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We show for the first time a formation of magnetic interstitial anionic electrons as a
novel charge modulation of charge density wave (CDW) in two-dimensional materials.
Via combined first-principles calculations, a low-energy effective model and
Anderson’s superexchange theory, we find that the nonmagnetic metallic T-phase LaBr»
is unstable and undergoes a 2x1 CDW transition to a magnetic T' phase. Concurrently,
the delocalized 54" electrons of La redistribute and accumulate at the interstitial space
in the T' phase, forming anionic electrons. The strong localized nature of the anionic
electrons promotes a Mott insulating state and a full spin-polarization, while the overlap
of their extended tails yields ferromagnetic direct exchange coupling between them.
Such transition introduces a new magnetic form of CDW and its practical tunability,

providing exciting possibilities for novel spintronics applications.
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A charge density wave (CDW) is a widely observed quantum ordering phenomenon in
crystals below a critical temperature, which features real-space periodic lattice
distortions and charge density modulation as well as reciprocal-space band gap opening
(coined as a CDW gap). [1] The CDW can change a material’s properties profoundly
and may compete with other quantum ordering phenomena in the same system,
attracting tremendous research interest. [2-5] One well-known example is the
competition between CDW and magnetism. This is because that CDW gaps decrease
the density of states (DOS) at the Fermi level (Er), while the Stoner criterion for a
spontaneous spin polarization requires a high DOS at Ey, thus their coexistence is rare.
[6,7] Their mutual suppression has been used to explain the discrepancies on the

existence of the magnetism in some two-dimensional (2D) materials. [8-10]

The CDWs in metallic octahedral (T-phase) transition metal dichalcogenides (TMDs)
are of particular interest for their wide existence, varied patterns and tunability by
external stimuli. [11-16] Interestingly, both the CDW pattern and the underlying
mechanism depend critically on the d-electron count of the transition metal (TM) ion.
The V13 x+/13 (David star), 2 x 1 (zigzag-chain) and 2 X 2 (diamond-chain)
clustering of metal ions are most common CDWs for the TMDs with d/, @ and &° TM
ions, respectively. [11] Correspondingly, while Fermi surface nesting and electron
phonon coupling play an important role on the structural instability of @’ TMDs, the
real-space local chemical bonding between the TM 1ons is responsible for the formation
of CDWs in ¢ and &° TMDs. [11,17-19] It is noted that this is an overall trend and

deviants and other CDW patterns are also possible under certain conditions. For
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example, MoTe: follows the CDW pattern with &> TM, however, the Fermi surface

nesting picture is also proposed in this material. [20]

On the other hand, electrides, in which excess electrons act as anions (named as anionic
electrons), are attracting increasing interest as the spatial ion—electron separation
induces exotic physical and chemical properties as well as exceptional applications.
[21-25]. The recent two exciting developments of this field are the anionic electrons
(AEs) as magnetic centers [26-29] and monolayer electrides (coined as electrenes) [30-
34]. In particular, the anionic electrons in magnetic electrenes were shown to possess
unique dual localized and extended nature, which have further led to increased interest
in such materials. [35-37] The emergence of anionic electrons was explained by a
mechanism based on Pauli expulsion, in which valence electrons are “squeezed out” by
core electrons when the interatomic distance is sufficiently small. [38-40] For the
electrides with relatively large interatomic distances, the metal ions form multicenter
chemical bonds, and their excess electrons are confined at the center of their clustered
“cages”. [38] While the periodic charge modulation in conventional CDWs occurs by
changing the occupancy of atomic orbitals, the existence of electrides demonstrates the
feasibility of localized electrons at interstitial sites of a material without occupying any
atomic orbital. However, a coexistence of CDW, electride and magnetism in 2D
materials has not been reported to the best of our knowledge. Thus, it is interesting to
explore the possibility of forming anionic electrons as a special form of charge density

modulation of CDW.

In this letter, we report the CDW induced magnetic electride state in =phase LaBr
4
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monolayer, which demonstrates different behaviors from the T-phase TMDs. 1). The La
ions in LaBr, have formal d' configuration but it forms a 2 X 1 CDW, rather than the
conventional David star as in TMDs; i1). The 2 X 1 CDW lattice distortions do not
open gaps at Er but increase the density of states at Fermi energy due to the formation
of isolated anionic electron bands. Such high DOS leads to a spontaneous spin splitting,
resulting in a coexistence of CDW and magnetism. Besides, we provide a clear physical
picture on the formation of magnetic electride states in T'-LaBrz. Our results not only
unravel a novel magnetic ordering for the spintronic applications, but also are appealing

for multi-functional phase transitions.

T-LaBr, T'-LaBr,

@ 7

6_
/"
: —~ 5 /k/{/
£, £ 4TS ——
E'; 2r ;:'f 2= ]
1+ ; 1 \té

0 % 0
Tr M K r 'y r R X r

FIG. 1. Side and top view of LaBr; in (a) T and (c) T' phase structure (visualized by VESTA[41] ). The
dashed diamond and rectangle in (a) and (c) denote the unit cell of the T and T' LaBr», respectively. The

arrows in (c) indicate the direction of the distortions of La atoms in the T' LaBr, with T phase as reference.
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Phonon band structure of (b) T and (d) T' LaBr».

The optimized structure of T-phase LaBr; is shown in Figs. 1(a), which has lattice
parameters of @ = b = 4.121 A. It contains three atomic layers with La atoms in the
middle layer octahedrally coordinated with the top and bottom Br atoms (space group
of P3m1). However, this phase is subject to dynamical instability as suggested by the
noticeable imaginary phonon modes shown in Fig. 1(b). The minimum imaginary
frequency locates at the high-symmetry point M, corresponding to a CDW vector of
q = I'M, which indicates real-space 2x1 CDW distortions along one of its in-plane
lattice vectors. It is noted that similar spontaneous period-doubling distortions have
been reported in T-phase group-VI TMDs. [12] However, one important difference
between them is the d electron count of the metal ions, that is, d' of La in LaBr, while
d* of TM ions in group-VI TMDs, and the typical CDW of the d' group V TMDs is the
so-called V13 x v/13 David Star structure, in contrast with the 2x1 CDW distortions
reported here. Such a difference suggests the existing picture of the lattice instabilities

for TMDs is unlikely in T-phase LaBr».

Suggested by the CDW vector of the T-phase LaBr, a 2x1 supercell structure (T' phase)
is constructed. The optimized structure of the T' LaBr> (space group P21/m) is shown
in Fig. 1(c). It can be obtained by moving every pair of La ions closer to each other
along the b axis, as indicated by the arrows shown in Fig. 1(c), leading to a dimerized
structure. The lattice parameters of T' structure are a = 4.109 A and b = 7.428 A.
Compared with the high-symmetry T phase, the lattice of the T' structure shrinks along

the a axis and expands along the b axis. The distance between the dimerized La atoms
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decreases from 4.121 A in T phase to 3.788 A along the b axis, suggesting bond
formation between the La atoms. With the 2x1 distortions, the T' phase is dynamically
stable as the imaginary phonon modes at M point vanished and only negligible
imaginary phonon frequencies are found around the I' point [see Fig. 1(d)]. [42] The

total energy of T' LaBr; is 37.86 meV per formula unit (f.u.) lower than that of the T

phase.
T-LaBr, (without spin) T'-LaBr, (without spin) T'-LaBr, (with spin)
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FIG. 2. (a) Band structure of T LaBr. It is noted that T LaBr, remains nonmagnetic when spin
polarization is switched on in the simulation. Band structure of T' LaBr; (b) without and (c) with
spin polarization. The red and green curves in (c) represent the spin up and spin down bands,
respectively. The Fermi level is aligned to 0 eV. (d) Schematic energy level diagrams of transition
from T to T' LaBro.

The band structures of the T and T' LaBr» are shown in Figs. 2(a) to (¢). The T phase is
nonmagnetic and metallic [see Fig. 2(a)], the latter of which is prerequisite for a charge
density wave transition. The La ions in T phase are octahedrally coordinated, which is
known to split the five-fold degeneracy of d orbitals into triply degenerate ¢ states and

doubly degenerate e, states, with the former lying below the latter [see Fig. 2(d)]. The
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three-fold ¢ states form the three bands near the Fermi level of T LaBr2, which span a
wide energy range from around -0.88 eV t0 2.67 eV. The 54" electrons from La partially

occupy such wide degenerate bands and are not subject to spin polarization.

The 2x1 CDW distortions in the T'-phase LaBr> can be understood by the chemical

bonding between La ions, leading to a split of £ orbitals into bonding [#2¢(b)], non-

bonding [#2¢(nb)] and anti-bonding [z2¢(ab)] states, as shown in Figs. 2(b) and (d)-A

differences—H7P- The bonding £, states here are well isolated and are separated by
0.32 eV from the non-bonding states. Such a transition from wide bands to well
separated states has also been shown in simple metals by strong compression, leading
to the formation of interstitial localized electrons. [43] The isolated bands are a
signature of electrides, as the AEs are localized at interstitial sites and hybridize
marginally with other states. [36,44] Notably, the constructed Maximally Localized
Wannier Functions (MLWFs) for the bonding #,, states indicate a multi-center chemical
bonding between the neighboring three La ions, [see Fig. 4(b)] in line with the reported

mechanism for the formation of ambient-pressure electrides. [38]

Thus, we propose the formation of electride states as the mechanism for the 2x1 CDW
distortions in the T'-phase LaBr». The inapplicability of the fermi surface nesting picture
for the CDW in this system is discussed in the Supplemental Material (SM). Further
evidences of its electride nature by the projected density of states, band decomposed
charge density and electron localization function can also be found in SM. [45] Such a

systematic analysis has helped us successfully identify tens of layered electrides from
8
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To directly show the charge density modulation after the CDW transition in LaBr», we
calculated the partial charge density of the 54! electrons of La in T-phase and T'-phase,
by integrating the states with a same energy window from Fermi level to -1.0 eV. As
the planer average partial charge along b axis shown in Fig. 3(a), the 54" electrons of
La in T-phase LaBr, are somewhat uniformly distributed with peaks around the La
atoms, in line with its distribution in the three-dimensional (3D) visualization in Fig.
3(b) and the large bandwidth in Fig. 2(a). With the 2 X 1 CDW distortions, the profile
of planer average charge density changes significantly. The La 54" electrons are more
localized in the T'-phase LaBr; and the peaks of charge density locate at the interstitial
region between the dimerized La atoms, which is further supported by the 3D
visualization in Fig. 3(d) and the small bandwidth in Fig. 2(c). As the partial charge in
a higher isosurface value of 8x10 ¢/ A® shown in Fig. S2(b), it is noticeable that the
5d" electrons locate mainly at the interstitial sites as anionic electrons in T'-phase LaBr..
These results clearly demonstrate the formation of anionic electrons as the charge
density modulation for the CDW transition in T-phase LaBr.. As a direct comparison,
the partial charge of the Mo d” electrons in T' MoS; is also simulated, which shows

peaks at the Mo positions and the absence of anionic electrons (see SM Fig. S4).
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FIG. 3. Partial charge density for the La d' electrons (a) by planer average along b axis and (b) by
3D visualization in grey (isosurface value = 6x107 7/ A) for T-phase LaBr.. (c) and (d) are same
as (a) and (b) but for T' LaBr». The green vertical dash lines in (a) and (c) indicate the corresponding
positions of La ions in (b) and (d), respectively.

In the following, we further study the magnetic properties of T'-phase LaBr>. As shown
in Fig. 2(b), the two La 54" electrons of the dimerized La ions lead to half-filled bonding
he bands. Interestingly, the bonding #2¢ bands are more localized with a reduced band
width of around 0.93 eV and correspondingly increased density of states at the Fermi
level (see more details in Fig. S6), causing electronic instability to the system. The
electronic structure of T' LaBr> calculated with the spin polarization [Fig. 2(c)] shows
a full spin-splitting of the anionic electron bands (1 us per La atom), leading to a Mott
insulating state with a band gap of around 0.65 eV [calculated by hybrid functional
(HSEO06)]. It is noted the band gap opening of T' LaBr> is only obtained by the hybrid
functional simulations and it remains to be metallic under pure GGA calculations,

which demonstrate the correlation nature of the anionic electrons.

The schematic energy level diagrams shown in Fig. 2(d) summarize the transition

process from the nonmagnetic metallic T phase to the magnetic Mott insulating T' LaBr».
10
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As the spin density of the T'-LaBr2 shown in Figs. 4 (a), the main contribution to the
magnetic moments is from the two atomic-orbital-free AEs per unit cell at the interstitial
sites between the dimerized La atoms. The dimerized distribution of La atoms leads to
a quasi-one-dimensional (1D) magnetic AE stripes. Due to the CDW distortions, the
dimerized La atoms are not in the same plane along ¢ axis and accordingly the two

magnetic AEs have different height as shown in Fig. 4 (a).

0%

FIG. 4. (a) The spin density (isosurface value = 9.6x102 e/A3) in purple and (b) the MLWF in
yellow and light blue for T' LaBr,. The red arrows in (a) are the schematic representation of the
hopping paths between the magnetic anionic electrons. The isovalue of MLWF is set to 5.0. (c) The
colored contour plot of MLWF in the plane passing through the La atoms of the magnetic anionic
electron state of T' LaBr,. The localized s-symmetric body and its extended tails of MLWF are
indicated by black arrows.

The atomic-orbital-free magnetic anionic electrons possess a unique dual localized and
extended nature as well as a direct exchange coupling from the overlap of the wave
functions, which has been reported in non-distorted H-phase LaBr, monolayer. [35]
Similar properties would be expected for the magnetic anionic electrons in CDW
distorted LaBry. It is noted that Coulomb interaction on the non-atomic interstitial sites
and their nonlocal direct exchange cannot be fully captured by conventional density
functional theory simulations. Thus, we adopt a low-energy effective model for the two

anionic electron bands near Fermi level, in which the Hamiltonian of the system based
11
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on the second quantization is given by

where i(j), a; (c’ilT ), tij, Ui, U and ]5- are site indices, creation (annihilation)
operators, hopping parameters, on-site Coulomb, off-site Coulomb, and oft-site direct-
exchange interactions, respectively. The parameters in this model can be mapped by the
constrained random phase approximation (cRPA) as implemented in VASP, based on
maximally localized Wannier functions (MLWFs) using the Wannier90 package. [47]
Interstitial s orbitals were used as initial guess to construct MLWFs for the anionic
electron states. [35] The converged MLWF is visualized in Fig. 4(b) and its colored
contour plot in the plane crossing the La atoms is shown in Fig 4 (c), both of which
demonstrate that the MLWF captures the dual nature of anionic electron with extended

tails around the well localized body.

The interactions up to the third nearest neighboring anionic electrons were taken into
consideration, whose hopping paths are indicated by the red arrows shown in Fig. 4(a).
The parameters obtained from cRPA are listed in Table 1. The localized nature of the
anionic electrons leads to a large on-site Coulomb interaction of 2.14 eV. The off-site
Coulomb interactions are Uy, = 1.53 eV, Uy, = 0.87 eV, and Uy = 0.84 eV,
respectively. The comparable Coulomb interactions between the on-site and off-site (up
to a distance of 7.43 A) interactions are a result of the weak screening from other bands
to the well isolated anionic electron bands [see Fig. 2(b)]. The extended nature of the

aniconic electrons is reflected by the significant off-site direct exchanges of J5, =1.57
12
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meV and J§; = 1.29 meV at a distance of 6.50 A and 7.43 A, respectively, which are
beyond the spatial limit of atomic-orbital overlap in conventional direct-exchange
systems. These results suggest our proposed magnetic mechanism for magnetic anionic
electrons is general for magnetic electrides. [35] Compared with the nearest off-site
parameters of H-phase LaBr, (ty; = 12.50 meV, J&, =21.9 meV) [35], the ones of T'
phase (ty; = 126.45 meV, J2, = 53.80 meV) are considerably larger. This can be
understood by the facts that T' LaBr, has shorter nearest neighboring sites (2.41 A vs.
4.14 A) and a larger bandwidth of the anionic electron bands (0.93 eV vs. 0.50 eV) than

that of H phase.

Table 1. Calculated parameters of the low-energy effective model for T' LaBr». The hopping paths
are shown in Fig. 4(a). dj; is the distance of the hopping path. The on-site Coulomb interaction Uy,
is2.14 eV.

path dij (A) Uj (V) JB (meV) tj (meV)  Jij (meV)

0-1 2.60 1.53 53.80 126.45 -1.58
0-2 6.57 0.87 1.57 42.25 1.25
0-3 7.43 0.84 1.29 2591 -0.26

In the limit Uyg > U;; > t;;, the Anderson’s model can be applied to determine the

overall isotropic exchange interactions of T' LaBr» as follows.

2t p

where T]i]- = Uy — Ujj is the effective Coulomb interaction, the first term is the
antiferromagnetic (AFM) kinetic superexchange from direct hopping between magnetic

centers and the second term is the ferromagnetic (FM) direct exchange from the overlap
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of the wave functions of magnetic moments. Using the parameters shown in Table 1,
we conclude the isotropic magnetic exchange in T' LaBr2 is FM between the AEs within
the 1D-like strip, while it is more likely to be AFM between the 1D-like strips from the

stronger AFM [y, than FM Jj5.

In summary, via first-principles calculations, we have shown that the T-phase LaBr» is
subject to a structural instability to a 2x1 CDW. Interestingly, the CDW distorted LaBr>
possesses an unexpected magnetic electride state, which is the first report of the
formation of interstitial anionic electrons as the CDW charge density modulation to the
best of our knowledge. By a combined low energy model, cRPA and Anderson’s model,
the anionic electron states in T' LaBr, have been shown to have dual localized and
extended nature, leading to an unconventional magnetism, coexisting with CDW. This
exotic system may provide an exciting platform to explore new physics and application

to the fields of 2D spintronics, CDW, tunable electride, and phase transition.
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