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CALCULATION SETUP AND CONVERGENCE
TEST

All calculations were performed using projected aug-
mented plane wave method[1] and density functional
theory with Perdew-Burke-Ernzerhof generalized gradi-
ent approximation(GGA) [2] as implemented in VASP
code[3]. The V doped CuInTe2 was simulated in 2×2×1
supercell and 3×3×1 supercell. Atoms were relaxed with
force tolerance of 0.01 eVÅ−1. A plane wave energy cut-
off of 300 eV was used in all calculations. The Brillouin
zone integrations were performed by using Γ centered
5×5×5 k-points grid. The convergence test of energy of
the system using different number of k points was shown
in figure 1.
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FIG. 1. The convergence test of k grid. For each i in the
horizontal axis, the k grid is i× i× i.

A strong correlation effect was considered for transition
metal, and DFT+U method was used[4]. We chose the
onsite Coulomb interaction parameter U = 4.70 eV and
onsite exchange interaction J = 0.70 eV, so that effective
parameter Ueff = 4.00 eV, as suggested in Ref.[5]. In
order to explore the short range and long range magnetic
coupling, we substituted two In or Ga atoms with two V
atoms with increasing distance.
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FIG. 2. The relative formation energy of the four sys-
tems with two V doped into as a function of various neigh-
boring configurations. Red(Blue) represents the energy of
AFM(FM) configurations, and green ones are their differ-
ences. Here AFM(FM) are defined as two V atoms have anti-
parallel(parallel) spins.

CALCULATIONS IN CuGaTe2, AgGaTe2 AND
AgInTe2

The relative formation energies of V doped ABTe2 as a
function of different neighboring configurations were cal-
culated from fully relaxed 2 × 2 × 1 supercell, shown in
Fig.2. As shown in the Fig.2, the second NN AFM state
is the global minimum in the CuInTe2, CuGaTe2 and
AgInTe2, while lowest energy configuration in AgGaTe2

is the forth nearest neighbor. V doped CuInTe2 has an
AFM-FM energy difference 5.81 meV. The relative for-
mation energy difference between the first NN and second
NN are similar in both 2× 2× 1 and 3× 3× 1 supercells.
Hence, subsequent calculation results of density of states
and spin texture were illustrated in 2× 2× 1 supercell in
one of the systems, CuInTe2.
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FIG. 3. The nearest neighboring configurations of two V
atoms doped into the 2 × 2 × 1 supercell.

CALCULATIONS IN 2 × 2 × 1 SUPERCELL

The calculation setup in 2 × 2 × 1 supercell was the
same as stated in the main text. An In atom at body
center of the supercell was substituted with a V atom.
Another V atom replaces an In atom at various neigh-
boring sites to the center V atom, from the first nearest
neighbor(NN) to the forth NN, as shown in Fig.3. Cu,
V and In atoms have approximately local Td symmetry
in the host cell, which is a property of chalcopyrite. The
point group of this supercell is 4̄2d (D2d). Under this
symmetry, the third NN has two nonequivalent configu-
rations, while other three have only one configuration for
each. Due the limitation of calculation resources, SOC
calculation was only done in 2× 2× 1 supercell. The rel-
ative formation energy without and with SOC is shown
in FIG.4.

Although the effect of spin orbit coupling (SOC) is ig-
nored in the theoretical model in the main text, SOC
may induce further splitting of energy levels of heavy
atoms like Te. Due to the SOC effect, the p level of Te
will become lower, while this effect at Cu and In atoms is
not so obvious. Hence, according to the perturbation the-
ory, smaller energy difference will cause a larger magnetic
coupling. The results of DFT calculation with SOC effect
considered confirmed this point. At the second nearest
neighbor, AFM has energy 7.57 meV lower than that of
FM without SOC effect, while this value becomes 10.74
meV with SOC considered. Although the magnetic cou-
pling of the first NN changes from FM to AFM once SOC
is considered, the general trends of formation energy as
functions of neighboring sites are similar.

FIG. 4. The relative formation energy in 2 × 2 × 1 supercell.
(a) without SOC; (b) with SOC. Red(blue) line represents
the formation energy of AFM(FM) configuration, green line
represents their difference.

CALCULATIONS IN 3 × 3 × 1 SUPERCELL

The setup is the same as above, but there are more
NN configurations. In FIG.6, In atoms are labeled by
(n, m), where n is the label of cell and m is the label of
In atom. In the magnetic doping process, two In atoms
are replaced by two V atoms. Due to the symmetry in
chalcopyrite, we fix one V atom at position (1, 6). The
position of the second V atom is shown in Tab.I.

TABLE I. The positions of the second V atom.

NN 1 2 3 4 5 6

position (2, 8) (2, 6) (5, 1) or (5, 3) (5, 6) (3, 8) (6, 1)

V-V distance(Å) 4.38 6.19 7.58 8.75 9.79 11.59

The setup of calculation in 3× 3× 1 supercell was the
same as that of 2 × 2 × 1 supercell. Static calculation
with SOC was performed to qualitatively check the ef-
fect of SOC. The results without and with static SOC
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FIG. 5. The nearest neighboring configurations of two V
atoms doped into the 3 × 3 × 1 supercell.

calculation were shown in FIG.6. The general trends of
the formation energy and energy difference between FM
and AFM are similar. We see that the second NN is still
the most stable configuration in larger supercell without
SOC, while the stability of the sixth NN is comparable
with that of the second NN. The formation energy is
determined both by magnetic coupling strength and the
local stress that may slightly vary with or without SOC.
Nevertheless, the stabilization of long range configura-
tions versus the first nearest neighboring configuration is
valid for both setup.

NORMAL ORDERING OF LOCAL OPERATORS

The electron number operator, onsite hopping and lo-
cal magnetic moment operator at each site are defined
as:

n̂ =
∑
ασ

ĉ†ασ ĉασ =
∑
σ

n̂ασ,

n̂αβ =
∑
σ

ĉ†ασ ĉβσ,

m̂ =
∑
ασσ′

ĉ†αστσσ′ ĉασ′ ,

τσσ′ = (τxσσ′ , τ
y
σσ′ , τ

z
σσ′),

(1)

where α, β are indices of local orbitals, σ, σ′ are indices
for spins and τx, τy, τz are three Pauli matrices. The
normal ordering of n̂2 and n̂2

αβ are defined as:

:n̂2: =
∑
αβσσ′

ĉ†ασ ĉ
†
βσ′ ĉβσ′ ĉασ

= −
∑
αβσσ′

ĉ†ασ(δαβδσσ′ − ĉασ ĉ†βσ′)ĉβσ′

= −n̂+ n̂2,

(2)

FIG. 6. The relative formation energy in 3 × 3 × 1 supercell.
(a) without SOC; (b) with SOC. Red(blue) line represents
the formation energy of AFM(FM) configuration, green line
represents their difference.

and

:n̂2
αβ : =

∑
σσ′

ĉ†ασ ĉ
†
ασ′ ĉβσ′ ĉβσ

= −
∑
σσ′

ĉ†ασ(δαβδσσ′ − ĉβσ ĉ†ασ′)ĉβσ′

= −n̂αβδαβ + n̂2
αβ .

(3)

Note that [n̂ασ, n̂ασ′ ] = 0 and n̂2
ασ = n̂ασ, so we have:

n̂2
α = (n̂α↑ + n̂α↓)

2

= n̂2
α↑ + n̂2

α↓ + n̂α↑n̂α↓ + n̂α↓n̂α↑

= n̂α↑ + n̂α↓ + 2n̂α↑n̂α↓.

(4)

Combining (3) and (4) gives us:∑
αβ

:n̂2
αβ : = −

∑
α

n̂α +
∑
αβ

n̂2
αβ

= −n̂+
∑
α

n̂2
α +

∑
α 6=β

n̂2
αβ

= 2
∑
α

n̂α↑n̂α↓ +
∑
α6=β

n̂2
αβ .

(5)
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Using the relation τσσ′ · τζζ′ = 2δσζ′δσ′ζ − δσσ′δζζ′ , we
have:

m̂2 =
∑
ασσ′

∑
βζζ′

τσσ′ · τζζ′ ĉ†ασ ĉασ′ ĉ†βζ ĉβζ′

= 2
∑
αβσ′σ

ĉ†ασ ĉασ′ ĉ†βσ ĉβσ′ − n̂2.
(6)

Note that the z component of magnetic moment oper-
ator satisfies:

m̂z =
∑
α

(n̂α↑ − n̂α↓),

n̂2 + m̂2
z = 2

∑
αβ

(n̂α↑n̂β↑ + n̂α↓n̂β↓).
(7)

Combining (6) and (7) gives us:

m̂2 = m̂2
z + 2

∑
αβσ

ĉ†ασ ĉα,−σ ĉ
†
β,−σ ĉβσ. (8)

The α = β terms in the above sum is :

2
∑
α

(ĉ†α↑ĉα↓ĉ
†
α↓ĉα↑ + ĉ†α↓ĉα↑ĉ

†
α↑ĉα↓)

= 2
∑
α

[n̂α↑(1− n̂α↓) + n̂α↓(1− n̂α↑)]

= 2n̂− 4
∑
α

n̂α↑n̂α↓,

(9)

so

m̂2 = m̂2
z + 2

∑
α6=β,σ

ĉ†ασ ĉα,−σ ĉ
†
β,−σ ĉβσ + 2n̂−

∑
α

n̂α↑n̂α↓.

(10)
And the normal ordering of m̂2 is:

:m̂2: = 2
∑
αβσσ′

ĉ†ασ ĉ
†
βσ′ ĉβσ ĉασ′− :n̂2:

= −2
∑
αβσσ′

ĉασ(δαβ − ĉασ′ ĉ†βσ′)ĉβσ − n̂2 + n̂

= −2
∑
ασσ′

ĉ†ασ ĉασ + m̂2 + n̂

= −3n̂+ m̂2.

(11)

Finally, all the normal ordering of local operators have
been expressed using local operators in equation (2), (5),
(10) and (11).

INTERACTING HAMILTONIAN FOR P AND D
ORBITALS

The electron-electron interaction for d orbitals can be
expressed as[6]:

V̂ =
1

2
[(U − 1

2
J + 5∆J) :n̂2: −1

2
(J − 6∆J) :m̂2:

+ (J − 6∆J)
∑
αβ

:(n̂αβ)2:],
(12)

where the quadrupole moment operator has been ignored
since ∆J is approximately of magnitude one order lower
than that of J [7]. The interaction for p orbitals can be
obtained be setting ∆J = 0.

U is the Coulomb interaction between t2g orbitals, J is
the average exchange splitting of eg and t2g orbitals and
∆J is the difference of exchange splitting between eg and
t2g orbitals. Using the conventional indices (1,2,3,4,5) to
represent d orbitals (3z2− r2, zx, yz, xy, x2−y2), respec-
tively, the parameters can be written as:

U = V23,23,

J =
1

2
(V15,51 + V23,32),

∆J = V15,51 − V23,32.

(13)

Plug equations (2), (11) and (5) into (12), we have:

V̂ = V̂0 + V̂sf + V̂ph, (14)

where V̂0, spin flipping terms V̂sf and pair hopping terms

V̂ph are given by:

V̂0 = un̂2 − vm̂2
z − (u− v)n̂+ 8v

∑
α

n̂α↑n̂α↓,

V̂sf = −2v
∑
α 6=β,σ

ĉ†ασ ĉα,−σ ĉ
†
β,−σ ĉβσ,

V̂ph = 2v
∑
α6=β

(n̂αβ)2

= −2v
∑
α 6=β,σ

ĉ†ασ ĉ
†
α,−σ ĉβσ ĉβ,−σ,

(15)

where site label is omitted for simplicity. The parameters
u, v in equation (15) are defined as:

u =
1

2
U − 1

4
J +

5

2
∆J,

v =
1

4
J − 3

2
∆J.

(16)

Now the Hamiltonian of multi-orbital Hubbard model
under tight binding approximation is:

Ĥ = Ĥt + Ĥe + Ĥint,

=
∑
〈i,j〉

∑
αβσ

tijαβ ĉ
†
iασ ĉjβσ + h.c.

+
∑
iασ

εiαĉ
†
iασ ĉiασ +

∑
i

V̂ i,

(17)

where the hopping integrals are only nonzero between
nearest neighbor atomic levels and their magnitudes and
signs are discussed in the next section. V̂ i is the interact-
ing Hamiltonian of each site according to equation (14).
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THE HOPPING INTEGRALS

The p and d orbitals are irreducible representation of
spherical symmetry with angular momentum l = 1 and
l = 2. However, in a local environment with Td sym-
metry, which is the local symmetry of V atoms and Cu
atoms in our case, some of atomic orbitals become re-
ducible, and will split according to the group theory. As
shown in table II, there are 5 irreducible representations
of Td group, and p(l = 1) and d(l = 2) become reducible
and split into linear combination of the irreducible rep-
resentations.

TABLE II. The character table of Td group.

Td E 8C3 3C2 6σd 6S4

A1 1 1 1 1 1
A2 1 1 1 -1 -1
E 2 -1 2 0 0
T1 3 0 -1 -1 1
T2 3 0 -1 1 -1
Γp 3 0 -1 1 -1
Γd 5 -1 1 1 -1

From the character table we get the splitting relations:

Γp = T2 (18)

Γd = E + T2 (19)

So the p orbitals in Td symmetry only interact with t2g
states of d orbitals, and interact only weakly with eg
states [8]. The magnitude and signs of hopping matrix
elements for each pair of p orbitals and t2g orbitals can
be determined by the Slater Koster matrix [9]. The mag-
nitude is t = Vpdσ/

√
3, while the signs are shown in Fig.

7.

FIG. 7. The sign of hopping integrals. Black intervals
represent px(dyx), py(dzx), pz(dxy) orbitals of B(A,C) atoms.
Red(Blue) lines represent that the hopping integral is posi-
tive(negative) t. The chain that we chose was along the direc-
tion: A-B: (1,1,1), B-C:(1,1,-1), C-B:(-1,1,-1), B-A:(-1,1,1).

FIG. 8. The lowest energy configurations with parallel and
anti-parallel spins on eg states of site A(V).

LOW ENERGY CONFIGURATIONS

The lowest energy states with parallel(ψ0↑↑) and anti-
parallel(ψ0↑↓) eg spins at site A are shown in Fig.8.

For anti-parallel case, the lowest energy configuration
has energy:

E0↑↓ = 4εA1 + 6εA2 + 12εB + 4εC1

+ 40uA − 40vA + 60uB + 60vB + 12uC + 20vC ,

(20)

where A1, C1 and A2, C2 are corresponding eg and t2g
states. In this configuration, two V(A) atoms have half-
filled 3d orbitals, two Te(B) atoms have fully filled 5p or-
bitals and Cu(C) atom has empty t2g orbitals and fully
filled eg orbitals. The spin configuration of two A atoms
in this state is 3d5

↑, 3d5
↓ obeying the Hund’s rule. Elec-

trons on t2g orbitals of A can effectively hop to t2g or-
bitals of C mediated by p electrons on B. In this process,
one B electron hop to C first, and one A electron hop to
B next. The energy of intermediate states and the states
after one effective hopping are:

E1↑↓ = E0↑↓ + 8uC − 10uB − 10vB −∆BC + δC ,

E2↑↓ = E0↑↓ + 8uC − 8uA + 8vA −∆AC + δC − δA,
(21)

where ∆AC = εA1− εC1 and ∆BC = εB − εC1 are energy
difference between A, C and B p, C eg states. And δA
and δC are the crystal field splitting of A and C atoms.
Applying the fourth order perturbation theory gives us:

E↑↓ = E0↑↓−
18t2

E1↑↓ − E0↑↓
− 18t4

(E1↑↓ − E0↑↓)2(E2↑↓ − E0↑↓)
,

(22)
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where the coefficients in front of each terms come from
the degeneracy of p and d orbitals.

Similar procedure can be applied to parallel initial
spins of V atoms. The lowest energy is:

E0↑↑ = 4εA1 + 6εA2 + 12εB + 4εC1

+ 40uA − 16vA + 60uB + 60vB + 12uC + 20vC .

(23)

We find that it is 24vA lower than E↑↓. This is because
ψ0↑↓ state has larger local magnetic moment and results
in a smaller energy. Electrons at sites A can hop to site
C via a similar effective hopping process. In the parallel
case, two A atoms are asymmetric, so we denote the state
after one effective hopping of an up(down) spin from t2g
orbitals at site A as ψ2↑↑(ψ

′
2↑↑). Starting from the lowest

energy configuration, we listed the energies of the states
with the second and forth order corrections:

E1↑↑ = E′1↑↑ = E0↑↑ + 8uC − 10uB − 10vB −∆BC + δC ,

E2↑↑ = E0↑↑ + 8uC − 8uA + 8vA −∆AC + δC − δA,
E′2↑↑ = E2↑↑ − 8vA.

(24)

Applying the forth order perturbation theory gives us:

E↑↑ = E0↑↑ −
18t2

E1↑↑ − E0↑↑

− 9t4

(E1↑↑ − E0↑↑)2
(

1

E2↑↑ − E0↑↑
+

1

E′2↑↑ − E0↑↑
).

(25)

So the energy difference between parallel and anti-
parallel eg spins of V atoms is:

E↑↑ − E↑↓ = 24vA +
9t4

(∆E10)2
(

1

∆E20
− 1

∆E20 − 8vA
)

≈ 24vA −
72t4vA

(∆E10)2(∆E20)2
,

(26)

where ∆E10 = E1↑↓ − E0↑↓ = E1↑↑ − E0↑↑, ∆E20 =
E2↑↓ − E0↑↓ = E2↑↑ − E0↑↑.

COULOMB INTERACTION ENERGY

The stability of long range AFM coupling instead of
the short range superexchange may get some explana-
tion from the simple Coulomb interaction picture. The

electrostatic Coulomb potential energy between two V
atoms is

k
Ze2

r
= 14.404× Z2

r̃
eV, (27)

where k is electrostatic constant, Z is the number of
charges and r̃ is the distance in unit Å. If we assume the
effect mainly comes from the interaction between two V
atoms, the electrostatic energy difference between 1st NN
and 2nd NN is

14.404 eV ×

∑
i

Z2
i

ni
r̃i
−
∑
j

Z2
j

nj

r̃′i
)

 , (28)

where the summation is taken over for all possible bonds
linking to V atoms, and n is effective number of bonds.
Taking the summation of bond length up to 16 Å, we get
the Coulomb repulsion energy is 104 meV , which is of
the same order with the calculated energy difference in
Fig.2 and ??.

ENERGY MAPPING ANALYSIS

The energy mapping analysis is a DFT computational
method to extract coefficients in Heisenberg Hamiltonian
with anisotropy terms by calculating the total energy of
fixed spin configurations [10]. By fitting the model

Ĥ = JS1 · S2 +A
∑
i=1,2

(Szi )2 (29)

we get J ≈ 3.5 meV, A ≈ 0.5 meV.
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