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Enhanced Squeezing of a Collective Spin via Control of Its Qudit Subsystems

Leigh M. Norris,l’z’* Collin M. Trail,3 Poul S. Jessen,l’4 and Ivan H. Deutsch'*
YCenter for Quantum Information and Control (CQuIC)
“Department of Physics and Astronomy, University of New Mexico, Albuquerque, New Mexico 87131-0001, USA
3Institute for Quantum Information Science, University of Calgary, Calgary, Alberta, Canada T2N 1N4

4College of Optical Sciences and Department of Physics, University of Arizona, Tucson, Arizona 85721, USA
(Received 24 May 2012; published 23 October 2012)

Unitary control of qudits can improve the collective spin squeezing of an atomic ensemble. Preparing
the atoms in a state with large quantum fluctuations in magnetization strengthens the entangling Faraday
interaction. The resulting increase in interatomic entanglement can be converted into metrologically
useful spin squeezing. Further control can squeeze the internal atomic spin without compromising
entanglement, providing an overall multiplicative factor in the collective squeezing. We model the effects
of optical pumping and study the tradeoffs between enhanced entanglement and decoherence. For realistic

parameters we see improvements of ~10 dB.
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Large atomic ensembles interacting with optical fields
show great promise as platforms for quantum metrology
[1,2] and quantum memory [3—7]. An important bench-
mark for such protocols is spin squeezing arising from
entanglement between atoms [8]. To create these states,
modes of the optical field can be used as a quantum data
bus, inducing entanglement through their collective cou-
pling to all atoms. Spin-squeezed states have direct appli-
cation in atomic clocks [9], magnetometry [10,11], and
continuous variable quantum information processing [12].

In most studies of such applications, the atoms are
treated as qubits, with only two internal levels participating
in the interaction, e.g., the clock states of '3*Cs. However,
the hyperfine ground manifold of cesium, and most atoms
used in such experiments, are naturally d > 2 dimensional
qudits with a richer structure [13] that one can potentially
harness to improve the squeezing protocol. In this Letter
we show that unitary control of internal atomic magnetic
sublevels, or qudit control, along with collective control via
the atom-light interface can strongly enhance our ability to
create nonclassical states of the ensemble. The key idea is
that the entanglement generated between the atoms and
photons depends strongly on the internal state of the atoms.
Through local unitary control of the atomic spin qudit, we
can increase this entanglement and then map it into a useful
form. We benchmark this enhancement by calculating the
achievable spin squeezing that is metrologically relevant
for precision magnetometry.

The goal of spin squeezing is to reduce the variance of
the collective spin in some direction below the standard
quantum limit. For N, atomic spins with hyperfine spin
quantum number f, defining F L=, fé"), the collective
spin variance of a state symmetric under interchange of
atoms is

AFZ = Ny(N,y — 1)<Afy)Af§j)>i¢j + NAfZ (D
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Entanglement between atomic spins can make the first term
negative, reducing the collective spin variance. Qudit con-
trol enables us to apply an identical unitary transformation
to each atom in the ensemble. State preparation using such
control can strengthen the coupling between the light and
the ensemble, translating into increased interatomic entan-
glement. In addition, qudit control can also squeeze the
internal spin uncertainty, A f2, below the standard quantum
limit, an effect not possible for spin-1/2 atoms [14,15]. We
will show how to achieve this without compromising the
squeezing arising from entanglement [16].

We study here the Faraday interaction, which entangles
the collective atomic spin with the Stokes vector describing
the polarization state of a quantized optical probe mode,
according to the unitary operator U = exp{—ixF,S;}
[17,18]. The 3-component of the quantized Stokes vector,
S 3, corresponds to the difference in the number of right and
left circularly polarized photons. For atoms with spin
f>1/2, the atomic-spin or photonic-Stokes interaction
contains an additional birefringent effect that couples the
atomic alignment to the S, and §; Stokes vector compo-
nents. These can be removed by applying sequences of
alternating orthogonally polarized probe pulses [19] or a
large bias field along the z axis, which effectively averages
the relative direction between the mean atomic spin and
light polarization.

Consider the action of the Faraday operator on an initial
product state of the atoms and light,

UV, e|d,) = Z CF,MJF, M,)® eiMZX§3|CDL>y 2)
F.M,

where we have decomposed the atomic state in terms of the
basis of collective angular momentum states |F, MZ>
(Dicke states). The amount of entanglement generated
between the light and atoms is determined by the distin-

guishability of the rotated states e’:X5:|®, ) for different
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values of the collective magnetization, M. Initial states of
the atomic ensemble with greater quantum uncertainty in
M, (referred to as ‘““projection noise (PN)” in quantum
metrology) translate into a larger variation in Faraday
rotation angles. When this variation becomes observable
in a shot-noise limited measurement of the probe polariza-
tion, there is significant entanglement between the atoms
and photons (Fig. 1). It is this atom-light entanglement that
is ultimately converted into entanglement of the atoms with
one another, and thus is the resource that acts to squeeze
the collective spin.

We quantify the entanglement generated by the Faraday
interaction with a measurement strength, &, given by the
ratio of the collective atomic projection noise to the mea-
surement resolution as determined by the probe shot noise
(SN) [18]. For an initial product state of N, atoms, the
projection-noise uncertainty is (AF2)py = NyAf?, and
the shot noise for N; photons in a time 7 is (AF?)gy =
(X*N.)~' [18], so,

_ (AF?)px _
(AF?)sn

Af?
e

1
3 XN NAAfZ = 5(%7)01) (3)

Here, y is the Faraday rotation angle per unit angular
momentum for a spin-f atom interacting with a laser
beam detuned from a §,, — P; transition, OD is the
optical density for a unit oscillator strength, and 7, is the
photon scattering rate per atom, as defined in Ref. [18].
Equation (3) immediately suggests how qudit control can
be employed to increase the entanglement generated by the
Faraday interaction. Our choice of the initial (fiducial) state
should maximize the uncertainty in collective magnetiza-
tion so the possible values of M, are as distinguishable as
possible. Formally, we see this in the spin squeezing

@) |fome=fYN = AR =Naf/2 (b) |f.my =0y = AF, =[N (f+1)/2

P(M.)

FIG. 1 (color online). The Faraday interaction rotates the Stokes
vector about the S5 axis by an amount proportional to the collec-
tive magnetization M, of the atoms. For a large ensemble of N,
atoms in identical states, the probability distribution P(M.) is
Gaussian with variance AM? = N,Af2. The light is initially in
a coherent state along S; with shot noise fluctuations along S, and
S3. The quantum uncertainty in M, leads to a spread in Faraday
rotation angles. Shown in schematic are the spread in rotations for
atoms initially in (a) a spin coherent state along x, |f, m, = f)®Na,
and (b) the state |f, m, = 0)®Na. The increased quantum uncer-
tainty in M, (“projection noise”) translates into increased entan-
glement between atoms and photons as the corresponding rotations
become more distinguishable for a given probe shot noise.

produced by a quantum nondemolition measurement of
the collective F . mediated by the Faraday interaction.
Consider an ensemble of atoms identically prepared in a
desired fiducial state |W,);, = | 1)®¥. For small Faraday
rotation angles, we can linearize the interaction, U=1-
ixF Z$'3. The coherent dynamics then couples the fiducial
internal state to one other state f A1 =cll), where we
have chosen the phase of | |) so that ¢ is real. Under the
assumption (] Ile 1) =0, it follows that (| | 1) = 0 and

c=yAF%, so fo= AR +IDAD. After a
Faraday interaction with N linearly polarized photons
in the state |®; ), the light and atoms become entangled,
and quantum backaction disturbs the atomic state con-
ditioned on a measurement of the light.

In the quantum nondemolition protocol we probe the
atoms with light polarized along the S, direction of the
Poincaré sphere and measure the S, component at
the output. We consider the case when the meter reads
S, =0, for which {(0;|S;|®;) =0, and (0,|S%|D,) =
(0.|®. )N, /2). Other values of S, yield a displaced
squeezed state. The post-measurement state of the atoms,
to lowest nonvanishing order in the measurement strength, is

|\I'rA >out = <0L | eiXﬁz§3 | q)L>|\I’A>in

2N, 4
- %FgquA%n}

= O I0DfI¥)
S B O
4NA i#j e b '

where we have renormalized at the last step. The pair-

wise entanglement between fiducial and coupled states,

[ — &I 11}, is the essence of collective spin squeezing.

From Eq. (3), £ « Af2, and thus increased projection

noise in the fiducial state leads to enhanced atom-atom
entanglement.

To illustrate this formalism, consider first a preparation in

a spin coherent state (SCS) for arbitrary f = 1/2. The

fiducial state is polarized in the x direction, | Tgcs) = |f,

m, = f). The coupled state is | [gcs) = | f, m, = f — 1), since

Feltscs) = V72l lscs) and Af2gcs = f/2. The measure-
ment strength for the SCS fiducial state is &gcg =
ODy,7/(18f). Enhancement of the measurement strength
is achieved by using fiducial states with larger projec-
tion noise. The maximum value is attained by the cat-state
preparation of the internal spin, |T.)=(f,m.=
+1fm,=—f)/V2 with Af2. =f> It follows that
the orthogonal coupled state is |l =(f,m,=f)—
|f’ mz = _f>)/\/§’ SinCC le Tcat> = fl lcat>' ThUS, gcat =
ODw,7/9, a factor of 2f improvement over the SCS. As
discussed below, the cat-state preparation is more easily
damaged by decoherence due to photon scattering. We
therefore consider a third potential preparation, |Tox> =
|f, m, = 0), for which AfZ, = f(f+1)/2, a factor f+1
enhancement over the SCS. For this choice, the coupled state
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since

is  |lo)=(f,me=+D+I1fm,=—1)/2,
fd o)y =VF +1D/2l o).

To study the enhanced squeezing, we employ a multi-
level Holstein-Primakov approximation (HPA) [16].
Writing the collective spin in second quantization,

F o= 4A f%(&TT a, + &f d;), and linearizing about the mean

field, d; = \[N; = /Ny, we have F, z,IZNAA %T)?l,where

(X}, P)) are the quadratures associated with quantum fluc-
tuations of ;. The initial state of the ensemble, with all
atoms in the fiducial state | 1), corresponds to the vacuum.

Entangled spin states generated by the Faraday interac-
tion correspond to quadrature squeezing in the (X, P))
plane, but not necessarily spin squeezing. As our metric,
we use the spin squeezing parameter relevant for magneto-
metry, { = 2fNsAF3/KF)? [9], where F, is the
squeezed component. While the |cat)®¥+ and [0,)®Na
preparations enhance interatomic entanglement, the result-
ing state is not spin-squeezed; for these states, (£.) = 0.
However, given the capability to perform arbitrary unitary
transformations on the internal hyperfine levels, the entan-
glement can be made metrologically useful by mapping
the embedded qubit according to the isometry U=
|f, m, = XTI+ |f, m, = f — 1X| |. We locally map the
internal fiducial and coupled states for any preparation to
those associated with the SCS; the squeezing created in a
quadrature of the (X|, P|) plane is transferred to reduced
fluctuations around the SCS. After this mapping, the
squeezing of X| is equivalent to spin squeezing, { =
2AXf. The protocol is thus as follows: prepare all atoms
in a desired | 1), thereby increasing the distinguishability of
the collective magnetization via the Faraday interaction.
The laser field then mediates enhanced entanglement be-
tween | 1) and | ||), and this entanglement is mapped back
to the SCS where it is metrologically useful.

As a final step, we employ qudit control to squeeze the
internal f > 1/2 spins of each atom [14,15]. The key idea
here is to do so in a manner that multiplies the final
metrologically relevant squeezing rather than reducing
the squeezing already incurred via atom-atom entangle-
ment [16]. We consider the family of squeezed Yurke-like
states for integer f [9,20]

1 1
|Yur) = — sina|1,) + cosa|0,) + —= sina| — 1), (5)

V2 V2

written in the basis |m.) = |f, m,), for which ¢, =
(1 + )" Ycosa)™2. We can combine the effects of
entanglement-induced squeezing with internal squeezing
by the appropriate mapping of the embedded qubit.
We choose as our final fiducial state | 1y) = |Yur) and

the coupled state | |y) according to 7| Ty) = \/Afgl Iy,
where | |y) = (|1,) — | — 1,))/~/2. When entanglement is
created between the states of in the initial preparation,

e.8., 4| Tearleat)] learlear)}, these correlations can be transferred
to Yurke-squeezed pairs, {| 1y1y), | lyly)}, using internal
control acting locally on each atom. We thereby map the
squeezed quadrature fluctuations from the (X, P)cy
plane to the (X, P))y plane. The metrologically relevant
spin squeezing under this mapping becomes, (=
(1+ f)*l(cosa)*22(AXf)cat, enhanced over the coherent

state by both the increased measurement strength and a
factor that grows with increasing atomic spin f.

To study the effectiveness of qudit control in enhancing
spin squeezing, we apply the techniques described here to
the protocol detailed in Ref. [21], which utilizes coherent
feedback to create an optimal two-axis countertwisting
unitary [22] on the collective spin. In the absence of
decoherence, within the HPA, one can show that the
squeezing parameter is { = e ¢(1 + f)"!(cosa)~?, in-
cluding the final Yurke map. Enhancing ¢ by increasing
initial projection noise fluctuations has a substantial effect
on the squeezing that is achievable in a short time.

The choice of fiducial state and the ultimate perform-
ance of this protocol is set by the tradeoffs between en-
hanced squeezing and increased noise due to decoherence.
Here, the fundamental source of decoherence is optical
pumping due to photon scattering. We consider alkali-
metal atoms in the electronic-ground S, hyperfine mani-
fold f = i + 1/2, for nuclear spin i, and linearly polarized
light, detuned far compared with the excited P3/, hyperfine
splitting. Optical pumping gives rise to three processes:
(i) spin flips between the fiducial state and the coupled
state; (i1) loss to the other hyperfine manifold; and
(iii) pumping to other magnetic substates within the
manifold f, but outside the embedded qubit subspace.
Each of these processes leads to a reduction in the pair-
wise entanglement that contributes to spin squeezing.
Processes (i) and (iii) also lead to additional noise, arising
from statistical mixtures of atoms in different |f, m ). In
the case of process (iii), however, this excess noise can be
removed by application of a microwave pulse that trans-
fers these atoms to f = i — 1/2 after the Faraday inter-
action. If this is done, processes (ii) and (iii) are
equivalent. We cannot use this approach for atoms that
have undergone process (i), as these are still in the en-
coded qubit subspace, with correlations relevant to spin
squeezing. Each state preparation is subject to different
rates of processes (i), (ii), and (iii). The SCS preparation
has the lowest rate of spin flips, y3(® = v/(12f), fol-
lowed by the 0, with yg"ip = y(f + 1)/(18f) and lastly
the cat with ¥ = /9. Since the total rate of optical
pumping events is 2y/9 for all state preparations, states
with fewer spin flips will have greater loss. In this sense,
the cat state is most susceptible to decoherence.

An additional subtlety is when both processes (i) and (iii)
occur but are not perfectly distinguishable. In this case there
is a transfer of coherence [23] that can reduce the amount

173603-3



PRL 109, 173603 (2012) PHYSICAL

REVIEW LETTERS

week ending
26 OCTOBER 2012

1/¢ @B) @ 1/ @B)

(b)

0.2 0.4 0.6 0.8 1.0 1.2

FIG. 2 (color online). Numerically calculated squeezing (dB).
(a) Squeezing as a function of time in units of the scattering rate
v for an ensemble of f = 4 cesium atoms with OD = 300, and a
probe detuned A = 10°T = 33 GHz from the D2 line, for three
state preparations: SCS [green (triangle) solid line], cat [black
(circle) solid line], O, [red (square) solid line]. The dashed curves
include the final squeezing of the internal spin. (b) Peak squeez-
ing of the three state preparations as a function of f. The inset
includes the final Yurke mapping.

of additional noise added in a spin flip event. For example,
in the SCS case, a photon scattering event can pump an
atom from |f, m, = f) — |f, m, = f — 1) [process (i)] or
|f,m,=f—1)—|f,m, = f — 2) [process (iii)]. While
it may seem advantageous to remove the excess noise in the
additional state |f, m, = f — 2), the transfer of coherences
and the resulting squeezing make it beneficial to retain it.
These transferred coherences reduce the noise arising from
spin flips |f, m, = f) — |f, m, = f — 1). A similar effect
is seen in the 0, preparation. The cat-state preparation has
no useful transfer of coherence and thus is more fragile to
decoherence.

To calculate the squeezing produced in this protocol, we
use the covariance matrix formulation as discussed in
Ref. [24]; details will be presented elsewhere. We track
the fluctuations in the quadratures (X, P|) and their corre-
lations. For a given fiducial state preparation, the final
squeezing in these quadratures is mapped to those around
SCS, and from this we determine the metrologically rele-
vant {. When the transfer of coherences is important, we
retain a third state that is mapped to |f, m, = f — 2).
Finally, we can also include an additional step and squeeze
the internal spin via the Yurke-state mapping. To account
for the transfer of coherences, the third state is mapped to
IYur) = cosa(|1,) + | — 1,)/+/2 + sinal0,).

Figure 2(a) shows the squeezing as a function of time for
f =4, for a nominal unit-oscillator-strength optical den-
sity OD = 300, and a detuning from the D2 line 6S,,, —
6P, A = 10°T". The initial rate of squeezing is largest for
the cat state, but the 0, state ultimately produces the most
squeezing because of its greater robustness to decoherence.
Internal spin squeezing adds about 7 dB of squeezing for
this large spin.

In Fig. 2(b), we study the peak squeezing produced by
these different protocols as a function of f, showing the
subtle tradeoffs between enhanced coupling and fragility to
decoherence. In the absence of the Yurke-state map, for
f =1 the SCS performs best because of the transfer of

coherence. For larger f, however, the state’s robustness to
decoherence does not compensate for the reduction in
&cs- For the 0, preparation, the peak squeezing is largest,
and can outperform spin-1/2 ensembles. Including the
final internal-spin squeezing, a larger f yields more overall
squeezing for the cat and 0, preparations.

The protocol presented here has important implications
for quantum-limited metrology. While we have used mag-
netometry as our benchmark, the entanglement produced
by the Faraday interaction with a well-chosen fiducial state
can be transferred to correlations between atoms in the
clock state, providing potentially larger squeezing for
Ramsey interferometry than other protocols [1,2]. The
ultimate limit of any protocol will depend on the delicate
tradeoffs between enhanced measurement strengths and
decoherence. While we have demonstrated the potential
use of this control in the examples of the cat and 0, prepa-
rations, in future work we will seek the optimal fiducial state
for a given noise model.

This work was supported by NSF Grants No. PHY-
0903953, No. 0969371, No. 0969997, AFOSR Grant
No. FA95501110156, and by PIMS and NSERC.

*norrisl@unm.edu
[1] J. Appel, P.J. Windpassinger, D. Oblak, U.B. Hoff, N.
Kjaergaard, and E. S. Polzik, Proc. Natl. Acad. Sci. U.S.A.
106, 10960 (2009).
[2] LI.D. Leroux, M. H. Schleier-Smith, and V. Vuletic, Phys.
Rev. Lett. 104, 073602 (2010).
[3] L.M. Duan, M. D. Lukin, J. Cirac, and P. Zoller, Nature
(London) 414, 413 (2001).
[4] M. Fleischhauer and M.D. Lukin, Phys. Rev. A 65,
022314 (2002).
[5] B. Julsgaard, J. Sherson, J.1. Cirac, J. Fiuraek, and E.S.
Polzik, Nature (London) 432, 482 (2004).
[6] D.N. Matsukevich and A. Kuzmich, Science 306, 663
(2004).
[7] K.S. Choi, H. Deng, J. Laurat, and H.J. Kimble, Nature
(London) 452, 67 (2008).
[8] A. Kuzmich, L. Mandel, and N.P. Bigelow, Phys. Rev.
Lett. 85, 1594 (2000).

[9] D.J. Wineland, J.J. Bollinger, W.M. Itano, and D.J.
Heinzen, Phys. Rev. A 50, 67 (1994).

[10] M. Koschorreck, M. Napolitano, B. Dubost, and M. W.
Mitchell, Phys. Rev. Lett. 104, 093602 (2010).

[11] S.M. Rochester, M. P. Ledbetter, T. Zigdon, A. D. Wilson-
Gordon, and D. Budker, Phys. Rev. A 85, 022125 (2012).

[12] S.L. Braunstein and P. van Loock, Rev. Mod. Phys. 77,
513 (2005).

[13] G. Vitagliano, P. Hyllus, I.L. Egusquiza, and G. Toth,
Phys. Rev. Lett. 107, 240502 (2011).

[14] S. Chaudhury, S. Merkel, T. Herr, A. Silberfarb, I.H.
Deutsch, and P.S. Jessen, Phys. Rev. Lett. 99, 163002
(2007).

[15] T. Fernholz, H. Krauter, K. Jensen, J.F. Sherson, A.S.
Sgrensen, and E.S. Polzik, Phys. Rev. Lett. 101, 073601
(2008).

173603-4


http://dx.doi.org/10.1073/pnas.0901550106
http://dx.doi.org/10.1073/pnas.0901550106
http://dx.doi.org/10.1103/PhysRevLett.104.073602
http://dx.doi.org/10.1103/PhysRevLett.104.073602
http://dx.doi.org/10.1038/35106500
http://dx.doi.org/10.1038/35106500
http://dx.doi.org/10.1103/PhysRevA.65.022314
http://dx.doi.org/10.1103/PhysRevA.65.022314
http://dx.doi.org/10.1038/nature03064
http://dx.doi.org/10.1126/science.1103346
http://dx.doi.org/10.1126/science.1103346
http://dx.doi.org/10.1038/nature06670
http://dx.doi.org/10.1038/nature06670
http://dx.doi.org/10.1103/PhysRevLett.85.1594
http://dx.doi.org/10.1103/PhysRevLett.85.1594
http://dx.doi.org/10.1103/PhysRevA.50.67
http://dx.doi.org/10.1103/PhysRevLett.104.093602
http://dx.doi.org/10.1103/PhysRevA.85.022125
http://dx.doi.org/10.1103/RevModPhys.77.513
http://dx.doi.org/10.1103/RevModPhys.77.513
http://dx.doi.org/10.1103/PhysRevLett.107.240502
http://dx.doi.org/10.1103/PhysRevLett.99.163002
http://dx.doi.org/10.1103/PhysRevLett.99.163002
http://dx.doi.org/10.1103/PhysRevLett.101.073601
http://dx.doi.org/10.1103/PhysRevLett.101.073601

PRL 109, 173603 (2012)

PHYSICAL REVIEW LETTERS

week ending
26 OCTOBER 2012

[16] Z. Kurucz and K. Mglmer, Phys. Rev. A 81, 032314
(2010).

[17] K. Hammerer and A.S. Sgrensen, Rev. Mod. Phys. 82,
1041 (2010).

[18] I.H. Deutsch and P.S. Jessen, Opt. Commun. 283, 681
(2010).

[19] M. Koschorreck, M. Napolitano, B. Dubost, and M. W.
Mitchell, Phys. Rev. Lett. 105, 093602 (2010).

[20] B. Yurke, Phys. Rev. Lett. 56, 1515 (1986).

[21] C.M. Trail, P. S. Jessen, and 1. H. Deutsch, Phys. Rev. Lett.
105, 193602 (2010).

[22] M. Kitagawa and M. Ueda, Phys. Rev. A 47, 5138 (1993).

[23] C. Cohen-Tannoudji, Frontiers in Laser Spectroscopy,
1975 Proceedings of the Les Houches Summer School,
Session XXVII (North-Holland, Amsterdam, 1977),
pp. 1-104.

[24] L.B. Madsen and K. Mglmer, Phys. Rev. A 70, 052324
(2004).

173603-5


http://dx.doi.org/10.1103/PhysRevA.81.032314
http://dx.doi.org/10.1103/PhysRevA.81.032314
http://dx.doi.org/10.1103/RevModPhys.82.1041
http://dx.doi.org/10.1103/RevModPhys.82.1041
http://dx.doi.org/10.1016/j.optcom.2009.10.059
http://dx.doi.org/10.1016/j.optcom.2009.10.059
http://dx.doi.org/10.1103/PhysRevLett.105.093602
http://dx.doi.org/10.1103/PhysRevLett.56.1515
http://dx.doi.org/10.1103/PhysRevLett.105.193602
http://dx.doi.org/10.1103/PhysRevLett.105.193602
http://dx.doi.org/10.1103/PhysRevA.47.5138
http://dx.doi.org/10.1103/PhysRevA.70.052324
http://dx.doi.org/10.1103/PhysRevA.70.052324

