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Magnon Squeezing in an Antiferromagnet: Reducing the Spin Noise
below the Standard Quantum Limit
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We report the first experimental demonstration of quantum squeezing of a collective spin-wave
excitation (magnon) using femtosecond optical pulses to generate correlations involving pairs of spins
in an antiferromagnetic insulator MnF,. In the squeezed state, the fluctuations of the magnetization of a
crystallographic unit cell vary periodically in time and are reduced below that of the ground-state

quantum noise.
DOI: 10.1103/PhysRevLett.93.107203

The fact that noise is inherent to quantum systems has
been known since Heisenberg postulated the uncertainty
principle in 1927 [1]. Remarkably, despite this fact, the
noise of a given quantum observable can in theory be
eliminated entirely through quantum squeezing [2].
Quantum squeezing refers to a state whereby noise in
one variable is reduced at the expense of enhancing the
noise of its conjugate variable. The terminology origi-
nates from quantum optics, and it is usually applied to a
system of noninteracting bosons. Squeezed states have
only been achieved fairly recently and were first demon-
strated for the electromagnetic field (photons) in 1985 [3].
Nonlinear interactions of light with passive and active
atomic media have been successfully used to generate
squeezed photons, opening possibilities for essentially
noiseless optical communications and precision measure-
ments [4,5]. The electromagnetic field is now not the only
system that has been squeezed. In the past decade,
squeezed states of vibrational degrees of freedom have
been experimentally demonstrated for molecules [6] and
solids [7,8] and, more recently, squeezed atomic spin
states have also been achieved [9-13]. Because spin
squeezing is closely related to quantum entanglement,
squeezed states hold promise for applications in quantum
computing [14]. In addition, thermal squeezing is also
possible for classical objects [15].

Impulsive stimulated second-order (inelastic light)
Raman scattering (RS) has been shown to be a practical
means to generate squeezed states for phonons in solids
[7,8,16]. Second-order Raman coupling between the inci-
dent light and lattice vibrations is proportional to the
square of the phonon amplitude. This interaction gives
rise to squeezing because it represents a change in the
frequency of the harmonic oscillator for the duration of
the incident light pulse and, as such, it is a parametric
perturbation. Here, we concern ourselves with noise in a
magnetically ordered solid for which the low-lying spin
excitations are bosons known simply as spin waves or
magnons. Such collective excitations are commonly ob-
served by RS [17]. Thus, as for phonons, we achieve
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magnon squeezing by means of impulsive stimulated
second-order RS. Magnon squeezing in antiferromagnets
results in a reduction of the noise of the crystallographic
unit cell magnetization.

Manganese difluoride MnF, crystallizes in the tetrago-
nal rutile structure (of D,, symmetry) and becomes
antiferromagnetic below the Néel temperature Ty =
68 K [18]. In the ordered state, there are two spin sub-
lattices « and B, in which the Mn?* spins align “up” and
“down” along the fourfold axis of symmetry [001].
Ignoring the weaker intrasublattice exchange and the
magnetic anisotropy, the spin dynamics of MnF, is well
described by the one-parameter Hamiltonian [17,18]

H, =JZSM‘Q-SD,B. (1)
{u,v)

Here, J is the dominant intersublattice exchange constant
associated with the interaction between a given Mn>* ion
and its eight next-nearest neighbors, and the sum runs
over pairs of next-nearest neighbors. In the harmonic
approximation

Hy = ZﬁQq(a{;am + af:lalq), (2)
q

where a{:] and af(’l (ajq and ayq) are creation (annihilation)
operators for magnons of wave vector q and frequency ()4
belonging to the two degenerate branches labeled T (up)
and | (down) [19,20]. For wave vectors near the edge of
the Brillouin zone, the excitations generated by a{(’l (af;)

propagate mainly on the « (8) sublattice (a magnon of
arbitrary q generally perturbs both sublattices) [17].
Phenomenologically, the Raman coupling between
magnons and light can be expanded in powers of the
spins of the magnetic ions [17]. In MnF,, and most anti-
ferromagnets, the first-order contribution relying on spin-
orbit coupling is far less important than the second-order
term which results from excited-state exchange and leads
to RS by magnon pairs. Let E(r, 1) = E(e,, ey, e.) be the
position- and time-dependent electric field. From sym-
metry considerations, the two-magnon interaction rele-
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vant to stimulated RS can be written as [19,20]

E? — _ _
V=7<Z>,:(u, V(S S, 5+ SuaSh s+ ¥SiaS

;B)J (3)

where S§* = S, =S, and E=«k(ee,+eye,)t
Kye.e, +2k;[e e sgnp, sgnp, ]+ 2kyle e sgnp, sgnp +
e.e.sgnp.sgnp.]. Here y is an anisotropy parameter,
p = (px py, p;) is a vector connecting a given ion with
its next-nearest neighbors in the opposite sublattice, and
K, (m = 1-4) are magneto-optic constants associated
with the Raman tensors of symmetry A;, (x; and k,),
By, ( k3), and E, (k4). The relative magnitudes of the
latter can be inferred from spontaneous Raman data
which give [k;/k3]=0.14, [ky/x3]=0.32, and
[k4/ k3] = 0.66 [20]. In our experiments, the only sym-
metry that matters is B,,.

It is straightforward to express V in terms of magnon
variables. For our purposes, however, it is sufficient to
consider only zone-edge excitations since the magnon
density of states is strongly peaked at van Hove singular-
ities close to the Brillouin zone boundary. Writing
V= ZqVq, we obtain for q near the edge Vg =
SEqu(alflar_q + ajqa;-q) where S = 5/2 is the spin of
Mn?* and A, is a weighting factor that generally depends
on the field polarization and the appropriate combination
of magneto-optic coefficients. For the B,, term, A, =
—8k; sin(g,a/2)sin(gya/2) cos(g,c/2) where a and c are
the lattice constants [19,20]. This geometry favors the M
point of the Brillouin zone and gives the largest contri-
bution to two-magnon RS [19,20].

The coupling defined by V describes a time-dependent
pairwise interaction between magnons. To describe the
effect of a laser pulse on the magnetic system, we con-
sider the impulsive limit, i.e., an optical pulse of width
7 << Q7! and, for simplicity, we take the speed of light
¢y, — . Then, the field can be treated as an instanta-
neous and position-independent perturbation E? =~
(471 /ngc;)5(r) where ny is the refractive index and I is
the integrated intensity of the pulse. Let ¥, be the wave
function of the whole crystal just before the pulse strikes.
A simple integration of the Schrodinger equation gives,
for t >0 [7],

47 SI
\P_elHol/hexp[_lZ 7

el Ay(a lan_q-l-alan_q)}‘I’O.

“4)

At zero temperature, W is the magnetic ground state, and
this expression becomes identical to that describing two-
mode squeezed states [2]. After some algebra, we obtain,
to lowest order in the intensity of the pulse,

8w SI

(‘I’l(afqar_q + aa1-o) | V) = - A ¢sin2Qq1). (5)

RC
Hence, Eq. (4) represents a state in which there exists a
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time-varying correlation between magnons of opposite
wave vectors that belong to the two degenerate branches.

Data were obtained from a 5.5 X 5.8 X 6.0 mm? single
crystal of MnF,. Time-domain measurements were per-
formed at 4 K using a standard pump-probe setup in a
transmission geometry that allows only B,, excitations.
We used 50 fs pulses generated by an optical parametric
amplifier at a repetition rate of 250 kHz and 534 nm
central wavelength, which were focused onto a common
30-pm-diameter spot. The average power for the pump
and probe pulses was, respectively, 13 and 3 mW. Light
penetrated the crystal along the [001] direction. The
pump pulses were polarized along the [110] direction.
This geometry couples to modes of both A;, and B,,
symmetry. The probe polarization was set at an angle of
45° with respect to the polarization of the pump. The
transmitted probe pulses were divided into two beams,
one polarized parallel and the second one perpendicular
to the pump polarization. These beams were sent to two
separate detectors. It can be shown that the difference
between the signals recorded by these detectors is equal
to twice the differential transmission for the B,, geome-
try while the subtraction eliminates the isotropic Aj,
contribution. The stronger pump pulse drives the crystal
into the time-varying squeezed state [Eq. (4)], and the
concomitant time-varying refractive index scatters the
weaker probe pulse that follows behind. The signal of
interest is the transmitted intensity of the probe beam
as a function of the time delay between the two pulses.
Using Eq. (5) and well-known results for coherent pho-
nons [21], we obtain the following expression for the
differential transmission:

€1 (8775

AT/T =
/ ﬁNVC

>ZQ 2c0s(2Q,1),  (6)
q

ngcy,

which is valid for probe pulses of negligible width. Here ¢
is the length of the sample, N is the number of unit cells,
and v is the cell volume.

The time-domain data of Fig. 1 show well-resolved
oscillations. After removal of the so-called coherent ar-
tifact at t = 0, we used linear prediction (LP) methods
[22] to determine the number of oscillators and their
parameters. As shown in the Fourier transform spectrum
of the inset, this procedure gives three modes. Their
positions, at ~100, 347, and 481 cm™ !, are in excellent
agreement with those of, respectively, the two-magnon
feature and the Raman-allowed phonons of symmetries
Ay, and B,, [23]. Based on this result and the previous
discussion, the ~100 cm ™! oscillations are ascribed to a
two-magnon squeezed state, whereas the other two fea-
tures are assigned to coherent phonons. The observation
of the A, mode is attributed to a polarization leakage in
the experiment. While A, excitations are not nominally
allowed in our configuration, the Raman cross section for
the 347 cm™! phonon is so large that it cannot be entirely
suppressed by our method.
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FIG. 1. Relative differential transmission as a function of
pump-probe delay. The Fourier transform spectrum in the inset
shows peaks due to coherent two-magnon excitations (squeezed
magnons) and coherent phonons.

The two-magnon oscillations are reproduced in
Fig. 2(a) after numerical subtraction of the signal due to
the phonons. As shown in Fig. 2(b), the Fourier transform
of the LP fit to the time-domain data compares well with
the measured two-magnon Raman spectrum. In Fig. 2(c),
we show the magnon dispersion curve [18], which sup-
ports our contention that the pump-probe signal is domi-
nated by magnon pairs at the zone boundary. The
magnetic oscillations do not show the phase predicted
by Eq. (6) at zero time delay. We believe that this discrep-
ancy reflects simply the fact that Eq. (3) and, therefore,
Eq. (6) apply to transparent materials, whereas the wave-
length of our laser falls within a broad absorption band of
MnF, [24]. In such a case, it is well known that the phase
of the coherent oscillations can have arbitrary values
[25]. Further support for this interpretation is the obser-
vation that the two-magnon signal does not vanish in
integrated transmission measurements since the sample
behaves as a frequency-dependent filter [21].

The above arguments support our claim that the co-
herence responsible for the oscillations of Fig. 2 is that of
a magnon squeezed state, but we have not yet given a
physical interpretation of such a state. Let m; be the local
magnetization operator. In the following we show that
magnon squeezing is tantamount to time-dependent fluc-

tuations of the local magnetization noise o,, = ,/(m?)
(note that (m;) = 0 always, and that (m?) has the same
value for all cells). The proof is relatively simple. Writing
m; = gup(S;, +S;5) where the spins belong to the
same cell, g is the Landé factor, and up is the Bohr
magneton, we have
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FIG. 2 (color). (a) Pump-probe data showing two-magnon
oscillations. The LP fit is shown in red. (b) Comparison be-
tween the Fourier transform of the LP fit (red) and the Raman
spectrum recorded at 3 K using 140 mW of 514.5 nm Ar* laser
light. (¢) Magnon dispersion for wave vectors in the [100] and
[001] directions (from Ref. [18]). To compare with the Raman
experiments, the frequency scale has been multiplied by a
factor of 2.

IS (g = NS(S + 1)+ 3 (S.(@) - Sp(-a)
1 q

)

where N is the total number of unit cells and S,/5(q) =
> Sia/pexpliq - 1,,5)/N'"/? (the sum is over all sites of
the corresponding sublattice). From Egs. (4) and (7), we
obtain in the harmonic approximation and, for I — 0,

o, (1) = 0'31|:1 + ﬂZA‘l sin(Zth)} (8)
q

l’lRCLh

where 0¥, = (25)"/2gup is the ground-state noise. If we
compare this expression with Eq. (6), it is clear that the
amplitude of the coherent oscillations is proportional to
the change in the local magnetization noise. In essence,
the noise is being controlled by the laser-induced

107203-3



VOLUME 93, NUMBER 10

PHYSICAL REVIEW

week ending

LETTERS 3 SEPTEMBER 2004

FIG. 3 (color). Schematic representation of magnon squeezing
in MnF,. The arrows and cones attached to the manganese ions
represent, respectively, the spins and their angular fluctuations
at zero temperature. The inset shows the time dependence of
the noise (represented by the angle 6, which fluctuates about an
expectation value of zero) and the square root of the expecta-
tion value of 2, which is finite. The arrow indicates the time at
which the laser pulse impinges on the solid.

refractive-index modulation. Since both Egs. (6) and (8)
are dominated by contributions from magnons near the M
point of the Brillouin zone, of frequency (2,,, we obtain
approximately

Ou(t) = o[l + EAT/T)lpay sin2Qy 0], (9)

where & = vengep /(167€SQ ), Ay). A graphic represen-
tation of a squeezed state is shown in Fig. 3. Instead of the
local magnetization itself, we use the angle 6 defined as
cos = =S, , -8, 5/S(S + 1) to represent the noise, not-
ing that

7~ graVSS + DY(02) (10)

Thus, pictorially, the laser excited spin squeezing results

in a sinusoidal modulation of \/@ which reflects the
laser-induced control over the local magnetization
fluctuations.

To provide a quantitative estimate of the squeezing, we
write Eq. (3) as V = E*Y 0(q)S,(q) - Sg(—q) which
shows that, except for the weighting factors @(q), light
couples directly to fluctuations of the local magnetiza-
tion. Given that contributions near the Brillouin zone
boundary are dominant, V =~ E2ONK[(c,,/gup)?*/2 —
S(S + 1)] where ® denotes an average value at the zone
boundary. By evaluating Eq. (9) with the experimental
values, one can estimate the noise reduction. The thermal
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noise at 4 K is approximately the product of ,,(0) times
twice the Bose factor at /i{),, [8]. Under our experimental
conditions, the term multiplying sin(2€),,¢) in Eq. (9) is
~2 X 107> while the thermal contribution to the noise is
~3 X 1078, Clearly, the noise level in the local magneti-
zation has been reduced below the quantum limit through
magnon squeezing.
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