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PACS. 76.30.Da — lons and impurities: general.

Abstract. — The self-squeezing states of magnons in an antiferromagnet are studied in
this paper. These particular states allow a reduction in the quantum fluctuations of the spin
components to below the zero-point quantum noise level of the coherent magnon states. The
conditions of achieving magnon self-squeezing states are given by calculating the expectation
values of the spin fluctuations, and a possible detection scheme based on a polarized neutron-
scattering technique is suggested.

The squeezed states of bosons including photons [1], polaritons [2,3] and phonons [4-9]
have attracted much attention during the past few years. These states are interesting because
they can have lower quantum noise than the vacuum or coherent states. Compared to both
photons and phonons, the elementary excitations of the spin waves, magnons, are also bosons,
and their Hamiltonian in a particle-number representation is similar to that of the photons
or the phonons. Also, the spin vectors are similar to the lattice displacements or the light
field vectors. Therefore, it is possible that the magnon squeezing states exist. Here we study
the properties of the magnon squeezing states and explore the possibility of generating these
states through magnon-magnon interaction. By investigating the dynamical and quantum
fluctuation properties of the spin waves, in analogy with the modulation of quantum noise in
light and lattice waves, we derive the condition of achieving magnon squeezing states.

A common requirement of achieving the squeezing states for the photons or the phonons
is that there are two-mode bosons excited by the external fields with different incident di-
rections [9]. In the antiferromagnet, the spins of all electrons in each unit cell in the crystal
lattices compensate one another (in the equilibrium state in the absence of a magnetic field).
These spins, periodically repeated in all cells, form the magnetic sublattices of the antiferro-
magnet. The external magnetic field with single direction and the internal anisotropy field
can excite two different sub-spin waves or magnons. The two types of magnons interfere with
each other and generate the self-squeezing states.

The magnon self-squeezing states are attractive because they have new statistical and
quantum-mechanical properties and a potential application such as the microwave emission
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with lower noise. In terms of this effect, we may understand the interaction between atoms
in the antiferromagnet.

In the antiferromagnet, there are two sublattices and each unit cell of the crystal contains
two atoms. Let S, represent any atomic spin on one sublattice and S, any spin on the other.
The external magnetic field Bis parallel to the z-axis. The Heisenberg Hamiltonian of the
system is [9]

o= ‘J|Z (gau : 5_:1711 +§bu . gau) _gﬁ(B—i_BA)ZSgM _gﬁ(B - BA)ZSEV’ (1)
K v

v

where B is the strength of the external magnetic field, B the anisotropy field, S the Bohr
magneton, and J the exchange integrals. The exchange interaction is assumed to be limited
to nearest neighbors of each other.
First of all, we introduce the raising and lowering operators:
+ o .
Sip = S + iSY

i )

Sip = Siu — iSf»’u (1 =a,b) (2)

and then make use of the Holstein-Primakoff substitutions

St — (29 2a,, S, — (29Y%af, S, — S—afa,, (3)
for atom p on sublattice a, and
Sy — (29)'20,,  Sf, — (28)'%),  Sf, — )b, =S, (4)

for atom v on sublattice b. Finally, we introduce a transformation to spin wave variables
through

ap = N~1/2 Zeiﬁﬁuaw by = N—1/2 Zei'z'ﬁ”au, (5)
I v

and the corresponding conjugates. The summations are restricted to the sublattices a and b,
respectively, each of which contain N atoms. Equations (2)—(5) are substituted into (1), and
the Hamiltonian can be rewritten by the creation and annihilation operators ax’s and by’s as

H=Ey+ > [hwaalax + hwpbfbi + i (axbr + afbl)], (6)
k
where
Ey = —2N(Z5%|J| + gBSBa), hwa = 2ZS|J| + gB(Ba + B),
hwy, = 2ZS|J| + gB(Ba — B), e = 2Z8|J |y,
and 7, = >, ei’;'é-‘, here R, being a vector connecting an atom with one of its nearest

neighbors, and the sum includes all such vectors.

By solving the Schrodinger equation ih% = H]|t), we can obtain the time-dependent state
vector |t) = U|0); here |0) is the initial state vector, and U = e~ #H* is the time evolution
operator. In terms of the transformation formula

.
i i 1 i i
e*ﬁ(Ho+V)t — ¢~ rHot exp { ﬁ/o dt, (eﬁHotl Ve*ﬁHoh) , (7)
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the time evolution operator can be re-expressed as

U= e—i(maa;ak+hwbb2bk)€§;akbk+gkam7 (8)
where
Mk —i(watws)t _ 1 9
gk h(wa+wb) [8 ] ( )
and
_ Nk i(wa—l-wb)t -1 10
&k Tiwn + ) e ] (10)

are the squeezing factors. We can obtain the time-dependent operators (Heisenberg operators)
as

( ) U- (LkU —e —iwgt <COSh A /fkgka,k Slnh ‘/é-kgkbk:> (11)

_*
k

bk(t) = Uﬁlka = g twal (COSh szgkbk — \/78111}1 \/fkgkak> (12)

and the corresponding conjugates.

In analogy to the definition of the photon squeezed states, the self-squeezing state of the
magnons is defined as a particular state in which the fluctuation of some component of the
spins is lower than the one of the vacuum state. In the following, we will calculate the
fluctuation of the z-axis component of the spins and try to find out the condition of achieving
the self-squeezing states. Of course, other components of the spins may be discussed in
similar way.

The fluctuation of the z-axis component of the spins is expressed as

(AS2) = (82) — (8:)" = 3 (S5, + S5,) (S5, + 53)). (13)

nv

where (---) denotes an expectation value on the squeezed states. The expectation value of
the xz-axis component of the spins is zero, i.e. (S;) = 0. Equations (2)—(5), (11) and (12) are
substituted into (13), and we obtain

<ASQ Z Zelk Rm <t|akak + ak‘ak —+ bka + bTbk + 2(akbk + aTbL) |t> _

=—ZZe (0] {ar(t)al(t) + af,(t)ar(t) + bx(H)L(E) + DL (D)br(t) +

+ 2[an (t)bi(t) + al ()bL(£)] }|0). (14)

Therefore we obtain the fluctuation of the x-axis component of the spins

(AS2) SZ Ze 1+ 2sinh?® \ /€&, — cos (wa -Ql-wbt + g) sinh2\/fzgk‘| . (15)



FENG PENG: SELF-SQUEEZING STATES OF MAGNONS IN AN ANTIFERROMAGNET 691

n :
TN \ /'.'“\\ /

osts N/ \

\

| Y
! / \J 1 1 l‘\/l

s 8 f10 “t
05|

y
? “
I L I
2 4 6/

" K ‘

: \ 2
St

21t

Fig. 1 — Schematic diagram of the magnon self-squeezing states. The dotted line corresponds to the
function Y = tanh(% sinwt), and the solid line to the function ¥ = cos(wt + 5). The hatched
parts are the regions of the self-squeezing states.

The condition of achieving the self-squeezing states is

cos (W?ﬁ + g) > tanh /&5 &k,

or
27
cos (wt + g) > tanh 225 sinwt, (16)
w

where

2ZS|J| + gBBa
W=

As shown in fig. 1, the hatched parts are the regions that satisfy the squeezing condition,
while in other regions squeezing states do not exist. The squeezing states can achieve smaller
fluctuation for the spin component during certain time intervals and are therefore helpful for
decreasing quantum noise. Because the squeezing condition is not related to the external
magnetic field, the corresponding states are called self-squeezing states. The self-squeezing
states always occur on alternative half-periods. Their time period

L 27h
~ 2ZS|J|+ gBB

(17)

(18)

is related to the exchange integral and the anisotropy field, which are the physical quantities
that describe material properties. It is helpful to understand the material properties if we
are able to measure the period of occurrence of magnon self-squeezing states. In order to
estimate the order of magnitude of 7, we take the crystal MnFs as an example. The material
parameters [10] are taken to be |J| = 11.9meV, Z = 6, S = 1, and By = 0.88T, and we
obtain 7 = 2.896 x 10~ s,

The self-squeezing magnons of the antiferromagnet could be detected by a polarized-
neutron scattering technique. Suppose that the neutron polarization is parallel to the z-axis,
and the external magnetic field is parallel to the z-axis. According to the general theory
of neutron scattering, the differential cross-section for the scattering of the neutron by the
antiferromagnet is related to the fluctuation of the spins [11] and proportional to (AS2).
Therefore, it is possible to observe the periodicity of the self-squeezing states by the neutron
scattering experiment.
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In summary, our calculations have shown that in an antiferromagnet there are magnon
self-squeezing states that can reduce the fluctuation of the spin component. The magnon
self-squeezing states occur periodically with time at 7" = 0K, and they represent a basic
characteristic of the antiferromagnet. The mechanism of generating the self-squeezing states
is due to a modulation interaction between two sublattice spins. We may obtain useful infor-
mation about the material properties, such as the exchange integral and the anisotropy field,
by measuring the time periods of the self-squeezing states.
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