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Abstract
We theoretically investigate the Ruderman–Kittel–Kasuya–Yosida (RKKY) interaction between
magnetic impurities distributed in the vicinity of the surface of aWeyl semimetal. Contrary to
previous studies, we further take into account the influence of interplay of the Fermi arc and bulk
states, and interface refection. It is shown that the RKKYpattern is significantlymediated by the
Fermi-arc surface state alongwith the interface reflection. The Fermi-arc surface statemediates the
RKKY interaction by interferingwith the bulk states. The resulting interference contribution in the
short-range impurity distanceR is comparable inmagnitude to the bulk-band contribution and even
dominates the latter near the surface. It either enhances orweakens the bulk contribution, depending
on the relative orientation of impurities and Fermi energy.More importantly, for the long-range
impurity distance the interference termdominates in that it can prolong the decay rate from the
original bulkR−5-law toR−2 (R−3) forfinite (zero) Fermi energy. The interface reflection not only
enhances themagnitude of the RKKY interaction and changes its anisotropy from the original XXZ to
XYZor Ising spinmodel, but also generates extra twisted RKKY terms parallel to the line connecting
Weyl nodes, lacked in the scenario without the interface effect. They originate from the interaction
between the impurity and themirror image of the other impurity.We further analyze in detail the
spatial anisotropy of the decay rate and beating pattern. Thesefindings provide a deeper insight into
surfacemagnetic interactionmediated byWeyl fermions.

1. Introduction

Advancement of novelDiracmaterials is currently attractingmore andmore attention in condensedmatter
physics due to their unique band structure.Weyl semimetals (WSMs), as a newly-discovered topological state of
matter, could be realized by splitting a degeneratedDirac point into two separatedWeyl nodes with opposite
chirality under either breaking the time-reversal or inversion symmetry [1–3]. Recently,WSMswith time-
reversal symmetry have been found in the noncentrosymmetric transition-metalmonosphides, including TaAs
[2, 4–6], TaP [7, 8], NbP [9] andNbAs [10]. It is also expected that theWSMswith broken time-reversal
symmetry also can be implemented bymeans of themagnetically doping technique [11–15] or applying a beam
of off-resonant light [3, 16–24] . For example, the FloquetWSMs are reported if a circularly polarized light is
applied to nodal line semimetals [3] or 3DDirac semimetals [17].

Besides the linear dispersion of bulk band, themost significant feature ofWSMs is the splitting nodes, which
are topologically robust as long as translational symmetry is preserved and can be interpreted as a composition of
amagneticmonopole and anti-monopole. They can only be created or annihilated at pair. The stable topological
feature ofWeyl node pairs could be characterized by the non-zero Berry curvature in themomentum space. As a
consequence, theWSMs exhibitmany anomaly phenomena, such as anomalousHall effects [1, 25–29], chiral
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anomaly [25, 30–32], negativemagnetoresistance [33–35], and untraditional superconductivity [36, 37].
Another remarkable topological property ofWSMs is the existence of topologically protected surface states. The
surface states in k-space formFermi arc, connecting theWeyl nodes projected to the surface Brillouin zone.
Different from the gapless surface state of topological insulators, which inhabits within the bulk band gap and is
depart from the bulk sates, the Fermi-arc surface states inWSMs are directly connected to the bulk states.
Consequently, the surface properties ofWSMs are contributed by both the bulk and surface states. To detect the
Fermi arc,many literatures have focused on specific impurity scattering, such as quasiparticle interference (or
Friedel oscillations) [38–41] andKondo effect [42, 43], and other interesting transport properties. However, the
magnetic properties with respect to Fermi-arc states receive no attention.

Introduction ofmagnetic impurities toDiracmaterials opens up the possibility for their application
potential in spintronics. Amongmagnetic impurities, the effectivemagnetic interactionmediated by the
electrons of hostmaterial, namely the Ruderman–Kittel–Kasuya–Yoshida (RKKY) interaction [44], is crucial for
magnetic ordering of the impurities. The nature of the RKKY interaction is determined by the dispersion and
magnetic texture in hostmaterials, which has recently been extensively explored inDiracmaterials. In graphene
[45–49], it was reported that the exchange interaction between themagnetic adatoms presents isotropic decay
ratewith an impurity distance asR−3, whether in the armchair direction or in the zigzag direction. Unlike
graphene, phosphorene [50] exhibits strong anisotropy along different lattice directions and applied linear strain
can increase the RKKYmagnitude nonlinearly and prolong the decay rate from the exponent toR−2. On the
surface of three dimensional topological insulators [51, 52], it was shown that the RKKY interaction consists of
theHeisenberg, Ising, andDzyaloshinskii–Moriya (DM) terms, and the competition among them causes rich
spin configurations. Very recently, several groups extended this study to theDirac/WSMs [53–55]. For example,
Chang et al [53] have studied theRKKY interaction inDirac andWSMswith two impurities aligned to a specific
axis, and found that the internode process as well as the spin-momentum locking has significant influence on the
RKKY interaction, resulting in both aHeisenberg and an Ising term, and an additionalDM term if the inversion
symmetry is absent.Whenmagnetic impurities are distributed along arbitrary orientation,Hosseini et al [54]
reported a new spin-frustrated term,which alongwith theDM term lies only in the plane perpendicular to the
line connecting twoWeyl points but no components along the connecting line. In their studies, all RKKY terms
decay fast with a spatial dependence asR−5 for half-filling band and falls asR−3 infinite Fermi energy.When
these discussions shed new light on theWSMs, their results are suitable only for the case ofmagnetic impurities
embedded deeply insideWSMs bulk bands, where the effect of Fermi arc and interface reflection are neglected.
In reality,many interesting properties originate from the effect of surface/interface dopedmagnetically [56, 57].

Motivated by this, in present paper we considermagnetic impurities placed near the surface of a semi-
infiniteWSMand evaluate the RKKY interaction by taking into account the Fermi arc as well as the boundary
reflection. It is found that the interplay between Fermi arc and bulk states near the boundary contributes the
RKKY interactionwithmagnitude comparable with or exceeding the bulk contribution. Importantly, it can
prolong the decay rate of RKKY interaction toR−2-law, exhibiting the behavior of two-dimensionalmaterials.
With impurities close to the surface, the reflection effect significantly increase the size of RKKY interaction and
generate interesting twisted RKKY terms (i.e. DMand spin-frustrated terms) parallel to the line connectingWeyl
nodes, lacked in the scenariowithout interface effect. All the properties of RKKY interaction depend on the
spatial direction of the impurity-connected line. This paper is organized as follows. In section 2, a theoretical
model is provided andGreen’s functions for Fermi-arc surface state and reflected bulk states are derived.We
analyze in detail the influence of Fermi arc alongwith interface reflection on the RKKY interaction in section 3. A
short summary is given in the last section.

2.Model andmethod

To consider the influence of the Fermi arc on the RKKY interaction, we study a semi-infiniteWSMas shown in
figure 1, where aWSM is placed in the right half-plane (y>0) and the vacuum in the left half-plane (y<0). The
surface is at y=0 and infinite along x- and z- directions. Along y direction, themomentum ky is not a good
quantumnumber and replaced by an operator ky=−i∂y. For the convenience of analysis, we employ a simplest
continuummodel forWSMs proposed byOkugawa andMurakamii [58], which is written as

g s s s= - + +( ) ( ) ( )H k m v k k , 1z z f x x y y
2

where = { }k k kk , ,x y z is themomentum, s s s s= { }, ,x y z is spin Pauli operator, and vf,m, and γ are non-zero
systemic constants. ForHamiltonian equation (1), the bulk band dispersion is

g= + + -( ) ( )E s v k k k ms f x y z
2 2 2 2 2 2 , where s=± represent conduction and valence bands. Ifm is positive,

the bulk conduction and valence bands touch each other at twoWeyl points located at ( )m0, 0, as shown in
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figure 1, describing one pair of amonopole and an anti-monopole. From thismodelHamiltonian, one can
calculate the surface states and bulk states on the same footing.

In order to obtain the surface state in this semi-infiniteWSM,we set themagnetic term [59] = -¥m for
y<0 andfinite in theWSMside.We assume an incident wave -Ce k yi y is injected along−y direction.Near the
interface, if thewave is bound to the x–z surface, the solution of wave vector ky becomes imaginary. By
considering the continuity conditions of the boundary between left and right regions, one can easily obtain the
surface state at y=0 as

g q
p

Y =
¢ g+ - ¢ ( )( )

( )
( )( )k k

y
r, ,

2
e 1

1
. 2x z

k x k z y
sur

i x z

Here, g g¢ = -( )m k vz f
2 acts as the decay factor and θ (y) denotes theHeaviside step function. The

corresponding surface band reads as Esur=vfkx in the range of- < <m k mz and vanishes otherwise. The
surface state forms a Fermi arc in k-space connecting twoWeyl nodes if projected to the surface Brillouin zone.

The structure of the bulk states in the presence of the boundary differs from the case of an infinite sample in
which ky is a good quantumnumber. Following the same processes but considering a real wave vector k ,y the
wave function of bulk bands can be calculated as,

p p
Y =

- -

-
c

c
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+
-

+

⎛
⎝
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⎟⎟( )

( )
( )

( )
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y

with

c c
=

-  -

-
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
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( ) ( )

( )
f

s v k m sv k k

k sv k k
k

2
,s z z f

f x

where g c= = + + -c ( ) ( )v m k v k k v k m2 ,z f x y z z
2 2 2 2 2 , andχ=±1 denote the chirality of the twoWeyl

nodes. Thewave function consists of two parts: an incident wave and a reflectedwave.Whenwe drop the
conjugate terms in equation (3), thewave function reduces to the case without the boundary. In obtaining the
analytical expression of equation (3), we have linearized theHamiltonian (1) around theWeyl points

( )m0, 0, to the low-energymodel

s s
c
l

c s= + + -c
⎡
⎣⎢

⎤
⎦⎥( ) ( ) ( )H v k k k m , 4f x x y y z z

whereλ=vf/vz and the energy dispersion isEs=skχ .
We assume that twomagnetic impurities positioned at points rA and rB interact withWSMelectronsweakly

enough not to change the host dispersion. The interaction is expressed as the standard s-d exchange
Hamiltonian sd= å -= · ( )H J S r r ,i A B

i
iint 0 , where Si is the local classic impurity spin. Using standard

Figure 1. Schematic diagram for aWSMwith two splittingWeyl nodes along the kz direction. The surface is at y=0 and infinite along
the x- and z-direction.R1 is the distance vector connecting the two impurities when one impurity is placed at the origin and the other
in the bulk.
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approximatingmethod [60–63] to the second order termof the interaction J0, one at zero temperature can
obtain an effective interaction betweenmagnetic impurities,

ò s

s
p

w w

w

=-

´
-¥

[( · ) ( )

( · ) ( )] ( )

H
J

G

G

S r r

S r r

Im d Tr , ,

, , , 5

u
A

A B

B
B A

RKKY
0
2

F

where w( )G r r, ,i j is the retardedGreen’s function in frequency-real space and uF is Fermi energy. Obviously,
before calculating the exchange interaction, wemustfirst derive the retardedGreen’s functions. They can be
constructed from thewave functionswithin the Lehmann’s representation [64, 65]:

åw
w h

=
Y Y
- +

( ) ( ) ( ) ( )
†

G
E

r r
r r

, ,
i

, 6A B
n

n A n B

n

whereΨ n(r) represents the nth eigenstate in equations (2) and (3)with the corresponding eigenenergy En. Due to
the coexistence of surface and bulkwave functions, the full Green’s function can be decomposed into two parts:

w w w= +( ) ( ) ( )G G Gr r r r r r, , , , , ,A B A B A Bsur bulk with w w= å c
c( ) ( )G Gr r r r, , , ,A B s

s
A Bbulk , bulk , respectively,

constructed by thewave functions of the surface band only or bulk states only. In this way, we canwork out the
analytical expressions forGreen’s functions.With the help of equation (2) and integrating over themomentum
k, we can obtain theGreen’s function contributed by the surface band,

w
gq q q

p
r= -

D L D wD( )
( ) ( ) ( ) ( ˜ )

( )G
y y x y z

v
r r, ,

i ,

2
e , 7A B

A B

f

x v
sur 2

i f

where r s s= + = +ỹ y y,x A B0 , and L D( ˜ )y z, denotes an integration

òL D = - g
-

D + -( ˜ ) ( ) ˜ ( )y z k m k, d e
m

m
z z

k z y k m v2 i z z f
2

. For convenience, above and hereinafter we denote

= - = D D D = D D( ) ( ˜ )x y z x y zR r r R, , , , ,A B1 2 , and ¢ ( )R1 2 denotesR1(2) inwhichΔz is replaced byλΔz.
Also, one can use thewave functions in equation (3) to construct theGreen’s function of bulk states. After
integrating over themomentum, the bulkGreen’s function can bewritten analytically as

åw
w

p l
b
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D
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b w s s l s

b w l s s s s

= ¢ - D + D - D D

= ¢ - D D + D + +

( )[ ( ) ( ) ]
( )[ ( ) ( ) ˜ ]

R v x y z m z

R v z m z x y

i i tan ,

i tan i 2 .

n f x y z

n f z x z

1

2 0

Here,α 1=σ 0,α 2=σ x, and ¢ = ¢∣ ∣R Rn n .

3. Results and discussion

Now let us turn our attention to the indirect exchange interaction between twomagnetic impurities caused by
theWSMelectrons. Due to the presence of surface, the RKKY interactionwill bemediated by the Fermi-arc
surface state and the reflected bulk states. Although theGreen’s function can be split into the bulk and surface
parts, the RKKY interactions in equation (5) cannot be simply separated to the bulk and surface components due
to the interference between them. In the following, we discuss them separately. In numerical calculations, we
adopt themodel parameters extracted from [66]:m=0.0082 g =-Å , 10.64242 ÅeV 2 , vf=2.4598 ÅeV .

By substituting theGreen’s function equation (7) or equation (2) into equation (5) and then performing
careful calculations, the RKKY interaction can bewritten in formof

å å= + ´ + +
= =

[ ( ) ] ( ) ( )H J S S J J S S S SS S . 9
i x y z

i A
i

B
i

i A B i
i y z

xi A
x

B
i

A
i

B
x

RKKY
, ,

DM

,

fr

Here, the range function Ji is the in-plane components (theHeisenberg and Ising terms), and the others are
twisted component: Ji

DM forDM term, Jzx
fr and Jzy

fr for the spin-frustrated termsThey are determined by the states
of host electrons and the configuration of twomagnetic impurities.

3.1. Influence of reflected bulk states on theRKKY interaction
Wefirst consider the exchange interactionmediated by the bulk states by substituting equation (2) into (5). Due
to the strong anisotropy ofWSMdispersion, the RKKY interaction is also heavily dependent on the spatial
orientation of distance vector between two impurities. In the following, we give both numerical and analytic
results for the impurities deposited along x-axis and only the numerical results for other impurity
configurations.
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For impurities arranged parallel to the x-axis and at uF=0, the non-zero range functions read
= - J CR y R20z
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and the other terms vanish. Here, we denote = p l
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2 withΩ being the area of the first Brillouin zone and

= + +
+
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I C R R R R

R R R R

16 31
2

2
2

1 2

1 2
3

1 2
3 . In equation (10), we divide each bulk RKKY component Ji

b into three parts. Thefirst term

is exactly equal to the interaction between two impurities without considering the boundary reflection. It
remains unchanged nomatter the distance y of impurities away from the boundary. The second term in Ji

b

originates from themirror effect, characterized by power-law decayingwith the relative distanceR2 between the
impurity A (x y z, ,A A A) and themirror image ( -x y z, ,B B B) of the impurity Bwith respect to the boundary. The
last term in Ji

b is an extramixed termbetween them.Naturally, the components in the second and the third terms
are significantly dependent on the impurity distance y with respect to the boundary.

To explicitly exhibit themodification of RKKY interaction by the boundary, we infigure 2(a) display the
evolutions of RKKY components for uF=0 as a function of y . In numerical calculations, wefix the relative
distance between impurities (i.e.,Δx=const andΔz=Δy=0) and so y denotes two times the distance of
impurity pair from the boundary. Here and in the following, we take W =J 10

2 2 as the unit of all the range
functions J.When impurity pair is far away from the boundary ( D y x 1), theDM term vanishes and the
impurities exhibit anXYY-like spinmodel ( ¹ =J J Jx

b
y
b

z
b, noticing two impurities deposited along x-axis). This

also can be seen from equation (10), where for D y x 1or  ¥R2 , only thefirst term is remained in Ji
b. In

this limit, the RKKY interaction reduces to be

Figure 2.The dependence of the RKKY interaction contributed by bulk states on the spatial distance y with respect to the boundary.
Impurities are deposited (a) parallel to the x-axis and (b)parallel to the z-axis.We choose uF=0 and the relative distance of impurities
D = Åx 40 in (a) andD = Åz 40 in (b).We take W =J 10

2 2 as the unit of all the range functions J.
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= +· ( )H I I S SS S , 11b
A B A

x
B
x

RKKY 1 2

where p p= - W = W( ) ( )I J v R I J v R48 , 80f f1
3

0
2 2

1
5

2
3

0
2 2

1
5 , and isotropic dispersion (λ=1) is taken for compar-

ison. These results recover those of bulk RKKY interaction in the absence of the boundary [53, 54]. Thismeans
that the boundary effect could be ignored if the impurity pair is located far enough away from the boundary.
When the impuritiesmove towards the boundary, all RKKY terms deviate from the above behaviors,
accompanied by two significant changes. One is the quick increase of Jx

bwith reducing y while overlapping Jy
b

and Jz
b decrease in somewhat different velocity,making the spin configuration develop fromoriginal XYY toXYZ

model. The anisotropy of the exchange interaction reaches the strongest at the boundary ( =y 0), where only
the Ising term Jx

b survives while the other components are exactly compensated by the interface reflection.
Another significant change is the appearance of a peculiarDM term in the vicinity of the boundary. It is noted
that if the boundary is absent [54], theDM term vanishes for uF=0 and isfinite only for electron–hole
symmetry breaking (or ¹u 0F )with its direction perpendicular to the line connecting theWeyl nodes. In
contrast, in presentWeyl systemwith boundary, theDM term emerges even for uF=0when impurities are
located in the vicinity of the boundary but not exactly at the boundary.Moreover, different from theDM term in
bulkWSMs [54], here theDM term Jz

DM is parallel to the line connecting theWeyl nodes, which is contributed
purely by the interaction between the impurity and themirror image of the other impurity (indicating byR2).

Infigure 2(b), we depict the y -dependence of RKKY components for impurities arranged along the z-axis.
Comparedwithfigure 2(a), the similar change happens for this case. Themain differences are: (1) the obtained
RKKY interaction is almost two orders ofmagnitude smaller; (2) Jx

b is overlappedwith Jy
b for large y and in

intermediate y the spinmodelXYZ becomes prominent. Besides, in this impurity configuration, theDM term
vanishes completely. On the x–z surface, the dependence ofDM termon spatial direction can be describedwith

qµ ( )J sinz
b

R
,DM

1
. Here qR1

(fR1
) is the polar (azimuth) angle of q f q f q= ( )RR sin cos , sin sin , cosR R R R R1 1 1 1 1 1 1

as
demonstrated infigure 1, where the position of one impurity is chosen at the origin point.

We display the variation of non-zero RKKY interactionwith y withfinite Fermi energy uF for impurities
parallel to x-axis infigures 3(a), (b) and to z-axis infigures 3(c), (d). Also, the relative distance of two impurities is
fixed as infigure 2. Remarkably, the finite Fermi energy gives rise to oscillation of all the RKKY interactions and
their oscillating amplitudes decaywith the distance y measured from the boundary. The underlying physics
stems from the interference between the impurity–impurity interaction and the impurity–mirror–impurity
interaction, whichmanifests themselves as a cosine function ¢ + ¢[( ) ]R R u vcos F f1 2 or ¢( )R u vcos 2 F f2 , where

l¢ = D D D( )x y zR , ,1 and l¢ = D D( ˜ )x y zR , ,2 . At the same time, the RKKY interaction is several orders of
magnitude larger than the case of uF=0 infigure 2. For impurities parallel to x-axis, one in figure 3(b) can
notice that a newDM term Jx

DMdevelops forfinite uF, perpendicular to the line connectingWeyl nodes due to the
electron–hole asymmetry. It dominates quickly over the component Jz

DM. In addition, the spin-frustrated term
Jzx
fr has non-zero components near the boundary in this case and vanishes for impurities far away from the
boundary, resembling to Jz

DM. Jzx
fr originates from the interplay ofmirror effect and the electron–hole asymmetry.

Figures 3(c), (d) show the case of two impurities arranged along z-axis, where the sameRKKYoscillation
emerges butwithout anyDM term.

3.2. Influence of the Fermi arc on theRKKY interaction
Two impurities deposited onWSMsurface interact with each other not only via the bulk states but also the
surface state near the Fermi energy. In the following, wewill explore the contribution of Fermi-arc surface state
onRKKY components.When substituting w( )G r r, ,A Bsur in equation (7) into equation (5), one can calculate the
RKKY interaction contributed by surface state. It is easy tofind that there is no overlapping between

w( )G r r, ,A Bsur and w( )G r r, ,B Asur for any energyω and so purely surface state does not contribute to the
exchange interaction for present two-nodalmodel. Physically, such zero contribution can be attributed to the
open Fermi arc in single conducting channel. Similarmechanism is also addressed in [67], where the open Fermi
arc at a single surface of aWSMcannot host the quantumHall effect. Even so, the Fermi arc alsomediates the
RKKY interaction significantly by the interference with the bulk states, characterized by a product of bulk-state
and surface-state Green’s functions.

For impurities parallel to the x-axis, the non-zero range functions at uF=0 read
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and the other terms vanish. Here, all interactions depends on the integration L ( )y , 0 and so y . The asymptotic
behavior ofΛ is gL » - ( ) ( ) ( )y m v my v, 0 4 3f f

3 2 for small y , and l gL » ( ) ( )y v y, 0 f
2 for large y .

We infigure 4(a) show the RKKY terms stemming from the interference effect as a function of spatial
distance y , where two impurities are arranged parallel to the x-axis and uF=0.Naturally, these interference
interactions vanish if impurities are far away from the boundary (  ¥y ).With the impurity pair close to the
boundary, theirmagnitudes become visible and the spin structure behavesXYY-likemodel due to always

=J Jy
i

z
i.More importantly, by comparingfigure 4(a)with 2(a), it shows that themagnitude of the interference

contribution is comparable with bulk contribution. Infigures 4(b) and (c), we plot the bulk components (Ji
b and

Jz
b,DM) and the interference components (Ji

i and Jz
i,DM) for comparison.Obviously, with the decrease of y , the

interference components playmore andmore important role. For example, infigure 4(b)when the distance y is
lower than a certain position (indicatedwith a circle), Jx

i dominates over the bulk value Jx
b. This specific position

can be furthermediated by uF.
Above discussions are for two impurities resided parallel to the x-axis. For arbitrary impurity configurations,

the competition between interference and bulk parts leads to rich behaviors. In the following, we keep at least
one impurity situated at the boundary and discuss the orientation dependence of Jx. Infigures 5(a) and (b), we
plot the dependence of Jx

b and Jx
i on polar angle qR1

with two impurities placed at the x–z plane (i.e. =y 0). For
uF=0 infigure 5(a), the interference contribution Jx

i dominates inmost regimes. For impurities deposited
along the x-axis (seeing q p= 2R1

), both Jx
b and Jx

i reach themaxima. Then they oscillates with qR1
deviating

fromπ/2.When reaching the z-axis (seeing q = 0R1
), both components become quite small. Jx

b and Jx
i present

either enhancing (the same sign) or compensating (opposite sign) behavior, depending on the impurity spatial
direction qR1

. Their relativemagnitudes and signs and so the anisotropy of total RKKY interactions can be

changed significantly by uF, as shown infigure 5(b). For example, for q p= J2,R x
b

1
and Jx

i can be tuned to be
opposite sign and compensate each other. It is noticed that there is no dependence on the azimuthal angle fR1

in
previousworks [53, 54] as a consequence of the azimuthal symmetry around a pair ofWeyl dispersions. Here,
the appearance of boundary breaks this symmetry and leads to interesting fR1

-dependent RKKY interaction. In
figures 5(c) and (d), we display the dependence of Jx

b and Jx
i on fR1

, wherewe keep one impurity at origin point
and rotate the line connecting two impurities in the x–y plane. Remarkably, both Jx

b and Jx
i are sensitive to fR1

in

Figure 3.The dependence of the RKKY interaction contributed by bulk states on y for =u v m4F f . (a), (b) Impurities are deposited
parallel to the x-axis and (c), (d) parallel to the z -axis. W =J 10

2 2 is as the unit of J.
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magnitude and in sign. Along x-direction (f = 0R1
), the interference term Jx

i dominates over Jx
b for uF=0 and

compensate Jx
b forfinite uF due to opposite sign, as shown infigure 5(d).

Finally, wewant to address the variation of bulk RKKY J b and interference RKKY interaction J iwith
impurity distanceR1.Without the boundary or for  ¥y , the bulk RKKY interaction, namely thefirst termof

Jx y z
b in equation (10) or I1 and I2 in equation (11), show -R1

5 decaying law, regardless the impurity
configurations. The same results were also reported in [54].When the boundary effect is taken into account, the
second and third terms in equation (10) add two fast decaying rates, which are dependent on the distance y with
respect to the boundary. They decay as -R1

6 or -R1
7 for large y and vanish at the surface. Thus, the decay rate of

RKKY interactions still dominates by -R1
5-law. Remarkably different from this, wefind that the interference

terms Jx y z
i between Fermi arc and bulk states significantly change this scenario. To shed light on this, we derive

an analytical expression for impurities situated at the interface along x-axis withR1?1,

Figure 4.The dependence of the RKKY interaction on y . (a)TheRKKY interaction contributed purely by the interference of the
Fermi arc and bulk states. (b), (c)The comparison of the bulk RKKY interactions (Ji

b and Jz
b,DM) and interference components (Ji

i and
Jz

i,DM). In (b), =u v mF f is chosen and otherwise uF=0. Impurities are deposited parallel to the x-axis. W =J 10
2 2 is as the unit of

J.
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Intriguingly, the interference component causes quite slowly decaying rate comparedwith bulk component Jx
b.

The decay ratewith impurity relative distanceR1 depends on the Fermi energy uF, whichis
-R1

3-law for uF=0
and -R1

2-law forfinite uF. In this case, the interference component plays a crucial role and therefore dominates
over the bulk contribution for largeR1. This long range behave resembles to the case in two-dimensionalmetal
material [68]. For impurities situated at the interface but along z-axis (parallel to the line connecting the two
Weyl points), wefind
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which instead shows -R 5-decaying rate for uF=0 andR−4 -decaying rate forfinite uF. Obviously, the RKKY
along z-direction decays faster than along x-direction, exhibiting the significant anisotropy of the RKKY
interaction.

Interestingly, for two impurities placed along z-axis, from equation (14) one can see that there are two
periodic functions: one is 2T1 ( p l= ( )T v uf F1 ) coming from thefinite Fermi energy and the other is

p=T m2 coming from the separatedWeyl nodes. By setting appropriate uF, we can observe a beating pattern
either for interference component Jx

i or for bulk component [54] Jx
b, as demonstrated infigure 6(a). Careful

comparison shows that the fast oscillator period of Jx
i is just two times one of Jx

b. In order to understand it, we
derive the oscillation part µ D ¢( ) ( )J m z u R vcos cos 2x

b
F f

2
1 1 and µ D D + ¢( ) [ ( ) ]J m z u x R vcos cosx

i
F f

2
1 1

with l¢ = D + D( ) ( )R x z1
2 2 2 . For impurities situated at the surface along z-axis whereΔx=0, the fast

oscillator period of Jx
i is naturally two times one of Jx

b. For arbitrary direction of impurity arrangement, their

Figure 5.Dependence of the orientation of Jx
b and Jx

i .We keep one impurity at the origin point and rotate (a), (b) the polar angle qR1 of
R1 in x–z plane, and (c), (d) the azimuthal angle fR1

in x–y plane. The upper panels (a), (c) for uF=0 and the lower panels (b), (d) for
=u v m0.9F f . The distance between two impurities isfixedR1=40 Å. W =J 10

2 2 is as the unit of J.
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periods present the dependence on impurity relative direction qR1
, as shown infigure 6(b).When impurities are

along x-axis (q p= 2R1
), the oscillation ofT2 vanishes and so do the beating frequency. This reveals that the

beating pattern of indirect exchange interaction is anisotropic and depends tightly on the direction of impurities.
The underlyingmechanism stems from the spin-momentum entanglement.

Figure 6.The dependence of J Rx 1
3 on qR1 with impurities deposited at the x–z surface for =u v m4F f . (a), (c)Two impurities are

arranged along q = 0R1 (or z-axis), q p= 6R1 , and q p= 2R1 (or x-axis), respectively. In (a), p l= ( )T v uf F1 and p=T m2 .
W =J 10

2 2 is as the unit of J.
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4. Summary

Wehave explored the RKKY interaction betweenmagnetic impuritiesmediated byWeyl fermions. Contrary to
all previous studies [53–55], we further take into account the influence of interplay of Fermi arc and bulk states
and interface refection. In the presence of the boundary, the bulk states and its interference with Fermi arc
acquire non-trivial structure, that complicates the formof the indirect exchange interaction. It is found that
there emerge richmagnetic interactions, includingHeisenberg, Ising, DM, and spin-frustrated termsWefirst
consider the contribution fromboundary reflection.With impurities close to the boundary, the reflection effect
becomesmore andmore important, on one hand, significantly increasing the size of RKKY interaction and on
the other hand changing the anisotropy from the original XXZ toXYZ spinmodel and finally to Ising one. The
boundary reflection also generate interestingDM termnear the boundary. This is the consequence of the
absence of the translational invariance perpendicular to the boundary. Then, we analyze the contribution from
Fermi-arc surface state, whichmainly interferes with bulk states andmodifies the RKKY interactionwith
magnitude comparable with or exceeding the bulk contribution. It either enhances orweakens the bulk
contribution, depending on the relative orientation of two impurities and Fermi energy.More importantly, for
some specific configuration ofmagnetic impurities, the interference term can fall off asR−3 for zero Fermi
energy orR−2 forfinite Fermi energy,muchmore slowly than -R 5 in the bulk contribution, displaying a typical
behavior in a two-dimensionalmetal. The direction dependence of the RKKYbeating pattern are discussed. It is
expected that these RKKY interactions can be probed experimentally by broadband electron spin resonance
technique coupledwith an optical detection scheme [69].
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