) = (sin 0 cos ¢, sin 6 sin ¢, cos §), 2

where ¢ is the azimuthal angle, which is a constant in Néel
DWs, and 6 is the polar angle, which depends on the position
along the x direction. The Pauli matrices T and o act on the
two-sublattice subspace and the spin subspace, respectively.
The structure factor

hy (k) = —t Zcos *k-d), 3)
d

describes inter-sublattice hopping between the antiferromag-
netically ordered nearest-neighbor (A-B sites) with connec-
tion bonds d. The structure factor

hy (k) = —t Z cos (k - b), )
b

governs intra-sublattice hopping between ferromagnetically
ordered nearest-neighbors (A-A or B-B sites) with connection
bonds b, if such hoppings exists; e.g., for the G-type AFM
structure, this term is zero. The explicit forms of 4, and h, for
each AFM spin structure are shown in Table I.

Since the Hamiltonian is spatially dependent along the x
direction, we replace the wave vector k with the operator k=
(—idy, ky, k;), where the components k, and k, remain good
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quantum numbers. Next, we apply a gauge transformation,

R(x) = exp |:—i¢201i| exp [—@}, )

which makes the exchange term spatially uniform [36], i.e.,
R7nkx) - 6IR =o,. (6)

Simultaneously, the operator —id, in the hopping terms /; and
h, also becomes

R =id, R = —id, — ’\(’;)Uy, %)

where A(x) = d6/dx describes the spatial gradient of the DW
texture. The DW now induces a non-Abelian gauge potential
A(x)oy/2 inside the hopping terms, which vanishes far from
the DW. To make the matrix representation of the Hamiltonian
more elegant, we further apply a global rotation transforma-

tion:
T =exp [_ia%n] exp [—%] ®)

Finally, the Hamiltonian in the rotated basis becomes

H, = [ROOTT 'HRX)T
= qufx + hl (’} + )%‘Zex) T + h2 <I} + %ex>s (9)

where e, = (1,0,0). As well as the charge conservation,
the rotated Hamiltonian has pseudospin conservation, since
[¢, H,] =0, where ¢ = 0,7, is the pseudospin operator. The
matrix form of #, is block diagonal. The spin-spiral spectrum
of H, with a constant A are shown in Table I.

In the following, we compute the DWMR in both diffusive
and ballistic regimes using this rotated Hamiltonian. The lat-
tice constant is set to be a = 1 for simplicity. We assume that
the DW texture is modeled by [30,31]

X
cos @ = tanh (—) (10)
w
Then, the gradient of the DW texture is maximum at the DW
center, |A|max = 7T/ W.

III. DIFFUSIVE TRANSPORT THEORY

When the mean free path is significantly shorter than the
DW width w, electrons move diffusively. The corresponding
DWMR in FM systems has previously been evaluated us-
ing perturbative quantum field theory [36,40] and Boltzmann
transport theory [37]. To circumvent the complicated evalua-
tion of Feynman diagrams in quantum field theory, we provide
an alternative and considerably simpler method for computing
the diffusive transport when the DW is wide w > [r and A(x)
varies slowly.

As shown in Fig. 3, we divide the system into a series
of small spin-spiral segments with length Ax;. Each segment
has a constant spin-spiral gradient A; = A(X;), where X; is the
center position of the ith segment. In the diffusive regime,
Ohm’s law applies. Since the pseudospin is conserved, the
two pseudospin flavors ¢ = £1 function as parallel resistor
circuits. For each pseudospin flavor ¢, the resistance of a

1 Axl A.TQ

FIG. 3. The equivalent resistor circuit of an AFM system in the
diffusive regime.

series resistor circuit is given by the sum of resistances of
infinitesimal resistor elements,

. L/2
R;ZZ Ax; :/ dx 7 (11
i o (A)S —L/2 o (A)S
where o, (1;) is the conductivity of the ith spin-spiral segment
with pseudospin ¢, L is the system length along the x axis,
and S is the cross section. The total resistance of the system
R consists of the two pseudospin flavors in parallel, 1/R =
1/R+ + 1/R_. The DWMR is the difference between the total

MR in the presence and in the absence of a DW,
L/2
R, =R—Ry~—0,%5"! / Sodx, (12)

-L/2

where Ry = L/Soy is the MR of a single AFM domain,
o) =or(A)+0o-(1) (13)

is the total conductivity in a spin-spiral segment, oy = o (0),
and §o = o(A) —o0p. In Eq. (12), we have used that in a
uniform domain o4 (0) = o_(0). Now, the problem of DWMR
has been reduced to the calculation of the conductivity o, (1)
in a spin-spiral segment. Note that depending on specific
materials, the system can have different electron filling per
cubic cell.

In a low-filling regime, where only the low-energy states
are occupied, the chemical potential w is close to the band
bottom at —6¢. The low-energy eigenvalues of #, for a spin-
spiral segment with a constant A becomes especially simple.
From the spectrum shown in Table I, up to the second order in
A and k,, we find

2 2 2
& — ko) + il + L + const. (14)

* * *
2m} 2my 2m3

E ~6E +

Here, the anisotropic effective mass of electrons is m}, =
gc/2t*> or 1/2t, when the spins are staggered or parallel
for neighbors along the o axis. The numerator is defined
as g = /12 +J%/4k?, where k =1, 2, and 3 for A-type,
C-type, and G-type AFM structures, respectively. A finite
spin-spiral gradient leads to a shift in the momentum k.,
A and the energy 8E = Z,1*/m*, where Z, = J*/(32g%«k?)
for P configurations and Z, = —J?/(32t*«?) for S config-
urations, respectively. The spectrum (14) is similar to the
spectrum of a free electron model and thus we can use the
Drude formula for conductivity. The Drude conductivity along
the x direction is given by

o(L) = ent/|m’), (15)
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where n = kjky.k% /37m? is the electron density, k% is the
anisotropic Fermi wave vector, and t is the electron lifetime.
Using Eq. (12), we find that the relative change in the MR due
to the DW becomes

R (zx)2

= 61 2, (16)

R() Lw
where [ = 1/k is the anisotropic Fermi wavelength.

Equation (16) shows that in P configurations, A, and C,
cases, the DWMR is positive similar to FM systems. In con-
trast, in S configurations, Ay, Cy, and G cases, the DWMR
becomes negative, because the coefficient Z, is negative. The
counterintuitive phenomena that these DWs reduce the MR
can be interpreted from the Drude’s formula. In S config-
urations, since the energy shift induced by a spin-spiral is
negative, the local electron density and also the local conduc-
tivity inside the DW are enhanced. In other words, the DWs
soften the effects of the staggered field.

Next, we consider a general case with arbitrary electron
filling. Note that, for a spin-spiral with a constant gradient A,
the momentum k, becomes a good quantum number in H,.
Using the Kubo formalism [54], we prove that the conductiv-
ity for each pseudospin becomes

b =e ’Z/z "

where v¢* = OE//0k is the group velocity of electrons in
the sth band of pseudospin ¢. The relative DWMR can be
shown to be R, /Ry « 1/w. Technical details can be found
in Appendix A. In the low-filling limit, Eq. (17) is consistent
with the Drude conductivity (15). We can also rewrite the
conductivity (17) as o;(A) = eztv_)%p? , where p (1) is the

VOVS(EL — ), A7)

density of states (DOS) and \/v:% is the average velocity along
the x direction at the chemical potential p for pseudospin
¢. This expression clearly shows that the conductivity can
be enhanced by increasing either the DOS or the average
velocity.

In Fig. 4(a), we plot the relative DWMR as a function
of chemical potential for a DW with Ap. = 0.3/a. The
DW width is w 2~ 10.5a. The result shows that for differ-
ent chemical potentials, the DWMR usually is negative in
S configurations and always is positive in P configurations.
To understand this phenomena, in Fig. 5, we confirm that
the ratios of the conductivity of uniform domains (A = 0) for
different AFM types, 06\ s /06‘ " and aoc s /O’OC ", are significantly
smaller than one. Since the single AFM domains of Ay type
and A, type, or C; type and C, type, share a common DOS,
the ratio less than 1 means that the electron mobility (or the
averaged velocity) is suppressed in the direction that neigh-
boring magnetic moments are staggered. We interpret that
in S configurations a spin spiral can effectively suppress the
magnetic staggering stiffness and thus enhance the electron
mobility. This explains the formation of negative DWMR in
S configurations. In Fig. 4(a), we also find that, in several
energy regions in S configurations, the DWMR becomes posi-
tive. These phenomena are usually accompanied by significant
suppression of DOS (corresponding to the conducting chan-
nels) due to the spin spiral as shown in Fig. 6.

@ Dpiffusive RyL/Roa (b) Ballistic Ry/Ro

0.2

0.6 /\ — As Ap I — As Ap

-0.6 ()_0E
0.6 — Cs Cp [ —Cs Cp

A

0.06 ~ Gs
0.05

L

-0.06

—65432—‘10 O’0—6—5—4—3—2—'10

FIG. 4. The relative DWMR R, /R, as a function of the chemical
potential ;. The DW width is w =~ 10.5a and we set J = ¢t. We show
the results for negative chemical potential. The part with positive
chemical potential is symmetric with the negative part. Here, L is
the length of the system and a is the lattice constant.

IV. BALLISTIC TRANSPORT THEORY

When the electron’s mean free path is much larger than the
DW width, by using the Landauer approach, the conductance
in the x direction at zero temperature is

—e2SZ/

where Ty, is the transmission coefficient for each channel
[55]. Since A(x) varies slowly, the adiabatic approximation
can be applied. In other words, we can treat the mo-
tion of electrons classically by using Hamilton’s equations,
X = akng()L(x), ky) and k, = —8XE§(A(x), k). The two vari-
ables k, and k; are hidden since they are conserved during
the evolutlon The transmission coefficient becomes T;, = 1
for open channels and 7;, = 0 for closed channels. The
DWMR is determined by how many channels become closed
due to the DW. Note that the electrons’ motion follows
the law of conservation of energy. The DW, as an aisle,

vi*>0 A3k
(2m)? o

©li=0Tzsx, 8 (Eflmo — 1), (18)

@) a"%10y™ ®) Nl

1.0 ] 1.0

0.8 0.8

06 06

0.4 | 0.4

02 6 5432240 02 652423240
ult it

FIG. 5. The ratio of diffusive conductivity in a single AFM
domain with S configuration and P configuration. The ratio is sig-
nificantly less than 1.
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FIG. 6. Density of states (DOS) for Ay, Cy, and G, cases.

only allows injecting electrons within the energy window
[ min(E 7). max(El) =, for fixed k, and k; set by the DW
to pass through. Technically, for an injecting electron with
E = Eg A=0, k)?), the channel is open if there is a solution
of k, near to k)? for the equation E = E g (Amax, k).

In the low-filling limit, using the low-energy spectrum
(14), we obtain the resistance of a single AFM domain,
Ry = (471213/62)(1%1;/5). For all S configurations, the DWs
are transparent and cause no additional resistance, since all
low-energy channels are open due to the negative energy shift
SE. However, for P configurations, §E is positive, and we
obtain the relative DWMR:

ML 2Z,. (19)

The situation differs in the moderate-filling case. For in-
stance, in the A, case, the local dispersion with gradient A is

E§i = —2t(cosk, + cosk;) + 2t sin(A/2) sin ky

+ /412 cos2(1/2) cos ky + J2. (20)
We rewrite the energy in the form
EF (ko) = EF(h=0,k) 4 Ver[A(x). k] (21)

Different models can use a similar decomposition. Here we
find near k, = 7 /2 (which can not be occupied in the low-
filling limit) the effective potential Ve ~ +2¢A(x)/2 for a
small A. This quantity tunes the energy window in the DW.
In S configurations, the leading order of tuning the window is
X Amax and thus SR, o 1/w. Similar discussion works for P
configurations. However, the leading order of tuning the win-
dow becomes proportional to A2__, resulting in §R, oc 1/w?
as the low-filling case.

In Fig. 4(b), we plot the relative DWMR for a 180° DW
with Apnax = 0.3/a. We see in S configurations it vanishes for
a low-filling case, but becomes significantly larger than that in
P configurations in a moderate-filling case.

V. CONCLUDING REMARKS

We have developed a formalism to compute the MR from
magnetic textures in AFM metals in diffusive and ballistic
regimes. In AFM systems, the DWMR exhibits a more com-
plex behavior as compared to FMs. The AFM DWMR can be
negative in the diffusive regime even in the absence of spin-
dependent relaxation time and spin-orbit couplings, which
contrasts with the FM case. This unique feature arises because
DWs soften the effects of the staggered magnetic moments in
AFM metals.

Our results stimulate further DWMR measurements to re-
veal the properties of AFM metals. In the diffusive regime,
since the sign of DWMR is sensitive to spin configurations,
measuring the MR provides information on the configuration
along the current direction. The qualitative dependence of the
DWMR on DW properties is measurable by varying the DW
width through mechanical strains or magnetic fields in con-
junction with magnetic imaging using x-ray magnetic linear
dichroism contrast [46,51].
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APPENDIX A: CHARGE CONDUCTIVITY IN THE
SPIN-SPIRAL SEGMENT

The pseudospin ¢ is a conserved in our systems. Below
we focus on each subspace with ¢ = 1. For the simplicity
of notation, we hide the index ¢ in the following. For a
spin-spiral segment with a constant gradient A, the momentum
k. in the rotated Hamiltonian H, becomes a good quantum
number. Correspondingly, the current operator in the rotated
basis (¢} ) is

Jo= )& T )iy, (A1)

k,s,s'

where J (k) = 9, H,(k) and s represents the internal degree
of freedom besides the pseudospin ¢.

Next, we introduce a unitary transformation U to di-
agonalize the Hamiltonian, H,(k) = U; ArUi, where Ay =
diag{E*(k), E~ (k)} is a diagonal matrix. In the eigenbasis of
the Hamiltonian, aA'k = Uy, the current operator becomes

jx = Z dA]I’SJk;ss’dAk,x/’ (A2)
k,s,s'
where Jy = Uy T (K)U,.
The conductivity in the Kubo formalism is [54]
1 [y, 1)
N L S
w—> w
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where the current-current correlation is

1 na
7 (iw,) = . / dre'" (T, (1) jx(0))

Z_Z/@P

The single-particle Green’s function G (ip) is a diagonal ma-
trix. In the Lehmann representation, we have

1Sk Gk (ip + i)k Gk (ip)].  (A4)

. de Ak, €)
gk;x,x’ (lpn) = 8s,s’ ~_ - . (AS)
2w ip, —€+u
where the spectral density is
2A
Ak, €) = , (A6)

(Es — €+ A}

In the above, s = £ and Ay = 1/271;, where 7 is the lifetime
of the quasiparticle.

Using these formulas and using the same techniques devel-
oped in Sec. 8.1 of Mahan’s book [54], we can directly obtain
the conductivity,

3
—}:/(dkdﬁhuhbmwkem<kew@—u>

27)3 4
(AT)
Note that for a large 7 (i.e., a small A), we have
As(k, €)Ay(k,€) >~ 4n8(e — E*)y, (A8)
when E¥ = E* [54], and
As(k, €)Ay(k,€) =0, (A9)
when E* #£ E s’ On the other hand, using the fact that
Je = U T (U, = Urldy, (U ArUOIUY (A10)
we obtain
Je = Ue(8.U) Ak + 3 Ak + MA@ UOUL. (AL

Thus, for E* = E¥, we have

Jesy = W@ U)) + O UOU s v Ef + 859 Ef

= 8,y Ej. (A12)
We further assume that 1z = 7 and finally obtain
oc=e IZ/(z 5 (E° — 1), (A13)

where v} = 9 E;. We have added the factor e?, which is set
to 1 in the above derivation.

By expanding Eq. (A13) as a function of the gradient X, the
correction from spin-spiral is of the order of A. The relative
DWMR becomes

Ry, 7Ceifruse

Ry  Lw

, (Al4)

where

et d’k .
Caiftuse = — Z/Z Qr) 2 ] (EHA:O - M)v

(A15)
and
. U A
FIEl= |E'E' —2EE" — EE +FE
E//2 ) 2E//
—E/ZEZ (A16)
A=0

We have used the convention that £ = 9, E and E' = 3 E.
Equation (A14) demonstrates that, in the diffusive transport
regime, the DWMR is inversely proportional to the DW width.
The following calculation is the detail for the expansion.

APPENDIX B: EXPANSION OF EQ. (A13)

We start from the integral

&Pk
T= /BZ ! S(E — 1b), (B1)

where E(k, 1) and v(k, 1) = E’ = 9 E are functions of k and
A. Using the convention E = 9, FE, we expand the velocity v
and the § function around A = 0,

1 2 . 1.
U25(E —un) = <Uo + VoA + Eﬁokz) (50 + oA + 550)»2>,
(B2)
where vy = v|,—o and §o = 8(E|,—o — p). Order by order ex-

panding the function v?8(E — ), we obtain coefficients for
Al as follows,

20 v3 80, (B3a)
Al 200080 + 120, (B3b)
A2 VoS + Vovodo + %U()U()S() + 2UQi)QSo. (B3c¢)
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For simplicity, we omit the foot index 0 but keep in mind
A — 0. Note that § = Edd = ES’/v and

.9 . . )
§ = —(E058) = E0pd + E— (858

8A( EG) g6 + 3)\(5)

. . E L1 8 /1
= Edp8 + E2(828) = =8’ + E*——|( -¢'

£o T+ (E) v + vakx<v )

E ’ =2 1 " 52 v’ ’
=—0 +E°=8" —E-=§. (B4)
v v? v3
Substituting these expansions into the integral (B1), integra-
tion by parts shows that these coefficients become

At WE'E' —E"E)i=08(Eli=o — 1),  (BS)

1. L. 1. 1E"” .
2. | 2E'E' —EE" — ~EE" + - —E?
2 2 2 E

8(Elh=0 —m). (BO)

_lE//ZEZJFE_”EE/]
A=0

o = ¢ Tk b F[ES
o=e1y. z(2n)3{ 1[E¢]

)\'2
+ 7B[Eg]}a(lzg im0 — 1), (B7)

where Fi[E] = [E'E' — E"E]|;—. In our models, the parity
symmetry of the functions under k, — —k, determines that
the integral of | vanishes. Thus, the DWMR becomes

— Cdiffuse /L/Z )‘«zd

7 Clitfuse
UOS —L/2 2

R, = . B8
* w 0'()S ( )

Using Ry = L/0yS, we finally obtain Eq. (A14).
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