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Abstract

We report the existence of entangled steady-states in bipartite quantum magnonic
systems at elevated temperatures. We consider dissipative dynamics of two magnon
modes in a bipartite antiferromagnet, subjected to interaction with a phonon mode
and an external rotating magnetic field. To quantify the bipartite magnon-magnon
entanglement, we use entanglement negativity and compute its dependence on
temperature and magnetic field. We provide evidence that the coupling between
magnon and phonon modes is necessary for the entanglement, and that, for any
given phonon frequency and magnon-phonon coupling rate, there are always ranges
of the magnetic field amplitudes and frequencies for which magnon-magnon entan-
glement persists at room temperature.

Keywords: Magnon, phonon, steady-state, quantum entanglement, room temperature

1 introduction

Entanglement is a central concept of quantum physics that has developed into a key
resource in quantum technology [I]. It plays a role in quantum information processing,
opens a way towards intercept-resilient quantum communications, and enables increased
sensitivity in quantum metrology. If it were possible to overcome the thermal noise
and prepare robust entangled quantum states at ambient conditions, the corresponding
implications for the future quantum devices would be significant |2} 3 4], 5] 6, [7) 8, 9].

Magnons exhibit quantum properties over a wide range of temperatures and offer a
possibility to access quantum phenomena at room temperature [10, 11]. Compatibility
of magnonics with hybrid quantum platforms [I1], 12, [13] 14}, 5] makes magnons poten-
tially useful for quantum data processing. Most recently, particular attention has been
paid to antiferromagnetic quantum magnonics due to its large equilibrium squeezing and
entanglement [T, 16} (17, I8, (19, 20, 21, 22) 23, 24, 25, 26].

Here, we report evidence for equilibrium phonon-driven magnon-magnon entangle-
ment in bipartite antiferromagnetic materials. We compute entanglement negativity [27]
of a pair of magnon modes coupled to a lattice vibration, in the presence of an off-
resonant external rotating magnetic field. Our aim is to study the stability of bipartite
entanglement between magnons to thermal noise. We search for the regime where the
magnonic degrees of freedom remain entangled with each other rather than with the
environment, and hence can be used as coherent channels in quantum information proto-
cols. We obtain a steady-state entanglement diagram in the temperature and magnetic
field plane, which shows the possibility of having magnon-magnon entanglement at room
temperature. We analyze the magnon entanglement stability against dissipation caused
by magnon-phonon coupling and observe that the two-mode magnon system indeed per-
mits high-temperature entanglement at any value of the magnetic field provided that
the magnetic field frequency is adjusted to the proper range. In turn, the existence of
crystalline and synthetic antiferromagnetic materials, such as NiO [2§], 2D Ising systems
like MnPSe; [29, [30], YIG-based synthetic antiferromagets (SAFs) [31], and perovskite
manganites [32, [33], particularly SrTcO3 [34], CaTcO3 [35], BiFeO3 [36] that have high
Neel temperatures, provide a space for further study of high-temperature entanglement
in quantum magnonics.



2 Physical system
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Figure 1: (Color online) Schematic illustration of bipartite collective spin waves in an
antiferromagnetic material subjected to a vibrational phonon mode in an off-resonant
rotating magnetic field. The rotating magnetic field is illustrated in the lower left corner
while the coupling between magnons in sublattice A and B to the phonons are illustrated
in the lower right part of the figure. The upper figure depicts schematically the spins
interacting with the lattice.

To pursue our analysis, we assume a pair of magnon modes in a bipartite antiferro-
magnetic (AFM) material subjected to a vibrational mode in an off-resonant rotating
magnetic field as shown in Fig. The system Hamiltonian reads

A A~

H=H,, + Hymn + H, + Hyp, + Hyph (1)

with each term defined as follows. f{m and lflm_m correspond to single- and two-mode
magnon Hamiltonian, respectively, at a given k-vector. To find the explicit form of these
terms, we consider an AFM spin Hamiltonian, H, = > <ij> Sil[ijsj with nearest neighbor
interactions, where S; is the spin vector operator at lattice site ¢, and I;; is the bilinear
interaction tensor matrix between sites ¢ and j, which involves all different types of

interactions, e.g., Heisenberg interaction, Dzyaloshinskii-Moriya interaction, anisotropy
[23, 24, 25] 26]. By using the linearized Holstein-Primakoff transformation

Sz=8—ala,,
St =57 4 i8Y ~ v/254;,
Sz =blb; — S,
S =57 +iSY ~ V25b!,

Sublattice A : {
Sublattice B : {

and Fourier transformation [11], one obtains H, = H,, + H,_, with
Hm = hwak&;r(dk + hwb_klA)T_klA)_k
Hym = hgiy alb' s + Moy lnch i, (2)
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for a given momentum k-vector. Here, the bosonic annihilation operators a, and by rep-
resent two counter-propagating magnon modes that describe identifiable magnon modes
associated with each sublattice of the AFM.

We further assume that the prepared magnon system is subjected to an off-resonant

rotating magnetic field with frequency wy < wg,, ws An in-plane rotating magnetic
field

—k°

B = By(cos(¢g + wot), sin(pg + wot), 0) (3)

interacts with a spin system through the Zeeman term H, = >, #B - S;. By using the

same transformations as for H,, we obtain

[:{Z — B {'UB;;FI‘} (] 52]\7 (e*i(¢0+ﬁk+wot)dk + e¢(¢0+€k+w0t)&lt>

" [ Mggrk] /S2N (ei(%ﬂwm)@k 4 emilGo+actuat) i k>,
(4)

for a given k-vector. By is the strength of the magnetic field, /N is the number of spins
in the system, S is the total spin per site, and e ™« = 2 D icA(B) e~ T with r; being
the position vector of site ¢ in the corresponding sublattice. I'y and (, come about by
Fourier transforming the Hamiltonian from real space to k-space. It is assumed that the
values of I'y and (j for sublattice A are identical to those for sublattice B.

For the magnon-phonon interaction, we consider magnetoelastic coupling, where mag-
netic degrees of freedom interact with elastic displacements of atoms from their equilib-
rium positions. Assuming single phonon process [37] with translational and rotational
symmetries, the quantized phonon and magnetoelastic spin-phonon coupling terms of the
Hamiltonian read [2§]

/ - NS
ph = h E Weys Crr Ci!
/

ﬁr/n'ph - hz Z Z Gk’ésasz+5 (éTk/ + é_k/> eik/'”,

k' 4,6« B

A

(5)

where ¢ is summed over all magnetic lattice sites and 0 denotes a vector pointing from
lattice site ¢+ to a neighbouring site. Gk, 5 is the coupling strength between the spins
in spatial directions o, 5 € {z, y, z} and the elastic displacement mode at a given
k’. The operators ¢ (é},) represent annihilation (creation) of an elastic phonon mode
with frequency w,, and crystal momentum k’. Taking into account the magnetoelastic
coupling only in the transverse direction, the interacting spin-phonon coupling term of
the Hamiltonian reduces to

i = 0D GiisSiSTs (el + 2 ) 7 (6)

k/ 4,06

By applying the same transformations to the spin degrees of freedom as for the other terms



in the Hamiltonian above, the resulting magnetoelastic Hamiltonian takes the form

A Af R
& Nat -k, —k')7 o Cr, + C_y/
o = 0 o Pl o i ] (S,
k, kK V2

(7)

where a term corresponding to a shift of each phonon mode is neglected. This type of
magnon-phonon interaction naturally describes the scattering of magnons with emission
or absorption of phonons based on momentum conservation [15], 38, [39] 40, 41]. However,
if a given pair of magnon modes a; and b_y are initially prepared in an excited state having
large occupation number, the subsequent evolution will be dominated by interactions
involving ELL&k and i{ké_k, thereby forcing the phonon they couple with to have zero
momentum, i.e., k" = 0. In the light of the dominant term, the effective magnon-phonon
interaction Hamiltonian takes the form

R A A
2 i _ A Cy+ C
Hygn = 1|9l Oafnc+ gic ™ "0 b < O 0> |

S

V2
(8)

This implies that the phonon energy in the model system can be written as

A

Hy, = hwe, o, (9)

which physically corresponds to zone-center optical phonon modes. Note that phonon
contributions from non-zero k’ are included implicitly in the dynamics of the system as
dissipation and noise terms in the quantum Langevin equations (QLEs) below. It is
worth noting that the type of bosonic Hamiltonian expressed in Eq. is commonly used
in optomechanical systems [1, [42].

By collecting the above terms for a system with magnons of a specific value of k
being prepared, the relevant Hamiltonian in the rotating frame, given by applying U (t) =

TSN TN
¢ otlbib—ia] takes the following form

o= a0 URD
= h(wg, + wo) &L&k +h (wb_k — wo) I;ikl;_k
+hgt o atb .+ g b
1RO (efi(¢o+ck) e + ¢i@+a gt )

LHO (ei(¢o+<k)g_k i e*i(¢0+Ck)[;T_k>

At A At oA 47 ég + éo
+hweyCoCo + R [gakmakak + gbfchb_kb_k}

V2
(10)

with Q = [“BHLF“} v/ STN Note that the parameters €2 and (i can be tuned by the strength

By and azimuthal angle ¢, of the off-resonant rotating magnetic field. Thus, without loss
of generality, we assume ¢y + (x = 0.



To summarize, the model Hamiltonian takes the form

H = hweata+ hwyb'd + hw,efe
+hQ(a + a') + hQ(b + bF)
+hgt,atbt + hgaab

i o] (e
[ gactl + o) (C 7 ) (11)

where we drop the subscripts k, —k, 0 for simplicity. We assume that the magnon modes
in the AFM have the same frequency w that are split by an off-resonant external rotating
magnetic field with frequency wy. Thus, we have the detuned frequencies w, = w+wy and
wp = w — wp of the two magnon modes. The magnon-magnon coupling with strength g,
is known to give rise to magnon squeezing and entanglement in each magnon eigenstate
in AFMs. [23, 24] 25| 26].

Physical systems that are relevant for this investigation should have zone center (op-
tical) phonons that couple to magnons with finite crystal momentum (up to the zone
boundary). Typically this happens when the frequencies are of similar magnitude. There
are many reports in the literature on such materials [28] 30, [38]. Thus, we pay a partic-
ular attention to the frequency ratio w./w = 1, although, as Figs. [4] and [5| below show,
our results are valid for a wider range of w./w as well.

3 Dynamics of the system

We consider the system under dissipation caused by thermal fluctuations, uncontrolled
coupling to other modes (e.g., phonons with non-zero momentum k’), and Brownian
motion. Such dissipative dynamics can be described by nonlinear QLEs [43].

To specify the dynamics of the system, it is handy to introduce dimensionless quadra-
tures

X =(a+ah)/Vv2, Y =ia-a)/V2,
p=0b+0)/V2, g=ibt-b)/V2, (12)

for the magnon modes a, b. The dissipative dynamics for magnon modes are described
by

?

O—
h

[H, 0] — £,0 +/2r,0™, (13)
where &, is the dissipation rate, O™ = (6" + 6""7) //2 or O™ = (6" — 6i") //2 with
0 = a,b, is the input noise operator associated with the magnon modes O = X, % or
O =Yy, respectively. The input noise operators are characterized by the correlation
functions

(6™ (1)o™ () = 2k N (w,)d(t —t'),
(0™ ()™ (') = 2k,[N (w,) + 1Jo(t — 1), (14)

with the equilibrium thermal mean magnon occupation numbers N (w,) = [exp(fw,/kgT)—
1%



In a similar manner we may define
i=(e+eve, p=i@E -o/Ve, (15)

to be the dimensionless quadratures associated with the mechanical phonon mode. A
Markovian description of quantum Brownian motion for a mechanical mode with large
quality factor @ = w./7v. > 1 is set by [12, 43| [44]

(AP i

;:—H s
q (H,q], p ;

h [[:[715] _7015_{'5’ (16)

where the mechanical dissipation rate 7, is associated mainly with phonons of non-zero
momentum K’, which are not considered in the Hamiltonian H. The input noise operator
¢ is given by the correlation function

(EMER) +E(H)E() = 27e[2Ne(we) + 1d(t — 1), (17)

where N, (w.) = [exp(hw./kgT)—1]7"! is the equilibrium thermal mean phonon occupation
number.

Therefore, the corresponding nonlinear QLEs, in terms of dimensionless quadratures,
take the form

X = —liaX + waf/ —Im(gap)® — Re(gap)y + gacffq
V20 + X,
Y = —waX — /ﬁaff — Re(gab)j; + Im(gab)g _ gacf(é + Y/mT’

o —Im(gab)X — Re(gab)? — Ko + Wyl + Gncq
/20 + 3,
§ = —Re(gap)X +Im(gap)Y — wpi — Kl — goodid + 5™,
q = wep,
po= —BE V1) - B - 1) — e — e+ €

4 Results and discussion

We now show that it is possible to maintain magnon-magnon entanglement in an equilib-
rium setting. We focus on the steady-state regime, where %(O) =0forO=X,Y,% 0,p,q.
Any operator can then be written as a steady-state expectation value plus an additional
quantum fluctuation term, i.e., O = (O) + 60(t) [45]. Imposing the steady-state condi-
tions on Eq. and retaining fluctuations up to linear order, we obtain a set of linearized
QLEs

a(t) = Au(t) + n(t), (19)

where u(t) = (6X,6Y,6%,09,64,6p)T and n(t) = (X, Y™ & g 0,€)T. Information
about steady-state expectation values and coupling constants is encoded into the drift



matrix:

—Kq JA —Im(gw) —Re(gaw) My 0
—NAge —Kq —Re(gw) Im(gw) —Mx 0
A~ |7Im(gw) —Re(gw) =k Ape M, 0
_Re(gab) Im(gab) _Abc —KRyp _Ma: 0
0 0 0 0 0w,
L _MX _MY _Mx —My —(.Up —’)/C_

(20)

Here, Ay = wa+9ac(q) and Ape = wp+gpe(G) are the effective magnon frequency detunings
induced by the magnon-phonon interaction. The effective magnon-phonon couplings are
given by My = gac<X), My = gac<}>), and M, = g5.(T), My, = gpe(y). Assuming low
dissipation of the magnon modes compared to their frequencies in typical AFM structures

[46], 47), i.e., Ko, Kp < Age, Ape, we obtain the steady-state solutions as

V2QIm (gap) —V2Q [Ay + Re(gab)]
<X> a AacAbc_ ’ Gab ‘27 < > B ACLCAbC— ‘ Yab |2
V2QTIm(g,,) ~ —V2Q[A + Re(gap)]

x = 9 - )
< > AacAbc_ ’ Gab ‘2 <y> AacAbc_ ’ Gab |2

ﬂ( > + gac(Abc + gab)2 + gbc(Aac —+ gab)2
02 (AacAbC_ | Gab |2)2

Once the frequencies and exchange parameters are set as parameters of the model
Hamiltonian in Eq. (11)), the explicit form of the drift matrix A mainly depends on the
steady-state value of (), which is given as a root of the polynomial of degree five specified
by the last algebraic expression in Eq. . As a frequency shift in magnon modes, only
the real-valued roots of () are physically meaningful. For a given set of parameter values,
the polynomial has only one real-valued root.

The linear form of QLEs in Eq. ensures that the dynamics of quantum fluctua-
tions is Gaussian and can be completely characterized by the corresponding covariance
correlation matrix (CCM) [48]. By using the fact that different components of the input
noise vector n(t) are uncorrelated, the steady-state CCM denoted by V' can be obtained
through the Lyapunov equation [12| 44]

— 0. (21)

A V+V.AT =D, (22)

where D = diag[k,(2N, + 1), £a(2N, + 1), k(2N + 1), 65(2N, + 1),0,7.(2N, + 1)] is
the diffusion matrix. Solving Eq. for V, one can evaluate the bipartite magnon-
magnon entanglement by computing the logarithmic negativity of two-mode Gaussian
states defined as [12], 27, 48] [49]

En = max[0, — In(27_)], (23)

where 7_ is the minimum symplectic eigenvalue of a matrix, Vj, being the 4 x 4 reduced
CCM obtained by projecting V' onto the two magnon modes. This eigenvalue can be
computed as 7_ = min eig |iTV;|, for the symplectic matrix T = @?:liay (with o, being
the Pauli-y matrix) and the partial transpose Vi = PyoVyPyjp with Py = diag(1,—1,1,1).

The magnon-magnon logarithmic negativity in the steady-state limit as a function of
temperature 7" and external magnetic field strength €2 is shown in Fig. [2 for w./w = 1.
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Figure 2: (Color online) Phonon-driven magnon-magnon entanglement Ey as a function
of temperature and the frequency 2. Note that () is associated with the strength of the
off-resonant rotating magnetic field, By (see discussion below Eq. ). The color bar
displays a qualitative illustration of the entanglement, where the white area indicates the
separable zone while the colored zones shows non-zero magnon-magnon entanglement Fy
in the €2 — T plane. Double peaks are associated with the degeneracy of two polarized
magnons in AFM systems, which is broken in the presence of non-zero magnetic field
frequency wy. The gap between the peaks is proportional to the frequency difference of the
two magnons. The ratio wy/w with respect to the magnon frequency at the degeneracy
point, i.e., w, allows one to control the magnon-magnon entanglement region in the
) — T parameter space. The lower the ratio wy/w, the weaker the external magnetic
field required to achieve high entanglement at a given temperature (see also Fig. [3)).
Here, the remaining parameters of the Hamiltonian in Eq. satisfy w./w = 1 and

gac/gab = gbc/gab = 0.001.

Note that in the following numerical analysis, 7, is taken to be 10? Hz, and Kap ~= 1 GHz.
As can be seen, our analysis reveals magnon-magnon entanglement at room tempera-
ture under the phonon mode effect. The high-temperature result for magnon-magnon
entanglement is reproduced across a wide range of Hamiltonian parameters through com-
plementary plots in Figs. 3[4, and [l For any given rotation frequency wy of the magnetic
field, there always exists a certain range of the field amplitude €2, where magnon-magnon
entanglement can be realized at high temperature. Moreover, the entangled region in-
cluding the high-temperature entanglement zone in the 2 — T parameter space can be
efficiently placed around practically feasible parameter values by controlling the frequency
ratio wo/w. In other words, magnon-magnon entanglement can be realized for any posi-
tive value of € at a given temperature 7', provided the frequency ratio wg/w is properly
adjusted. The results depicted in Fig. [2] were qualitatively replicated across a range of
magnon-phonon coupling ratio gae/gas = Goe/gap € [107°,1073]. This shows that, regard-
less of the strength of the magnon-phonon interaction in the reasonable range relative to
the coupling strength between the two magnon modes, a similar outcome as presented
in Fig. [2|can be achieved. Thus, the strength of magnon-phonon interaction, as treated
here, does not have a detrimental effect on the phase transition of the magnon-magnon
entanglement. It is instead so that, in the steady-state limit, the phonon degrees of



freedom have a key role in establishing magnon-magnon entanglement, in the sense that
in the absence of phonons, the two magnon modes are completely disentangled. We
demonstrate this by noting that the Hamiltonian in Eq. reduces to

Hy = hwedla + hwyb'd
+12a 4 at) + hb + b)
+hgt,atd’ + hgapab, (24)

when the phonon mode is absent. Through the similar method as shown above, we obtain
the corresponding drift matrix

—HRgq Wq _Im(gab) _Re(gab)
—W, —Kq —Re(ga)  Im(gap)
Ap = : 25
"7 | -Im(gw) —Re(gw)  —rs W (25)
—Re(gar)  Tm(gas) —wp —FKp
and numerically confirm that E% = 0, for any choice of physical parameters of the

spin Hamiltonian. We employ the drift matrix from Eq. to solve Eq. for the
CCM, i.e., V. Subsequently, we determine the minimum eigenvalue v_ for evaluating
for evaluating the logarithmic negativity. The procedure is repeated for a wide range of
distinct parameter values within the drift matrix described in Eq. . In all cases, v_
consistently exceeds % at any temperature, indicating a complete absence of entanglement.
This indicates that the nontrivial entanglement diagram obtained in Fig. |2|is dissipation-
and phonon-driven.

T=100K T7T=200K T=300K

0.10

0.091 y
3 3
o (%]
30.08- g

0.071

0.25 050 0.25 0.50 0.25 0.50
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Figure 3: (Color online) Magnon-magnon entanglement Ey as a function of the frequency
ratio wp/w and external magnetic field strength 2 oc By at three temperatures 7' = 100
K (left), T'= 200 K (middle) and 7" = 300 K (right). The dark blue color specifies non-
zero entanglement (entangled), all the other uncolored regions depict zero-entanglement
(separable). We keep guc/gab = Gve/gap = 0.001 and w./w = 1, which are the same as the
parameter values used for Fig. [2|

To elaborate further on this point, in Fig. 3| we show how some cuts of the entangled

region in Fig. 2| at three different temperatures move along the parameter domain of {2
upon varying the control parameter wy/w. The plots indicate that for a given value of €,
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there is a narrow interval for wy/w where magnon-magnon entanglement is non-zero and
that this interval depends on temperature. The appearance of two lines in these plots at
higher values of wy/w and temperatures corresponds to the two peaks in Fig. . These
peaks result from the detuning frequencies of the two magnon modes, where w, = w + wy
and wp, = w — wp. As wp approaches zero, causing the two magnon modes to become
degenerate, the two peaks converge and coincide at wy = 0, as indicated in Fig. [3|

Figures [2[ and |3| are plotted for fixed value of the frequency ratio w./w = 1 and fixed
ratios gae/gap and Ggoe/gap, and shows segments of entanglement in a parameter space of
magnetic field strength and frequency ratio wy/w. In a search for a real material that can
serve as an optimal host for robustly entangled magnon modes, it is instructive to also
understand the dependence of entanglement on these material parameters. This is shown
in Fig. [ and [5] One can see that, in a wide range of couplings and phonon frequencies,
it is possible to have non-zero entanglement at rather large (and even ambient) tem-
peratures if frequency and amplitude of the rotating magnetic field are tuned to proper
values. Fig. 4| demonstrates that for any given magnon-phonon coupling g,. = g, there
always exists a narrow window of phonon frequencies, where the same magnon-magnon
entanglement as shown in the Fig. [2| occurs.

2.00
Ly T=100K | T=300K
1.501 i
1.251 g
3 g
3“ 1.00+ A
0.751 B
%
0.50
0.25 _ 171 -3
: : 10

050 0.75 1.00 1.25 050 0.75 1.00 1.25

acl9ab Jac/9ab

Figure 4: (Color online) Segments of magnon-magnon entanglement FEy in Fig. are
shown by the effect of two factors, the magnon-phonon coupling ratios, gae/gab (= o/ Gav),
and the phonon-magnon frequency ratio w./w. The blue area marks a range in the
Gac/ Jap — We/w parameter domain, which gives the same magnon-magnon entanglement
pattern as in Fig. , all the other uncolored regions depict zero-entanglement (separable).
Although the plots correspond to the non-zero magnon-magnon entanglement at 2 =
0.1932 THz, wy/w = 0.07, as well as temperatures 7' = 100 K (left) and 7" = 300 K
(right), the same range of phonon-magnon frequency ratio and magnon-phonon coupling
ratio is obtained for other points of the entanglement diagram in Fig. The higher the
temperature the narrower the range of relative parameters.

We further examine the effect of asymmetric magnon-phonon couplings on the magnon-
magnon entanglement region. For given w,./w, Fig. |5|illustrates a wide range of different
coupling strengths g, # gpe, Which allows the same entanglement phase diagram as in
Fig. Figure [5] shows that, even up to as high temperatures as T' = 300 K, for different
values of coupling rates varying in a wide range, there is a value of phonon frequency
w./w that guarantees non-zero magnon-magnon entanglement. Besides, it implies that a
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broad family of antiferromagnetic materials are likely to have a similar magnon-magnon
entanglement diagram, as shown in Fig. [2|

2.0

® w/w=125 5
ouw/w=1 PN T=100K

® w/w=0.75

1.51

9bc/9ab

1.0 15 1.8
Gacl9ab 1(53

1.0

0.5 ——
0.5 1.0 1.5 2.0

Jac/9ab 10

Figure 5: (Color online) The range of asymmetric magnon-phonon couplings, which al-
lows for the same magnon-magnon entanglement pattern in Fig. [2] for a given phonon
frequency. The contour plots correspond to the non-zero magnon-magnon entanglement
segment at 2 = 0.1932 THz, wy/w = 0.07 and temperature 7' = 300 K (7" = 100 K for
inset) for w./w = 0.75 (yellow), w./w = 1 (pink) and w./w = 1.25 (blue). The uncolored
regions depict zero-entanglement (separable). Similar patterns occur for any other point
in the entangling diagram of Fig. [2/and any other value of w./w. The higher the temper-
ature the narrower the range of asymmetric magnon-phonon couplings for a given w,./w.

There are numerous suitable classes of AFM compounds that can maintain the steady-
state entanglement of magnon modes within the AFM structure, even up to room tem-
perature. Among them, NiO is a concrete example of a crystalline AFM [50, [51], 52, 53]
with high Néel temperature of Th'© = 523K and large magnon lifetime. Notably, it has
been shown that the zone center phonon frequency matches the magnon frequency at fi-
nite k frequencies ~ 11.3 THz and ~ 17.3 THz [2§]. The perovskite manganites also form
a promising class of materials in this regard, with many compounds of varying chemical
composition that have been synthesized (see, e.g., Refs. [31, 32]). For these systems,
upon chemical modulation, both the magnetic and lattice properties can be tuned. This
has particular relevance for finding compositions that allow for finer adjustments of the
magnon and phonon frequencies relevant for the results of the present investigation.

We end our discussion with a remark that the dissipative magnon entanglement stud-
ied here is of the mixed-state type and is achieved in the asymptotic steady-state limit.
This is different from the entanglement observed in the pure energy eigenstates of ideal
closed magnon systems studied previously in Ref. [23].
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5 Conclusion

We have examined bipartite magnon-magnon entanglement in a general setting of an
AFM material subjected to a dissipative elastic displacement (phonon) mode, thermal
noise, and an external rotating magnetic field. We have provided evidence that it is
possible to observe phonon-driven entanglement between the magnon modes of the two
sublattices even at room temperature. The high-temperature magnon-magnon entan-
glement for a given material and magnon-phonon coupling, can be ensured by tuning
the external magnetic field frequency and amplitude in a physically reasonable range of
scales. The presence of a non-zero magnon-phonon coupling is necessary for maintaining
entanglement between magnons in antiferromagnets in a dissipative steady-state regime,
while the strength of the coupling does not significantly affect the existence of this en-
tanglement. It would be interesting to examine whether AFMs can be used as a resource
for different quantum information applications, for instance quantum state transfer [54],
and to study the potential role of magnon-magnon entanglement in such processes.

The authors acknowledge financial support from the Knut and Alice Wallenberg
Foundation through Grant No. 2018.0060. A.B. and O.E. acknowledges eSSENCE.
A.D. acknowledges financial support from the Swedish Research Council (VR) through
Grants No. 2019-05304 and 2016-05980. O.E. acknowledges support by the Swedish
Research Council (VR), the Foundation for Strategic Research (SSF'), the European Re-
search Council (854843-FASTCORR) and STandUP. D.T. acknowledges support from the
Swedish Research Council (VR) with grant No. 2019-03666. Y. L. acknowledges financial
support from the KTH-CSC scholarship agreement (No. 201907090094). E.S. acknowl-
edges financial support from the Swedish Research Council (VR) through Grant No.
2017-03832.

References

[1] Browne D, Bose S, Mintert F and Kim M S 2017 From quantum optics to quantum
technologies Prog. Quantum. Electron. 54 2-18

[2] Galve F, Pachon L A and Zueco D 2010 Bringing Entanglement to the High Tem-
perature Limit Phys. Rev. Lett. 105 180501

[3] Dolde F, Jakobi I, Naydenov B, Zhao N, Pezzagna S, Trautmann C, Meijer J, Neu-
mann P, Jelezko F and Wrachtrup J 2013 Room-temperature entanglement between
single defect spins in diamond Nat. Phys. 9 139

[4] Wang F, Huang Y-Y, Zhang Z-Y, Zu C, Hou P-Y, Yuan X-X, Wang W-B, Zhang
W-G, He L, Chang X-Y and Duan L-M 2017 Room-temperature storage of quantum

entanglement using decoherence-free subspace in a solid-state spin system Phys. Rewv.
B 96 134314

[5] Lin Q, He B and Xiao M 2020 Entangling Two Macroscopic Mechanical Resonators
at High Temperature Phys. Rev. Appl. 13 034030

[6] Zhong H S, Wang H, Deng Y-H, Chen M-C, Peng L-C, Luo Y-H, Qin J, Wu D,
Ding X, Hu Y, Hu P, Yang X-Y, Zhang W-J, i H, Li Y, Jiang X, Gan L, Yang G,
You L, Wang 7, Li L, Liu N-L, Lu C-Y and Pan J-W 2020 Quantum computational
advantage using photons Science 370 1460

13



[7]

[10]

[11]

[12]

[13]

[14]

[15]

[16]

[17]

Arrazola J M, Bergholm V, Bradler K, Bromley T R, Collins M J, Dhand I, Fumagalli
A, Gerrits T, Goussev A, Helt L. G, Hundal J, Isacsson T, Israel R B, Izaac J,
Jahangiri S, Janik R, Killoran N, Kumar S P, Lavoie J, Lita A E, Mahler D H,
Menotti M, Morrison B, Nam S W, Neuhaus L, Qi H'Y, Quesada N, Repingon A,
Sabapathy K K, Schuld M, Su D, Swinarton J, Szava A, Tan K, Tan P, Vaidya V
D, Vernon 7, Zabaneh 7Z and Zhang Y 2021 Quantum circuits with many photons
on a programmable nanophotonic chip Nature 591 54

Gulka M, Wirtitsch D, Ivady V, Vodnik J, Hruby J, Magchiels G, Bourgeois E, Gali
A, Trupke M and Nesladek M 2021 Room-temperature control and electrical readout
of individual nitrogen-vacancy nuclear spins Nat. Commun. 12 4421

Bello F D, Kongsuwan N and Hess O 2022 Near-Field Generation and Control of
Ultrafast, Multipartite Entanglement for Quantum Nanoplasmonic Networks Nano
Lett. 22 2801

Barman A, Gubbiotti G, Ladak S, Adeyeye A O, Krawczyk M, Grafe J, Adelmann C,
Cotofana S, Naeemi A, Vasyuchka V I, Hillebrands B, Nikitov S A, Yu H, Grundler
D, Sadovnikov A V, Grachev A A, Sheshukova S E, Duquesne J-Y, Marangolo M,
Csaba G, Porod W, Demidov V E, Urazhdin S, Demokritov S O, Albisetti E, Petti
D, Bertacco R, Schultheiss H, Kruglyak V V, Poimanov V D, Sahoo S, Sinha J, Yang
H, Miinzenberg M, Moriyama T, Mizukami S, Landeros P, Gallardo R A, Carlotti G,
Kim J-V, Stamps R L, Camley R E, Rana B, Otani Y, Yu W, Yu T, Bauer G E W,
Back C, Uhrig G S, Dobrovolskiy O V, Budinska B, Qin H, van Dijken S, Chumak
AV, Khitun A, Nikonov D E, Young I A, Zingsem B W and Winklhofer M 2021
The 2021 Magnonics Roadmap J. Phys. Condens. Matter 33 413001

Yuan H Y, Cao Y, Kamra A, Duine R A and Yan P 2022 Quantum magnonics:
when magnon spintronics meets quantum information science Phys. Rep. 965 1

Li J, Zhu S-Y and Agarwal G S 2018 Magnon-Photon-Phonon Entanglement in
Cavity Magnomechanics Phys. Rev. Lett. 121 203601

Toklikishvili Z, Chotorlishvili L, Khomeriki R, V. Jandieri V, and J. Berakdar J
2023 Electrically controlled entanglement of cavity photons with electromagnons
Phys. Rev. B 107 115126

Tabuchi Y, Ishino S, Noguchi A, Ishikawa O, Yamazaki R, Usami K and Nakamura
Y 2016 Quantum magnonics: The magnon meets the superconducting qubit C. R.
Phys. 17 729

Lachance-Quirion D, Tabuchi Y, Gloppe A, Usami K and Nakamura Y 2019 Hybrid
quantum systems based on magnonics Appl. Phys. Express 12 070101

Bossini D, Dal Conte S, Cerullo G, Gomonay O, Pisarev R V, Borovsak M, Mihailovic
D, Sinova J, Mentink J H, Rasing Th and Kimel A V 2019 Laser-driven quantum
magnonics and terahertz dynamics of the order parameter in antiferromagnets Phys.
Rev. B 100 024428

Kamra A, Thingstad E, Rastelli G, Duine R A, Brataas A, Belzig W and Sudbg2019
Antiferromagnetic magnons as highly squeezed Fock states underlying quantum cor-
relations Phys. Rev. B 100 174407

14



[18]

[19]

[20]

[21]

[22]

[23]

[24]

Yuan H'Y, Zheng Sh, Ficek Z, He Q Y and Yung M-H 2020 Enhancement of magnon-
magnon entanglement inside a cavity Phys. Rev. B 101 014419

Wuhrer D, Rohling N and Belzig W 2022 Theory of quantum entanglement and
structure of the two-mode squeezed antiferromagnetic magnon vacuum Phys. Rev.
B 105 054406

Kamra A, Belzig W and Brataas A 2020 Magnon-squeezing as a niche of quantum
magnonics Appl. Phys. Lett. 117 090501

Yuan H Y, Kamra A, Hartmann D M F and Duine R A 2021 Electrically Switchable
Entanglement Channel in van der Waals Magnets Phys. Rev. Applied 16 024047

Rezende S M, Azevedo A and Rodriguez-Suérez R L 2019 Introduction to antiferro-
magnetic magnons J. Appl. Phys. 126 151101

Azimi-Mousolou V, Bagrov A, Bergman A, Delin A, Eriksson O, Liu Y, Pereiro M,
Thonig D and Sjoqvist E 2020 Hierarchy of magnon mode entanglement in antifer-
romagnets Phys. Rev. B 102 224418

Azimi-Mousolou V, Liu Y, Bergman A, Delin A, Eriksson O, Pereiro M, Thonig
D and Sjoqvist E 2021 Magnon-magnon entanglement and its quantification via a
microwave cavity Phys. Rev. B 104 224302

Azimi-Mousolou V, Bergman A, Delin A, Eriksson O, Pereiro M, Thonig D and
Sjoqvist E 2023 Transmon probe for quantum characteristics of magnons in antifer-
romagnets Phys. Rev. B 108, 094430

Shiranzaei M,Fransson J, and Azimi-Mousolou V. 2023 Temperature-anisotropy con-
jugate magnon squeezing in antiferromagnets Phys. Rev. B 108, 144302

Vidal G and Werner R F 2002 Computable measure of entanglement Phys. Rev. A
65 032314

Simensen H T, Troncoso R E, Kamra A and Brataas A 2019 Magnon-polarons in
cubic collinear antiferromagnets Phys. Rev. B 99 064421

Mai T T, Garrity K F, McCreary A, Argo J, Simpson J R, Doan-Nguyen V, Valdés
Aguilar R and Hight Walker A R 2021 Magnon-phonon hybridization in 2D antifer-
romagnet MnPSez Sci. Adv. 9 eabj3106

Liu S, Granados del Aguila A, Bhowmick D, Kwan Gan C, Thu Ha Do T, Pros-
nikov M A, Sedmidubsky D, Sofer Z, Christianen P C M, Sengupta P and Xiong Q
2021 Direct Observation of Magnon-Phonon Strong Coupling in Two-Dimensional
Antiferromagnet at High Magnetic Fields Phys. Rev. Lett. 127 097401

Dai C and Ma F 2021 Strong magnon-magnon coupling in synthetic antiferromagnets
Appl. Phys. Lett. 118 112405

Rini E G, Rao M N, Chaplot S L, Gaur N K and Singh R K 2007 Phonon dynamics
of lanthanum manganite LaMnOj using an interatomic shell model potential Phys.
Rev. B 75 214301

15



[33]

[34]

[35]

[42]

[43]

[44]

[45]

[46]

[47]

[48]

Ulbrich H, Kriiger F, Nugroho A A, Lamago D, Sidis Y and Braden M 2011 Spin-
wave excitations in the ferromagnetic metallic and in the charge-, orbital-, and spin-
ordered states in ND;_,Sr,MnO3 with x =~ 0.5 Phys. Rev. B 84 094453

Rodriguez E E, Poineau F, Llobet A, Kennedy B J, Avdeev M, Thorogood G J,
Carter M L, Seshadri R, Singh D J, and Cheetham A K 2011 High Temperature
Magnetic Ordering in the 4d Perovskite Sr'TcO3 Phys. Rev. Lett. 106 067201

Avdeev M, Thorogood G J, Carter M L, Kennedy B J, Ting J, Singh D J, and
Kia S. Wallwork K S 2011 Antiferromagnetism in a Technetium Oxide. Structure of
CaTcO3 J. Am. Chem. Soc. 133 1654

Palkar V R, John J, Pinto R 2002 Observation of saturated polarization and dielectric
anomaly in magnetoelectric BiFeO3 thin films Appl. Phys. Lett. 80 1628-1630

Sinha K P and Upadhyaya U N 1962 Phonon-Magnon Interaction in Magnetic Crys-
tals Phys. Rev. 127 432

Streib S, Vidal-Silva N, Shen K and Bauer G E W 2019 Magnon-phonon interactions
in magnetic insulators Phys. Rev. B 99 184442

Zhang X, Zou C-L, Jiang L and Tang H X 2016 Cavity magnomechanics Science
Advances 2 e1501286

Woods L M 2001 Magnon-phonon effects in ferromagnetic manganites Phys. Rev. B
65 014409

Riickriegel A, Kopietz P, Bozhko D A, Serga A A and Hillebrands B 2014 Magne-
toelastic modes and lifetime of magnons in thin yttrium iron garnet films Phys. Rev.
B 89 184413

Sanavio C, Peano V and Xuereb A 2020 Nonreciprocal topological phononics in
optomechanical arrays Phys. Rev. B 101 085108

Giovannetti V and Vitali D 2001 Phase-noise measurement in a cavity with a movable
mirror undergoing quantum Brownian motion Phys. Rev. A 63 023812

Vitali D, Gigan S, Ferreira A, Bohm H R, Tombesi P, Guerreiro A, Vedral V, Zeilinger
A and Aspelmeyer M 2007 Optomechanical Entanglement between a Movable Mirror
and a Cavity Fields Phys. Rev. Lett. 98 030405

Mancini S and Tombesi P 1994 Quantum noise reduction by radiation pressure Phys.
Rev. A 49 4055

Kruglyak V V, Demokritov S O and Grundler D 2010 Magnonics J. Phys. D: Appl.
Phys. 43 260301

Lenk B, Ulrichs H, Garbs F and Miinzenberg M 2011 The building blocks of magnon-
ics Phys. Rep. 507 107

Adesso G, Serafini A and Illuminati F 2004 Extremal entanglement and mixedness
in continuous variable systems Phys. Rev. A 70 022318

16



[49]

[50]

[51]

[52]

[53]

[54]

Plenio M B 2005 The logarithmic negativity: A full entanglement monotone that is
not convex Phys. Rev. Lett. 95 090503

Roth W L 1958 Magnetic Structures of MnO, FeO, CoO, and NiO Phys. Rev. 101
1333

Moriyama T, Hayashi K, Yamada K, Shima M, Ohya Y and Ono T 2019 Intrinsic
and extrinsic antiferromagnetic damping in NiO Phys. Rev. Mater. 3 051402

Tomlinson J R, Domash L, Hay R G and Montgomery C W 1955 The High Tem-
perature Heat Content of Nickel Oxide J. Am. Chem. Soc. 77 909

Momida H and Oguchi T 2003 First-Principles Studies of Antiferromagnetic MnO
and NiO Surfaces J. Phys. Soc. Jpn. 72 588

Cirac J I, Zoller P, Kimble H J and Mabuchi H 1997 Quantum state transfer and
entanglement distribution among distant nodes in a quantum network Phys. Rev.
Lett. 78 3221

17



	introduction
	Physical system
	Dynamics of the system
	Results and discussion
	Conclusion

