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This study employs the cellular dynamical mean-field theory (CDMFT), combined with the continuous-time quan-
tum Monte Carlo (CTQMC) method as the impurity solver, to investigate the metal-Mott insulator phase transition and
magnetic phase transition in two-dimensional NdOCI under the interplay of strongly correlated interactions and tempera-
ture. By calculating the density of states, double occupancy, Fermi surface, and magnetic order parameters of the system,
we demonstrate that second-order phase transitions and magnetic symmetry breaking emerge with increasing interaction
strength. These results provide a theoretical and computational basis for the fundamental research and potential applications
of two-dimensional structured rare earth metals such as NdOC], holding significant implications for advancing both basic
science and technological developments in correlated quantum materials.
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1. Introduction

Phase transitions are mutations that exist widely in nature,
typically thermally driven. Unlike classical phase transitions,
quantum phase transitions are phenomena caused by quan-
tum fluctuations rather than thermal fluctuations. At ultralow
temperatures, where thermal motion is suppressed and sys-
tems reside in ground or low-energy excited states, quantum
mechanical effects become dominant. Previous studies have
elucidated emergent phenomena in condensed matter systems,
including rare-earth magnetic insulators and two-dimensional
electron gas systems. The unique 4f electronic configuration,
strong spin—orbit coupling, and electron correlation effects
under low-dimensional confinement in rare-earth-based two-
dimensional materials provide an ideal platform for exploring
novel quantum phenomena that transcend those of traditional
transition-metal two-dimensional materials. In-depth investi-
gation of their quantum phase behavior can not only unveil the
coupling mechanisms among charge, spin, and orbital degrees
of freedom in low-dimensional, strongly correlated electron
systems but may also lead to the discovery of new states of
matter, such as quantum spin liquids and unconventional su-
perconducting states, driven by the special f-electron configu-
ration of rare-earth elements, thereby significantly expanding
the frontiers of our understanding of low-dimensional quan-
tum materials. On an applied level, novel devices based on the
quantum phase transition characteristics of two-dimensional
NdOCI possess significant advantages; for example, ultra-low-
power switching devices can be constructed by controlling its
metal-insulator transition with an electric field, highly sensi-
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tive magnetoelectric multifunctional sensors can be realized
by leveraging the synergistic effects of magnetic and topo-
logical phase transitions, and its unique magnon—exciton cou-
pling phenomena may provide a material basis for develop-
ing room-temperature spin quantum bits. These advancements
will open new avenues for the development of next-generation
low-dimensional spintronics, topological quantum computing,
and ultrafast optoelectronic devices, powerfully driving inno-
vative breakthroughs in quantum information technology and
high-efficiency electronic devices.

Quantum phase transitions represent an important re-
search direction in condensed matter physics.!!! In recent
years, various methods have been developed for their study.
One such method is dynamical mean-field theory (DMFT),
which yields highly accurate results in the center of infi-
nite dimensions.['%1?1 However, the central approximation
of DMFT is that the self-energy is local and momentum-
independent, thereby neglecting non-local spatial correlations
and spatial fluctuations in the system. This limitation ren-
ders it ineffective in low-dimensional systems. Building upon
this foundation, the cellular dynamical mean field theory
(CDMEFT) emerges as a cluster extension of DMFT.[13-16] Ag
a real-space cluster extension of DMFT, CDMFT systemati-
cally incorporates short-range spatial correlations by mapping
the lattice problem onto a self-consistently solved cluster im-
purity model. This simplification reduces the complex many-
body problem to a self-consistently solved cluster impurity
problem. Building on the work of Chen ez al.l'”! and Jarrell
et al.,'"® continuous-time quantum Monte Carlo (CTQMC)
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is employed as the impurity solver in the calculations. This
choice enhances the accuracy of the final results. The com-
bination of CDMFT and CTQMC provides valuable insights
into the study of phase transitions in two-dimensional NdOCI
structures.

2. Model and measurements

In this article, we employ CDMFT and CTQMC to in-
vestigate the quantum phase transition in two-dimensional
NdOCL
dimensional NdOCL.1!'1 In this two-dimensional structure,

Figure 1(a) shows the atomic structure of two-

()

—7/2

—7/2

we select an effective cluster with Nc = 6 [see Fig. 1(b)].
Figure 1(c) depicts the first Brillouin zone for the two-
dimensional NdOCI lattice.

of states near the Fermi surface of oxygen, chlorine, and

Figure 1(d) shows the density

neodymium atoms in this system when U/r = 0. By calcu-
lating the single-particle density of states, double occupancy,
and Fermi surface, we find that the Nd atom undergoes a phase
transition from the metallic state to the Mott insulating state,
and we construct the correlation phase diagram.?%3!! This re-
search contributes to a comprehensive understanding of criti-
cal phenomena in quantum phase transition systems.

A sites
(Nd)

O

B sites
O (o

C sites
(0)
U/t=0 — O
— Nd
— Cl
B .
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-2 0 2
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Fig. 1. (a) Atomic structure of two-dimensional NdOCI. (b) Protocell schema (Nc = 6). (c) The first Brillouin zone of the unit cluster.

(d) Density image of the uninteracted state.

In the study of the quantum phase transition in two-
dimensional NdOCI, using the Hubbard model as an example,
the Hamiltonian is

H=-— Z tijc:fccjg—I—UZniin,-T—&—,uZn,'g.
(ino i io

6]

Here, i and j denote sites in clusters. U is the Coulomb inter-

action, U represents the chemical potential, and u is adjusted
i
ic
creation and annihilation operators for fermions with spin ¢

to achieve systematic half-filling. ¢, and c;s represent the
(o = 0 for spin up, ¢ = 1 for spin down) at lattice site i. The
particle number operator n;s is defined as n;s = cjccig. The ra-
tio A =t,p/14c, termed the asymmetry factor, is experimentally
tunable through sample compression.!”-?!l We use r =1, = 1.0
as the energy unit.

In two-dimensional NdOCI, we select a suitable unit cell
as depicted in Fig. 1(b), where the cell configuration fully in-
corporates quantum fluctuations between adjacent cells and
spatial fluctuations within the crystal lattice.

In the case of local self-energy approximation, each lat-
tice point in a many-body system is independent in space,

and the whole system is mapped onto the Anderson impurity
model. The protocell is taken as an impurity, and the influ-
ence of lattice points outside the cell on the protocell is re-
placed by the Weiss field. The system’s behavior, represented
by the Hubbard model, can be calculated with the help of the
CTQMC method.?2251 Then, the self-consistent solution is
used to calculate the relevant physical quantities, in which
the self-consistent calculation needs to provide an initial self-
energy (an Nc X N¢ matrix) and use the formula

. 1
o) = (; io+pu—t(k)-E(io)

%!

-1
> +Y (i0)

resulting in Weiss field Green’s function go (i®), where k is
cluster wave vector in the first Brillouin zone, 7 (k) is the
hopping matrix defined as 7;; (k) = Y "1 e k(=) with

ry—nr
r1 and rp representing the real-space position vectors of grid
The CTQMC method is selected as the impurity
[26-30

points.
solver. | By substituting the obtained Green’s function

into the Dyson equation, the global Green’s function G(i®)
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of the cluster is derived,

) (o) (io). 3)

The global Green’s function of the system is consistent with

=gy (i0) -G~

that of the effective Anderson impurity model.

By applying the Dyson equation Y (i®w) = gal(ia)) —
G !(iw), a renormalized self-energy is obtained. The new
self-energy is substituted into the global Green’s function and
iterated through the Dyson equation until convergence. The
impurity model’s Green’s function calculated by CTQMC is
then approximated as the lattice Green’s function, enabling
the computation of physical quantities such as the density of
states, double occupancy, and spectral function near the Fermi
surface. In this work, the DMFT framework is implemented
in C, while the impurity solver utilizes a Monte Carlo open-
source package.3>=¥ The integration of both components en-
sures higher computational accuracy.

3. Discussion

The density of states is obtained from the Green’s func-
tion via analytic continuation, for which we employ the maxi-
mum entropy method. The distribution of the density of states

0.8t (a) T/t=0.08 _—y/t=3.5
A=1.0 —U/t=55
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0.3} —U/t=8.0

DOS

—92 0 2

of Nd atoms near the Fermi surface at temperatures 7'/ = 0.08
and T/t = 0.1 is depicted in Fig. 2. From this figure, it
can be seen that the single-particle density of states near the
Fermi energy level of the system decreases with the increase
of the interaction, regardless of the asymmetry factor A = 1.0,
A =125, or A = 1.5, and finally the Mott metal-insulator
phase transition occurs at U = Uc. As can be seen from this
figure, the quasiparticle resonance peaks are observed near the
Fermi energy level when the asymmetry factor A = 1.0, the
=0.08 and T /¢
tion is low, such as U /r = 3.5. When the interaction increases,

temperatures 7T /¢ = 0.1, and when the interac-
the quasiparticle resonance peak splits and a pseudogap ap-
pears and eventually opens at the critical values Uc/t = 5.5
and Uc/t = 6.5. When A = 1.5 and T/t = 0.08, there is
a pseudogap in the system before the Mott metal-insulator
phase transition occurs, and the pseudogap opens and the sys-
tem transforms from a metallic state to an insulating state at
Uc/t = 5.2. From this figure, it can be seen that when the
asymmetry factor is the same, as the temperature increases,
the interaction of the system undergoing the phase transition
increases, which means that it is more difficult to undergo the
Mott metal-insulator phase transition.

0.6} (b) T/t=01 _—_U/t=3.5
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o 041 — U/t=8.0
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Fig. 2. Density of states of two-dimensional NdOCI. (a) At T/t = 0.08 and A = 1.0, when the interaction U is stronger than the critical
value Uc/t = 5.5, the gap near the Fermi energy is opened. (b) At 7/t = 0.1 and A = 1.0, a quasiparticle resonance peak is found before

the pseudogap appears. (c) At T/t =

interaction Uc/t = 5.1. (d) The density of states for different interaction strengths U at T/t =

0.08 and A = 1.25, two-dimensional NdOCI is transformed from metal to Mott insulator at the critical

0.1 and A = 1.25. (e), (f) At A = 1.5, as the

temperature increases, the interaction of the system undergoing the phase transition increases.

The double occupation is introduced to study the phase
transition law of the system. Figure 3 mainly depicts the re-
lationship between the double occupation Docc and the inter-
action U when the system is at different temperatures 7. At

different temperatures, the double occupation Docc decreases

with the increase of the interaction, which is due to the en-
hancement of Coulomb interaction between electrons on the
same lattice point and the suppression of the roving nature of
the electrons in the system, and thus the lattice point tends to

be single-occupied. The double occupation curve in the fig-
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ure is a continuous curve, indicating that the phase transition
of the system is a second-order phase transition. The arrows
in the figure indicate the critical values of the phase transi-
tion at different temperatures. As the temperature T increases,
the critical value of the phase transition of the system also in-
creases.

Double occupancy

U/t

Fig. 3. Double occupancy of two-dimensional NdOCL. (a) The evolution
of the double occupancy as a function of on-site repulsive interaction U for
different temperatures 7. The arrows hint the corresponding value of Mott
transition for different temperatures. (b) The value of the double occupancy
under certain temperatures for different onsite repulsive interaction U.

We have also studied the magnetic problem on
an anisotropic triangular lattice by means of the mag-
netic order parameter, which is defined as m =
i&sgn(i) ((niy) — (nit)), where sgn(i) is the staggering fac-
tor required to define the antiferromagnetic order parameter,
with sgn(i) = 1 for lattice sites i = 0 and 2, and sgn(i) = —1
for the other lattice sites. Figure 4 depicts the asymmetry
factor A = 1.0 and T/t = 0.1 for the system’s single-particle
energy gap AE and staggered magnetization m versus the in-
teraction. When the interaction U/r < 3.5, both AE and m
are 0, indicating that there is no energy gap and the staggered
magnetization is 0. The system is in the paramagnetic metallic
state. When the interaction 3.5 < U/t < 6.5, the symmetry of
the system is broken, the magnetic order m # 0, the system
is antiferromagnetic, and the single-particle energy gap of the
system is still 0, and the system is in the antiferromagnetic
metallic state. When the interaction U/t > 6.5, the system
appears as a single-particle energy gap, and the staggered
magnetization m # 0, the system enters the antiferromagnetic

Mott insulating state.

coe
Scom
oRE® N

5
k. k, —5 77

In this paper, the spectral function A(k, ®) near the Fermi
surface of Nd atoms in momentum space is used to simulate
the process of the metal-Mott insulator phase transition, as
shown in Fig. 5. From the three plots in Fig. 5, it can be
seen that the probability of the appearance of particles near
the Fermi surface decreases with increasing interaction, the
pseudogap near the Fermi surface of the system opens, and
the system enters the insulating state. At U/t = 6.0, there is a
peak in the electron probability density on the Fermi surface,
indicating that the system exhibits a metallic state at this point,
as shown in Fig. 5(a). The peak near the Fermi surface de-
creases gradually when the interaction increases to U/t = 6.9,
as shown in Fig. 5(b). When the interaction is stronger than the
critical value of U/t = 9.0, the electrons near the Fermi sur-
face are affected by the localization, and the probability of the
emergence of particles is extremely low, and at this time the
system has entered the insulating state, as shown in Fig. 5(c).
The probability of particles appearing on the Fermi surface
decreases gradually with increasing interactions at the same
temperature, causing the system to undergo a metal-Mott in-
sulator phase transition.

(a) | ‘T/t=01 _e AR
0.8¢ A=1.0 em 108
. °
0.6f 3 Antiferro- ./' + 10.6
&) 1 magnetic 3/
a4 o0af AT 10.4 §
I [
Parama- 3 Antiferromagnetic
0.2 .gncttllc i insulator 10.2
metal
0l—o—d ~ - ~ 0
3 6 9 12 15
U/t
1.5 T T T T 1.5
(b) T/t =0.08 —— AE
A=1.5 —
1Lof 11.0
R i:\ntifcrm g
< magnetic Antiferromagnetic
imetal insulator oo
0.5} foo e {05
Param-: o
agnetici 'y,
metal | / f/
0 o—§ L L L 0
3 6 9 12 15
U/t

Fig. 4. Relationship between energy gap and the on-site repulsive in-
teraction. (a) The relationship between energy gap and interaction for
T/t =0.1,A = 1.0, while (b) for T/t = 0.08,A = 1.5.

<0
-5
-5 0 5
kz
0.12
0.12
Ologl 0.08
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ooy I = . 0.04
-0 5 0 0 ;5”0 5 0

Sz

Fig. 5. Fermi surfaces of two-dimensional NdOCI for different interaction strengths at A = 1.5 and 7/t = 0.1. (a) U/t = 6.0, (b) U/t = 6.9,

© U/t =9.0.
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Combining the previously mentioned single-particle den-
sity of states and magnetic order parameter, we finally plotted
the quantum phase diagram of two-dimensional NdOCl as a
function of A and U at T/t = 0.1 (see Fig. 6).

1.6 T
(a) . T/t_o 1 —m—m
1.4} —a— AE
.

Antiferro-]
1.2 magne tic |

Insulator

~< 1.0+ Antiferromagnetic \ i

ZZZ\ gV

0.4

Paramag"em/ metal /
met. '11
.\
]

3 6
U

Fig. 6. Phase diagram of the two-dimensional NdOCI representing the
competition between U and A for T/t = 0.1.

4. Conclusion

In this paper, we have investigated the process of the
metal-Mott insulator phase transition of two-dimensional
NdOCI using a combination of CDMFT and CTQMC, and
found that only the Nd atoms in the structure undergo a quan-
tum phase transition when the temperature 7' and the interac-
tion U reach a critical value, whereas a large number of itin-
erant electrons appear in the O and Cl atoms, which makes
a sharp Fermi liquid-like peak always near the Fermi sur-
face. Under the change of interaction U, the local electrons
in the system are dominant and the roaming electrons are sup-
pressed, making the electrons in the lattice sites tend to be
single-occupied, resulting in a continuously decreasing dou-
ble occupancy change curve, which indicates that the phase
transition occurring in this structure is a second-order phase
transition.
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