PHYSICAL REVIEW APPLIED 16, 024047 (2021)

Electrically Switchable Entanglement Channel in van der Waals Magnets

H.Y. Yuan®,"" Akashdeep Kamra®,?? Dion M. F. Hartmann®,! and Rembert A. Duine®'?

'Institute for Theoretical Physics, Utrecht University, Utrecht 3584 CC, Netherlands
? Center for Quantum Spintronics, Department of Physics, Norwegian University of Science and Technology,
Trondheim 7491, Norway

* Condensed Matter Physics Center (IFIMAC) and Departamento de Fisica Teorica de la Materia Condensada,
Universidad Autonoma de Madrid, Madrid 28049, Spain

® (Received 5 April 2021; revised 15 June 2021; accepted 6 August 2021; published 26 August 2021)

Two-dimensional layered van der Waals (vdW) magnets demonstrate their potential to allow the study
of both fundamental and applied physics due to their remarkable electronic properties. However, the con-
nection of vdW magnets to spintronics and quantum information science is not clear. In particular, it
remains elusive whether there are interesting magnetic phenomena belonging only to vdW magnets but
absent in widely studied crystalline magnets. Here, we consider the quantum correlations of magnons
in a layered vdW magnet and identify an entanglement channel of magnons across the magnetic layers,
which can be effectively tuned and even deterministically switched on and off by both magnetic and elec-
tric means. This is a unique feature of vdW magnets, in which the underlying physics is well understood
in terms of the competing roles of exchange and anisotropy fields that contribute to magnon excitation.
Furthermore, we show that such a tunable entanglement channel can mediate the electrically controllable
entanglement of two distant qubits, which also provides a protocol to indirectly measure the entangle-
ment of magnons. Our findings provide an avenue to electrically manipulate qubits and further open up

opportunities to utilize vdW magnets for quantum information science.

DOI: 10.1103/PhysRevApplied.16.024047

I. INTRODUCTION

Two-dimensional (2D) van der Waals (vdW) magnets
attract significant research interest for their remarkable fea-
tures, which include rich physical phenomena in the 2D
limit and desirable tunability of magnetic properties by the
gate voltage [1-4]. Of particular interest is the interplay of
vdW magnets with traditional spintronics, which manip-
ulates spin transport and is controlled by a wide range
of factors, including magnetization dynamics, magnetic
field, microwave, charge current, thermal gradient, and
mechanical strain. Even though spin-orbit-torque-induced
magnetization switching [5,6] and thermal-driven magnon
transport in 2D magnets was recently demonstrated [7—10],
resembling that observed in bulk magnets, it remains elu-
sive whether there are interesting magnetic phenomena
belonging only to the vdW magnets and whether they are
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advantageous to advance the current horizon of spintron-
ics. Here, we address this issue by considering the quantum
correlations of magnons in a vdW magnet and its poten-
tial application in quantum information science. Primary
opportunities for 2D materials have emerged in designing
quantum-dot qubits, superconducting qubits, and topolog-
ical quantum-computing platforms [11]. As we focus on
2D vdW magnets, however, the situation becomes dif-
ferent. Here, elementary excitation in the magnets is of
magnons with a continuous spectrum instead of qubits
with discrete energy levels, and thus, it becomes more
natural for integration with continuous-variable quantum
information [12], similar to the role of mechanical modes
in optomechanics [13]. Generating and manipulating the
quantum entanglement of continuous quantum variables is
an essential step in this direction, and it also motivates our
current work.

It is known that magnons excited from the classical
ground state of crystalline ferrimagnets and antiferromag-
nets can form a squeezed state with finite entanglement at
low temperature, and the strength of entanglement directly
depends on the squeezing parameter [14—16]. However,
this entanglement is not tunable by external fields as long
as the spins are antiparallel to each other. To overcome
this bottleneck, cavity photons can be used to enhance
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magnon-magnon entanglement near the resonance [14].
Alternatively, one may achieve a distant and tunable
magnon-magnon entanglement by coupling two magnets
simultaneously with one cavity field [17,18].

Here, we study the entanglement of magnons in a lay-
ered vdW magnet and identify an entanglement channel
that is robust against magnetic dissipation. Magnon entan-
glement through this channel can be effectively tuned by
both magnetic and electric fields. It is a unique feature
of vdW magnets with comparable strength of exchange
and anisotropy fields and is absent in most bulk magnets.
In particular, a nonmonotonic dependence of magnon-
magnon entanglement on the two-mode squeezing param-
eter is identified, which can only be fully understood by
including the competing roles of single-mode squeezing,
two-mode squeezing, and two-mode coherent conversion.
We further show that such an entanglement channel can
bridge the entanglement of two qubits, and it can be elec-
trically switchable by tuning the gate voltage. Our results
may significantly extend the research horizon of vdW
magnets and promote the application of vdW magnets in
quantum information science.

I1. PHYSICAL MODEL

Let us consider the layered vdW magnet shown in
Fig. 1(a), which is described by the following Hamiltonian:

H= Y JjSp-Sr—KY (Sig)* —H-) S,
iR

ii RR iR
(D

where i,j € {1,2} are layer indices; R is the position
of magnetic atoms; and the diagonal and off-diagonal
elements of exchange-matrix J;; represent intralayer and
interlayer nearest-neighbor exchange coupling, respec-
tively. Furthermore, K > 0 is the anisotropy coefficient,
and H is the applied magnetic field. The strengths of both
exchange and anisotropy fields are tunable by modifying
the density of states of electrons through electric fields.
Since the intralayer exchange coupling is much larger
than the interlayer coupling (Ji, < Ji1,J22), the magne-
tization in each layer usually behaves like a macrospin.
Following the experimental setup realized for Crls [19],
we consider an in-plane field, H = He,. Then the clas-
sical ground state of the system is a canted state, 6 =
arcsin H /H,,,, when H < H_,, and a collinear state, 0 =
/2, when H > H.,, where the magnetic transition field
is H.y, = 2(J 4+ K)S with Jj, = Jp; =J /2 [20]. To study
the magnons in this ground state, we first rotate to a new
frame (x',)’,z’), with z’ pointing along the equilibrium
orientation of magnetization and x" = x, and perform a
Holstein-Primakoff transformation [21] near the classical

ground state, i.c., S = v2Sair, S| g = \/ZSaJlr’R,SfiR =
S — aT RA1LR, Where S5 (S| r) are spin-rising (-lowering)
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FIG. 1. (a) Schematic illustration of bilayer van der Waals
magnets subject to an in-plane magnetic field (H) and a normal
electric field (E) (b) Entanglement of magnons and occupation
of Fock space in the ground state as a function of magnetic field.
Magnetic parameters of Crl; [19] are used with 2J =0.83 T
and 2K = 1.73 T. We take the truncation N = 19 in the numer-
ical calculation of magnon entanglement (red line) and a further
increase of N does not change the entanglement significantly.
Red dashed line indicates the magnetic transition field at H,,, =
2.46 T, and blue dashed line is the local minimum of entan-
glement at H., = 2.16 T. (c) Energy levels of the two-magnon
system.

operators and a;gr (aJ{,R) are the magnon-annihilation
(-creation) operators at position R of the first mag-
netic layer, which satisfy the commutation relations
[a1 R, a_f,R,] = Srr’- Similar operations hold for the spins
in the second layer. By rotating back to the old frame
(x,v,z), substituting the spin operators into the Hamil-
tonian [Eq. (1)] and further making a Fourier transform,
ajr = 1//Ny Y a; xe™R, with N being the total number
of spins, the effective Hamiltonian can be written as

2
1
H= waa+ Eg(ajajJraiai)
i=1

+ gc(aIaz + alaz) + g (aIa;—Falaz), (2

where wy = (J + K)Scos20 + KScos’ 60 + Hsinf, g =
KSsin? 6, g, = JScos?0, g. = JSsin® 0, and a; = a; .
We take the long-wavelength limit (k| — 0) because we
focus on the low-energy magnons for simplicity. The first-
order terms, @; and a?, disappear once we take into account
the ground-state configurations.
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III. GROUND STATE

Let us first study the ground-state properties, which will
be useful for understanding the quantum correlations of
magnons subject to dissipation. By numerically solving
the Schrodinger equation, HWI) E|yr), in the bipartite
Fock basis, where |) = Zmn —o Cmnlmn), and |mn) refers
to the occupation of the Fock state with particle num-
bers m and » in layers 1 and 2, respectively, we can
derive the energy and wave function of the ground state,
after taking a proper truncation of the maximum number
of magnon excitations (N). In general, one may quan-
tify the strength of entanglement using the von Neumann
entropy, Duan-Simon criteria [22,23], and logarithmic neg-
ativity [24,25]. To be consistent with the discussion on the
mixed-state case presented below, we choose logarithmic
negativity, where a state with zero logarithmic negativity
is separable and that with larger logarithmic negativity has
stronger entanglement. To calculate logarithmic negativ-
ity in the magnonic systems, we first derive the covariance
matrix (CM) of the system in the form V; = ((wuy) +
(upup))/2, where u = (x1,p1,x2,p2), (wuy) = (Yluu; 1),
and the quadrature operators are defined as x; = (a; +
aj)/\/z and p; = —i(a; — aj)/\/i. Due to the permuta-
tion symmetry of the system (1 <> 2), the CM should

Azys Coy )
take the form V4,4 = (Czr z Aixz)’ then the logarith-

mic negativity is calculated as Ey = max[0, — In(2n7)],

where 1~ = \/ZV — /2. V2 —4detV with ) V=
2 det(A) — 2det(C) and det(V) as the two symplectic

invariants of V [24].

Figure 1(b) shows that, with an increasing magnetic
field, the entanglement first drops until a field named as
H_, before the magnetic transition and then rises to a peak
at the transition (H,,;) (red dashed line). For comparison,
the two-mode squeezing, Ax = /{(x] + x,)?2), takes on a
single minimum at H,., (green line). In the case of the
wave function being described by a two-mode squeezed

the squeezing parameter [14,15,24]. In contrast, our sys-
tem deviates from such a wave function, and thus, admits
additional entanglement channels, as discussed further
below.

To understand the essential physics, we first analyze
the symmetry of the Hamiltonian. Both on-site squeez-
ing, a; alT, and intersite squeezing, al az, allow only an
even number of excitations (]00), [02), |11), |20), .. .), such
that the ground-state wave function can be written as |y)
= (o|00) + (2102)C, + Gs[11) + C5|20) + C4|22) [26],
where we truncate the Hilbert space at N = 2. As we shall
see, this is sufficient to capture the qualitative physics.
The entanglement of such a state means that it cannot
be factorized as |Y) = |¥1) ® |¥2), where |v;) = ¢¢|0) +
ci|1) + ¢2]2). This factorization is straightforward when
c1 = 0. Given ¢; # 0, this factorization is impossible for
the inevitable appearance of odd excitation (|10}, |01) - - -).
Hence, it is expected that the occupation of |11) (c;) is
crucial for determining the entanglement of the ground
state. On the other hand, as shown in Fig. 1(c), the occu-
pation of |11) acquires contributions from two competing
effects: (i) the direct parametric excitation (g, ), the strength
of which decreases monotonically as 6 increases from
zero to mw/2; and (ii) the coherent transfer of [11) to
|02) and |20) (g.) followed by an on-site parametric pro-
cess to |00) (g) and the reversal process, the strength of
which increases as 6 increases. These two channels inter-
fere destructively and result in a minimal entanglement
state at a critical value of H,. before H,.,. Above H,.,
the coherent channel dominates the entanglement, and it
keeps increasing up to the magnetic transition field, H.,.
As we increase the fields further, g. does not change any
more, while the gap between |00) and |02) keeps increas-
ing to suppress on-site parametric excitation. Hence, the
occupation of |11) and the ground-state entanglement
decrease.

Analytically, we can solve the Schrodinger equation,

state, the entanglement becomes a monotonous function of HIy) = ElY), to derive the superposition coefficients as
Co~1,Cp =Cio=Cpp=Cy =0, (3a)
¢, — V2 ge® +2(g.gp — 6gwo)e — 2887 — 8g.gpwo + 8gwj G3b)
2 3 86!)(2)62 - [g2 + 4(g? —|-g[% — Sa)(z))] € + 8wy (2g? —}—gp 2(1)0) + 2g? (1)0 - Sggcgp
= g€’ +2(gg — 3g,w0)€ + g8y — 8gg.wo + 8g, @} (30)
€3 — 8wje? — [gz +4(g? + g2 — Sa)(z))] € + 8wy (282 + g2 — 2wp) + 2g%wj — 8ggcgp
(&% +2g2)e + 6gg.g, — 28%wy — 482w
C; = g’ +2g, 28:8p — 28°wy — 4gpwo , ad)

€3 — Bwhe? — [g2 +4(g2+g2 - Swé)] € + 8w (282 + g2 — 2wp) + 2g%wj — 8ge.g,
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where € is the ground-state energy and is equal to the
minimum root of the following quartic equation:

x* — 8wox® — 2(g” + 2g7 — 10wp)x*
+2(2gg.8 + g8y — 4g°wy — 8g2wy + 8wj)x

+4g [g(gp — 2wo)wo — 2gcg§] =0. 4)

The solid lines in Fig. 1(b) depict this analytical calcu-
lation of particle occupation, and it shows that minimum
entanglement indeed happens when the occupation of |11)
is minimum, which is consistent with the intuitive picture.

IV. ROLE OF DISSIPATION

A real van der Waals magnet is far from isolated because
it is inevitably in contact with the environment, such as
a phonon bath. Thus, the quantum states of magnons
may suffer from dissipation due to, for example, the spin-
phonon interaction. The dissipation effect will mix the
contributions from ground and excited states and stabilize
the system in a steady state. In general, the steady state
described by a density matrix can be characterized by its
first and second moments. To calculate these two moments,
we follow the standard fluctuation-dissipation theorem to
introduce a noise term, /2y;¢;(¢), together with a decay
term, —ya;, of the magnon mode into the Heisenberg
equation of the system. Here, y; and y; are the dissipation
coefficients of the two magnetic layers, and the fluctua-
tion terms obey the statistics (£;(#)) = 0 and (&;(?) CJ-T @) =
(npm + 1)8;;8(¢ — ¢'), where ny, is the thermal occupation of
magnons. For the lack of coherent pumping in Eq. (2),
(a;) = (¢i(H)) = 0. The second moments, (a;a;), can be
calculated by solving the Lyapunov equation, MV +
VM = —D [27]. Here, D = diag[(2ny + 1)y1, Cng +
Dy, Cng + 1)ys, Cng + 1)y2), and the drift matrix of
the system (du/dt = M - u] is

- —g + wy 0 g — g
M=| 8- —7mn  —g&-& 0
0 g — & — —g+ woy
—8— g 0 —g — w -2

®)

Then, we can again quantify the entanglement by calculat-
ing the logarithmic negativity. In principle, this approach
involves the contribution of all excited states in the Hilbert
space, and hence, there are no truncation problems in
solving the ground states, and it is safe to use logarith-
mic negativity to quantify the strength of entanglement.
Figure 2(a) shows magnon-magnon entanglement in the
plane of (H, J/K). Depending on the values of J /K, two
regimes can be classified, as shown in Fig. 2(b), which
are extracted from the phase diagram for J /K = 0.48 (red
line), 0.96 (blue line), and 1.92 (black line). For J /K <

;-
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FIG. 2. (a) Steady magnon-magnon entanglement in the
(H,J/K) plane. (b) Steady entanglement as a function of exter-
nal field for J/K = 0.48 (red line), 0.96 (blue line), and 1.92
(black line). Dashed lines indicate the transition fields H,,
located at 2(J + K)S. y1 = y» = 0.01. (c) Entanglement at the
transition field (E£.,) and critical field for zero entanglement
(He/H.) as a function of J/K. Symbols are full numerical
results based on the Hamiltonian [Eq. (2)] and lines depict
Egs. (9) and (11).

0.5, the entanglement monotonically decreases to zero at a
critical field H.. < H., and is never revived again, while,
forJ /K > 0.5, the entanglement first dies at H,,, is revived
after a finite-field range, and further reaches a local max-
imum at transition field H.,. Such a field dependence
resembles the ground-state case, as discussed for Fig. 1.
This similarity suggests that the coherent channel and para-
metric channel still manifest themselves in the steady state.
However, the coherent channel is more easily switched off
under the influence of dissipation at smaller /. To illustrate
this point, we discuss these regimes in detail as follows.

Let us first study the low-field regime by setting g. = 0.
Then, we can analytically derive the CM and calculate the
magnon-magnon entanglement as

1. [(wo+gp)*—g*] [(wo—gp)* — &%]

Ey = max O’EIH 5
(w%—gp\/wéﬂfz) — g @i +v?)

(6)
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Since dissipation is usually sufficiently smaller than the on-
site frequency (y; = y» = y < wy) [28], En can be further
simplified as

Ey = max[0,In,/(wy + g,)*> —g> —Inw].  (7)

One immediately sees that the entanglement positively
depends on the parametric excitation of two types of
magnons (g, ), and there is a critical condition at which the
steady entanglement is zero, i.e.,

g +2wog, —g" =0. (8)

After substituting the field dependence of g, g,, wg, we can
calculate the critical magnetic field by

oo 3J/K +4
N 2K 434+ T2 K2 12T JK + A+ 4K )T
)

It is straightforward to verify that H. is a monotoni-
cally increasing function of J/K, and it approaches zero
whenJ /K — 0and H,,, whenJ /K — oo. This prediction
describes the numerical results quite well for small J /K,
as shown in Fig. 2(c). As J /K increases, the critical field
approaches H,,,, and the influence of the coherent process
needs to be included.

In the coherent regime (g, = 0), the CM of the system
is also analytically solvable, and the logarithmic negativity
is

2 o o2
wy — (g gc)] (10)

1

Ey = max |:0,§ln 0 a)é e
This result implies that magnons are not entangled for g >
2g. (or equivalently K > 2J), which can be easily satisfied
in vdW magnets but is not favorable in crystalline mag-
nets (J > K). This readily explains the infinite death of
entanglement without revival observed in Fig. 2(a). Here,
the tunability of J /K through the electric field enables an
electrically switchable entanglement channel, as we shall
see below. In the regime g < 2g. (K < 2J), there will be
a finite entanglement between magnons near the magnetic
transition field. Depending on the magnitude of the applied
field, two regimes can be classified. (i) When H > H,,,
0 =m/2,

(2 —KKS?
(H — 2KS)(H — 2JS)

E;,:—Eln[l :|, (11)

which decreases monotonically as the field increases,
and the maximum entanglement at H = H,,, is E., =
In(vT+ K/27//2). (ii) When H < H,,,, 6 = arcsin H/

H_,,, the logarithmic negativity can be rewritten as

(12)

- \/aﬁlH“ + axH? + ay
Ej=

- asH* + a,H? +a0’

where ay, = +K)J —K), as=J —2K), a,=
8KS?(J +2K)(J + K)?, and ap = —168*(J + 2K)*(J +
K)*. Notably, a, > a4 due to K < 2J; this implies that
the entanglement will increase with the external field and
reach its maximum value, E.,, at H.,. The prediction of
this maximum entanglement captures the numerical result
perfectly, as shown in Fig. 2(c) (brown line).

Until now, we have considered the case with zero ther-
mal occupation of magnons, i.e., 7 = 0. In reality, thermal
fluctuations may induce the decoherence of magnons, and
thus, weaken magnon-magnon entanglement. Figure 3(a)
shows that the entanglement is still switchable up to ther-
mal occupation ny, = 0.3, which corresponds to a temper-
ature of 7= 1.6 K. This temperature is well below the
Curie temperature of Crl; (~ 45 K [2]) and is reasonable to
realize using mature cryogenic technology. Such a stabil-
ity range of entanglement is larger than the reported value
below 0.2 K in a cavity containing two magnets [17]. On
the other hand, the entanglement properties are insensitive
to the dissipation of magnons, as shown in Fig. 3(b), which
is consistent with the analytical result, Eq. (6), obtained at
zero temperature, and similar results are also found in a
collinear magnet [14]. Such insensitivity may be an advan-
tage of magnonic systems compared with optomechanical
systems, where the entanglement sensitively depends on
dissipation [29]. The underlying physics of this difference
requires further investigation.

(a) (b)
+~ 04 — nyp=0.0
=i :
(] 1 — nyp=01
E 0.3 — nyp=02
0] H
= 0.2
g
= 0.1
m

0.0

0o 2
Field (T) Field (T)
FIG. 3. Entanglement of magnons at different temperatures (a)

and magnon dissipation (b). Here, ng, = 0.3 corresponds to 7 =
1.6 K with w/2m =50 GHz [19]. y = 0.01 for (a) and ng =
0.01 for (b).
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V. QUBIT-QUBIT ENTANGLEMENT

We demonstrate a tunable and robust entanglement
channel in bilayer vdW magnets by applying a mag-
netic field. Furthermore, this quantum channel can also be
turned on and off by an electric field through the mod-
ification of exchange and anisotropy fields. With bilayer
Crl; as an example, recent experiments show that both the
exchange and anisotropy fields decrease with the gate volt-
age, V, by J =Jy — b;V and K = Ky — bxV, where the
coefficients Jy, b;, Ky, and b are extracted from previous
experiments [19]. By taking this dependence into account,
we numerically calculate the two-magnon entanglement as
a function of gate voltage at different values of magnetic
fields in Fig. 4(a) (solid lines). Clearly, the gate voltage
can be an effective factor to switch the entanglement of
magnons. This channel is robust, even if the exchange and
anisotropy fields deviate a little from the experimental val-
ues we use, as long as their strengths are comparable. In
typical crystalline antiferromagnets, anisotropy variation

— H=15T

(a) 015 ' M‘agnon

Magnon w— H=175T
= —H{=20T
g 010 m— H=225T
RPN RN N
on
=
8
=
[na)

10 0 10 20

Voltage (V)
(b)
E=-20V E=19V
| | = |
TSRS | |

L 1>
T |10> T
n1> 0 T [01> M1> hos

[

FIG. 4. Entanglement of magnons (solid lines) and qubits
(dashed lines) as a function of gate voltage for H = 1.5 T (red
line), 1.75 T (blue line), 2.0 T (black line), and 2.25 T (purple
line). Gray line at Ey = 0.085 is a threshold of magnon-magnon
entanglement to switch the qubit-qubit entanglement on and
off. Parameters are Jy = 0.865 T, b, = 9.5 x 1072 T/V, K, =
0.415 T, and by = 5.5 x 107> T/V [19]. w; = —wp = 0.01 T,
ggm = 107 T [30,31]. (b) Density of states for the steady states
of two qubits when E = —20 V (left panel) and 19 V (right
panel). H =1.5T.

caused by the electric field will not have a significant influ-
ence on the entanglement channel, because the magnitude
of anisotropy is usually 3 orders of magnitude smaller than
the exchange field.

This tunable entanglement provides an avenue to manip-
ulate two qubits electrically. As a proof of concept, we
consider two qubits coupled with the two layers of the vdW
magnets through dipolar interactions. Under the rotating-
wave approximation, the total Hamiltonian is written
as [32]

2 2
Hi=H+ Y 007 +gm ¥ (07 a;+07a), (13)
i=1 i=1

where o7,0F

7,07 are the Pauli matrices describing the ith
qubit, w; is the resonance frequency of the qubit, and g,
is the coupling strength. Here, we first solve the steady-
density matrix of the whole system, p, numerically and
then calculate the reduced density matrix of the two qubits
by tracing out the magnon degree of freedom, i.e., p;p» =
try 4, (0). Then we can quantify qubit-qubit entanglement
by concurrence, which is defined as Cj; = max(0,1; —
A2 — A3 — A4), where Aj,34 are the square roots of the
eigenvalues of pi2[(0” ® 0¥)p},(0” ® 0”)] in a nonin-
creasing order [33—35]. Figure 4(a) shows that concurrence
is also tunable by the gate voltage (dashed lines) and fol-
lows a similar trend to that of magnon entanglement (solid
lines). Representative density states for entangled and sep-
arated two-qubit states are shown in Fig. 4(b). Here, there
is a threshold entanglement of magnons near 0.082, above
which the magnonic channel can mediate the entanglement
of two qubits. To realize this proposal, one may optimize
the material properties of vdW magnets and identify those
with smaller exchange and anisotropy, such that they can
readily be integrated with mature qubit platforms, includ-
ing nitrogen-vacancy centers and superconducting qubits
[36,37]. As an alternative, one may find quantum platforms
working at the strong-field regime, which have already
been indicated in recent experiments [38,39].

VI. DISCUSSION AND CONCLUSION

Coupling and decoupling of two or more qubits in a
desirable way is an important topic in quantum technolo-
gies, such as quantum manipulation and quantum comput-
ing. The switchable entanglement channel in van der Waals
magnets provides a route to prepare the entangled states of
two qubits and may further enable the tunability of entan-
glement by electric means, which may take advantage of
the 2D magnets for quantum processing. For example,
one may design quantum logic gates based on tunable
qubit-qubit coupling, which will be a building block for
quantum computing. On the other hand, the magnonic sys-
tems fall into the class of continuous-variable systems, and
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thus, magnon-magnon entanglement may find its applica-
tion in continuous-variable quantum information, such as
quantum teleportation and quantum key distribution [12],
complementing widely studied mechanical oscillators.

In conclusion, we show that magnons in a layered vdW
magnet are entangled and that this entanglement is sub-
ject to a sudden death before the magnetic transition field.
The essential physics is ascertained to be the competing
influence of parametric interactions of the two types of
magnons simultaneously and coherent transfer between
the magnon states. On the practical side, our observation
enables both magnetic and electrical means to switch the
entanglement channel on and off and further makes it pos-
sible to utilize such a channel to bridge the entanglement of
two or more qubits. These features are absent in the normal
crystalline magnet because of the smallness of anisotropy
compared with the exchange field and limited tunability
range of the magnetic parameters by electric fields.
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