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We propose a theoretical scheme to realize a rotation sensing interferometer with spin-orbit cou-

pled atoms. The sensitivity of this kind interferometer is dependent of the atomic mass m™

“ with a

factor @ > 1. Thus the sensitivity can be improved by about one order of magnitude when we choose
Li instead of Rb. Furthermore, comparing to the standard Raman interferometer, the response to
high-frequency time-dependent rotation can be improved through the continuous coupling between

spin and orbital freedoms of the atoms.

PACS numbers: 03.75.Dg, 37.25.4+k, 67.85.-d

I. INTRODUCTION

Matter-wave interferometry has been proved to be a
powerful tool for precision metrology [1-4]. For example,
neutron and atomic interferometers have been used to
measure the rotation of the Earth and the acceleration
due to the gravity [5—8]. Other experiments described in
Refs. [9-11] give accurate results of measuring the sur-
face gravity and various fundamental constants. Up to
now, many kinds of methods can be used to coherently
split the atoms, such as transmission grating [12], double
slits [13] and standing light wave [14]. Currently, with the
rapid developing of the neutral atom cooling and trap-
ping techniques, Raman or Brag pulses have been used
to manipulate the spin states [3, 15, 16], where recent
excited progress is achieved with momentum splitting up
to 102 photon recoil momentum [17].

The phase shift of a matter-wave Sagnac interferome-
ter can be described by ¢sagnac = 4”T’”S - w[18], where
w is the angular velocity of rotation, S is the enclosing
area, and h is the Planck constant. Since the atomic
mass m is much larger than the photon mass %, the
sensitivity of the matter-wave Sagnac interferometer is
much larger than the photon ones. However, as for the
Raman or Brag atomic interferometer, one should find
that the phase shift ¢sagnec = 2k, vT%w is actually inde-
pendent of m, since the enclosing area is S = hk,vT?/m,
where v is the velocity of atoms, k, represents the recoil
momentum and 7T is the drifting time. Therefore, people
always are struggling to increase T [19] and k, to im-
prove the sensitivity[17, 20, 21]. However, the increasing
of operating time is always along with the dropping of
cutoff frequency.

In this paper, we propose a theoretical scheme to re-
alize a rotation sensing interferometer with spin-orbit
(SO) coupled atoms, where the SO coupling is induced
by a synthetic gauge field. The synthetic gauge field
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has emerged as a tool for quantum simulation recently,
such as quantum Hall effects [22-24], Bose-Hubbard
model [25-27], Majorana fermions [28] and topological
insulators[29]. It is notable that a typical SO coupling
for cold atoms has been realized experimentally[30, 31].
For such an interferometer, the phase shift is depen-
dent of the atomic mass. Thus the sensitivity can
be improved by at least one order of magnitude with
the same operating time when we choose Li instead of
Rb, compared with the Raman atomic interferometer.
Another important characteristic of this SO coupling
atomic interferometer is that, it is more sensitive to high-
frequency time-dependent rotation and thus has higher
cutoff frequency[32].

The paper is organized as follows: Section II introduces
the dressed states and the manipulation, such as the /2
and 7 pulses in the dressed state representation which are
useful in the atomic interferometers. Section III shows
how to construct the rotation sensing atomic interferom-
eters with SO coupled atoms. In Sec. IV we discuss
the measurement characteristics of the interferometers.
A brief discussion and short conclusion are given in Sec.
V.

II. DRESSED STATES AND THE
MANIPULATION

For the Raman-type interferometer, the interference
is based on coherently manipulating the atomic internal
states. Here, we would like to introduce the dressed state
atomic interferometer, where the interference is based on
the manipulation of the atomic dressed states in param-
eter space or in real space. We consider a diluted cold
atomic gas in a harmonic trap, where each atom has a
three-level A-type configuration, as shown in Fig. 1(a).
Two counter-propagating laser beams with the corre-
sponding Rabi frequencies ; and € are used to cou-
ple the ground states |1) and |2) to the excited state |3),
with the same large detuning A. In the interaction pic-
ture, the laser-atom interaction Hamiltonian Hy is given



FIG. 1: (color online). (a) Three-level A atomic system cou-
pled with two laser beams characterized by the Rabi frequen-
cies Q1 and Q2 with a large single-photon detuning A. (b)
Schematic representation of laser-atom interaction. The Rabi
frequencies €21, 22 are space-dependent and will exist along
the whole process, while P(t) are the 7/2— 1 — 7 /2 sequences
in the dressed states.

by
Ho = —h(Q1]1)(3] + Q2|2) (3] + 2A]3)(3]) + H.c., (1)

where the Rabi frequencies 7 = Qsinfe’® and Qy =
Qcosf with Q = /|Q1|2 + |Q2]? (0, ¢ are the variable
parameters). Under the dressed state representation, we
get a unitary matrix I' related the dressed states |x) =
(1), Ixa)s Ixs)™ to the bare states (1), [2), [3))™"
(T'r denotes the transposition), while the dressed states
|x) are the eigenstates of the Hamiltonian (1) with the
corresponding eigenvalues A = ( 0,A — VA2 + Q2 A+
VA2 + 02?). The matrix I is given by

cosf  —sin fe= ¥ 0
I'= | sinfcosvye® cosfcosy —siny |, (2)
sinfsinye*® cosfsiny cosvy

where 7 is determined by tany = (VA2 + Q2—A)/Q [23].
Using the large detuning condition A > €2, we could get
v — 0 since tan~y tends to zero. Then the two lower
dressed states {|x1), |x2)} have negligible contribution
from the excited state |3). Thus a subspace is spanned
by the two lower dressed states{|x1), |x2)}, where

|X1> = C089|1> —sin 06_i¢|2>a (3)
Ix2) = sinfe’?|1) + cos 6]2).

We may use other two similar laser beams to realize 7
and w/2 pulses in the dressed-state-space which are re-
quired for the atom interferometer (see the next section).
The 8 (= 7, 7/2) pulse is defined as U, = e*w",yﬂ, where
o, = i(|x2)(x1| — [x1){xz|) is the Pauli matrix applying
on the dressed-state-space {|x1),|x2)}. Since the phase
in Eq.(3) is actually irrelevant to the sensitivity of the
atomic interferometer, we may simply choose it to be
zero (i.e., let the two lasers represented by ;1 and o
have the same phases). Under this condition, we have a
simple relation o, = o, where o, = i(|2)(1] — [1)(2]) is
the Pauli matrix applying on space {|1),]2)}. We may
use this relation to realize the required S pulse.

For concreteness, we choose the Rabi frequencies co-
propagating along the x axis to be Q,; = Qp2e'™/?, see
P(t) in Fig.1(b). The corresponding Hamiltonian H,, in
the bare energy basis {|1),]2),]3)} is then written as

0 0 Qp
Hy=h| 0 0 Qp» |. (4)
Qo 20

It is straightforward to show that the effective Hamil-
tonian projected to the subspace {|1),]2)} under the
large detuning case (i.e., A > |Qp1], Qp1]) is given by

H, = hé(1 + o) with § = %. Since o, = oy
in the case ¢ = 0, we derive an evolution operator
U, = e~ 72 with g = 20t, up to an irrelevant overall
phase e %% when the applying time of the pulse P(t) is
tp. Therefore, we can realize the operators 7/2 — 7 —7/2
sequences between the dressed states |x1) and |x2), which
are required by the dressed state interferometer, by turn-

ing on two pulse lasers for suitable time ¢,,.

III. ROTATION SENSING DRESSED STATE
ATOMIC INTERFEROMETER

After the first /2 pulse, the harmonic trap is turned
off at time ¢ = 0, and the atoms fall off due to gravity with
an acceleration g = 9.8m/s? (along the direction e, ). In
the whole process the above configuration of the light-
atom coupling exists and leads to a gauge field. Different
dressed states will experience different spatially varying
gauge field in this space-varying laser fields, which can
be used to realize the splitting and recombination of the
atoms for an area enclosing interferometer. This idea is
different with the Raman-type interferometer [15] where
the Raman pulses change the internal states as well as the
external states. As shown in Fig.1(b), we consider in this
paper that two counterpropagating Gaussian laser beams
are given by ;(x) = Qocap[—(x — a;)2/o)exp(~ik;y),
(j = 1,2) [23], where the propagating wave vectors k; =
—ko = k/2 and the center position 1 = —x2 = Ax/2.
Then the effective Hamiltonian reads

1
Ha = %(—’LT“LV - A0)2 + VU(T)v (5)
where o = +1 represent the pseudo spin |x1) and |x2),
respectively. The gauge potential in real space is given
by Ay = Traattarayey with d = 0§ /(4Ax). The Hamil-
tonian (5) is actually equivalent to that of a particle with
SO coupling o.p, [23]. The scalar potential V, has small
modification toward the motion of atom. The synthetic
magnetic field has the form

ohk

o= % € 6
4d cosh?(z/2d) (©)

and its spatial distribution is illustrated in Fig.2(a) for
the typical parameters Azg = 2.5um, o9 = 10pum and
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FIG. 2: (color online). (a) The distribution of synthetic mag-
netic field along x axis with different parameter ¢g. (b-c) Spin-
dependent trajectories of a single Rb atom in (b) and atom Li
in (c) during the procession in the rotating frame w. The di-
vision of superposition state induced by the space-dependent
Rabi frequencies is illustrated by the blue solid lines. We
recombine the atom by a 7 pulse and then the atom is trav-
eling along the red dashed lines and interfere at point M.
The atoms collected by the collectors C1, C2 will be used to
examine the interference induced by rotation w. The other
parameters Azg = 2.5um, oo = 10pum and k = 10" m~L.

k = 10" m~!. There is a peak at = 0. Increasing the
separation ¢ = Ax/Axg between the lasers will improve
the maximal value of B,, while the spatial distribution
will shrink, since the total effect is limited by the photon
recoil momentum through the relation [ Bdx = 2hk,.

The trajectories of atoms are determined by the
Heisenberg equations of motion with the initial condition
r = 0, 7 = 0. Therefore, after switching off the harmonic
trap at ¢ = 0, the atoms will fall off due to the gravity,
and split into two parts in the gauge field. After the =
pulse, the atoms will recombine and enclose an area as
illustrated in Fig.2(b) for the atom Rb. As for a typical
example shown in Fig. 2(b), the 7 pulse is applying at
tg = 0.19ms to reverse the pseudo spin states. Then the
dressed states will feel an opposite force in the synthetic
field, as shown by the red dashed lines in Fig.2(b). The
two arms will meet at point M after t. = 0.683ms, t. is
the time that the final 7/2 pulse is applying. As shown
in Fig.3, t. increases linearly with ¢4 for ¢4 less than 1
ms and then ramps quickly after that. The atoms from
two arms will interfere after eliminating the path infor-
mation by another w/2 pulse. In the operator language
such pulse sequences are described as

Us :Pﬂ'/2(tc+td)S(B_)Pﬂ'(td)S(B+)P7T/2(O)7 (7)

where S(BT), S(B™) stand for the interaction of syn-
thetic magnetic field along the trajectories. For compar-
ison, the trajectories of Li atom are plotted in Fig. 2(c)
for the same parameters except of the atomic mass. It is
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FIG. 3: (color online). The relationship between the division
time t4 and the recombination time ¢..

shown that the enclosed area of Li is much larger than
that of Rb.

The phase difference A¢ contains the following three
typical contributions

A¢ = ¢Sagnac + d)grav + QbLA, (8)

where ¢sagnac is the usual Sagnac phase difference due to
rotation. ¢g,q, represents the contribution from gravity.
It is clear that the two interfering arms accumulate equal
phases and therefore ¢g,.q, = 0 as a result of the reflection
symmetry of the system. In addition, the emergence of
gravity breaks the time-reversal symmetry of the quan-
tum system, making the interfering arms stretch along
the direction of gravity as time passes. The last term ¢, 4
origins from the interaction between lasers and atoms
since the lasers may bring in an external phase differ-
ence in general. The system can be viewed as a charged
particle with the charge ¢ = £1 moving in an effective
magnetic field B, and thus the wave function picks up a
phase factor exp(F2 [ Adl). Because of the /2 pulses,
the atom goes through the two trajectories at the same
time and senses the opposite field. As a result, the total
magnetic flux is zero which implies no external optical
phase. Therefore, the interference is determined just by
the Sagnac phase shift.

The final detection of interference is determined by the
pseudo-spin population difference, which can be exam-
ined by the atomic population of state |x1) in the collec-
tors C1, Cy, i.e.,

N, = g(l + cos A¢p), Ng = g(l —cosAg). (9)

Here N is the total atomic number. N;, N are the
atomic populations of dressed state |x1) collected by Ci,
(s, respectively. Usually, to make sure that purely the
population in state |y1) is detected, one can transfer the
state |x2) to a different hyperfine ground state |H) by
another Rabi frequency that couples state |3) with state
[H) [23].
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FIG. 4: (color online). (a) The enclosing area S versus pa-
rameter ¢ with the division time tq = 0.4ms. (b) Area S
verses the ratio m/mo with different max operating time.

IV. MEASUREMENT CHARACTERISTIC OF
THE INTERFEROMETER

Now we are in a position to discuss the measure-
ment characteristics of such a system. The sensitivity
of the atomic interferometry is k = 4”T’”S. As shown in
Fig.4(a), the enclosing area S, which is proportional to
K, increases with Az since the inhomogeneous field B,
will be compressed as Ax increasing. Such characteristic
makes it easy to obtain a large area. In addition, for the
standard interferometers, the enclosing area is propor-
tional to m~!, whereas the area of the dressed state inter-
ferometer is proportional to m~ (the factor a & 2 when
tq is small). Fig.4(b) shows the area versus the atomic
mass with different maximum operating time 7,,,4,, here
mg is taken to be the mass of 87Rb. Comparing with
the Raman-type interferometer, with the same operating
time (Tinaz) and maximum drifting velocity (¢Tmax)[34],
the proposed interferometer has larger enclosing area for
the lighter mass atoms, as shown in Fig.5(a). The sen-
sitivity of Raman atomic interferometer is almost inde-
pendent of the mass m. In contrast, the sensitivity of the
dressed state interferometer increases linearly with the
decrease of In(m/mg). So the sensitivity of the rotation-
sensing interferometers can be improved at least 10 times
with Lithium instead of Rb. Furthermore, increasing the
separation between the lasers will improve the enclosing
area as shown by the dashed line in Fig.5(a).

It’s useful to compare the dressed state method with
the standard Raman transition manipulation technique
in detecting time-varying signals. The optical method
proposed here provides a continuous spin-orbit coupling,
so our system has higher sensitivity to the signals than
that of the Raman-type, while the latter only couples
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FIG. 5: (color online). (a) Enclosing area in Raman-type in-
terferometers (blue solid line) and in the SO coupling with
g = 1.11 (red dotted line), ¢ = 1.43 (black dashed line) and
ts = 0.2ms. As can be seen that the interferometry using
gauge field will dominate at lighter mass elements such as
Lithium and Sodium. (b) The response factors towards sinu-
soidal time-varying signal for Raman and SO-type interfer-
ometers.

the spin and orbit in discrete points when laser pulses
are shining. An interesting discussion is given in Ref.[32]
where the benefits of measuring the gravity signals are
demonstrated. In general, a sinusoidal signal w(t) =
w, sin(wot) with w, - Te < 1 is applied to the system to
investigate the cutoff frequency [15]. In the case of the
atoms interacting with the rotating lasers, the Sagnac
phase shift is rewritten as

Sagnac = [% / sin(wot) - (r X v).dtjw, = Rw,, (10)
c

where C' is the closed path enclosing the area and R is
the response factor towards rotation w(t). Obvious the
response factors R is determined by the velocity and the
orbit coupling [35]. We plot the response factors R of
the Raman-type and the SO-type in Fig.5(b) in the unit
of mLv/h, where L is the maximum separation of the
interferometers, v is the drifting velocity for Raman type
and the average velocity along y for SO coupling system
respectively. Since the spin in our system is continuously
coupling with the orbit, the final detection of spin states
will have much higher response factor than that of the
Raman type as shown in Fig.5(b).

V. DISCUSSION AND CONCLUSION

Before concluding, we make some additional comments
related to possible concerns in realistic experiments. We



have considered the thermal ensemble of diluted ultra-
cold atoms for the convenience of manipulation and de-
tection. So we assume that the atomic gas has a tem-
perature of 1K at which it can be well described as a
classical gas. Under this temperature the initial num-
ber density and the velocity distribution are both de-
scribed by Gaussian functions characterized by the cor-
responding spatial variance o, and velocity variance o,
respectively. With a similar discussion in Ref. [23],
we know that the spatial separation of the atomic en-
semble won’t be covered by the spread of the ensem-
ble. Nevertheless, such spatial and velocity distributions
decrease the interference contrast by a factor e~ (1/2)75
(3], where the tms oy = +/(0,/rm)% + (04 /vm)? With
rm the maximum spatial separation and v, the maxi-
mum velocity. By choosing typical parameters o, = 2um,
o, = 0.5cm/s, r, = 30mm and v, = g7 = 0.63cm/s,
we obtain a typical reduced factor 0.726. On the other
hand, the decay of the excited state |3) is the main source
of the decoherence. We introduce a complex detuning
A’ = A + i, to describe this decoherence effect, where
e is the spontaneous radiation rate of the excited state

|3). The decoherence time of dressed states can be es-
timated through Tp = (22%26. By choosing the typical
parameters Q = 27 x 0.1MHz, A > 27 x 100MHz and
Ye = 2MHz, we have Tp ~ 1s, which is longer enough for
an interferometer since the operation time is about lms.

In conclusion, we have proposed a theoretical scheme
to realize a rotation-sensing interferometer with synthetic
gauge field. The sensitivity of this SO coupling system
is higher for a low-mass atom. Furthermore, the cutoff
frequency of the time-dependent rotation is higher than
that of the Raman-type interferometer.
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