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Chiral magnetic chemical bonds in
molecular states of impurities in
Weyl semimetals
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We demonstrate that chirality of the electron scattering in Weyl semimetals leads to the formation of
magnetic chemical bonds for molecular states of a pair of impurities. The effect is associated with the
presence of time-reversal symmetry breaking terms in the Hamiltonian which drive a crossover from
s- to p-wave scattering. The profiles of the corresponding molecular orbitals and their spin polarizations
are defined by the relative orientation of the lines connecting two Weyl nodes and two impurities. The
magnetic character of the molecular orbitals and their tunability open the way for using doped Weyl
semimetals for spintronics and realization of qubits.

Recent years witnessed unprecedented penetration of the ideas of high energy physics into the domain of con-
densed matter. In particular, lot of attention is now attracted to the condensed matter realizations of three dimen-
sional (3D) massless quasi-relativistic particles known as Dirac or Weyl fermions'. The experimental observation
of Dirac fermions in such materials as Na;Bi** and Cd;As,*° made possible the study of the 3D analogs of
graphene physics in a robust topologically protected material possessing both inversion (Z) and time reversal (7)
symmetries®. In Weyl semimetals, where one of these symmetries is broken, a Dirac node, which is the point
where conduction and valence bands touch each other, splits into a pair of Weyl nodes with opposite chiralities.
Such nodes are predicted to give rise to a plethora of interesting phenomena, including formation of Fermi arcs,
unusual Hall effects, and chiral anomaly, among others®-'2. The material platform for realization of Weyl fermions
is presented by such compounds as tantalum arsenide (TaAs)'*"', niobium arsenide (NbAs)'8, and tantalum
phosphide (TaP)"¥.

One of the aspects of Weyl semimetals which recently received particular attention is the peculiar impurity
physics?*-%°. For instance, in the case of a single Kondo impurity, Zheng, S.-H. et al.** have observed beating pat-
terns in the local density of states strongly dependent upon the Z and 7 symmetries. Additionally, some of us
have found an unusual ground state of antibonding-type for a diatomic molecule immersed into a Dirac host,
which corresponds to Weyl semimetal with the symmetries above preserved®. Thus by working off these regimes,
we consider the 7 - breaking Weyl semimetal and propose the formation of molecules due to an unprecedented
chemical bond mechanism, which we reveal being of chiral-magnetic nature. In the present work, we clarify the
role played by chirality of Weyl quasiparticles in the processes of impurity scattering by investigation of the local
density of states. The latter can be experimentally addressed by means of the scanning tunneling microscopy
(STM). We show that long-range Friedel-like oscillations?® contribute to the formation of molecular states in a pair
of distant impurities embedded in a 3D relativistic semimetal. We demonstrate that, the scenario of the impurity
scattering is radically different in Dirac and Weyl semimetals and show that in the latter case magnetic molecular
states can be formed. Their particular type is defined by the relative orientation of the lines connecting two Weyl
nodes and two impurities. We report a crossover from s- to p-type atomic orbitals for individual impurities and
related formation of spin-polarized o- and 7-type molecular orbitals for an impurity pair.

Model

We seth = 1 throughout the calculations and represent the total Hamiltonian as the sum of the three terms:
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Figure 1. Panel (a) Sketch of the proposed setup. Two impurities are embedded in a 3D semimetal of Dirac or
Weyl type. The density of electrons forming molecular orbitals can be probed by an STM-tip. Panels (b,c) show
low energy band structure for Dirac and 7 -breaking Weyl semimetals with two Weyl nodes located at £Q,,
i=x, y, z. The blue color of the lower cones indicates the filling of the valence bands, black dotted line is the
Fermi energy set at ;= 0 and red dotted line corresponds to the single-particle energy of the impurities.

H="H,+ Hq + Hy. (1)

The low-energy Hamiltonian of the host may be represented as

Ho =S W R(H, & H)y(k),
Kk ©))

where (k) = (¢ 4 Clerp Ok ke Vis four-spinor operator whose components chX - (ckX ) stand for the crea-
tion (annihilation) operators of an efectron with wave number k and spin o,

H (k) = xvpo - (k — xQ), (3)

where k= (k,, k,, k) is the three-dimensional wave vector, o stands for the vector of Pauli matrices, the index
X = %1 corresponds to the chirality of the Weyl nodes and v is the Fermi velocity. For Q=0, 7 symmetry is
conserved and a pair of Weyl nodes is degenerated, which corresponds to the case of a standard Dirac semimetal.
If 7 symmetry is broken (Q=0), two Weyl nodes are displaced with respect to each other towards two different
points in the Brillouin zone located at £Q, but maintain energetic degeneracy as it is depicted in the Fig. 1.

The impurities are modeled by the Hamiltonian

Hy = Zsjgd;,djg + ZL@nﬂnjl,
jo j 4)
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Figure 2. 2D LDOS maps for the case of a single impurity taken at fixed energy €. Crossover from s- to p—type
orbitals associated with moving from Dirac (Q=0) to Weyl (Q=0) regime is clearly seen.

with &, being single-particle energy and Uj the on-site Coulomb repulsion, whereas n;, = d};d ;, corresponds to
the number of electrons with spin prOJectlon o at the site j with d;, 7 and d;, being respectively creation and anni-
hilation operators.

The hybridization between the host and the impurities is described by the term:

N
Hy = 4, V() + H.c.,
jk (5)

wherein d ; (d o dl

i ; 1) and

Vik Vik

v 0 0
Ko Ve 0 v

(6)
iR

where Vi = V—;]e J, with v, being the hybridization amplitude between electrons of the host and localized
states of the impurities positioned at R; (j=1, 2), N is the normalization factor yielding the total number of the
conduction states. As performed by some of us”’, we assume for a sake of simplicity, that the hopping term V
neglects the exponential decay of the Bloch states right above the Weyl semimetal surface that overlap with those
from the STM-tip apex. By employing such an assumption, STM-tip measurements of the local density of states
would be just attenuated with respect to the values extracted from our simulations, in such a way that none gen-

erality is lost as ensured by Plihal, M. et al.?®, which have analyzed this density for the single-impurity problem.

Local Density of States (LDOS)

The electronic properties of the considered system are determined by the LDOS of the host which can be experi-
mentally accessed by means of an STM-tip. It can be calculated using standard equation-of-motion (EOM) pro-
cedure®? as:

plert,) = —~SIm(G,(e ¢ ol = A9 + T, 5
T (7)

where G, (¢, r,,) is the time-Fourier transform of the retarded Green’s function in the time domain, defined as:
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Figure 3. LDOS for a pair of impurities. The panels (a,b,e,f) correspond to the case of Dirac semimetal (Q=0),
the panels (c,d,g,h) to the case of 7 -breaking Weyl semimetal with Q - 7, = 0. Panels (a and c) display the
diagonal (6, p; ) and off-diagonal (§, Py ) contributions to the LDOS. Note that 6/’1 reveals both dips and peaks
correspondlng to anti-resonances and resonances respectively, while §p.. reveals peaks only. The total LDOS is
presented in the panels (b and d). We setr,, = (1, 1, 1) nm, the energy’is counted from the Fermi level set at
ep=0, for the Weyl host Q, =0.02. The total LDOS on ther,, = (x, y, 1) nm surface for the energies of bonding
and antibonding states (¢ = —0.067D and € = —0.059D) is shown in panels (e,f,g,h). Panels (i and j) illustrate
how molecular orbitals presented in the panels (e-h) are formed from atomic orbitals presented in the Fig. 2.

G,(t, 1,) = —i0O{{Y(L £,), GO, 1), ®)

where 6(t) denotes the Heaviside function, 1, (¢, r,,) is the field operator of the host electrons written in terms of
the continuous variable r,,, the brackets (---),, denote the ensemble average with respect to the full Hamiltonian,
{--} determines an anti-commutator between operators in the Heisenberg picture,  (¢) = ~-is the pristine host
DOS with D being the energy cutoft corresponding to the half-bandwidth, and

8p(e) = — gxngga:lm[mrm] G o) DY (x,) o

encodes the Friedel-like oscillations describing the scattering of the conduction electrons by the impurities, where

the terms j/ = jand j/ = j give rise to intra and inter-impurity scattering processes, respectively, which are ruled
by the spatial dependent self-energy
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Figure 4. LDOS for the 7 -breaking Weyl semimetal for the case when vectors Q and r,, are parallel (we took
Q=0. 02]) Panel (a) displays diagonal (6p ) and off-diagonal (6p ) contributions to the LDOS. The total LDOS
is presented in the panel (b). Panel (c) shows spin-resolved densrty of states. The map of the total LDOS on the

r,, = (x, y, 1) nm surface for the energies corresponding to the four spin-resolved molecular states is presented
in the panels (d-g). Panel (h) illustrates how molecular orbitals presented in the panels (d-g) are formed from
atomic orbitals presented in the Fig. 2.
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r,; =1, — R;and +signs correspond to the vector direction (positive for r,,;, negative for r;,). The Eq. (10) is spa-
tially anisotropic and the LDOS as a result, due to mutual orientation of Q and r,,; inside the plane wave g XQ T,
Consequently, it leads to the main finding of this work, which is ruled by the mixing of chirality (x) and spin (o)
quantum numbers,

o
thus gives rise to the possibility of spin-polarized molecular states, which are chiral—def)endent as we will see
below. To show the emergence of such, we should regard the system anisotropy by means of the condition

e XQTji' - 1, with the relative distance between the impurities given byr; =R; — R 2. As aftermath, the spin
degree of freedom in the quasiparticle energy correction of the 1mpur1ty j due’to j (and vice-versa), namely
Z(r) =%, EX(r i becomes lifted. In this way, Byl = () and spin-polarized molecular states are
allowed In the absence of anisotropy (¢ 2% = 1), the degeneracy b (r] 7) = X(r;;) holds and paramagnetic
molecular states prevail. We should stress that, such an effect is entlrely distinct from the corresponding caused
by an external Zeeman filed. In the latter, it breaks naturally the spin-degeneracy whatever the orientationQ - r;;.
Thus, the addressed chiral magnetic effect reveals that an applied magnetic field is not capable of reproducing this
peculiar magnetism and prevents the feasibility of the proposed chiral magnetic chemical bond as well. We guide
the reader to the supplementary material, where a concise derivation of Eq. (10) can be readily followed.

Giol i 1»(€) is the time-Fourier transform of the Green’s function of the impurities
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Figure 5. Panel (a) Total magnetization of the impurities as function of the parameter Q, describing the shift of
the Weyl nodes in the reciprocal space in the direction parallel to the line connecting impurities. Panels (b,c)
The maps of the total LDOS on ther,, = (x, y, 1) nm surface for the energies corresponding to bonding and
antibonding states in the valence band for the spin degenerate case corresponding to Q,=0.157. Panel (d) Spin
resolved LDOS at the pointr,, = (1, 1, 1) nm for spin degenerate case (Q,=0.157) and maximal spin up
(Q,=0.015) and spin down (Q,=0.142) polarizations. The LDOS for Q,=0.157 is rescaled by the factor of 5.
The insets highlight the marked sectors. Panel (e) illustrates how molecular orbitals presented in the panels (b
and c) are formed from atomic orbitals presented in the Fig. 2.

Giolio = — 10 ({d;, (1), dj (0D} 11

Application of the EOM method to ng jo(€) together with Hubbard-I decoupling scheme®', yields

~ A7
gJ'UUU(E) B NG - NS >
8oljo(8) = A 2o (081715 () Ay 2 (X1 (12)
i of . . B T
whereg = —0, j = A =1+ Wmﬁ) is the spectral weight, gja|jo(5) = as the single impu
rity noninteracting Green’s function,
1 +00 N
(njﬁ) = 7;jioc nF(s)Im(GjEW(E))ds (13)

is the occupation number of an impurity with #nz(c) being the Fermi-Dirac distribution,

2
N — 2 — iE—]
D

3up (2 ‘D+5
:—Z—IH
D°\D |D-¢

(14)

is the local self-energy and
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Results and Discussion

In order to understand the formation of the molecular states of a pair of impurities inside a Weyl semimetal, we
should start from analyzing the case of a single impurity. As model parameters, we adopt the energy of an impu-
rity €, = —0.07D, hybridization amplitude v, = —0.14D, on-site Coulomb repulsion UJ =0.14D, hvp ~ 3 eVA,
D = 0.2 eV and temperature T = 0K. Concerning this latter, we clarify that none generality is lost, once finite T'
just introduces thermal broadening into the Fermi-Dirac distribution n(¢) as well as in the LDOS via Eq. (13) for
the impurity occupation number (1) and, according to some of us have?’, phonon modes rise as effective by
increasing T and restore the molecular ground state to bonding-type. Thus in the current work, the molecules
show antibonding ground state?*, due to the T=0K condition.

As one can see in the Fig. 2, the 2D map of the LDOS which can be probed by an STM-tip over the system
surface presents a crossover from s- to p-type atomic orbitals as Q is increased and one moves from Dirac (Q=0)
towards the Weyl regime (Q = 0). This happens due to the presence of the terms depending on v;xQ in the origi-
nal Hamiltonian. Note, that the p-orbital is elongated along the direction of Q.

Now we can analyze the molecular state corresponding to a pair of impurities inside a Weyl semimetal with
broken 7 -symmetry. We will consider two cases of the mutual orientation of the vectors Qand r,, = R, — R,
connecting the two impurities: (i) perpendicular orientation, Q - r,, = 0 and (ii) parallel orientation
Q - 1, = |Q||n,). As we will demonstrate, the former case corresponds to the formation of spin degenerate molec-
ular orbitals, while the latter case gives rise to the chiral magnetic chemical bonds. In all plots of p(e, r,,) and
(5/)]7,(6, r,,,) versus £/D we present, the STM-tip is pinned at the siter,, = (1, 1, 1) nm right above the Weyl semi-
metal surface and the impurities are buried into the bulk atR, , = (0, F 1, 0) nm.

Let us start from the case Q - r;, = 0. In the case of an individual impurity, a single energy resonance appears
within the valence band in p(, r,,). Naturally, in the two-impurity system a pair of peaks corresponding to bond-
ing and antibonding states appears, as it is shown in the Fig. 3b and d for the cases of Dirac (Q=0) and 7
-breaking Weyl (Q = 0) hosts. Note, that the coupling between the impurities is fully mediated by Friedel-like
oscillations of the electronic density of the host mathematically described by the self-energy
A E,(x;) 85.070(E)N 7%, (r5;) entering into the denominator of ngl jo(€) given by the Eq. (12).

The 2D map of the molecular orbitals on the host surface is presented in the panels (e-h) of the Fig. 3. Panels
(e and f) correspond to the case of a Dirac host which was previously considered by some of us in the ref.”. One
clearly sees the emergence of bonding and antibonding molecular orbitals with o-type symmetry resulting from
the interference between two s-wave atomic orbitals of individual impurities, as it is illustrated in the panel (i).
Panels (g and h) correspond to the case of a Weyl semimetal with Q - r; =0, for which individual impurities
reveal p-type atomic orbitals stretched in the direction perpendicular to the line connecting the impurities. Note,
that for the considered case bonding and antibonding molecular orbitals have clear 7-type symmetry. These
orbitals remain spin-degenerate, as it follows from the Eq. (10), which leads to () =% XZ;‘(rjj,) independent
of the spin degree of freedom, i.e., ZT(rjj/) = El(rjj,).

The case of the parallel orientation of the vectors Q and r,, is illustrated by the Fig. 4. Note that in this case,
according to the Eq. (10) the presence of the terms ™™ with y = +1 in the expression for the self-energy
E,(ry) = 32 E3(rj), leads to the lifting of spin degeneracy and gives rise to the formation of chiral magnetic
chemical bonds. Interestingly enough, this spin-dependency can not be considered as being fully equivalent to
one induced by effective external magnetic field, once the sequence of the peaks in the LDOS presented in the
Fig. 4(b) does not correspond to the alternation of spin-up and spin-down states as usual, but consists of the two
inner spin-down states flanked by the two outer spin-up states as can be clearly seen from the Fig. 4(c). The pro-
files of the spin-resolved orbitals corresponding to the bonding and antibonding states are shown in the panels
(d-g) of the Fig. 4. These orbitals exhibit o-type symmetry and are formed due to the interference between two
frontal p-wave orbitals as sketched in the Fig. 4(h).

To shed more light on the splitting between spin-polarized components in the LDOS, we investigate the impu-
rity magnetization characterized by the polarization degree p = ((n;;) — (n;))/((n;;) + (n;)), where the occu-
pation numbers are defined by the Eq. (13). The dependence of the magnetization on the separation between the
Weyl nodes in the direction parallel to the line connecting the two impurities Q, is shown in the Fig. 5(a). One
clearly sees pronounced periodic behavior, stemming from the oscillations of the factor e X2 in the expression
for spin-resolved self-energy in the Eq. (10). The LDOS corresponding to the spin-degenerate case, maximal
positive and negative magnetizations, is shown in the Fig. 5(d). Note that for the spin-degenerate situation corre-
sponding to Q,=0.157, the shape of the molecular orbitals presented in the Fig. 5(b,c) can be represented as lin-
ear combination of the orbitals presented in the Fig. 4(d-g).

Conclusions

We analyzed the structure of the molecular orbitals corresponding to the pair of impurities placed within a Weyl
semimetal focusing on the role played by the 7 -symmetry breaking. For this purpose the corresponding LDOS was
evaluated. It was demonstrated that the terms in the self-energy stemming from the chiral dependent minimal cou-
pling drive a crossover from spin degenerate o-type molecular orbitals characteristic for the case of a Dirac host to
spin degenerate 7-type orbitals or spin-polarized o-type orbitals for the case of a Weyl host. The type of the chemical
bonding in this latter case can be controlled by variation of the mutual position of the impurities with respect to the
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vector Q describing the shift of the Weyl nodes. The magnetic character of the molecular orbitals and their tunability
open the way for using doped Weyl semimetals for spintronics and realization of qubits.

Methods

The findings of this research depicted in the figures of section Results and Discussion, which concern the Eq. (7)
for the system LDOS, were obtained by performing self-consistent evaluations of the occupation numbers defined
by the Eq. (13) for the impurities. Such calculations and the aforementioned figures were performed by using
numerical packages in Python version 3.7.

Data Availability
The authors declare that the data supporting the findings of this study are available within the paper (and its sup-
plementary information files).
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