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Detection of a weak magnetic field via cavity-enhanced Faraday rotation
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We study the sensitive detection of a weak static magnetic field via Faraday rotation induced by an ensemble
of spins in a bimodal degenerate microwave cavity. We determine the limit of the resolution for the sensitivity of
the magnetometry achieved using either single-photon or multiphoton inputs. For the case of a microwave cavity
containing an ensemble of nitrogen-vacancy defects in diamond, we obtain a magnetometry sensitivity exceeding
5.2 nT/+/Hz utilizing a single-photon probe field, while for a multiphoton input we achieve a subfemtotesla
sensitivity using a coherent-probe microwave field with power of P, = 1 nW.
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I. INTRODUCTION

Sensing of magnetic fields with an extremely high sensi-
tivity has attractive applications in various areas of science
and technology [1-3]. Magnetic fields can be measured using
a variety of techniques including a superconducting quan-
tum interference device (SQUID) [1], magnetomaterials [4],
atoms [5-8], and color defect centers in diamond [9—-11]. The
SQUID magnetometers achieve record sensitivities [1] but
require extremely low temperatures to maintain superconduc-
tivity [1]. Recently, atomic magnetometers have demonstrated
subfemtotesla sensitivity, approaching the record sensitivity
of SQUID sensors [6-8]. Diamond magnetometers exploiting
nitrogen-vacancy (NV) defect centers in diamond offers
detection of magnetic field signals, both with high spatial
accuracy [12-15] as well as high field sensitivity down to sub-
pT/+/Hz [9,11,16]. In this work, we describe a magnetometer
approaching sub-fT/+/Hz sensitivity with nanowatt-order
input power that exploits the Faraday rotation of microwave
(mw) photons induced by a static magnetic field.

In the Faraday effect the polarization of electromagnetic
fields traveling in magneto-optical material can be rotated
by applying a static magnetic field. This Faraday rotation
can also be well explained by a quantum mechanism [17].
Based on this quantum understanding, Faraday rotation has
been proposed to detect quantum fluctuations [18] and induce
giant phase modulation [19]. Giant optical Faraday rotation
has also been observed [20,21]. The polarization rotation
due to the Faraday effect has been well studied for classical
optical magnetometers, but a corresponding discussion of the
sensitivity limit is so far absent in the literature.

In this paper we investigate the sensitivity limit of a
microwave version of a Faraday magnetometer. In our scheme
the polarization of microwave probe photons is rotated by
an ensemble of spins coupled to a microwave cavity. By
measuring the subsequent rotation of the photon’s polarization
we are able to detect a weak static magnetic field applied
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to the spins. Thanks to the low frequency of microwave
photons and the lower vacuum energy fluctuations, as com-
pared with the optical photons, we find that the microwave
reflectance Faraday magnetometer is ultrasensitive in compar-
ison with optical magnetometers, given the same probe field
power.

II. SYSTEM AND MODEL

Before describing the details of our system and model,
we first present the main idea of our scheme to measure a
weak magnetic field. Our scheme involves an ensemble of
spins coupled to a mw cavity. A horizontal-polarized probe
mw field is input to the cavity. This mw input field can
be decomposited into the o - (right circular-polarized) and
o_-polarized (left circular-polarized) components. The mw
cavity also possesses o,- and o_-polarized modes which
are degenerate in frequency. The two orthogonally polarized
cavity modes couple to two separate transitions of spins
contained in the cavity. When a weak static magnetic field is
applied to the ensemble of spins, it shifts the two transition
energies up or down oppositely and subsequently causes
different detunings between the transitions and the cavity
modes. Thus the reflected fields suffer different phase shifts,
yielding a Faraday rotation angle. As a result, in the output the
superposition field of the two polarization-orthogonal modes
includes both horizontal- and vertical-polarized photons. By
measuring these photons we can estimate the magnetic field
with a high precision.

We now describe in more detail our scheme for magnetic
field sensing. In the scheme an ensemble of NV centers couples
to the mw cavity as shown in Fig. 1. We assume that the
mw cavity supports right and left circular-polarized (o- and
o_-polarized) cavity modes {d,,a_}, and these modes are
degenerate with resonance frequency w, and intrinsic loss
ki. A horizontal (H)-polarized coherent mw field o;, with
frequency wj, enters the cavity with an external coupling rate
of kex and then yields an output field «qy. This input field o,
can be decomposed into o;- and o_-polarized components
driving the cavity modes. The o- and o_-polarized cavity
fields suffer different phase shifts because they couple to a
different transition within the spin ensemble (Fig. 2). Due to the
interaction between the spins and the mw fields in the cavity,
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FIG. 1. (Color online) Schematics of setup for detection of a
weak static magnetic field B. An ensemble of spins couples to a
microwave (mw) cavity. The horizontal-polarized mw field «;, inputs
into the mw cavity and then is reflected off the cavity (aoy) to
the detector. The output field reflected off the cavity is detected
by the polarization-resolving photon detector D. The polarization
of the output field is rotated by an angle ¢r due to the Faraday effect.
The cavity has the resonance frequency w, and the intrinsic loss ;.
The input mw field couples to the cavity with an external coupling
rate Kex.

the polarization of the output field ¢y is rotated by the Faraday
angle ¢, and hence «,, includes a vertical (V)-polarized
component. For a clear discussion of the relation between the
input and output amplitudes and polarizations, we define the
annihilation and creation operators, & and ¢7, for a quantized
radiation field. We use the notation &y [22,23] to denote a
x -polarized field of mode &, where ¥ is the unit polarization

FIG. 2. (Color online) Configuration describing the interaction
between the cavity mode a4 and an ensemble of NV~ centers. Two
degenerate cavity modes, the right circular-polarized mode a, and
the left circular-polarized mode a_, are detuned from the zero-strain
splitting by A,. We shift the transition [m, = 1) < |[m; = 0)(jm, =
—1) < |my; = 0)) by a bias static magnetic field By, which creates
a static frequency shift A = upg.By. The weak static magnetic field
8 B causes another small shift § = upg.8B.
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vector. The polarization vector y can be H,V,o),0_ or
an arbitrary linear polarization 6 = cos6@H 4 sinfV with
0 € (—m,m]. Next we discuss the magnetometer sensitivity
in the case of single-photon and multiphoton measurements.

In the case of a very weak input, a single-photon probe mw
field enters the cavity and we consider all possible outputs. The
output mw field is no longer perfectly horizontal polarized
due to the Faraday effect and a polarization-sensitive mw
photon detector connected to the output port may detect a
horizontal- or vertical-polarized photon or a “dark count” with
associated probabilities. The “dark count” implies that the
input photon is lost to the environment or is absorbed by the
materials. The limit of the sensitivity can be determined by
the Fisher information. In classical measurement, we input a
weak coherent-probe mw field with power P;, into the cavity
and only measure the intensity of the vertical-polarized output
component /. The horizontal-polarized component is filtered
from the output.

Our scheme involves the interaction of mw modes in the
cavity and an ensemble of spins, taken here, for example, to
be NV centers. In Fig. 2 we graph the ground-state triplet of
the NV defect in the presence of a static bias field. The mw
cavity modes d and a_ drive the magnetic transitions |m; =
1) < |my; =0) and |m; = —1) < |my = 0), respectively. In
the absence of any magnetic field, the zero-strain splitting of
the NV centers is assumed to be D ~ 2.78 GHz. Under the bias
magnetic field By and the signal field to be sensed § B, the levels
of |my = 1) and |m; = —1) are shifted up or down by A + §,
respectively. The magnetic field is applied along the z axis of
the spin crystal and results in 6 = upg.6B and A = upg. By,
where @z = 14 MHz-mT~! is the Bohr magneton and g, &
2 the electron-spin g factor. The interaction Hamiltonian
describing the coupling between the spins and cavity takes
the form

A=Y (g.ra}Im; = 0);(m; = 1] +He)

J

+ > (gjalimg = 0);(m, = =1+ He), (1)
Jj

where g; r (gj,r) is the coupling rate between the cavity
mode @, (a_) and the transition [m; = 1) <> |m; = 0) (|m; =
—1) < |my = 0)) of the jth spin. For simplicity we assume
that g; g = g;,1 = g for all spins. Our scheme is essentially
based on the selective driving of separate spin-state transitions
by two orthogonal, circularly polarized degenerate cavity
modes. These selective transitions have been observed in
experiments [24,25]. For an ensemble of N spins we can
apply the Holstein-Primakoff transformation [26] to define the
collective operators ¢, = 1 /\/_ Z |ms; = 0);(m; = 1] and

_= 1/\/_21‘ |mg; = 0);(m; = —1|, which allows one to
consider a large number of spins as a generalized harmonic
oscillator coupled to the cavity mode with a collectively
enhanced rate G = /N g. The Holstein-Primakoff transfor-
mation requires that the spin ensemble be highly polarized in
the |my) state, which can be achieved via optical pumping.
Hence the interaction Hamiltonian now becomes

Hy = (Gale, + G*ale. +He). )
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The free evolution Hamiltonian of spins under the magnetic
fields By and B is given by

gpm—ZD, ”+Z(A+8)S,,,

where S, ; is the z component of the spin-1 operator, and
D; the zero-strain splitting of the jth spin. If we neglect the
inhomogeneous broadening of D; due to different local strains
and assume D; = D, then we have

Hgin = D@ ey + el e )+ A+ 8)ctes —éle). 3)

We consider input probe fields 4, each with frequency wy,.
The full Hamiltonians for o- and o_-polarized cavity modes
and spin ensembles takes the uniform form

Higy/h = w,alas + Deles + (A + 0)cey
+(Gales + G*elay)
+iyv 2k (@tal —attay) 4)

where the o (o_)-polarized input uses the +(—) sign, and
y 1is the decoherence rate of the spin ensemble for each
transition. Using these Hamiltonians and the input-output
relation [27,28], we can calculate the amplitude of the
reflection in the frequency domain at @ = wy, to be

2K oy
re(wip) = —1+

; S
iA; + (Kex + ki) + m

where the detunings A, = o, — @i, and Ay = D — wip. @in
is the carrier frequency of the input probe field of «jy.
Equation (5) is valid for both a single-photon and classical
probe field when the number of photons in the cavity is much
smaller than the number of spins [29-31]. We convert the
input and output fields from the o, - and o_-polarized basis to
the H- and V-polarized basis by the relations 6, = (H —
iV)/V2,6-=(H+iV)/v/2 [or H=(04+406-)/v2,V =
(54 —5_)/~/2] [32]. Thus the input and output in the H
and V-polarized basis is governed by a scattering matrix as

al H P al'H ©
ayv) T\aYv)’
with

5 — ( r'HH irHv> _ ( %: i:*JrT:‘> e
—lrve  rvy —i5= 5=

Specifically, when a H-polarized mw probe field allH =

atoy +a,o_ =aj /\/_(o++0 ) is input into the cav-
1ty, the output field takes the form douXouw = 2 8 (ry
ro)H — i 2(ry —r-)V. The corresponding output power
spectrum of the vertical and horizontal polarization are
given by Sy(@in) = Ry{ah (—wn)ali (@) and Sy (wi) =
RH(am( a)m)a (win)) [33], respectively, where Ry =

|rVH| (Ry = |rHH|2) We define the reflection ro = |ry|e’?*,

= % and §r = oIl ' "I The polarization of the output
field is rotated by the Faraday angle gy = & 2")‘ with respect

to the H-polarized input field. For a V-polarized input
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field &YV = iaY //2(G, — G_), the output field is i % (r+
r_)H + “‘(r++r )WV.

III. LIMIT OF MAGNETOMETRY SENSITIVITY
A. Single-photon input

If we assume that our detector has a unit quantum efficiency
n = 1 and input a single photon into the setup, the probability
to detect an output photon polarized along V or H can be
determined as Py = Sy /Sy or Py = Sy /S, with Sip(w) =
(&Jn(—win)&m(win)) atw = wjy,. [tisalso possible that no photon
clicks the detector due to the “dark count,” indicating the loss of
the photon before clicking the detector. This latter probability
due to the loss of photon from cavities is Pp = 1 — Py — Py.
The probabilities for three possible outputs are

Py = #*sin’*(pF) + 8r* cos*(¢r) = |rvpl®
Py = 7> cos*(¢F) + 8r” sin*(¢r) = |runl”, ®)
Po=1—@F+682).

We are interested in the sensitivity of the system to perform
a measurement of the static signal field 6B, 9P 5%3 ) which
means how fast the probabilities to detect a photon in state
& = {V,H,®} change for a certain signal § B. We first examine
the limit of the magnetometry sensitivity using a single-photon
input mw pulse. Consider a single-photon probe prepared in an
initial quantum state p(0) that this evolves to a state p(t,,) when
exposed to the signal § = ppg.6B after a measurement time
7,,. This generates three possible outcomes with probabilities
P: with & € {H,V,0@}. To evaluate the performance of sensitiv-
ity of our setup, we rescale all parameters by «;. Generally, the
maximum amount of information about § that can be extracted
from the polarization-dependent measurement is given by the
Fisher information [34,35]:

s 2
(g 1 IP(E18/Ki)
Fi(6B) = < p ) Z p(g|3/;<i)< 98 /ki )

E=V,H,0Q
1 [(9PEIS)\’
= (upg)® Y —(—) : ©)
v 1.0 P(§19) <)
This leads to the Cramér-Rao bound [35,36]
1
AB > (10)

Vo F1(8B)
where v, is the number of times the measurement is repeated.
If the total measurement time iS T,y and each measurement
takes a time 7, then we have the following sensitivity for a
single-photon input:

A/ Tm

A Bspa/Tiotal = W
1

In practice the time 7, is determined by the FWHM of the
Fisher information when evaluated as a function of the signal
8B (see Fig. 4 below).

(1)

B. Multiphoton input

Generally, when estimating the value of a parameter ¢
contained in a measurement operator M, and taking the
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root-mean-square (rms), Ag, of variance as an impression,
the estimation can be obtained from [37-39]

5 AM?
AP = —— (12)
10(M)/0¢]*

where the variance AM? = (M?) — (M)?, with the expecta-

tion values taken as the appropriate input state. We only detect
the V-polarized output photons so we have M = aim&;ﬁt

We now estimate the limit of the measurement sensitivity
for the multiphoton input where the probe field is a weak
coherent mw pulse with an input power Pj, corresponding

to a mean photon number 7j,, the quantum expectation
of the operator fy, = anal all. We have (&:IT&H) = Qexlin =
W Po 140,417 (g, = P nin 119]), where 1/7., = 2k is the
pﬁoton decay rate into the associated outgoing modes [40].
Here we replace 7., with the duration t,, of the probe pulse
when calculating n;, [40], because the duration of probe pulse
is limited by the bandwidth determined by Fisher information
now. The spectrum of the input probe mw field Si,(wi,) =
(a,lg (— a)m)a (win)) = 2Kexflin [33,42]. We now focus on the
vertical- polarlzed output.

In our setup, the input and output ports, and the cavity
support both H- and V-polarized fields. As a result, both
the H- and V-polarized noise can enter the input-output
port and the cavity through the external coupling channel
or the intrinsic lossy channel and then are reflected to the
detector. The operators denoting the noise entering the cavities
are EVH = ENG, +5.)/V2 and &YV = iEY (G, —5.)/V/2
due to noise entering the cavity via the external environment
through the k. channel, and §IH H = §IH(3+ +5_)/+/2 and
£V = i£Y (6, — 5_)/+/2 due to internal loss channels within
the cavities. We define nominal transmissions - = 1 + r4. for
use below.

The quantum Langevin equations for the cavity modes &
and spin operators ¢ now take the form

X . A A ~H &H &H
A+ = (—iw, — k)a+ — iGCq + /Kexlyy + /Kex8p + VKi§]

+ikexly T iKiE (13a)
b =[—i(D+£A+8)—y/2lex —iGa , (13b)

where k = kex + k; is the total decay rate of the cavity. The
modes ¢4 are Holstein-Primakoff transform of the collective
spin operators, and we don’t consider noise entering them.
The internal noise at w = wjy, élH and élv, also enter the output
ports through the scattering matrix

i =t

S — Ki 2 )
= Lty —t tott
Kex 175~ 72

- 1+ rytro l-r+7r_
= ﬁ .7 —2r )‘2 +r ’ (14)
Kex —1 +2 — 1 —+ +2 —
so that

ot H EH ol H
) =S s e ) s £ s
aoulv %_Ivv aE V gE
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The output fields are

At T+ (sH | 2H 4 2V
gy = —=(ay, + &g i) +
t ﬁ ( E E ) Kex \/— (
Ay g
out \/E ) out \/E
The vertical-polarized output includes four contributions: (I)
the input probe field, all; (II) the external H-polarized noise
ELl; (TIT) the internal H -polarized noise &M; (IV) the external
V-polarized noise ég’ ; and (V) the internal V-polarized noise
élH. The total V-polarized output field is given by

EI :I:lgl) (16a)

(16b)

~ Ki ~
AV ~H H i2q
Aoy = —1TVH <ain + &g + — & >
ex

Y Ki sy
+ |:FHH§E + +VHH)1/K—EI ] . o))

Note that (r. —r_)/2=(ty—1t_)/2 and (rp+r_)/2=
—1 4@ +12)/2.

We note that the microwave cavity used in our scheme can
be highly excited at a finite temperature due to thermal noise.
At these elevated temperatures the signal can be overwhelmed
by the cavity’s thermal occupancy if the input probe field
includes only a few photons. Utilizing NV centers as our spin
ensemble, a temperature of ~140 mK can excite a single MW
cavity photon and cause considerable noise in the detector.
To provide a general estimate of sensitivity we consider
the whole device is put in an environment with a uniform
and finite temperature 7. The cavity thermal noise operators
are defined as A} = £3'6% and A} = £MEX with x € {H,V}.
Their quantum expectations are (i) = 2kexiip and (A]) =
2iifigy, [43], respectively, with iy, = 1/(e" /K87 — 1), and K
is the Boltzmann constant. Note that only near-resonant noise
enters the cavity and detector. Their variances are An
(2kex)? (nth + i) and A7 ”‘2 (2/<1)2(nth + i) [43]. We also
have (i1jn) = 2kexflin and An = (2kex)*iiin for the coherent
input field. The quantum expectations and the variances of the
H- and V-polarized thermal fields are equal.

The small magnetic field §B to be measured is con-
tained in the measurement operator M = alvay . The V-

out@out
polarized output field is a noisy coherent state with the

total thermal noise &, = —irVH(é‘g + KK—e‘XélH) + [FHHé'g] +
(1 4+rgn) :—'élv] on top of a coherent state | — iVVH(&g)).
We define 71z = (éjotétm) and have [43]

2
P

ng = 2KexPV’_lth|:1 + (—1> } + 2Kex Priiisn
Kex

1+ Py + 2% A\
x|:1+ + Py + 2NR[rpy] <L) j|(18a)
PH Kex

AELED? = i + s | (18b)

where N[x] gives the real part of a complex number x. The
quantum expectation of the operator M reads

<M> = 2KexPVﬁin + ﬁE P (19)
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where Py = |ryg|?. Thus the variance of the output can be
evaluated as

AM? = 2kex Py V' iin(271 [ 26ex Py + 1) + (7F + 15 -

When the mean photon number of thermal noise entering the
detector is much larger than unity and the photons in the probe
field are much larger than this thermal noise, i.e., 7ij, > 7ig >
1, to a good approximation we have

AMZ = 4Kexpvf_lin(7_l§ + KexPV) (20)

9 2 2
(—8<M> ) = 4K§X<aﬁ) i @1
ol k)

Substituting Egs. (20) and (21) into Eq. (12), and using
8 = UpgedB, 2kexTex = 1, we obtain the sensitivity limit for
the multiphoton input,

and also

ABup > YT V(2 F 2Ke Py)
tot <o —
\/FI,V(‘S) \/2Kexnin

> 1 JCthKBT+thw,
=~ VFv(©) P ’

where Fiv(8) = (,uBge)ZPLV(%)2 is the nominal Fisher in-
formation of the vertical-polarized output field, and Cy, =
2Py[1 + (,f—i)z] +2Py[1 + IHD%ﬁmr”’”'(:—‘)z]. Here we ap-
plied the relation nnhow, =~ KgT for ng, >>exl. In the case of
K; < Kex, the limit becomes

1 2(Py + Pu)KgT + Pyho,

Vv Fiv(6) VP
(22)

The multiphoton limit of Eq. (22) immediately shows us
that the sensitivity is proportional to /T /Py, for KgT > hw,
and can be improved by cooling the resonator or increasing
the probe power.

It is very interesting to note that the sensitivity limit in the
multiphoton measurement, Eq. (22), is inversely proportional
to o/ Pin X /T,y /Tiin. This means that the sensitivity cannot be
improved by increasing the duration of the probe pulse when
keeping the input power constant.

The multiphoton limit also shows an important advantage
for sensing using a mw cavity with an input mw field
of frequency wpy over an optical system with wy > Ony-
Given the same Fisher information, the input power Pj,, and
the environmental temperature we have, hwnw/2 K KpT <K

ABnpA/Tior 2

hw,
2KgT

the mw system in comparison with the optical system. For
typical parameters T = 70 K and w, = 1.78 x 10" rad/s cor-
responding to the wavelength A = 1064 nm, the improvement
factor is about 10 and can be up to 2 orders as T — O for
Wmw = 27 X 3 GHz.

Our system is too complex to provide an analytical form
for the Fisher information, and in what follows we calculate it
numerically.

hw,/2, the sensitivity can be improved by ~

using
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FIG. 3. (Color online) Probabilities P(£|5/«;) (a) and derivation
of probabilities d P(£|6)/95 (b) of three outputs as a function of
the magnetic-field-induced level shift §. A, = A, = A, =0,A =
0,kex = k;,G = k;,y = 1073. Blue lines indicates the probability of
the vertical polarization (Py), red lines for the horizontal-polarized
outcome (Py), and green lines for the probability of detecting zero
photon (Pg). Small circles are the average over 500 simulations, with
A, randomly varying within 10%x;, around the mean frequency,
A, =0.

IV. NUMERICAL RESULTS

Figure 3 shows the probabilities, Eqs. (8), and their
derivatives for the three possible outcomes (horizontal, ver-
tical, and no photon). The conditional probabilities P(£|5)
(¢ ={V,H,®}) are found to be symmetric with respect to
8 = 0. The probability P(¥|8) has a Lorentzian profile with
a dip P(@|8) =0 at § = 0. When § ~ 0, the probability to
detect a horizontal-polarized photon is nearly unity. When the
cavity and the spins are off resonant, the probability to detect
a vertical-polarized photon increases, reaches the maximum
P(V1]5) =0.25 at || = 0.494k;, and then decreases again.
This nonzero value of § indicates that there is an optimal bias
with A = §. Throughout the description below, we replace the
nonzero § with the bias A.

The derivatives of these probabilities are antisymmetric
with respect to 6 = 0. They reach absolute maxima at similar
positions, § ~ 0.2«;. Therefore, when the spins are biased at
A ~ 0.2«;, our magnetometer is most sensitive to the weak
magnetic signal.

In the above we considered the cavity modes to be coupled
to a large number of spins. Typically this spin ensemble
experiences some inhomogeneous broadening due to local-
strain splitting in the crystal. This local-strain fluctuation
causes fluctuation in D; in situ or equivalently, pure dephasing
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FIG. 4. (Color online) Fisher information as a function of the
magnetic-field-induced level shift 6. A, =A, =0,A=0,G =
Koy = ki, y = 1073k;.

of the spin ensemble [16]. When the inhomogeneity of the mw
transition frequency, the derivation in D;, is comparable to the
decay of the cavity, it can cause extra decoherence and noise
to the system [44—46]. State-of-the-art diamond synthesis can
fabricate an ensemble of NV centers in bulk diamond with
a coherence time longer than 10 us, including the inhomo-
geneity [47,48]. For spin ensembles with small inhomogeneity
(dephasing time 7> > 2 us), a simple two-level model can
accurately predict the behavior of an NV spin ensemble [49].
To evaluate the performance of our magnetometer using an
ensemble of spins with a long dephasing time, we use the
above two-level model and calculate the average probabilities
and their derivatives over 500 random sampled simulations.
These samples take normally randomly distributed zero-strain
splitting D; around the mean value A, =0 with variance
of 10%k;. As shown by circles in Fig. 3, the probabilities
are slightly different from the ideal resonant case, but the
derivatives change only slightly. For simplicity, throughout our
investigation below, we simply take zero inhomogeneity. This
approximation can provide a simple model but a reasonable
estimate of the sensitivity for our magnetometer.

The Fisher information is crucially dependent on the condi-
tional probability derivatives. At = 0, the Fisher information
has a deep drop, while it has a peak of F;(8§/«;) = 29( "Bg")
at |A| =0.07«; (see Fig. 4). The full FWHM deﬁnlng a

1.0
0.8}

5 10 15 20
Kex/Ki

FIG. 5. (Color online) Sensitivity scaled by F@ as a function of
the external coupling k. and the cavity-spin coupling G. G/«; =
(0.02,0.1,0.2) = (solid blue line, dashed red line, dot-dashed yellow
line). A, = A, =0.
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FIG. 6. (Color online) Fisher information scaled by ( ) as a
function of the spin-cavity coupling G and the magnetic- ﬁeld induced
level shift §. A, = A, = 0 and kex = 10k;.

bandwidth for measurement is about 0.6x;. Note that the
resolution of a probing system is governed by the product
of the average Fisher information and the bandwidth 1/1,,
see Eq. (11). This gives a sensitivity of AB/Tio 2 1.2 X
107! /k; for G = kex = & and y = 10 3k;.

Now we find the optimal sensitivities. As shown in Fig. 5,
we calculate the sensitivity for the single-photon input as a
function of the external coupling «.x for different spin-cavity
coupling G. It can be seen that the optimal sensitivity of
<0. 03 *F can be obtained when G/k; ~ 0.1 and kex /k; > 7.

For a large coupling, e.g., G/k; = 1, the sensitivity is low,

> 0.1/1;. For a very small coupling, e.g., G/k; = 0.02,

the sensitivity becomes lower. For medium coupling rates,
G/k; ~ 0.1, the sensitivity rapidly decreases to a limit of
0. 027 ‘/'7‘ at Kex /K X

To ﬁnd the optimal spin-cavity coupling G, we calculate
the Fisher information, shown in Fig. 6. Clearly, the Fisher
information Fj is large when 0.06 < G/k; < 0.1, whereas
the width increases from 6.4 x 10~*k; to 9.6 x 10~*«;. This
indicates that the sensitivity is optimal when G ~ 0.1k;.

For the multiphoton input, we are interested in the maximal
Fisher information of the vertical-polarized output. Once
known, we can estimate the sensitivity for any environmental
temperature and any input power. Figure 7 shows the nominal
Fisher information of the vertical-polarized output as a
function of the detuning §. The maximum value is about Fiy &
105("z—ig5)2, yielding 1.92 x 10‘19\//3 for P, =1 nW and
T = 70 K. Note that the FWHM is small, about 4 x 10~ 3x;.
Thus, to achieve the highest sensitivity, the probe pulse needs
to be long.

V. DISCUSSION OF EXPERIMENTAL IMPLEMENTATION

The experimental implementation of our magnetometer
crucially relies on the realization of a microwave cavity
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FIG. 7. (Color online) Fisher information as a function of the
intercavity coupling J and the detuning §. A, = A, = A, =0,A =
0,kex /i = 10,y /k; = 1073,G /i; = 0.1.

supporting both o - and o_-polarized (or H- and V -polarized)
modes, which are degenerate in frequency. Such microwave
cavities require particular designs and have been demon-
strated using transmission line resonators [24,25,50] and
three-dimensional superconducting Fabry-Pérot microwave
cavities [51-53]. The Q factor of the transmission line
resonator can be 100-10° [24,54], while that of the supercon-
ducting Fabry-Pérot mw cavity can reach 10'? [51]. Recently,
Zhang et al. developed a photonic crystal (PC) cavity with
a small mode volume and a high Q (up to 10°), working at
microwave frequencies [55]. This PC cavity can also possess
two degenerate modes with orthogonal polarizations [56-58].
In recent works [24,25], the magnetic transition between the
triplet ground states of NV centers has been selectively driven
with circularly polarized microwave fields in microstrip mw
resonators. Thus many of the essential components for our
scheme have already been experimentally demonstrated.
Now we estimate the optimal sensitivity for detecting
a weak magnetic field using an ensemble of NV centers
coupled to a microwave cavity. Since the magnetic transition
frequency of NV is about 27 x 2.8 GHz, we require a

PHYSICAL REVIEW A 92, 043409 (2015)

microwave cavity with o, = 2w x 2.8 GHz. The decay rate
y of |my; = *£1) of the ground-state triplet has been measured
to vary from a few megahertz [31,59] to 0.01 Hz [60-62].
Our setup with practical parameters y = 10735, kex = 10k,
and G = 0.1k;, using a low-Q factor across a microstrip
resonator with Q = 100 [24,25,50], yields «;/2w = 28 MHz
and can provide a sensitivity of ABsp./Tiorl 2, 5.20T/ VHz
for a single-photon probe field. If an input power of P, =
1 nW is applied and the environmental temperature is fixed
to T =70 K, the sensitivity can approach ABwyp./Tiowm 2
0.57 T/ \/E Note that sensitivities scales as JE . Therefore,
if superconducting Fabry-Pérot cavities with a mediate Q =
10* [51] corresponding to k;/2m = 280 kHz is applied, the
sensitivities can be improved to ABwp./Tiorl 2, 57 aT/ VHz
when P, =1 nW. We note that diamond-based optical
magnetometry has been experimentally demonstrated to obtain
high sensitivity [9,11,47,49]. However, our scheme utilizing a
cavity-enhanced Faraday effect is essentially different from
these optical magnetometry schemes, and moreover, our
scheme promises to achieve higher sensitivity given the same
probe power.

VI. CONCLUSION

We have studied the polarization rotation of linear-polarized
microwave photons input into microwave cavities coupled to
an ensemble of spins. Measuring the Faraday rotation of the
output photons provides a method to ultrasensitively measure
the strength of magnetic fields. The sensitivity limit of this
microwave magnetometer is presented for both single-photon
and multiphoton probe fields. The sensitivity of the magnetic
field in the multiphoton measurement with an input power of
P, = 1 nW can be tens of aT/\/E.

ACKNOWLEDGMENTS

The authors acknowledge very useful discussions with
Dominic Berry. This work was supported by the Australian
Research Council Centre of Excellence for Engineered Quan-
tum Systems (Project No. CE110001013), and the Macquarie
University Research Centre for Quantum Science and Tech-
nology.

[1] P. A. Warburton, Phys. Educ. 46, 669 (2011).

[2] R. Hari and R. Salmelin, Neuroimage 61, 386 (2012).

[3] C. Gaffney, Archacometry 50, 313 (2008).

[4] S. Forstner, S. Prams, J. Knittel, E. D. van Ooijen, J. D. Swaim,
G. L. Harris, A. Szorkovszky, W. P. Bowen, and H. Rubinsztein-
Dunlop, Phys. Rev. Lett. 108, 120801 (2012).

[5] D. Sheng, S. Li, N. Dural, and M. V. Romalis, Phys. Rev. Lett.
110, 160802 (2013).

[6] B. Patton, E. Zhivun, D. C. Hovde, and D. Budker, Phys. Rev.
Lett. 113, 013001 (2014).

[7] H. B. Dang, A. C. Maloof, and M. V. Romalis, Appl. Phys. Lett.
97, 151110 (2010).

[8] I. K. Kominis, T. W. Kornack, J. C. Allred, and M. V. Romalis,
Nature (London) 422, 596 (2003).

[9] T. Wolf, P. Neumann, K. Nakamura, H. Sumiya, J. Isoya, and
J. Wrachtrup, arXiv:1411.6553.

[10] V. M. Acosta, K. Jensen, C. Santori,
and R. G. Beausoleil, Phys. Rev. Lett.
(2013).

[11] K. Jensen, N. Leefer, A. Jarmola, Y. Dumeige, V. M. Acosta,
P. Kehayias, B. Patton, and D. Budker, Phys. Rev. Lett. 112,
160802 (2014).

[12] G. Balasubramanian, I. Y. Chan, R. Kolesov, M. Al-Hmoud, J.
Tisler, C. Shin, C. Kim, A. Wojcik, P. R. Hemmer, A. Krueger,
T. Hanke, A. Leitenstorfer, R. Bratschitsch, F. Jelezko, and J.
Wrachtrup, Nature (London) 455, 648 (2008).

[13] J. R. Maze, P. L. Stanwix, J. S. Hodges, S. Hong, J. M. Taylor,
P. Cappellaro, L. Jiang, M. V. G. Dutt, E. Togan, A. S. Zibrov,

D. Budker,
110, 213605

043409-7


http://dx.doi.org/10.1088/0031-9120/46/6/S02
http://dx.doi.org/10.1088/0031-9120/46/6/S02
http://dx.doi.org/10.1088/0031-9120/46/6/S02
http://dx.doi.org/10.1088/0031-9120/46/6/S02
http://dx.doi.org/10.1016/j.neuroimage.2011.11.074
http://dx.doi.org/10.1016/j.neuroimage.2011.11.074
http://dx.doi.org/10.1016/j.neuroimage.2011.11.074
http://dx.doi.org/10.1016/j.neuroimage.2011.11.074
http://dx.doi.org/10.1111/j.1475-4754.2008.00388.x
http://dx.doi.org/10.1111/j.1475-4754.2008.00388.x
http://dx.doi.org/10.1111/j.1475-4754.2008.00388.x
http://dx.doi.org/10.1111/j.1475-4754.2008.00388.x
http://dx.doi.org/10.1103/PhysRevLett.108.120801
http://dx.doi.org/10.1103/PhysRevLett.108.120801
http://dx.doi.org/10.1103/PhysRevLett.108.120801
http://dx.doi.org/10.1103/PhysRevLett.108.120801
http://dx.doi.org/10.1103/PhysRevLett.110.160802
http://dx.doi.org/10.1103/PhysRevLett.110.160802
http://dx.doi.org/10.1103/PhysRevLett.110.160802
http://dx.doi.org/10.1103/PhysRevLett.110.160802
http://dx.doi.org/10.1103/PhysRevLett.113.013001
http://dx.doi.org/10.1103/PhysRevLett.113.013001
http://dx.doi.org/10.1103/PhysRevLett.113.013001
http://dx.doi.org/10.1103/PhysRevLett.113.013001
http://dx.doi.org/10.1063/1.3491215
http://dx.doi.org/10.1063/1.3491215
http://dx.doi.org/10.1063/1.3491215
http://dx.doi.org/10.1063/1.3491215
http://dx.doi.org/10.1038/nature01484
http://dx.doi.org/10.1038/nature01484
http://dx.doi.org/10.1038/nature01484
http://dx.doi.org/10.1038/nature01484
http://arxiv.org/abs/arXiv:1411.6553
http://dx.doi.org/10.1103/PhysRevLett.110.213605
http://dx.doi.org/10.1103/PhysRevLett.110.213605
http://dx.doi.org/10.1103/PhysRevLett.110.213605
http://dx.doi.org/10.1103/PhysRevLett.110.213605
http://dx.doi.org/10.1103/PhysRevLett.112.160802
http://dx.doi.org/10.1103/PhysRevLett.112.160802
http://dx.doi.org/10.1103/PhysRevLett.112.160802
http://dx.doi.org/10.1103/PhysRevLett.112.160802
http://dx.doi.org/10.1038/nature07278
http://dx.doi.org/10.1038/nature07278
http://dx.doi.org/10.1038/nature07278
http://dx.doi.org/10.1038/nature07278

KEYU XIA, NAN ZHAO, AND JASON TWAMLEY

A. Yacoby, R. L. Walsworth, and M. D. Lukin, Nature (London)
455, 644 (2008).

[14] R. S. Said, D. W. Berry, and J. Twamley, Phys. Rev. B 83,
125410 (2011).

[15] N. Zhao, J. Hu, S. Ho, J. T. K. Wan, and R. B. Liu,
Nat. Nanotechnol. 6, 242 (2011).

[16] L. Jin, S. Yang, J. Wrachtrup, and R.-B. Liu, arXiv:1410.6565.

[17] C.Y.Hu, A. Young, J. L. O’Brien, W. J. Munro, and J. G. Rarity,
Phys. Rev. B 78, 085307 (2008).

[18] S.-W. Chen and R.-B. Liu, Sci. Rep. 4, 4695 (2014).

[19] D. Petrosyan and Y. P. Malakyan, Phys. Rev. A 70, 023822
(2004).

[20] I. Crassee, J. Levallois, A. L. Walter, M. Ostler, A. Bostwick, E.
Rotenberg, T. Seyller, D. van der Marel, and A. B. Kuzmenko,
Nat. Phys. 7, 48 (2011).

[21] M. Atatiire, J. Dreiser, A. Badolato, and A. Imamoglu,
Nat. Phys. 3, 101 (2007).

[22] M. O. Scully and M. S. Zubairy, Quantum Optics (Cambridge,
University Press, UK, 1997), p. 7.

[23] D.F. Walls and G. J. Milburn, Quantum Optics (Springer-Verlag,
Berlin, 1995), p. 9.

[24] T. P. M. Alegre, C. Santori, G. Medeiros-Ribeiro, and R. G.
Beausoleil, Phys. Rev. B 76, 165205 (2007).

[25] P.London, P. Balasubramanian, B. Naydenov, L. P. McGuinness,
and F. Jelezko, Phys. Rev. A 90, 012302 (2014).

[26] H. Primakoft and T. Kolstein, Phys. Rev. 55, 1218 (1939).

[27] M. J. Collett and C. W. Gardiner, Phys. Rev. A 30, 1386
(1984).

[28] C. W. Gardiner and M. J. Collett, Phys. Rev. A 31,3761 (1985).

[29] S. Weis, R. Riviere, S. Diléglise, E. Gavartin, O. Arcizet, A.
Schliesser, and T. J. Kippenberg, Science 330, 1520 (2010).

[30] A. H. Safavi-Naeini, T. P. M. Alegre, J. Chan, M. Eichenfield,
M. Winger, O. Lin, J. T. Hill, D. E. Chang, and O. Painter,
Nature (London) 472, 69 (2011).

[31] S. Putz, D. O. Krimer, R. Amsuss, A. Valookaran, T. Nobauer,
J. Schmiedmayer, S. Rotter, and J. Majer, Nat. Phys. 10, 720
(2014).

[32] G. F. Dionne, G. A. Allen, P. R. Haddad, C. A. Ross, and
B. Lax, Lincoln Lab. J. 15, 323 (2005).

[33] G. S. Agarwal and S. Huang, Phys. Rev. A 85, 021801 (2012).

[34] M. Zwierz, C. A. Pérez-Delgado, and P. Kok, Phys. Rev. Lett.
105, 180402 (2010).

[35] S. L. Braunstein and C. M. Caves, Phys. Rev. Lett. 72, 3439
(1994).

[36] C. W. Helstrom, Phys. Lett. A 25, 101 (1967).

[37] J. P. Dowling, Phys. Rev. A 57, 4736 (1998).

[38] M. Fleischhauer, A. B. Matsko, and M. O. Scully, Phys. Rev. A
62, 013808 (2000).

[39] J. S. Hodges, N. Y. Yao, D. Maclaurin, C. Rastogi, M. D. Lukin,
and D. Englund, Phys. Rev. A 87, 032118 (2013). .

[40] I. Wilson-Rae, N. Nooshi, W. Zwerger, and T. J. Kippenberg,
Phys. Rev. Lett. 99, 093901 (2007).

PHYSICAL REVIEW A 92, 043409 (2015)

[41] B. Dayan, A. S. Parkins, T. Aoki, E. P. Ostby, K. J. Vahala, and
H. J. Kimble, Science 319, 1062 (2008).

[42] E. Verhagen, S. Deléglise, S. Weis, A. Schliesser, and T. J.
Kippenberg, Nature (London) 482, 63 (2012).

[43] M. Lewenstein, A. Sanpera, and M. Pospiech, Quantum Optics:
An Introduction (University of Hannover, Germany, 2006).

[44] Z. Kurucz, J. H. Wesenberg, and K. Mglmer, Phys. Rev. A 83,
053852 (2011).

[45] I. Diniz, S. Portolan, R. Ferreira, J. M. Gérard, P. Bertet, and
A. Auffeves, Phys. Rev. A 84, 063810 (2011).

[46] D. O. Krimer, S. Putz, J. Majer, and S. Rotter, Phys. Rev. A 90,
043852 (2014).

[47] D. LeSage, L. M. Pham, N. Bar-Gill, C. Belthangady, M. D.
Lukin, A. Yacoby, and R. L. Walsworth, Phys. Rev. B 85,
121202(R) (2012).

[48] C. Grezes, B. Julsgaard, Y. Kubo, W. L. Ma, M. Stern, A.
Bienfait, K. Nakamura, J. Isoya, S. Onoda, T. Ohshima, V.
Jacques, D. Vion, D. Esteve, R. B. Liu, K. Mglmer, and P.
Bertet, Phys. Rev. A 92, 020301 (2015).

[49] T. Nobauer, A. Angerer, B. Bartels, M. Trupke, S. Rotter, J.
Schmiedmayer, F. Mintert, and J. Majer, arXiv:1412.5051.

[50] T. P. M. Alegre, A. C. Torrezan, and G. Medeiros-Ribeiro,
Appl. Phys. Lett. 91, 204103 (2007).

[51] S. Kuhr, S. Gleyzes, C. Guerlin, J. Bernu, U. B. Hoff, S.
Deléglise, S. Osnaghi, M. Brune, J.-M. Raimond, S. Haroche,
E. Jacques, P. Bosland, and B. Visentin, Appl. Phys. Lett. 90,
164101 (2007).

[52] C. E. Nelson, IRE Trans. Microwave Theory Techniques 5, 136
(1957).

[53] R. Boni, A. Savoia, B. Spataro, F. Tazzioli, P. Fabbricatore,
R. Parodi, and P. Fernandes, Rev. Sci. Instrum. 60, 1805 (1989).

[54] B. R. Johnson, M. D. Reed, A. A. Houck, D. I. Schuster, L. S.
Bishop, E. Ginossar, J. M. Gambetta, L. DiCarlo, L. Frunzio, S.
M. Girvin, and R. J. Schoelkopf, Nat. Phys. 6, 663 (2010).

[55] Y. Zhang, 1. Bulu, W.-M. Tam, B. Levitt, J. Shah, T. Botto, and
M. Loncar, Opt. Express 19, 9371 (2011).

[56] S. B. Kelley Rivoire and J. Vuckovi¢, Opt. Express 19, 22198
(2011).

[57] H.-W. C. Dae-Sung Song, Yong-Jae Lee, and Y.-H. Lee,
Appl. Phys. Lett. 82, 3182 (2003).

[58] K. Xia and J. Twamley, Phys. Rev. X 3, 031013 (2013).

[59] D. L. Creedon, J.-M. Le Floch, M. Goryachev, W. G. Farr, S.
Castelletto, and M. E. Tobar, Phys. Rev. B 91, 140408 (2015).

[60] R. Amsiiss, C. Koller, T. Nobauer, S. Putz, S. Rotter, K. Sandner,
S. Schneider, M. Schrambock, G. Steinhauser, H. Ritsch, J.
Schmiedmayer, and J. Majer, Phys. Rev. Lett. 107, 060502
(2011).

[61] V. Ranjan, G. de Lange, R. Schutjens, T. Debelhoir, J. P. Groen,
D. Szombati, D. J. Thoen, T. M. Klapwijk, R. Hanson, and
L. DiCarlo, Phys. Rev. Lett. 110, 067004 (2013).

[62] A. Jarmola, V. M. Acosta, K. Jensen, S. Chemerisov, and
D. Budker, Phys. Rev. Lett. 108, 197601 (2012).

043409-8


http://dx.doi.org/10.1038/nature07279
http://dx.doi.org/10.1038/nature07279
http://dx.doi.org/10.1038/nature07279
http://dx.doi.org/10.1038/nature07279
http://dx.doi.org/10.1103/PhysRevB.83.125410
http://dx.doi.org/10.1103/PhysRevB.83.125410
http://dx.doi.org/10.1103/PhysRevB.83.125410
http://dx.doi.org/10.1103/PhysRevB.83.125410
http://dx.doi.org/10.1038/nnano.2011.22
http://dx.doi.org/10.1038/nnano.2011.22
http://dx.doi.org/10.1038/nnano.2011.22
http://dx.doi.org/10.1038/nnano.2011.22
http://arxiv.org/abs/arXiv:1410.6565
http://dx.doi.org/10.1103/PhysRevB.78.085307
http://dx.doi.org/10.1103/PhysRevB.78.085307
http://dx.doi.org/10.1103/PhysRevB.78.085307
http://dx.doi.org/10.1103/PhysRevB.78.085307
http://dx.doi.org/10.1038/srep04695
http://dx.doi.org/10.1038/srep04695
http://dx.doi.org/10.1038/srep04695
http://dx.doi.org/10.1038/srep04695
http://dx.doi.org/10.1103/PhysRevA.70.023822
http://dx.doi.org/10.1103/PhysRevA.70.023822
http://dx.doi.org/10.1103/PhysRevA.70.023822
http://dx.doi.org/10.1103/PhysRevA.70.023822
http://dx.doi.org/10.1038/nphys1816
http://dx.doi.org/10.1038/nphys1816
http://dx.doi.org/10.1038/nphys1816
http://dx.doi.org/10.1038/nphys1816
http://dx.doi.org/10.1038/nphys521
http://dx.doi.org/10.1038/nphys521
http://dx.doi.org/10.1038/nphys521
http://dx.doi.org/10.1038/nphys521
http://dx.doi.org/10.1103/PhysRevB.76.165205
http://dx.doi.org/10.1103/PhysRevB.76.165205
http://dx.doi.org/10.1103/PhysRevB.76.165205
http://dx.doi.org/10.1103/PhysRevB.76.165205
http://dx.doi.org/10.1103/PhysRevA.90.012302
http://dx.doi.org/10.1103/PhysRevA.90.012302
http://dx.doi.org/10.1103/PhysRevA.90.012302
http://dx.doi.org/10.1103/PhysRevA.90.012302
http://dx.doi.org/10.1103/PhysRev.55.1218
http://dx.doi.org/10.1103/PhysRev.55.1218
http://dx.doi.org/10.1103/PhysRev.55.1218
http://dx.doi.org/10.1103/PhysRev.55.1218
http://dx.doi.org/10.1103/PhysRevA.30.1386
http://dx.doi.org/10.1103/PhysRevA.30.1386
http://dx.doi.org/10.1103/PhysRevA.30.1386
http://dx.doi.org/10.1103/PhysRevA.30.1386
http://dx.doi.org/10.1103/PhysRevA.31.3761
http://dx.doi.org/10.1103/PhysRevA.31.3761
http://dx.doi.org/10.1103/PhysRevA.31.3761
http://dx.doi.org/10.1103/PhysRevA.31.3761
http://dx.doi.org/10.1126/science.1195596
http://dx.doi.org/10.1126/science.1195596
http://dx.doi.org/10.1126/science.1195596
http://dx.doi.org/10.1126/science.1195596
http://dx.doi.org/10.1038/nature09933
http://dx.doi.org/10.1038/nature09933
http://dx.doi.org/10.1038/nature09933
http://dx.doi.org/10.1038/nature09933
http://dx.doi.org/10.1038/nphys3050
http://dx.doi.org/10.1038/nphys3050
http://dx.doi.org/10.1038/nphys3050
http://dx.doi.org/10.1038/nphys3050
http://dx.doi.org/10.1103/PhysRevA.85.021801
http://dx.doi.org/10.1103/PhysRevA.85.021801
http://dx.doi.org/10.1103/PhysRevA.85.021801
http://dx.doi.org/10.1103/PhysRevA.85.021801
http://dx.doi.org/10.1103/PhysRevLett.105.180402
http://dx.doi.org/10.1103/PhysRevLett.105.180402
http://dx.doi.org/10.1103/PhysRevLett.105.180402
http://dx.doi.org/10.1103/PhysRevLett.105.180402
http://dx.doi.org/10.1103/PhysRevLett.72.3439
http://dx.doi.org/10.1103/PhysRevLett.72.3439
http://dx.doi.org/10.1103/PhysRevLett.72.3439
http://dx.doi.org/10.1103/PhysRevLett.72.3439
http://dx.doi.org/10.1016/0375-9601(67)90366-0
http://dx.doi.org/10.1016/0375-9601(67)90366-0
http://dx.doi.org/10.1016/0375-9601(67)90366-0
http://dx.doi.org/10.1016/0375-9601(67)90366-0
http://dx.doi.org/10.1103/PhysRevA.57.4736
http://dx.doi.org/10.1103/PhysRevA.57.4736
http://dx.doi.org/10.1103/PhysRevA.57.4736
http://dx.doi.org/10.1103/PhysRevA.57.4736
http://dx.doi.org/10.1103/PhysRevA.62.013808
http://dx.doi.org/10.1103/PhysRevA.62.013808
http://dx.doi.org/10.1103/PhysRevA.62.013808
http://dx.doi.org/10.1103/PhysRevA.62.013808
http://dx.doi.org/10.1103/PhysRevA.87.032118
http://dx.doi.org/10.1103/PhysRevA.87.032118
http://dx.doi.org/10.1103/PhysRevA.87.032118
http://dx.doi.org/10.1103/PhysRevA.87.032118
http://dx.doi.org/10.1103/PhysRevLett.99.093901
http://dx.doi.org/10.1103/PhysRevLett.99.093901
http://dx.doi.org/10.1103/PhysRevLett.99.093901
http://dx.doi.org/10.1103/PhysRevLett.99.093901
http://dx.doi.org/10.1126/science.1152261
http://dx.doi.org/10.1126/science.1152261
http://dx.doi.org/10.1126/science.1152261
http://dx.doi.org/10.1126/science.1152261
http://dx.doi.org/10.1038/nature10787
http://dx.doi.org/10.1038/nature10787
http://dx.doi.org/10.1038/nature10787
http://dx.doi.org/10.1038/nature10787
http://dx.doi.org/10.1103/PhysRevA.83.053852
http://dx.doi.org/10.1103/PhysRevA.83.053852
http://dx.doi.org/10.1103/PhysRevA.83.053852
http://dx.doi.org/10.1103/PhysRevA.83.053852
http://dx.doi.org/10.1103/PhysRevA.84.063810
http://dx.doi.org/10.1103/PhysRevA.84.063810
http://dx.doi.org/10.1103/PhysRevA.84.063810
http://dx.doi.org/10.1103/PhysRevA.84.063810
http://dx.doi.org/10.1103/PhysRevA.90.043852
http://dx.doi.org/10.1103/PhysRevA.90.043852
http://dx.doi.org/10.1103/PhysRevA.90.043852
http://dx.doi.org/10.1103/PhysRevA.90.043852
http://dx.doi.org/10.1103/PhysRevB.85.121202
http://dx.doi.org/10.1103/PhysRevB.85.121202
http://dx.doi.org/10.1103/PhysRevB.85.121202
http://dx.doi.org/10.1103/PhysRevB.85.121202
http://dx.doi.org/10.1103/PhysRevA.92.020301
http://dx.doi.org/10.1103/PhysRevA.92.020301
http://dx.doi.org/10.1103/PhysRevA.92.020301
http://dx.doi.org/10.1103/PhysRevA.92.020301
http://arxiv.org/abs/arXiv:1412.5051
http://dx.doi.org/10.1063/1.2809372
http://dx.doi.org/10.1063/1.2809372
http://dx.doi.org/10.1063/1.2809372
http://dx.doi.org/10.1063/1.2809372
http://dx.doi.org/10.1063/1.2724816
http://dx.doi.org/10.1063/1.2724816
http://dx.doi.org/10.1063/1.2724816
http://dx.doi.org/10.1063/1.2724816
http://dx.doi.org/10.1109/TMTT.1957.1125113
http://dx.doi.org/10.1109/TMTT.1957.1125113
http://dx.doi.org/10.1109/TMTT.1957.1125113
http://dx.doi.org/10.1109/TMTT.1957.1125113
http://dx.doi.org/10.1063/1.1140908
http://dx.doi.org/10.1063/1.1140908
http://dx.doi.org/10.1063/1.1140908
http://dx.doi.org/10.1063/1.1140908
http://dx.doi.org/10.1038/nphys1710
http://dx.doi.org/10.1038/nphys1710
http://dx.doi.org/10.1038/nphys1710
http://dx.doi.org/10.1038/nphys1710
http://dx.doi.org/10.1364/OE.19.009371
http://dx.doi.org/10.1364/OE.19.009371
http://dx.doi.org/10.1364/OE.19.009371
http://dx.doi.org/10.1364/OE.19.009371
http://dx.doi.org/10.1364/OE.19.022198
http://dx.doi.org/10.1364/OE.19.022198
http://dx.doi.org/10.1364/OE.19.022198
http://dx.doi.org/10.1364/OE.19.022198
http://dx.doi.org/10.1063/1.1574398
http://dx.doi.org/10.1063/1.1574398
http://dx.doi.org/10.1063/1.1574398
http://dx.doi.org/10.1063/1.1574398
http://dx.doi.org/10.1103/PhysRevX.3.031013
http://dx.doi.org/10.1103/PhysRevX.3.031013
http://dx.doi.org/10.1103/PhysRevX.3.031013
http://dx.doi.org/10.1103/PhysRevX.3.031013
http://dx.doi.org/10.1103/PhysRevB.91.140408
http://dx.doi.org/10.1103/PhysRevB.91.140408
http://dx.doi.org/10.1103/PhysRevB.91.140408
http://dx.doi.org/10.1103/PhysRevB.91.140408
http://dx.doi.org/10.1103/PhysRevLett.107.060502
http://dx.doi.org/10.1103/PhysRevLett.107.060502
http://dx.doi.org/10.1103/PhysRevLett.107.060502
http://dx.doi.org/10.1103/PhysRevLett.107.060502
http://dx.doi.org/10.1103/PhysRevLett.110.067004
http://dx.doi.org/10.1103/PhysRevLett.110.067004
http://dx.doi.org/10.1103/PhysRevLett.110.067004
http://dx.doi.org/10.1103/PhysRevLett.110.067004
http://dx.doi.org/10.1103/PhysRevLett.108.197601
http://dx.doi.org/10.1103/PhysRevLett.108.197601
http://dx.doi.org/10.1103/PhysRevLett.108.197601
http://dx.doi.org/10.1103/PhysRevLett.108.197601



