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Quantum squeezing of a collective spin-wave excitation or magnon using femtosecond optical pulses has
been used to generate correlated pairs of spins with equal and opposite wave vectors in antiferromagnetic
MnF, and FeF,. 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. The results obtained,
including their temperature dependence for FeF,, are compared with earlier spontaneous Raman scattering
measurements. The squeezing effect is observed to be at least one order of magnitude stronger in FeF, than in
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I. INTRODUCTION

Quantum squeezing relates to the reduction of the quan-
tum noise of a physical system to below the standard quan-
tum limit. In quantum mechanics, for a given observable, O,

the quantum noise is defined as AO=+(0%)—(0)?, where the
expectation values in the equation are, as usual, defined as
(0Y=(|O| ) /{¥| ). Quantum noise distinguishes itself
from classical noise by obeying the Heisenberg uncertainty
principle. In 1927, Heisenberg postulated that the quantum
noise of conjugate variables A and B (conjugate variables
obey the relation [A,B]=if) obeys the relation AAAB
=#/2." The uncertainty principle shows that there is a limi-
tation on eliminating the quantum noise of both A and B
simultaneously. Therefore, noise is intrinsic to a physical
system; even after the classical thermal noise is eliminated
from a system, at a sufficiently low temperature, quantum
noise still exists due to the quantum uncertainty principle.
Remarkably, despite this fact, the noise of a given quantum
observable can, in theory, be reduced without limitation
through quantum squeezing.” Quantum squeezing refers to a
state where the noise in one variable has been reduced at the
expense of enhancing the noise of its conjugate variable.

The terminology “squeezing” originates from quantum
optics and is usually applied to a system of noninteracting
bosons. Squeezed states have only been achieved experimen-
tally fairly recently and were first demonstrated for the elec-
tromagnetic field (photons) in 1985.% 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 measurements (see Refs. 4 and 5, and refer-
ences therein). Since then, squeezed states have also been
realized in other systems. In the past decade, squeezed states
of vibrational degrees of freedom have been experimentally
demonstrated for molecules® and solids,” ' and, more re-
cently, squeezed atomic spin states have also been
achieved.!'"!> Because spin squeezing is closely related to
quantum entanglement, squeezed states hold promise for ap-
plications in quantum computing.'® In addition, thermal
squeezing is also possible for classical objects.!”
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Here we concern ourselves with the noise in a magneti-
cally ordered solid for which the low-lying spin excitations
are quanta associated with spin waves.!® Consider a mag-
netic crystal where the electronic spins associated with the
lattice ions are spatially ordered at low temperature. In the
ground state, the spins are fully aligned so that the total
energy is minimized. In the excited states, the spins deviate
from their individual equilibrium values, and the spin system
is well described by the superposition of different modes of
spin waves (the normal modes are determined by the spin
Hamiltonian). The quanta of such spin waves are known as
magnons, which are weakly interacting bosons. These low-
energy elementary excitations only exist at temperatures be-
low the magnetic ordering temperature. In a recent work, we
reported the first experimental demonstration of the genera-
tion of squeezed spin-wave states in antiferromagnetic
MnF,."” The squeezing mechanism in this case is two-
magnon impulsive stimulated Raman scattering (ISRS).

Impulsive stimulated second-order inelastic light scatter-
ing has been shown previously to be a practical means of
generating squeezed states for phonons in solids.”-'%%0
Second-order Raman coupling between the incident light and
lattice vibrations is proportional to the square of the phonon
amplitude. The light-induced interaction between a pair of
phonons gives rise to squeezing because it results in a
change in the frequency of the harmonic oscillator for the
duration of the incident light pulse and, as such, it is a para-
metric perturbation. Here we use an analogous method to
achieve squeezed states for magnons. Like phonons, mag-
nons are also low-lying collective excitations, and have been
commonly observed by spontaneous Raman scattering
(RS).!® Unlike spontaneous RS, ISRS allows the excitation
of coherent magnon states—and hence their superposition—
for which the phase is well defined. Note that all squeezed
states are coherent and have well-defined phases.

For noninteracting bosonic systems, that is, in the har-
monic approximation, the ground state of the Hamiltonian is
an eigenstate that does not evolve with time. A squeezed
state is not an eigenstate, but a superposition of eigenstates.
Therefore, a squeezed state will evolve with time. For this
time-varying superposition of the eigenstates, the noise of
the given observable is periodically modified. Our experi-
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ments have shown that magnon squeezing in antiferromag-
nets results in a periodic reduction of the noise of the crys-
tallographic unit cell magnetization and the frequency of
noise reduction is twice the frequency of the magnon oscil-
lation.

Spontaneous RS studies have shown that, in MnF,, FeF,,
and many other antiferromagnets, the integrated intensity of
one magnon RS is smaller than the two-magnon RS. The
one-magnon RS is based on a spin-orbit coupling mechanism
whereas the two-magnon RS is a result of a unique excited-
state exchange interaction involving a pair of magnons that
propagate in opposite directions on the two interpenetrating
magnetic sublattices.”! As a result of this mechanism, strong
two-magnon RS is found in antiferromagnetic crystals as
compared with ferromagnetic materials where the spin-orbit
coupling mechanism operates in second order. The strong
two-magnon RS in antiferromagnets allows us to obtain clear
results regarding the generation of squeezed magnon states.

In Sec. II, we provide details of the theory of two-magnon
ISRS and the squeezing mechanism. In Sec. IIl, we give
details of the experimental arrangement and present results
for MnF, and FeF,. In Sec. IV, we discuss the results and
make comparisons with previous work and, finally, in Sec. V,
present our conclusions.

II. THE SQUEEZING MECHANISM AND TWO-MAGNON
ISRS

A. Generation of squeezed magnon states

Manganese difluoride and FeF, are amongst the simplest
of antiferromagnetic insulators.'® They both crystallize in the
rutile structure of Dy, point group symmetry. Below the or-
dering (Néel) temperature they become antiferromagnetic,
and the point group for the spatially ordered electronic spins
associated with the lattice ions becomes D,,. Manganese di-
fluoride has a Néel temperature Ty=68 K (Ref. 22) and elec-
tronic spin S=5/2 while FeF, has a Néel temperature of
78.4 K and S=2. In the ordered state at low temperature, the
Mn?* (Fe*) spins align “up” and “down” alternately along
the fourfold [001] z axis. The spins aligned “up” form a spin
sublattice « and the spins aligned “down” form a spin sub-
lattice 3. The two sublattices are interpenetrating, and they
together form the overall antiferromagnetic spin
arrangement.”!

Ignoring the weaker intrasublattice exchange interactions
Jy and J3 (here 1 and 3 refer to the nearest and third-nearest
magnetic ion neighbors) and the magnetic anisotropy Hy, the
spin dynamics of MnF, and FeF, is well described by the
one-parameter Hamiltonian, '8!

H0=‘]E Su,a'sv,ﬁ? (1)
(u,v)

where J=J, is the dominant intersublattice antiferromagnetic
exchange constant associated with the interaction between a
given Mn?* (Fe?*) ion and its eight next-nearest neighbors.
Here u and v are used to label ions on sublattices a and B,
respectively, and the sum runs over all pairs of next-nearest
neighbors. Note that all next-nearest neighbor ions reside on
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TABLE I. Some physical parameters of antiferromagnetic MnF,
and FeF,.

Néel temperature (K) Spin |r,/ k3| |ro/ k3] |kl k5| Ref.

MnF, 68 52 014 032 066 24
FeF, 78.4 2 - 03 08 28

the opposite sublattice. The Hamiltonian in Eq. (1) is ex-
pressed in terms of spins. In the harmonic approximation, we
can re-express the Hamiltonian in terms of magnon
operators>® as

Hy=2 fi Qq(“?qam + alfqalq)’ 2)
q

where a’T"q and an (a1q and aq) are creation (annihilation)
operators for magnons of wave vector q and frequency ()
belonging to the two degenerate branches labeled T and
.21 The degeneracy can be lifted by an external magnetic
field and, for wave vectors near the edge of the Brillouin
zone, the excitations generated by a%fq (an) propagate mainly
on the a (B) sublattice (a magnon of arbitrary q generally
perturbs both sublattices).'®

Phenomenologically, the Raman coupling between mag-
nons and light can be expanded in powers of the spins of the
magnetic ions.’ Ordinarily, due to the perturbation nature of
the scattering terms, the higher the order of the scattering
term, the weaker the scattering intensity. In MnF, and FeF,,
however, the first- and second-order contributions relying on
spin-orbit coupling are much less significant than the second-
order term resulting from the excited-state exchange interac-
tion that involves electric-dipole transitions.”'**> From
symmetry considerations, the two-magnon interaction rel-
evant to impulsive RS can be written as!?*

2

E
= ? E E(u’v)(S:aS;B + S;,aS:,B + '}’Sfl’asiﬁ) ’ (3)
(u,v)

where §*=8,+iS,, vy is an anisotropy parameter, and
E(u,v) = ki(e e, + eye,) + kaee, + 2k3(e,e, sgn p, sgn p,)
+2x4(e,e, sgn p, sgn p, +eye, sgn pysgnp,). (4)

Here E(r,t)=E(e,,e,,e,) is the position- and time-dependent
electric field, p=r,—r,=(p,,p,,p,) is a real space vector
connecting a given ion with its eight next-nearest neighbors,
and «,, (m=1,2,...,4) are magneto-optic coefficients'® as-
sociated with the Raman tensors R of symmetry A, (x; and
K3), By, (K3), and E, (k4) (see Appendix A). The relative
magnitudes of the latter can be inferred from spontaneous
Raman data and are shown in Table I. In our experiments we
use the xy geometry, where the laser beams are polarized in
the xy plane. Therefore the «, and k, terms do not contribute
to the scattering. Furthermore, for two-magnon Raman scat-
tering, it is sufficient to consider only zone-edge excitations,
because the magnon density of states is strongly peaked at
van Hove singularities close to the Brillouin zone boundary.
In addition, the coefficient includes a trigonometric term,
which has its largest value near the Brillouin zone boundary.

184434-2



MAGNON SQUEEZING IN ANTIFERROMAGNETIC MnF, AND FeF,

The commonly observed Raman scattering spectra fully
agree with the above arguments. The «; term in Eq. (4) and
the term containing vy in Eq. (3) vanish after summation (see
Appendix B). Therefore, the only symmetry that matters in
our experiments is By,(3).

It is straightforward to express V in terms of magnon op-
erators. Considering mainly zone-edge excitations and writ-
ing V=X,V,, we obtain for q near the Brillouin zone edge
(see Appendix C),

Vg~ SEqu(ana?—q +a4ai-g), 5)

where the “~” sign denotes that we consider mainly magnon
modes near the zone boundary. The constant S is the spin of
Mn** (Fe?*), and A, is a weighting factor that generally de-
pends on the field polarization and the appropriate combina-
tion of magneto-optic coefficients. For the B,, term, A =
-8k sin(g,a/2)sin(g,a/2)cos(q,c/2), where a and c are the
tetragonal lattice constants.?’?* This geometry favors the M
point of the Brillouin zone and it gives the largest contribu-
tion to two-magnon RS (see Table I).21:2*

The coupling defined by V describes a time-dependent
pair-wise interaction between magnons. The two magnons
forming a pair belong to the two degenerate branches and
have wave vectors of equal magnitude but opposite direc-
tions. To describe the effect of a laser pulse on the magnetic
system, we consider the impulsive limit, i.e., an optical pulse
of width 7< Q! and, for simplicity, we take the speed of
light ¢; — 0. Then the field can be treated as an instanta-
neous and  position-independent  perturbation  E?
=~ (4ml/nkc;)d(t), where ny is the refractive index and I is
the integrated intensity of the pulse. Let W, be the wave
function of the whole active region of the crystal just before
the pulse strikes. A simple integration of the Schrodinger
equation gives, for t>0,’

) 47SI .
W(t) = ePolhexp| —i > ——A (a al_ +a .a:_g) | V.
(1) p l% o h a(@]qa1 g +aiqa1-g) | Vo

(6)

At zero temperature, V) is the magnetic ground state and this
expression becomes identical to that describing the two-
mode squeezed state.> After some algebra (see Appendix D),
we obtain, to lowest order in the intensity of the pulse,

8
<‘I’(t)|(a1‘qal{_q + alan_q)|\I’(t)> ~ - %Aq sin(2Qqt). (7)

nRCy
Hence, Eq. (6) represents a state in which there exists a time-
varying correlation between magnons of opposite wave vec-
tors that belong to the two degenerate branches. Equation (7)
also manifests the coherence of the generated state W(z) after
the incidence of the light pulse on the crystal. Equations (6)
and (7) indicate that the generated state W(r) is a squeezed
magnon state.

To claim that V¥ is a squeezed magnon state, we need to
answer the question: What is the magnetic physical quantity
that is squeezed, and how does this magnetic physical quan-
tity affect the detection in the experiments? Let m; (I
=1,...,N) be the local magnetization operator for the N
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crystallographic unit cells. In the following we show that
magnon squeezing is tantamount to periodic fluctuations of
the noise of the local magnetization Um=\m (note that
(m,)=0 always and that (m;) has the same value for all unit
cells).

Writing m;=guz(S, ,+S, g), where the spins belong to the
same unit cell, g is the Landé g factor, and up is the Bohr
magneton, we have

IS i) (g = NS5+ 1) + D S0 S @)
1 q

where N is the total number of unit cells and S,4(q)
=38 5(r; p)exp(iq -1 )/ N'? (the sum is over all sites of
the corresponding sublattice). From Egs. (6) and (8) with 7
—0, we obtain in the harmonic approximation (see Appen-
dix E),

47lS

NnRCL

o, (1) = o,0)| 1+ > Agsin2Q0) |, (9)

q

where ¢,,(0)=(25)"?gu; is the ground state noise, which is
associated with the state just before the light pulse arrives.
The quantum noise of the cell magnetization after the light
pulse is periodically varying. Accordingly, the quantum noise
is periodically reduced below that for the ground state. Note
that the frequency is twice that of the magnon frequency
close to the Brillouin zone boundary.

At this point we give a quantitative estimate of the cou-
pling between the light and the local magnetization noise.
We write Eq. (3) as V=E22q(q)Sa(q) -Sg(=q), which
shows that, except for the weighting factors ©O(q), light
couples directly to fluctuations of the local magnetization.
Given that contributions near the Brillouin zone boundary

are dominant, V=~ E2ON#*(0,,/gup)*/2—S(S+1)] where @
denotes an average value at the zone boundary.

B. Detection of squeezed magnon states

Next we focus on the detection of the above squeezed
magnon states. The detection of the coherent excited state is
an integral part of the pump-probe experiments. Here we
detect the squeezed magnon states by measuring the effect of
the quantum noise fluctuation in the local magnetization on
the intensity of the transmitted probe beam. In our pump-
probe experiment, the stronger pump pulse drives the crystal
into the time-varying squeezed state [Eq. (6)], in which the
corresponding two-magnon impulsive stimulated Raman
scattering tensor causes the change of the refractive index
(through the generation of the squeezed magnon state, or
equivalently, we control the refractive index to generate the
squeezed magnon state). The time-varying refractive index
then modifies the transmission intensity of the concomitant
weaker probe pulse. The signal of interest is the intensity of
the transmitted probe beam as a function of the delay time
between the two pulses. The controlled delay of the probe
beam (relative to the pump pulse) allows us to monitor, in a
time-resolved way, the dynamics of the coherent excitation
in the crystal. Using Eq. (7) and well-known results for co-
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herent phonons,?® we obtain the following expression for the

differential transmission:

1 <8ﬂs

ngey,

2
ATIT = ) 2 QA% cos(2Qgn),  (10)
q

NUC

where ¢ is the length of the sample, N is the number of unit
cells, and v is the cell volume. Equation (10) is valid for
probe pulses of negligible width.

The relation between the quantum noise fluctuation in lo-
cal cell magnetization and the differential transmission can
be obtained from Egs. (9) and (10). Comparison of the two
shows that the differential transmission (which is measured
in our experiment, as will be shown in Sec. III) is propor-
tional to the change in the noise of the local magnetization,
which generates the modification of the refractive index. In
essence, the noise is being controlled by the laser-induced
refractive index modulation. Explicitly, we have

O() = 0, (0)[1 + EAT/T) |y sin(2Q0)], (1)

where &=venge /(16m€SQyA,,) is a real coefficient that
has a value close to 1. We expect to observe an oscillation in
the differential transmission (A7) that is at twice the fre-
quency of the magnon.

III. EXPERIMENT AND RESULTS
A. Pump-probe experiments

The time-resolved experiments were performed with a
fairly standard pump-probe setup, as shown schematically in
Fig. 1. The optical sources are tunable visible light pulses
from the optical parametric amplifier (OPA), which is
pumped at 250 kHz by the 800 nm near infrared pulses from
the regenerative amplifier (Coherent RegA). The pulses from
the OPA have a tunable central wavelength in the visible
range and are compressed with a pair of prisms to compen-
sate for the dispersion caused by the optics inside the OPA
and/or from other optics. After compression, the beam is split
into two parts: The stronger part is the pump beam and the
weaker part is the probe beam. The energy ratio is roughly
4:1 between the pump and probe beams. The delay stage
(Newport model UTM150PP1HL with motor UE41PP) is
driven by a controller (Newport model ESP300) that is con-
nected to a computer to control the delay time between the
pump and the probe beams during the scan. The pump beam
is periodically blocked by a chopper (Stanford Research Sys-
tems model SR540 chopper) so that the detection is sampled
at a fixed frequency (~2 kHz in our experiments). A lock-in
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4K AT/T

Photo

Detector FIG. 1. (Color online) Schematic of the

pump-probe experimental arrangement.

Lock-1n Amplifier

amplifier (Stanford Research Systems model SR830 DSP)
measures signals only at the preset chopping frequency. Ac-
cordingly, higher and lower frequency background noise is
filtered out. The characteristic distribution of background
noise is such that the higher the frequency, the lower the
background noise.

After passing through the sample, the probe beam is de-
tected using a silicon diode photodetector. The voltage signal
from the photodetector is first sent to a preamplifier (Stan-
ford Research Systems model SR560), which not only am-
plifies the signal but also works as a frequency filter. In our
experiments, the frequency pass window for detection was
set to be 1-3 kHz or 1-10 kHz to observe only the signal at
the modulation frequency. The signal coming out of the out-
put of the preamplifier is sent to an oscilloscope to monitor
the signal level and also to the lock-in amplifier. The scan-
ning program reads the signal from the lock-in amplifier and
it then controls the stepping motor to produce the scanning
signal. A CCD camera (Watec America Corp. WAT-902C) is
used to observe the focusing and overlap of the pump and
probe beams on the sample.

In our experiments, we used two different modifications
to the detection scheme (the blue-shaded area in the sche-
matic of Fig. 1). Identical results are obtained from both
detection methods. Figure 2 shows the spectrally resolved
detection scheme. The transmitted probe beam is dispersed
with a grating. In the frequency domain, the probe beam is
modulated by the coherent excitation in the sample so that its
intensity has a red or blue shift, depending on the delay time
between the probe beam and the pump beam. By monitoring
the slight difference in the intensities of the two halves, we
were able to observe the coherent dynamics inside the
sample. Subtraction of the two halves doubles the signal in-
tensity.

The other detection scheme is shown in Fig. 3. The probe
beam crosses a half wave plate so that its polarization is

Sample

(D
L

Probe beam

Lens

Photo-Detector Grating

Lock-in

Pre-Amplifier Amplifier

FIG. 2. (Color online) Schematic of the spectrally resolved de-
tection method.
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Photo-Detector
Pre-Amplifier

FIG. 3. (Color online) Schematic of the polarization-based de-
tection method.

Lock-in
Amplifier

rotated by an angle that depends on the Raman tensors of the
particular mode(s) of interest. In these experiments, the rota-
tion angle was set at 45°. The probe pulse then enters a
polarizer cube where it is divided into two nearly equal parts,
one part vertically polarized and the other horizontally polar-
ized. The intensity difference between these two halves con-
tains information about the coherent oscillations in the
sample.

In the experiments, the samples were cooled by a liquid
He flow cryostat (Oxford Instruments Optistat Bath Dynamic
Variable Temperature Cryostat, model no. 44090:4) where
the sample temperature could be varied from ~3 to 295 K
and controlled to within 0.1 K.

B. MnF,

Data were obtained from a 5.5X5.8X6.0 mm® single

crystal of MnF, grown in the Clarendon Laboratory of Ox-
ford University especially for Raman scattering studies. The
crystal boule was x-ray oriented and cut to provide a cuboid
sample with diamond-polished faces perpendicular to the
crystallographic a, b, and ¢ axes directions, respectively. The
sample was of high optical quality and pale-orange in
color.?*

The time-domain measurements were performed at 4 K
using a pump-probe transmission geometry that allows exci-
tations of B,, symmetry only to be observed. The crystal was
oriented such that the ¢ axis of the crystal was along the
laboratory z axis. Light penetrated the crystal along the [001]
direction and hence the polarizations of both the pump and
probe beams were within the xy plane. We used 50 fs pulses
generated by the OPA at the central wavelength of 534 nm,
which were focused onto a common 30 wm diameter spot.
The average powers for the pump and probe pulses were,
respectively, 13 and 3 mW. The pump pulses were polarized
along the [110] direction. This geometry couples to modes of
both A, and B,, symmetry, but not for that of E, and B,
symmetry. The probe polarization was set at an angle of 45°
with respect to the polarization of the pump, that is, along the
[010] direction. The polarization-based detection method
was used to measure the differential transmission (see Fig.
3). After passing through the sample, the transmitted probe
pulses were divided into two beams, one polarized parallel
and the other one perpendicular to the pump polarization (see
Fig. 4). These beams were sent to the two separate detectors.
The difference between the signals recorded by these detec-
tors gives the differential transmission for the B,, geometry
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FIG. 4. (Color online) Diagram of the beam polarization con-
figurations in the pump-probe setup. The blue arrows denote the
beam polarizations after the cube polarizer shown in Fig. 3.

while the subtraction eliminates the isotropic A;, contribu-
tion (see Appendix F).

The time-domain data of Fig. 5(a) show well-resolved
oscillations. After removal of the so-called coherent artifact
at time =0, we performed a Fourier transform (FT) of the
data and the resultant frequency spectrum is plotted in Fig.
5(b). This procedure gives three modes with frequencies of
~100, 347, and 481 cm™', which are in excellent agreement
with those of, respectively, the two-magnon feature and the
Raman-allowed phonons of symmetries A, and B,,.?” Based
on this result and the previous discussion in Sec. II, the
~100 cm™! oscillation is ascribed to the two-magnon
squeezed state whereas the other two features are assigned to
first-order coherent phonons.?’” The observation of the A,
mode is attributed to a lack of perfect polarization in the
experiment. While A, excitations are not nominally allowed
in our xy configuration (see Appendix F), the Raman cross
section for the 347 cm™' phonon is so large?’ that it cannot
be entirely suppressed by our method.

For comparison with the time-domain produced
frequency-domain data, we also measured the spontaneous

(@

o N A

ATIT (10°)
L

1N

00 05 10 15 20
Time Delay (ps)

FT Amplitude

0 200 400 600
-1
Frequency (cm ')

FIG. 5. (a) Time-domain relative differential transmission as a
function of pump-probe delay time. (b) The associated Fourier
transform (FT) spectrum exhibits peaks due to coherent two-
magnon excitations and coherent phonons excited in antiferromag-
netic MnF, at ~4 K.
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FIG. 6. Spontaneous Raman scattering data for MnF, at 3 K.
The labels xy and xz denote the polarization geometries of the two
measurements. In order to make a convenient comparison of the
line shape, the two curves are plotted such that their maximum
intensities are equalized.

Raman scattering of the MnF, crystal at ~3 K using
140 mW of 514.5 nm Ar* ion laser light. The spectra for the
two different geometries xy and xz are shown in Fig. 6.

C. FeF,

In order to make a systematic study of the magnon
squeezing in different rutile structure materials, we per-
formed a similar experiment in FeF,. Spontaneous Raman
scattering experiments have shown that although one-
magnon light scattering in FeF, is much stronger than that of
MnF, the two-magnon scattering is of comparable
intensity.'®?*28 In our experiments on FeF,, we used the
spectrally resolved detection arrangement (see Fig. 2) instead
of the polarization-based detection setup used for the MnF,
experiments.

As for the MnF, crystal, pump-probe experiments were
performed in the transmission geometry through a 1 mm
thick single crystal of FeF,. The light-brown color sample
was oriented, cut, and polished in the way described in Ref.
28. The crystal was oriented so that the ¢ axis of the crystal
was along the laboratory z axis and thus the incident light
traversed the crystal along the [001] direction. Pump and
probe beam polarizations were parallel to each other and
aligned at an angle of 27° from the crystallographic a axis
(x axis). Thus there were both x- and y-polarized components
for both the pump and probe beams. We used 80 fs optical
pulses generated by the OPA at the central wavelength of
555 nm: The pump and probe beam powers were 6.2 and
0.7 mW, respectively. The transmitted light detection scheme
shown in Fig. 2 was used. Following dispersion, the beam
was divided into two parts from the center of the spectrum,
and two separate photodiode detectors were used to measure
the integrated intensity of the two portions. Subtraction be-
tween them was done to remove the dc component and re-
veal the information on the coherent oscillation. Time-
resolved measurements were performed at a series of
temperatures ranging from ~3 to 80 K.

In Fig. 7(a) we show the normalized differential transmis-
sion as a function of pump-probe delay time for FeF, at
~3 K. The Fourier transform of the time-domain trace, as
shown in Fig. 7(b), manifests two main oscillation peaks. By
comparison with spontaneous Raman spectra,”® we assign
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FIG. 7. (a) Normalized differential transmission as a function of
pump-probe delay time for FeF, at ~3 K. (b) The associated Fou-
rier transform spectrum shows peaks due to coherent two-magnon
excitations (squeezed magnons) and coherent phonons.

the peak at 151.3 cm™' to the coherent two-magnon scatter-
ing. A coherent phonon mode is also clearly identified, and
we assign the peak at 68.3 cm™' to the mode of By,
symmetry.”’ As for MnF,, the A, ¢ mode is also observed
(albeit weakly this time), because of imperfect polarization
analysis.

Similar results were obtained in the temperature-
dependence study. The time-domain signal strength de-
creases gradually with increasing temperature, as shown in
Fig. 8. The stimulated spin-pair scattering intensity as a func-
tion of temperature is also shown in Fig. 8, where the ampli-
tude values have been obtained via the Fourier transform of
the time-domain data. When the temperature reaches the

® Frequency domain ||
= 6 "‘""A’“‘4~~\\ ® Time domain 10
E + o . A Spontaneous
. 5
> 5} o - Mean field theory || 0.8
el A ~ .
& k-
Z4F + oy B
@ N 10.6
5 A % ~
E3fF Ve, e =
5 S
b= + A H0.4
o 2| %
2 A
= i \ 40.2
E'T ROA
< N
0 1 1 1 1 1 1 Ay 0.0

0 10 20 30 40 50 60 70 80
Temperature (K)

FIG. 8. (Color online) Temperature dependence of the coherent
and spontaneous two-magnon Raman scattering intensity in FeF,.
The Fourier transform peak amplitude of the impulsive spin-pair
scattering (full black circles) is compared with the previously mea-
sured spontaneous Raman scattering peak intensity (open green tri-
angles) (Ref. 28). The full red circles denote the peak-to-peak am-
plitude of the time-domain signal at ~0.8 ps time delay; the signal
clearly vanishes at the Néel temperature of 78.4 K. Also shown is
the normalized temperature dependence of the spin-ordering param-
eter ¢(7) calculated from mean field theory (blue dashed line) (Ref.
34).
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0.0 0.5 1.0 1.5 2.0
Time Delay (ps)

FIG. 9. (Color online) Pump-probe data showing two-magnon
oscillations in MnF, at 4 K after removal of the phonon oscillation
with the linear prediction method. The red line is the linear predic-
tion (LP) model fit.

Néel temperature T, the Fourier transform amplitude van-
ishes (within the measurement error).

IV. DISCUSSION
A. MnF,

As a parallel approach to simply taking the Fourier trans-
form of the time-domain data, we have also analyzed the
time-domain data using linear prediction methods.?*" Linear
prediction determines directly the number of oscillators and
their parameters, including their frequencies, damping rates,
phases, and amplitudes. The two-magnon oscillations in
MnF, are reproduced in Fig. 9 after numerical subtraction of
the signal due to the phonons together with the least-squares
fit from the linear prediction model.”*° As shown in Fig. 10,
the Fourier transform of this fit to the time-domain data com-
pares very well with the measured two-magnon spontaneous

11.0

Z 80
' 10.8
=
§ 60 06
2z <y
] o
fend
5}
£ 40 10.4
c
£
8 20 10.2

olc ML:/M L S 0

60 80 100 120 140
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FIG. 10. (Color online) Comparison between the Fourier trans-
form of the linear prediction fit (LP; red trace) and the spontaneous
Raman spectrum (black trace) recorded at 3 K in xy polarization.
The magnon dispersion of MnF, for reduced wave vectors in the
[110] (M point) direction, calculated following Refs. 21 and 22, is
shown by the blue trace (DISP). For easy comparison with the
Raman experiments, the frequency scale of this dispersion curve
has been multiplied by a factor of 2.
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Raman spectrum in the xy geometry. On the other hand, it is
clear from Fig. 6 that the time-domain measurements are not
compatible with the spontaneous Raman spectrum in xz po-
larization both with respect to the band position and line
shape. In Fig. 10 we also show the [110]-direction magnon
dispersion curve for MnF, calculated using the dispersion
formula and exchange constants given in Refs. 21 and 22,
and this supports our contention that the pump-probe signal
is dominated by magnon pairs at the Brillouin zone bound-
ary. This dispersion curve together with the comparison with
spontaneous Raman spectra®® confirms that we are indeed
coupling to magnons from near the Brillouin zone M point,
as predicted in Sec. II.

This clear identification of an oscillation at the two-
magnon frequency, good comparison with the spontaneous
Raman line shape, and agreement with the magnon disper-
sion curve indicate that we have observed coherent two-
magnon light scattering in our pump-probe measurement.
From our calculations shown in Sec. II, it can be seen that
observing coherent two-magnon light scattering in the pump-
probe experiment means that the quantum fluctuations in lo-
cal cell magnetization have been periodically squeezed.
Hence we assert that the coherence responsible for the oscil-
lations of Fig. 9 is that of squeezed magnon states. The mag-
netic oscillations do not show the phase predicted by Eq.
(10) at zero time delay. We believe that this discrepancy
reflects the fact that Eq. (3) and, therefore, Eq. (10) apply to
transparent materials whereas the wavelength of our laser
falls within a broad absorption band of MnF,.3! In such a
case, it is well-known that the phase of the coherent oscilla-
tions can have arbitrary values.’> Further support for this
interpretation is the observation that the two-magnon signal
does not vanish in integrated transmission measurements, re-
flecting the fact that the sample behaves as a frequency-
dependent filter.26

If, instead of the local magnetization, we use the angle 6
defined as cos 0=-8, ,-S; z/S(S+1) to represent the spin de-
viation from the perfect spin alignment, the ground state
“noise” in terms of 6 becomes

T = gi\S(S + DV(EP). (12)

Thus, pictorially, the laser-excited spin squeezing results in a
sinusoidal modulation of \/@, which reflects the laser-
induced control over the local magnetization fluctuations. A
pictorial representation of the squeezed state induced by the
incident light is given in Ref. 33 (see also Fig. 3 in Ref. 19).

By evaluating Eq. (11), one can estimate the noise reduc-
tion factor. The thermal noise at 4 K is approximately the
product of ¢,,(0) times twice the Bose factor at ££),,.% Under
our experimental conditions, the term multiplying sin(2€),,z)
in Eq. (11) is ~2 X 107> while the thermal contribution to the
noise is ~3 X 1078, Hence, at 4 K, the total noise is domi-
nated by quantum fluctuations and the noise level in the local
magnetization has been reduced below the standard quantum
limit through magnon squeezing.

B. FeF,

As explained above for the magnon squeezing in MnF,,
our observation of coherent two-magnon oscillations at a
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temperature of ~3 K in ISRS indicates that we have also
generated squeezed magnon states in FeF,. From Eq. (11),
the squeezing factor is deduced to be ~5X 107. For com-
parison, the squeezing factor we observed in MnF, was
~2X 107 (see Sec. IV A). Making allowances for the dif-
ferences in the FeF, and MnF, sample thicknesses (1 versus
6 mm) and laser pump and probe powers (6.2 versus 13 mW
and 0.7 versus 3 mW, respectively) used in the two experi-
ments yields a squeezing factor for FeF, that is approxi-
mately 30 times larger than that of MnF,. From studies of the
spontaneous one- and two-magnon RS in FeF, and
MnF,,2+?8:34 it is evident that the source of the 1-2 orders of
magnitude difference in the squeezing factors observed here
for these compounds lies in the absolute values of the
magneto-optic coupling coefficients, which in general are not
well known.'® These coefficients are wavelength dependent,
and it would be interesting to investigate this aspect further
in future experiments.

This stronger scattering in FeF, has allowed us to study
the temperature dependence of the coherent spin-pair scatter-
ing. At temperatures well below the Néel temperature, mag-
nons are well-defined elementary excitations of the magneti-
cally ordered system and, correspondingly, we have observed
coherent two-magnon light scattering and squeezed magnon
states at specific wave vectors. At higher temperatures ap-
proaching the Néel temperature, the magnon dispersion rela-
tionship is modified; the magnon concept itself is not such a
precise description of the system and the spin excitations
become localized. Spontaneous two-magnon RS persists into
the paramagnetic phase and can be observed at temperatures
well above Ty due to the fact that the zone-edge magnon
pairs renormalize more slowly with temperature than do the
Zero wave vector magnons.Ig At lower temperatures, as can
be seen in Fig. 8, the Fourier transform peak amplitude of the
coherent scattering compares well with the peak intensity of
spontaneous two-magnon RS (the latter data are taken from
Figs. 2 and 7 of Ref. 28), but most interestingly, the coherent
spin-pair scattering amplitude then falls below that of the
spontaneous RS and apparently vanishes as the temperature
reaches the Néel temperature (the odd-looking variation with
temperature is a result of plotting for signal-to-noise reasons
the peak amplitude rather than the area). The vanishing of
the coherent two-magnon scattering at 7y is confirmed from
measurements of the peak-to-peak amplitude of the oscilla-
tions in the time-delay signal, as shown in Fig. 8. Signifi-
cantly, the temperature dependence of the strength of the
time-delay signal follows the same behavior as that of the
sublattice spin-ordering parameter.’ This strongly suggests
that longer range spin ordering is an important, if not essen-
tial, component of the coherent two-magnon scattering pro-
cess, which is in contrast with the spontaneous RS case.

V. CONCLUSION

In summary, squeezed magnon (spin-wave) states have
been generated using femtosecond optical pulses. The gen-
eration mechanism employs two-magnon ISRS. Coherent ex-
citations involving pairs of correlated spins were created by
this means in the antiferromagnetic insulators MnF, and
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FeF,, with the latter demonstrating the strongest squeezing
effect. In the squeezed state, the fluctuations of the magneti-
zation of the local crystallographic unit cells vary in time at
twice the magnon frequency and are periodically reduced
below that of the ground state quantum noise. The tempera-
ture dependence of the stimulated spin-pair scattering has
also been determined for FeF,; the ISRS amplitude dimin-
ishes and then vanishes as the temperature is raised up to the
Néel temperature, which is different from what happens in
spontaneous RS.'3

Spin squeezing of magnetic systems can have significant
applications wherever a long coherent lifetime of an ordered
spin state is required such as in spintronics and quantum
computing.
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APPENDIX A

Rutile structure compounds MnF, and FeF, each have
two molecules (six atoms) in their unit cells. Group theory
analysis predicts 15 vibrational modes for this crystal struc-
ture, of which four are Raman active. The four Raman active
symmetries are labeled as A, o Big» B and E,, where the E,
mode is twofold degenerate. The corresponding Raman ten-
sors are?’

a 0 0
R(A]g)z 0 a 0 N
0 0 b
c 0 0
R(Blg)= 0 —-C 0 N
0 0 0
0 e 0
R(Bzg) =|e 0 0 s
0 0 0

and

=

=

e

SN
1l
o o
o o
QU O
o o
o o
S

(A1)

o
Y
o
QU
o
o

APPENDIX B

As discussed in the text, the «, and k, terms do not con-
tribute to the scattering in our xy geometry. Substituting Eq.
(4) into Eq. (3), we obtain

2
V= 7 2 [Kl(exex + eyey) + 2K3(exey sgn p, sgn p\)]
(u,v)
X(S* S . +S S:,B"' yS‘;,aSﬁ,ﬂ).

u,a”v,B U,

(B1)
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By taking the leading terms of the Holstein-Primakoff transformation, we obtain the spin-magnon transformation for simple

antiferromagnets

(

Sy 5= (25/1\/)”22
q

a.q’

a.q’

The interaction Hamiltonian can be expressed in terms of
magnon variables. Using

> expl-i(q+q') - T]=N§, (B3)
r
we obtain
> sgn pesgn pS; .S,
(u,0)
=252 2> (uqa)q + Uqan)(U—anq +U_gd_g)
P q
Xsgn p, sgn py exp[—iq - p], (B4)

where p runs over the eight next-nearest neighbors. Simi-
larly, we have

E Sgn p, sgn p\Su aSv B
(u,v)

=252 2 (”anq +0g1)(V_ga g+ “—qalq)
P
Xsgn p, sgn p, expliq - p]. (B5)

On substituting Egs. (B4) and (B5) into Eq. (B1), we can
define two trigonometric terms Ag" and I'j" as

> sgn(p,)sgn(p,exp(iq - p)
p

= - 8 sin(g.a/2)sin(gyal2)cos(q.c/2) = Ay (B6)

and
> expliq - p) = 2, exp(-iq - p)
p p

=8 cos(q,a/2)cos(gyal2)cos(q.c/2) =Ty
(B7)

qtu qd1g)expliq - 1)

S o= (2SINX (uga q +vgal_gexpliq - T,)
q

Spa=(2SIN)'?2 (ugaly +vqa_gJexp(-iq - )
q

vs= (2S/N)1/22 (04| + Uqalexp(-iq - T,)

(B2)

Sia=S— N (uanq + Ut o) (Ugr) g + vq,a;_q,)exp[i(q -q')-r,]

f)”g: —-S+N! E (Vg q+ uqa%f_q)(vqral-q, +ugra,_g)expl-i(q-q’) -1,].

For MnF, and FeF,, the magnon density of states peaks
near the Brillouin zone boundary. Note that the term I'y’
gradually decreases to zero when the magnon wave vector
approaches the Brillouin zone boundary. Hence, terms in-
volving Fzy give negligible contributions to the two-magnon
Raman scattering. On the other hand, the term Aj;y has its
maximum value near the M point of the Brillouin zone. Thus
terms involving Afly dominate the two-magnon scattering. In
Eq. (B1), v is a dimensionless weighting factor related to
anisotropy, which is a relatively small effect in the simple
antiferromagnets MnF, and FeF,. At the Brillouin zone
boundary, with uq’~V1 and vq’~V0, we have

> sgn(p)sgn(p,) S S5 4
(u,v)

= y2 sgn(p)sgn(p,)| - NS” + SE (ni_q+ng | =0

p
(B8)

On the other hand,
2 K| (exex + eyey) YS;,QS;,B
(u,0)

)72

~ Ki(ee +eye

~NS2+82, (n;_q+nyq)
q

= const., (B9)

whose effect is to shift the ground state energy and is not
noticeable in spontaneous Raman scattering. Hence it can be
neglected, and the only contribution for our light scattering
experiment is from the By, (x3) symmetry.

APPENDIX C

With  ug=u_q=1, v=v_q=0,
[alq’aT q] 0, we obtain

[alq,aT_q]:O, and
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V= E2K3€x6),2S2 Ai;y(ajqa}h_q +aqa1_g). (C1)
q

Using e,=e,=cos(45°)=1/ V2, Eq. (5) can easily be derived,
where we have defined A= x3A}" for convenience; Ay is a
coefficient that depends purely on the physical properties of
the crystal. Equivalently, we have

PHYSICAL REVIEW B 73, 184434 (2006)

Vo= SE*Ag(ajal_y+a,4a1-y). (C2)

with E>= (4al/ngc;) &(1).

APPENDIX D

In the Schrodinger picture, Eq. (7) can be derived from
Eq. (6) as follows:

<\I’(t)|(a1fqa$_q + alan_q)|‘I’(t)) = <\I’(O+)|e_"1L10’/h(aT a?_ + alan_q)eiHoﬂﬂ\I’(OJ'))

=(¥(0") |exp{12

4mSI

Xexpl—lz

where we have W(07)=V, as defined in Eq. (6). In deriving
Eq. (7), we have used the following operator identity:

1
eBXe =X +[B,X]+ 5[3,(3,)()]

+---+%{B,[B,...,(B,X)...]}+ . (D2)
APPENDIX E
Noting that
ST aSip+ 181 5=2(S1 S5+ 51451 p) (E1)
we derive for the local magnetization
(my - m)) = (gap)[25(S + 1) + (8] 187 5+ 51,457 o)
+2(87,57 ). (E2)

We next consider magnons near the Brillouin zone boundary
M point in Eq. (B2), which yields

EI <SI+,aSl_,B + 8] ZB> =-25> (anan +aqa;_g)(1).
q

(E3)
From Eq. (7), under the low-intensity limit, we know that

1671S?

S Sipt SiaSip = EA sin(2Q,0). (E4)
1

ngeti

At the same time, we have

4SI
—iHtlh
c h q(alan—q"'alan—q)] o (aian—q+alan—q)e

) q(aian q+aian—q)]|\P(O ),

iHytlh

(D1)

E] 28 Sip=- ONS2+25, <anaiq + anaT_q)(I)
q

~ —2NS>. (E5)

Hence, in the low-intensity limit,

1 87l
52 (m))(gpep)* = NS +
I nRCL

SZ
> Agsin(2Qq0). (E6)
h q

Note that (mlz) has the same value for all cells, and that
(m;)=0 always. Thus we readily derive Eq. (9).

APPENDIX F

Given the polarization configuration in Fig. 7 and the Ra-
man tensors of By, and A, symmetries shown in Appendix
A, we have after some calculations,

AI(By,) > e? sin(26)sin[2(6+ )],

AI(A,,) > a*. (F1)

In our experiment, f=m/4. If we set y=m/4, we have
AI(B,,)=0. However, if we decompose the probe beam
along the two directions that are parallel to, or perpendicular
to, the pump beam, we have for y=0, AI(Bzg)OCeZ, and for
y=m/2, AI(B,,) % —e*. Thus,

AI(Bs)| =g = AI(Bo)| e 267, (F2)

which gives the differential transmission for B,, symmetry.
A similar estimation for A;, symmetry shows that it should
be eliminated by this detection method.
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