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Crl; in two-dimensional (2D) forms has been attracting much attention lately due to its novel magnetic properties at
atomic large scale. The size and edge tuning of electronic and magnetic properties for 2D materials has been a promising
way to broaden or even enhance their utility, as the case with nanoribbons/nanotubes in graphene, black phosphorus, and
transition metal dichalcogenides. Here we studied the Crl3 nanoribbon (NR) and nanotube (NT) systematically to seek the
possible size and edge control of the electronic and magnetic properties. We find that ferromagnetic ordering is stable in
all the NR and NT structures of interest. An enhancement of the Curie temperature 7¢ can be expected when the structure
goes to NR or NT from its 2D counterpart. The energy difference between the FM and AFM states can be even improved
by up to 3—4 times in a zigzag nanoribbon (ZZNR), largely because of the electronic instability arising from a large density
of states of iodine-5p orbitals at Er. In NT structures, shrinking the tube size harvests an enhancement of spin moment by

up to 4%, due to the reduced crystal-field gap and the re-balance between the spin majority and minority populations.

Keywords: Crl3, nanoribbon, nanotube, magnetism
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1. Introduction

Two-dimensional (2D) van der Waals crystals have at-
tracted broad attention due to their novel properties and po-
tential applications in the last two decades.!!! The excel-
lent mechanical,[?! electronic, '] optical, [6-81 and espe-
cially magnetic properties'! due to the quantum confinement
effect have been widely reported. Isotropic long-range ferro-
magnetic (FM) order at low dimension has been proved to be
thermodynamically unstable in Heisenberg systems from the
Mermin—Wagner theorem. ') However, a number of magnetic
2D-layered structures, such as FePS3,!!!l CryGe,Teg,[!1>-14]
and CrlI3,[1>16] have recently been demonstrated by experi-
ments to be stable with finite ordering temperature, largely
due to the magnetic anisotropy and/or the Ising systems.[!7=1%]
Among them, Crlz exhibits in-plane FM ordering but inter-
layer antiferromagnetic ordering (AFM). '] Interestingly, the
layer-dependent magnetic order can be switched by an electri-
cal gating, for example, from an interlayer AFM ordering to
ferromagnetic state between the layers in bilayer Crlz by elec-
tron doping.?*2! Circular polarized photoluminescence has
also been reported in Crl3 monolayer.??] Those findings may
promise Crl3 for applications in spintronics and optoelectron-
ics.

Transforming 2D atomic-thick crystals into one-
dimensional structures strengthens the quantum size effect
in some manner and supplies a new playground for tun-
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ing electronic properties.[>>->31 Especially, ribbon width and
edge configuration in ribbon structures, tube diameter and
chirality in nanotubes,*®! decoration style and end-size in
nanowires 23! play essential roles on determining the emer-
gent electronic and magnetic properties, as is the case with

29]

graphene nanoribbons,?-?81 MoS, nanoribbons,*’! transi-

5,39-321 and phosphorene

tion metal chalcogenides nanowire
nanoribbons.*3 So it is intriguing to know how different the
electronic properties one can achieve or whether it is possible
to enhance the magnetic properties through edge structures
when bringing Crl; down from the 2D form to its ribbon
or tube counterparts. Reports have barely been found in lit-
erature on this topic except for a computation study on the
edge-tunable band structure in zigzag Crlz nanoribbons by

1.B%" A more systematic and thorough exploration

Jiang et a
on the size effect on the electronic and magnetic properties of
Crl; nanoribbons and nanotubes is yet to be made.

In this paper, we studied the edge configuration and size
dependent electronic and magnetic properties of Crl3 nanorib-
bons (NRs) and nanotubes (NTs) by using first-principles den-
sity functional calculations. Typical zigzag and armchair edge
configurations were chosen for both ribbon and tube struc-
tures, with ribbon width ranging from 12 A to 70 A. Both
zigzag (ZZNR) and armchair nanoribbons (ACNR) are rea-
sonably endothermic with respect to their 2D counterparts,
with ZZNR slightly more stable than ACNR. Encouragingly,
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the Curie temperature for both nanoribbons and nanotubes
(ACNT and ZZNT), as evaluated from the energy difference
between the FM and AFM states, is obviously enhanced from
the Crlz 2D crystals. Part contribution is due to the increased
spin moment, especially in the case of nanotubes in which the
spin moment of Cr is increased by 4%. lodine edge atoms
are also found to contribute to the increased magnetization in
the ribbons. Moreover, the band gap E; of ZZNR increases
with increasing ribbon width, while in contrast, the band gap
of ACNR and nanotubes (ACNT, ZZNT) decreases with in-
creasing ribbon width and tube diameter unexpectedly. More
interestingly, oscillations of band gap size and spin moment
of ACNT with ribbon width were found, which may be as-
cribed to the quantum confinement and the crucial effect of
the edges./?”! Polarized optical absorption was also calculated
and found to occur in the whole Brillouin zone, due to paral-
lel flat valence and conduction bands, which is promising for
optoelectronic applications.

2. Methods

We used ab initio density functional theory with the
exchange—correlation functional of Perdew, Burke, and Ernz-
erhof (PBE) flavor®>! as implemented in the Vienna ab ini-
tio simulation package (VASP).13®! The cut-off energy for the
plane-wave basis set was set to be 350 eV. The Monkhorst—
Pack scheme!®”! was used to sample the Brillouin zone (BZ)
over a 16 x 1 x 1 k-mesh. The energy difference threshold
for electronic self-consistency was set to be 10~/ eV. We used
the plus U method with U = 2.65 eV for the Cr atom.38! All
the structures were fully relaxed with the method of conjugate

1391 until the atomic force was less than 0.02 eV/A.

gradients
The van der Waals interaction was taken into account for all
the structures. The vacuum space between two neighboring
slabs was set to be 15 A to avoid the artificial inter-slab inter-
actions.

To evaluate the optical absorption, the electron-photon
matrix element M(c,v,k) was computed based on the Fermi

golden rule to obtain the absorption probability ¢,

ok E) = 2TF | M(e k) [ 8(ec(h)

—ey(k)—EL), ey
in which the electron-photon matrix element M(c,v,k)
is[40-42]

eh’® ! i(of—w+Ey/h)t
M(c,vk) = — | — e\ 9=2 Y D (e v k) - P, (2)
mEy \ ceg

where m is the carrier mass, € is the dielectric constant of
vacuum, [ is the intensity of the incident laser, D(c,v,k)
(= (y“(k)|V|w"(k))) is the dipole vector taking care of the
photon-excited electronic transition from valence state y" (k)

to conduction state y°(k), and P is the laser polarization.
Jone vectors (1, i, 0) were used to simulate the circular po-
larization of laser.

3. Results and discussion

In the following, we shall discuss the size dependence
of the electronic and magnetic properties of Crlz nanoribbons
and nanotubes.
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Fig. 1. (a) Definition of Crl; ribbon structures with zigzag and armchair
edges. Arrows in red and blue show periodic axial directions of ZZ and
AC ribbons, respectively. Dashed lines with numbers define the width
index nw. (b) The nw dependence of formation enthalpy AH of both
ZZNR and ACNR, AH is defined in Eqgs. (3) and (4).

3.1. Crl; nanoribbons

Let us firstly define the ribbon structures for Crl;. Two
typical structures of ZZNR and ACNR are defined according
to the sublattice of Cr atoms (blue), similar to the definition
of graphene nanoribbon type, as shown in Fig. 1(a). lodine
atoms (purple) are selected to terminate the dangling bonds in
Cr edge atoms for both types of ribbons, because it costs much
more energy to have edge Cr atoms with dangling bonds from
our formation enthalpy calculations. Guided by this rule, the
edge structures with various ribbon widths were constructed,
as highlighted in Fig. 1(a) by red and blue dashed lines and
width index nw for ZZNR and ACNR, respectively. To es-
timate the relative stability of ribbons with respect to the 2D
Crl; crystal, the formation enthalpy AH for ZZNR and ACNR

were calculated based on the following equations:

2 4 6nw
3

2
Ecu, = Ezz + gECr +AH, 3
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A 4
where Ecy1,, Ecr, Ezz, and Eac are respectively the total en-
ergies of 2D Crl3, elementary Cr solid, ZZNR, and ACNR.
Each ZZNR with width index nw consists of 2nw Cr atoms
and 2 + 6nw I atoms, while each ACNR has 2nw Cr atoms
and 4 + 6nw I atoms.

4
Eciy, = Eac+ §ECr +AH,

As evident by the negative formation enthalpy given in
Fig. 1(b), it is always endothermic to obtain ribbon structures
of any type from 2D Crl3. With decreasing ribbon width, AH
normalized by the total number of atoms increases, suggest-
ing that it is more difficult to get the narrower ribbon. ZZNR
is more stable than ACNR at similar width, probably due to
the energy gain from dimerization of the edge iodine pair in
ZZNR compared with the single iodine edge atom in ACNR.

Firstly we studied the electronic properties of ZZNR,
specifically the electronic band structure, magnetic proper-
ties, and relative stability between FM and AFM states, as
shown in Fig. 2. The typical spin alignments of FM/AFM
states are schematized in Fig 2(a), with the spin moment

zigzag

%\./l\“—"
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>
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£ 3.19
7Z7Z NR
3.16
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(1/w)/A-t

(e)
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E—Ep/eV

(d)  Apry=prt—pi@Q ZZNR-6

of Cr atoms pointing out of the structural basal plane from
magnetocrystalline anisotropy calculation. The Curie tem-
perature 7¢c can be estimated upon both the exchange stiff-
ness J and saturated magnetization m according to the Weiss—

1.1491 Exchange stiffness J can be calcu-

Heisenberg mode
lated from energy difference AEsrpv—pm between AFM and
FM states.[*3] In Figs. 2(b)-2(d), we show the ribbon-width-
normalized AEapM—pM and spin moment m as a function of
1/W. As seen from Fig. 2(b), FM remains more stable than
AFM regardless of the ribbon width (which is consistent with
the results from Ref. [34]), and J can be increased by up to 3—4
times from 2D Crl; to ZZNR structures (width index nw > 5).
Spin moment m in Fig. 2(c) does not show much improvement
upon the 2D counterpart. But the spin charge density Apgy in-
dicated in Fig. 2(d) shows some additional contribution from
the edge iodine atoms in the ZZNR (left panel) compared to
the 2D crystal (right panel). It is most likely to obtain an en-
hancement of T¢ of the ribbon structures upon the bulk (61 K)
and monolayer Crlz (45 K).[1544]
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Fig. 2. (a) Schematic spin alignment on Cr atoms for both FM and AFM states in ZZNR. Up arrow (red) represents spin majority and down
arrow (blue) spin minority. (b) Energy difference AEarpv—pm (= Eapm — Epm) for ZZNR as a function of inverse ribbon width. (c) Maximal
magnetic moment for Cr atoms in FM (red square) and AFM (blue triangle) states in ZZNR as a function of 1/W. (d) Spin charge density
Appy between spin majority and minority states for ZZNR-ny, (nw = 6) and 2D Crl; with Ap = 0.118 e/Bohr 3. (e) Electronic band structure
and projected density of states (PDOS) for ZZNR-6. The Cr-3d and I-5p orbitals are shown in green and gray lines, respectively. (f) Band gap
of both FM and AFM states as a function of 1/W. E;; (left panel) and Eg (right panel), as defined in the band structure in (e), represent intrinsic

and spin-flip band gaps, respectively.
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To have more insight into the magnetic property, we cal-
culated the electronic band structure and density of states
(DOS), as showed in Fig. 2(e). The projected DOS on the right
panel of Fig. 2(e) illustrates that not only the Cr-d orbitals (in
green) but also the I-p orbitals (in grey) contribute to the net
spin moment, especially the flat bands due to the I-5p orbitals
near the Fermi level. The electronic instability arising from a
large DOS of I-5p orbitals and the electron—electron Coulomb
repulsion occurs at Eg, which gives rise to a splitting of spin
majority and minority bands. This is a new feature for the rib-
bon structures, which is not observed in the 2D counterpart.
Band gap E;; due to the spin splitting, as defined in the band
structure in Fig. 2(e), is about 0.2-0.3 eV (which is similar
to the result in Ref. [34]), almost independent on the ribbon
width, as seen from the right panel in Fig. 2(f). The optical
absorption across E; should be forbidden due to the electric-

(a) m/a linear polarized

opt abs
0.06

0.04
0.02

dipole selection rule (Al = +1, Amg = 0), which is the case
from the calculated optical absorption in Fig. 3. Meanwhile,
the band gap Eé of the spin majority bands between the I-5p
and Cr-4d, as defined in Fig. 2(e), should be optically active
due to Al = +1, as confirmed also in Fig. 3. In contrast to the
spin flip band gap E, independent of the ribbon width, Eé in-
creases with decreasing ribbon width W, obviously due to the
quantum size effect.

Helicity dependence of photoluminescence was reported
in 2D Crl3 monolayer and bilayer.[*? It is worth checking
whether it exists in the one-dimensional ribbon structure. We
show the wave-vector, laser-energy, and (linearly and circu-
larly) polarization dependence of optical absorption in Fig. 3.
The optical gap of the spin majority band is smaller than the
minority one. Due to many flat bands, the wave-vector inde-
pendence of the optical absorption is obviously observed. It is

(b) m/a circular polarized ot /o_

E./eV

Fig. 3. The optical absorption of FM ZZNR-2 with spin and momentum resolution for (a) linear polarized laser and (b) circular polarized laser.
Up and down arrows in the lower left corner show majority and minority spins, respectively.
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Fig. 4. Ribbon width dependence of electronic properties of ACNR. (a) FM and AFM spin alignments of Cr atoms. (b) Width normalized
energy difference AEapm—Fm (= Eapm — Erv). () Band structure and projected DOS for ACNR-6. (d) Net spin charge density Appm. (e)
Maximal magnetic moment of Cr atoms in both FM and AFM states. (f) Band gap Eg of both FM and AFM states.
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a pity that no circular polarization dependence is found,
namely, the helicity of both 6 and 6™ gives the same re-
sult in Fig. 3(b). Circular polarized laser leads to two times as
big intensity as the linear polarized laser, basically due to the
fact that circular polarization is due to two linearly polarized
lasers with 90° phase difference.

The edge type has been seen to significantly change the
electronic and magnetic properties of NRs such as carbon
NRs, 271 phosphorene NRs, 1331 and MoS; NRs.[2! Besides the
zigzag edge in honeycomb lattices, the armchair edge is an-
other typical structure. Now let us shift from ZZNR to ACNR
to see the edge structure effect on the electronic properties of
nanoribbons. The spin configurations for both AFM and FM
states are given in Fig. 4(a). It is encouraging to anticipate
that the Curie temperature 7¢ will be much improved upon 2D
Crl; as well in ACNR, largely thanks to the much enhanced
exchange stiffness J as shown in Fig. 4(b) and slightly in-
creased spin moment m as shown in Fig. 4(e). The discussion
on ACNR will, therefore, be similar to that on ZZNR. How-
ever, the oscillation of both spin moment mc; and band gap E,
with the ribbon width W is unique in ACNR, as indicated in
Figs. 4(e) and 4(f). Similar results have also been reported in

[27

graphene nanoribbons with armchair edge.'?”! So likewise, we

may ascribe such an oscillation of band gap E, as well as of m

with ribbon width in the ACNR to both quantum confinement

and the crucial effect of the edges.!?’!

3.2. Crl; nanotubes

Compared to ribbon structures with dangling bonds at the
edge, tubular structures without edges should be more advan-
tageous for many applications. But how about the magnetic
properties in the tubular structures? Here we studied Crlz nan-
otubes with two typical chiralities, ZZNT(n, 0) and ACNT(n,
n). Figure 5(a) shows the top view and side view of two repre-
sentative nanotubes, ZZNT(6,0) and ACNT(6,6). Diameter D
is defined as the largest distance between two furthest iodine
atoms in the cutting plane perpendicular to the tube axial di-
rection. The strain energy is evaluated in Fig. 5(b). In contrast
to the weak dependence of strain energy on ribbon width in
ZZNR and ACNR, the strain energy of NTs is inversely pro-
portional to the square of the nanotube perimeter W (or diam-
eter D), namely, E /N¢y ~ a/Dz, with @ = 24.03 eV-A2. The
weak dependence of strain energy on tube chirality is very sim-
ilar to that in carbon nanotubes and other tubular structures. [*!
Our calculation results show that the FM state is energetic fa-
vorable compared to the NM and AFM states of Crlz NT, and
the energy difference between the FM and AFM states is about
20 meV per Cr atom in Crl3 NT.

(@) b 3.38
ZZNT(6,0) ACNT(6,6) (_)15 0 () 3. 27.(5,0)
e NT 5 3.34 77,(6,0)
> AC(4,4)
ZZNR 5
§ 3.30
AC(6,6)
ACNR
3.26} 2P
0.03  0.06  0.09 0 002 004 0.06 0.08
(1/W)/A-1 (1/D)/A-1
3E (e)
E L1t o5
2
ACNT(6,6
(6,6) . 1.0 AC(6.0)
' 09 27.(6,0
. ACEH N
0 0.8
= 0.7 27(5,0)
3 0 002 004 0.06 0.08
X r (1/D)/A-!

Fig. 5. Tube-size dependence of electronic properties of Crlz nanotubes. (a) Top view and side view of two chiralities (left: ZZNT(6,0) and right:
ACNT(6,6)). (b) The 1/W dependence of total energy normalized by the number of Cr atoms for both nanotubes and nanoribbons. For NT, W
is defined as the perimeter of the tube W = mD, with D being the diameter. (c) Maximal magnetic moment of Cr atom as a function of inverse
diameter 1/D. 2D Crls sheet is also shown at 1/D = 0. (d) Band structures for ZZNT(6,0) and ACNT(6,6). (e) Band gap as a function of 1/D.

More interestingly, the spin moment of Cr atoms mc; is
sensitive to the tube diameter D, as shown in Fig. 5(c). The in-
crease in mc; from 2D counterpart to tube is evident and about
4% can be achieved in ZZNT(5,0) (with D ~ 12.5 A). The nar-
rower the tube, the larger the mcy, and mc, ~ 1/ D? seems to fit

well the calculation data. Such a curvature-enhanced spin mo-

ment is probably due to the distorted octahedral crystal field
in the tubes. In consequence, Coulomb repulsion can surpass
the crystal-field band gap A between the e and tp, orbitals to
increase the net spin moment. Such a hypothesis can be partly
confirmed from the electronic band structure. As seen from

Figs. 5(d) and 5(e), the band gap E,; decreases with decreas-
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ing tube diameter D, suggesting that it becomes easier to cross
the crystal field gap A to flip the spin when the tube becomes
narrower. However, the relationship between E and the tube
size D is quite opposite to that found in carbon nanotube, 2!
which needs a further study.

4. Conclusion

In summary, we have studied the structural stability, elec-
tronic properties, and magnetic properties of low-dimensional
nanoribbons and nanotubes of Crl3 by ab initio density func-
tional calculations. Ferromagnetic ordering is found to be sta-
ble in all the NR and NT structures of interest. An enhance-
ment of the Curie temperature 7c can be expected when Crl;
structure goes from 2D to NR/NT. The energy difference be-
tween the FM and AFM states can be improved by even up to
3 to 4 times in ZZNR, largely because of the electronic insta-
bility arising from a large DOS of I-5p orbitals at Eg. In NT
structures, shrinking the tube size can reduce the crystal-field
gap and drive a re-balance between spin majority and minor-
ity populations to harvest an enhancement of spin moment by
up to 4%. Our theoretical results may give a guidance to the
size and edge control of electronic and magnetic properties in
low-dimensional magnetic devices.
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