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Order of Magnitude Smaller
Limit on the Electric Dipole
Moment of the Electron
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The Standard Model of particle physics is known to be incomplete. Extensions to the Standard
Model, such as weak-scale supersymmetry, posit the existence of new particles and interactions that
are asymmetric under time reversal (T) and nearly always predict a small yet potentially measurable
electron electric dipole moment (EDM), d e , in the range of 10−27 to 10−30 e·cm. The EDM is an
→
asymmetric charge distribution along the electron spin (S ) that is also asymmetric under T. Using the
polar molecule thorium monoxide, we measured de = (–2.1 T 3.7stat T 2.5syst) × 10−29 e·cm. This
corresponds to an upper limit of jde j < 8.7 × 10−29 e·cm with 90% confidence, an order of magnitude
improvement in sensitivity relative to the previous best limit. Our result constrains T-violating physics
at the TeV energy scale.
he exceptionally high internal effective electric field E eff of heavy neutral atoms and
molecules can be used to precisely probe
for the electron electric dipole moment
(EDM),
→
→
d
,
via
the
energy
shift
U
¼
−d
⋅
E
, where
e
e
eff
→
→
→
d e ¼ d e S =ðℏ=2Þ, S is electron spin, and ℏ is the
reduced Planck constant. Valence electrons travel
relativistically near the heavy nucleus, making E eff
up to a million times the size of any static laboratory field (1–3). The previous best limits on
d e came from experiments with thallium (Tl)
atoms (4) (jd e j < 1.6 × 10−27 e·cm) and ytterbium
fluoride (YbF) molecules (5, 6) (jd e j < 1.06 ×
10−27 e·cm). The latter demonstrated that molecules can be used to suppress the motional electric
fields and geometric phases that limited the Tl
measurement (5) [this suppression is also present

T

in certain atoms (7)]. Insofar as polar molecules
can be fully polarized in laboratory-scale electric
fields, E eff can be much greater than in atoms. The
H3D1 electronic state in the thorium monoxide
(ThO) molecule provides an E eff ≈ 84 GV/cm,
larger than those previously used in EDM measurements (8, 9). This state’s unusually small magnetic moment reduces its sensitivity to spurious
magnetic fields (10, 11). Improved systematic error rejection is possible because
internal state se→
lection allows the reversal of E eff with no change
in the laboratory electric field (12, 13).
To measure d e , we perform a spin precession
measurement (10, 14, 15) on pulses of 232 Th16O
molecules from a cryogenic buffer gas beam source
(16–18). The molecules pass between parallel plates
that generate a laboratory electric field E z z% (Fig.

Fig. 1. Schematic of the apparatus and energy level diagram. (A) A
collimated pulse of ThO molecules enters a magnetically shielded region (not
to scale). An aligned spin state (smallest red arrows), prepared via optical
pumping, precesses in parallel electric and magnetic fields. The final spin
alignment is read out by a laser with rapidly alternating linear polarizations,
X% and Y% , with the resulting fluorescence collected and detected with photomultiplier tubes (PMTs). (B) The state preparation and readout lasers (double-lined
www.sciencemag.org
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1A). A coherent superposition of two spin states,
corresponding to a spin aligned in the xy plane, is
prepared using optical pumping and state prep→
aration
lasers. Parallel electric (E ) and magnetic
→
(B ) fields exert torques on the electric and magnetic dipole moments, causing the spin vector to
precess in the xy plane. The precession angle is
measured with a readout laser and→fluorescence
detection. A change in this angle as E eff is reversed
is proportional to d e .
In more detail, a laser beam (wavelength
943 nm) optically pumps molecules from the
ground electronic state into the lowest rotational
level, J = 1, of the metastable (lifetime ~2 ms)
electronic H3D1 state manifold (Fig. 1B), in an
incoherent mixture of the Ñ ¼ T1, M = T1 states.
M is the angular momentum projection along the
z% axis. Ñ refers to the internuclear axis, n%, aligned
→
(+1) or antialigned (–1) with respect to E , when
→
j E j ≳ 1 V/cm (11). The linearly polarized state
preparation laser’s frequency is resonant with the
H → C transition at 1090 nm (Fig. 1B). Within the
short-lived (500 ns) electronic C state, there are two
opposite-parity P̃ = T1 states with J = 1, M = 0. For
a given spin precession measurement, the laser
frequency determines the Ñ and P̃ states that are
addressed. This laser optically pumps the bright
1
Department of Physics, Harvard University, Cambridge, MA
02138, USA. 2Department of Physics and Astronomy, University of California, Los Angeles, CA 90095, USA. 3Department of
Physics, Yale University, New Haven, CT 06511, USA. 4Department of Physics and Astronomy, York University, Toronto,
Ontario M3J 1P3, Canada.

*The collaboration consists of all listed authors. There are
no additional collaborators.
†Corresponding author. E-mail: acme@physics.harvard.edu
(D.D., J.M.D., G.G.)
‡Present address: Department of Physics, Yale University, New
Haven, CT 06511, USA.
§Present address: Institut für Experimentalphysik, Universität
Innsbruck, A-6020 Innsbruck, Austria.
||Present address: Department of Physics, Harvard University,
Cambridge, MA 02138, USA.

blue arrows) drive one molecule orientation Ñ ¼ 1 (split by 2DE ~ 100 MHz,
where D is the electric dipole moment of the H state) in the H state to C,
with parity P̃ = T1 (split by 50 MHz). Population in the C state decays via
spontaneous emission, and we detect the resulting fluorescence (red
wiggly arrow). →
H state levels are accompanied by cartoons displaying the
orientation of E eff (blue arrows) and the spin of the electron (red arrows)
that dominantly contributes to the de shift.
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superposition of the two resonant M = T1 sublevels out of the H state, leaving behind the
orthogonal dark superposition that cannot absorb
the laser light; we use this dark state as our initial
state (19). If the state preparation laser is polarized
along x%, then the prepared state, jyðt ¼ 0Þ, Ñ 〉,
has the electron spin aligned along the y% axis. The
spin then precesses in the xy plane by angle f to
jyðtÞ, Ñ 〉 ¼

½expð−ifÞjM ¼ þ1, Ñ 〉 − expðþifÞjM ¼ −1, Ñ 〉
pﬃﬃﬃ
2
→

ð1Þ

→

Because E and B are aligned
along z%, the phase f
→
is determined
by
jB
j
¼
j
B
⋅ z%j, its sign, B̃ ¼
z
→
sgnð B ⋅ z%Þ, and the electron’s EDM, d e :
f≈

−ðmB gB̃ jBz j þ Ñ Ẽ d e E eff Þt
ℏ

ð2Þ

→

where Ẽ ≡ sgnð E ⋅ z%Þ, t is the spin precession
time, and mB g is the magnetic moment (15) of the
H, J = 1 state where g = −0.0044 T 0.0001 is the
gyromagnetic ratio and mB is the Bohr magneton.
The sign of the EDM term, →
Ñ Ẽ, arises from the
relative orientation between E eff and the electron
spin, as illustrated in Fig. 1B.
After the spin precesses as each molecule
travels over a distance of L ≈ 22 cm (t ≈ 1.1 ms),
we measure f by optically pumping on the
same H → C transition with the state readout
laser. The laser polarization alternates between X%
and Y% every 5 ms, and we record the modulated
fluorescence signals SX and SY from the decay of C
to the ground state (fig. S1A). This procedure
amounts to a projective measurement of the spin
onto X% and Y%, which are defined such that X% is at an
angle q with respect to x% in the xy plane (Fig. 1A).
To cancel the effects of fluctuations in molecule
number, we normalize the spin precession signal
by computing the asymmetry
A≡

SX − SY
¼ C cos½2ðf − qÞ
SX þ SY

ð3Þ

(10), where the contrast C is 94 T 2% on average. We set jBz j and q such that f − q ≈
ðp=4Þð2n þ 1Þ for integer n, so that the asymmetry
is linearly proportional to small changes in f and
is maximally sensitive to the EDM. We measure

C by dithering q between two nearby values that
differ by 0.1 rad, denoted by q̃ ¼ T1.
We perform this spin precession measurement
repeatedly under varying experimental conditions
to (i) distinguish the EDM energy shift from background phases and (ii) search for and monitor
possible systematic errors. Within a “block” of data
(fig. S1C) taken over 40 s, we perform measurements of the phase for each experimental state derived from four binary switches, listed from fastest
(0.5 s) to slowest (20 s): the molecule alignment
Ñ , the E-field direction Ẽ, the readout laser polarization dither state q̃, and the B-field direction
B̃ . For each ( Ñ ,Ẽ, B̃ ) state of the experiment, we
measure A and C, from which we can extract f.
Within each block, we form “switch parity components” of the phase, fu , which are combinations of the measured phases that are odd or even
under these switch operations (13). We denote the
switch parity of a quantity with a superscript, u,
listing the switch labels under which the quantity
is odd; it is even under all unlabeled switches. For
example, the EDM contributes to a phase component fN E ¼ −d e E eff t=ℏ. We extract the mean
precession time t from fB ¼ −mB gjBz jt=ℏ and
compute the frequencies, wu ≡ fu =t. The EDM
value is obtained fromwN E byd e ¼ −ℏwN E =E eff .
On a slower time scale, we perform additional “superblock” binary switches (fig. S1D)
to suppress some known systematic errors and
to search for unknown ones. These switches,
which occur on time scales of 40 to 600 s, are
the excited-state parity addressed by the state readout lasers, P̃ ; a rotation of the readout polarization basis by q → q þ p=2, R̃ ; a reversal of the
leads that supply the electric fields, L̃ ; and a global
polarization rotation of both the state preparation
and readout laser polarizations, G̃. The P̃ and R̃
switches interchange the role of the X% and Y% readout beams and hence reject systematic errors
associated with small differences in power, shape,
or pointing. The two G̃ state angles are chosen to
suppress systematics that couple to unwanted
ellipticity imprinted on the polarizations by
birefringence in the electric field plates. The L̃
switch rejects systematics that couple to an offset voltage in the electric field power supplies.
We extract the EDM from wN E after a complete

set of the 28 block and superblock states. The
value of wN E is even under all of the superblock
switches.
The total data set consists of ~104 blocks of
data taken over the course of ~2 weeks (fig. S1, E
and F). During data collection, we also varied, from
fastest (hours) to slowest (a few days), the B-field
magnitude, jBz j ≈ 1, 19, or 38 mG (corresponding
to jfj ≈ 0, p=4, or p=2, respectively); the E-field
magnitude, jE z j ≈ 36 or 141 V/cm; and the pointing direction of the lasers, k% ⋅ z% ¼ T1. Figure 2B
shows measured EDM values obtained when
the data set is grouped according to the states of
jBz j, jE z j, k% ⋅ z%, and each superblock switch. All
of these measurements are consistent within 2s.
We computed the 1s standard error in the
mean and used standard Gaussian error propagation to obtain the reported statistical uncertainty. The reported upper limit was computed
using the Feldman-Cousins prescription (20) applied to a folded normal distribution. To prevent
experimental bias, we performed a blind analysis by adding an unknown offset to wN E . The
mean, statistical error, systematic shifts, and procedure for calculating the systematic error were
determined before unblinding. Figure 2A shows
a histogram of EDM measurements. The asymmetry A obeys a ratio distribution, which has
large non-Gaussian tails in the limit of low signalto-noise ratio (21). We applied a photon count rate
threshold cut so that we included only data with a
large signal-to-noise ratio, resulting in a statistical
distribution that closely approximates a Gaussian.
When the EDM measurements are fit to a constant
value, the reduced c2 is 0.996 T 0.006. On the
basis of the total number of detected photoelectrons (~1000 per pulse) that contributed to the measurement, the statistical uncertainty is 1.15 times
that from shot noise (15).
To search for possible sources of systematic
error, we varied more than 40 separate parameters (table S1) and observed their effects on wN E
and many other components of the phase correlated with Ñ, Ẽ , or B̃. These parameters were
intentionally applied tunable imperfections, such
as transverse magnetic fields or laser detunings.
These systematic checks were performed concurrently with the 8 block and superblock switches.

Fig. 2. Statistical spread of wN E measurements. (A) Histogram of wN E measurements for each time point (within the molecule pulse) and for all blocks.
Error bars represent expected Poissonian fluctuations in each histogram bin. (B) Measured wN E values grouped by the states of jBz j, jEz j, k% ⋅ z% , and each
superblock switch, before systematic corrections, with 1s statistical error bars.
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We assume that wN E depends linearly on each
parameter P, so that the possible systematic shift
and uncertainty of wN E is evaluated from the measured slope, S ¼ ∂wN E =∂P, and the parameter
value during normal operation (obtained from
auxiliary measurements). If S is not monitored
throughout the data set, we do not apply a systematic correction but simply include the measured
upper limit in our systematic error budget. Data
taken with intentionally applied parameter imperfections are used only for determination of systematic shifts and uncertainties. Table 1 lists all
contributions to our systematic error.
We identified two parameters that systematically shift the value of wN E within our experimental resolution. Both parameters couple to the
ac Stark shift induced by the lasers. The molecules are initially prepared in the dark state with
a spin orientation dependent on the laser polarization. If there is a polarization gradient along
the molecular beam propagation direction, the
molecules acquire a small bright-state amplitude.

Away from the center of a Gaussian laser profile,
the laser can be weak enough that the bright-state
amplitude is not rapidly pumped away; it acquires
a phase relative to the dark state due to the energy
splitting between the bright and dark states, given
by the ac Stark shift. An equivalent phase is
acquired in the state readout laser. This effect
changes the measured phase by fac ðD,Wr Þ ≈ ðaD þ
bWr Þ, where D and Wr are the detuning from the
H → C transition and the transition’s Rabi frequency, respectively. The constants a and b are
measured directly by varying D and Wr , and their
values depend on the laser’s spatial intensity and
polarization profile. These measurements are in
good agreement with our analytical and numerical
models.
A large (~10%) circular polarization gradient
is caused by laser-induced thermal stress birefringence (22) in the electric field plates. The
laser beams are elongated perpendicular to the
molecular beam axis, which creates an asymmetric
thermal gradient and defines the axes for the

Fig. 3. The E nr systematic. (A) Tuning out laser
polarization gradient and
∂wN E =∂E nr (see text for
details). Red and black data
points were taken with the
polarization misaligned and
aligned, respectively, with
the birefringence axes of
the electric field plates. Error bars represent 1s statistical uncertainties. (B)
Microwave spectroscopic
measurement ofE nr during
normal operation along the
molecule beam axis, x, with
1s statistical error bars.

Table 1. Summary of systematic errors. Systematic and statistical errors for wN E, in units of mrad/s.
All uncertainties are added in quadrature and are derived from Gaussian 1s (68%) confidence
intervals. In EDM units, 1.3 mrad/s ≈ 10−29 e·cm.
Parameter

Shift

Uncertainty

E correction
WNE
correction
r
fE -correlated effects
fN correlation
Nonreversing B -field (Bnr
z )
nr
Transverse B-fields (Bnr
,
x By )
B-field gradients
Prep./read laser detunings
Ñ -correlated detuning
E-field ground offset
Total systematic
Statistical
Total uncertainty

−0.81
−0.03
−0.01

0.66
1.58
0.01
1.25
0.86
0.85
1.24
1.31
0.90
0.16
3.24
4.80
5.79

nr

−0.85
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resulting birefringence gradient. By aligning the
laser polarization with the birefringence axes, the
polarization gradient can be minimized. We have
verified this both with polarimetry (23) and
through the resulting ac Stark shift systematic
(Fig. 3A).
Such ac Stark shift effects can cause a systematic shift in the measurement of wN E in the
presence of an Ñ Ẽ-correlated detuning, DN E, or
E
Rabi frequency, WN
r . We observed both.
The detuning component DN E is caused by a
nonreversing E-field component, E nr , generated
by patch potentials and technical voltage offsets,
which is small relative to the reversing component,
jE z jẼ. The E nr creates an Ñ Ẽ -correlated dc Stark
nr
shift with an associated detuning DN E ¼ DE ,
where D is the H state electric dipole moment.
We measured E nr via microwave spectroscopy
(Fig. 3B), two-photon Raman spectroscopy, and
the Ñ Ẽ -correlated contrast.
E
The Rabi frequency component, WN
r , arises
from a dependence of Wr on the orientation of
the molecular axis, n% ≈ Ñ Ẽz%, with respect to the
laser propagation direction, k%. This k% ⋅ z% dependence can be caused by interference between E1
and M1 transition amplitudes on the H → C transition. Measurements of a nonzero Ñ Ẽ -correlated
˜
fluorescence signal, S N E , and an Ñ Ẽ B-correlated
phase, fN EB —both of which changed sign when
we reversed k%—provided evidence for a nonzero
E
N EB
WN
channel, along with its linear
r . The f
E
dependence on an artificial WN
generated by an
r
Ñ Ẽ-correlated laser intensity, allowed us to measure
E
−3 %
WN
r =Wr ¼ ð−8:0 T 0:8Þ  10 ðk ⋅ z%Þ, where
Wr is the uncorrelated (mean) Rabi frequency
(see supplementary materials).
By intentionally exaggerating these paramE
eters, we verified that both E nr and WN
couple to
r
ac Stark shift effects to produce a false EDM. For
the EDM data set, we tuned the laser polarization
for each G̃ state to minimize the magnitude of
the systematic slope ∂wN E =∂E nr (Fig. 3A). The
E
correlations ∂wN E =∂E nr and ∂wN E =∂WN
were
r
monitored at regular intervals throughout data
collection (fig. S1E). The resulting systematic
corrections to wN E were all <1 mrad/s.
For a subset of our data, the Ñ -correlated phase
fN was nonzero and drifted with time. We identified the cause of this behavior as an Ñ -correlated
N
laser pointing k% ⋅ x% ≈ 5 mrad present in our optical frequency switching setup. We eliminated
this effect with improved optical alignment; however, we were not able to determine the precise
N
mechanism by which k% coupled to fN , and so
N
we chose to include f variations in our systematic error budget. The slope ∂wN E =∂fN (consistent
with zero) and the mean value of fN established a
systematic uncertainty limit of ~1 mrad/s on wN E .
To be cautious, we included in our systematic
error budget possible contributions from the following parameters that caused a nonzero EDM
shift in experiments similar to ours: stray B-fields
Bnr
x,y,z and B-field gradients (13); an Ẽ-correlated
→
phase, fE , caused by leakage current, →
v  E , and
geometric phase effects (4); and laser detunings and
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E-field ground offsets (5). We obtained direct
wN E systematic limits of ≲1 mrad/s for each. We
simulated the effects that contribute to fE by
deliberately correlating Bz with Ẽ, which allowed
us to place a ~10−2 mrad/s limit on their combined effect. Because of our slow molecular
beam, relatively small applied E-fields, and small
magnetic dipole moment, we do not expect any
of these effects to systematically shift wN E above
the 10−3 mrad/s level (10, 11).
The result of this first-generation ThO
measurement,
d e ¼ ð−2:1  3:7stat  2:5syst Þ  10−29 e⋅cm
ð4Þ
NE

comes from d e ¼ −ℏw =E eff using E eff = 84
GV/cm (8, 9) and wN E = (2.6 T 4.8stat T 3.2syst)
mrad/s. This sets a 90% confidence limit,
jd e j < 8:7  10−29 e⋅cm

ð5Þ

that is smaller than the previous best limit by a
factor of 12 (4, 5)—an improvement made possible by the use of the ThO molecule and of a
cryogenic source of cold molecules for this purpose. If we were to take into account the roughly
estimated 15% uncertainty on the calculated E eff
(8) and assume that this represents a 1s Gaussian
distribution width, the d e limit stated above would
increase by about 5%. Because paramagnetic molecules are sensitive to multiple time reversal (T)–
violating effects (24), our measurement should be
interpreted as ℏwN E ¼ −d e E eff − W S C S , where
C S is a T-violating electron-nucleon coupling and
W S is a molecule-specific constant (8, 25). For
the d e limit above, we assume C S = 0. Assuming instead that d e = 0 yields C S = (–1.3 T 3.0) ×
10−9, corresponding to a 90% confidence limit
jC S j < 5.9 × 10−9 that is smaller than the previous
limit by a factor of 9 (26).
A measurably large EDM requires new mechanisms for T violation, which is equivalent to
combined charge-conjugation and parity (CP)
violation, given the CPT invariance theorem (2).
Nearly every extension to the Standard Model
(27, 28) introduces new CP-violating phases fCP .
It is difficult to construct mechanisms that systematically suppress fCP , so model builders typically
assume sin(fCP ) ~ 1 (29). An EDM arising from
new particles at energy L in an n-loop Feynman
diagram will have size
a n m c2 
de
eff
e
∼k
sinðfCP ÞðℏcÞ
e
4p
L2

ð6Þ

where aeff (about 4/137 for electroweak interactions) encodes the strength with which the electron couples to the new particles, me is the electron
mass, and k ~ 0.1 to 1 is a dimensionless prefactor
(2, 30, 31). In models where 1- or 2-loop diagrams
produce d e , our result typically sets a bound on
CP violation at energy scales L ~ 3 TeVor 1 TeV,
respectively (27–29, 31). Hence, within the context of many models, our EDM limit constrains

272

CP violation up to energy scales similar to, or
higher than, those explored directly at the Large
Hadron Collider.
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Single-Crystal Linear Polymers Through
Visible Light–Triggered Topochemical
Quantitative Polymerization
Letian Dou,1,2,3 Yonghao Zheng,1,4 Xiaoqin Shen,1 Guang Wu,5 Kirk Fields,6 Wan-Ching Hsu,2,3
Huanping Zhou,2,3 Yang Yang,2,3† Fred Wudl1,4,5*†
One of the challenges in polymer science has been to prepare large-polymer single crystals.
We demonstrate a visible light–triggered quantitative topochemical polymerization reaction based
on a conjugated dye molecule. Macroscopic-size, high-quality polymer single crystals are obtained.
Polymerization is not limited to single crystals, but can also be achieved in highly concentrated
solution or semicrystalline thin films. In addition, we show that the polymer decomposes to
monomer upon thermolysis, which indicates that the polymerization-depolymerization process is
reversible. The physical properties of the polymer crystals enable us to isolate single-polymer strands
via mechanical exfoliation, which makes it possible to study individual, long polymer chains.
btaining single-crystalline materials is of
importance in chemistry, physics, and
materials science because it enables not
only a fundamental understanding of the nature of
the materials through structure-function correlations but also provides a wide range of advanced
applications (1–3). Different from inorganic compounds or organic small molecules, polymers tend
to form amorphous or semicrystalline phases because of entanglements of the long and flexible
backbone (4, 5). Preparing large-size polymer
single crystals remains a challenge in polymer
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science (6–8). Topochemical polymerization, a
process whereby the confinement and preorganization of the solid state forces a chemical reaction to proceed with a minimum amount of
atomic and molecular movement, has provided
a promising solution (9, 10). Hasegawa et al.
reported topochemical polymerization reactions of diolefin-related compounds (11, 12) and
Wegner discovered the polymerization of the 1,4disubstituted-1,3-diacetylene single crystals by
heating or high-energy photon irradiation (13).
It was found that, if the reactive monomers are

www.sciencemag.org
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Supplementary Materials
Apparatus
We create a pulsed molecular beam of ThO using the buﬀer gas
beam technique16–18 . Each packet of molecules leaving the source
contains ∼ 1011 ThO molecules in the J = 1 rotational level of
the ground electronic (X) and vibrational state and are produced
at a repetition rate of 50 Hz. The packet is 2-3 ms wide and has
a center of mass speed of ∼ 200 m/s. The chamber background
pressure of < 10−6 Torr suggests a ThO-background gas collision
probability of � 1% during the spin precession measurement which
could cause a small decrease in fluorescence signal or contrast.
After leaving the cryogenic beam source chamber, the ground
state molecules are in a thermal distribution of rotational states at
about 4 K with a rotational constant of about BR ≈ 10 GHz. We
use a series of lasers and microwaves to enhance the population
of the single rotational state, |X; J = 1�. The molecules travel
through optical pumping lasers resonant with the |X; J = 2, 3� →
|C; J = 1, 2� transitions, followed by a microwave field resonant
with the |X; J = 0� ↔ |X; J = 1� transition. The optical pumping
lasers transfer population from |X; J = 2, 3� into the |X; J = 0, 1�
states respectively. The microwaves then mix the populations of
|X; J = 0, M = 0� and |X; J = 1, M = 0� resulting in an overall
population increase in |X; J = 1� of a factor of ∼ 2.
The molecules then pass through adjustable and fixed collimating apertures before entering the magnetically shielded interaction
region, where electric and magnetic fields are applied. The quantization axis is not preserved between the microwave region and
the electric field plates so the population in the three M sublevels of |X; J = 1� are mixed. A retroreflected 943 nm laser optically pumps population from the |X; J = 1, M = ±1� states to
|A; J = 0, M = 0�, which spontaneously decays partially into the
|H; J = 1� state in which the EDM measurement is performed.
The spin precession region contains applied electric and magnetic fields, along with lasers to prepare and read our EDM state.
The electric field is provided by two plates of 12.7 mm thick glass
coated with a layer of indium tin oxide (ITO) on one side, and
an anti-reflection coating on the other. The ITO coated sides of
the plates face each other with a gap of 25 mm, and a voltage is
applied to the ITO to create a uniform electric field.
The spatial profile of the electric field was measured by performing microwave spectroscopy on the ThO molecules. When
the molecule pulse is between the state preparation and read-out
regions, a 40 µs burst of microwaves resonant with the DC Starkshifted |H; J = 1, M = ±1� → |H; J = 2, M = 0� transitions is introduced by a microwave horn at the end of the apparatus, counterpropagating to the molecular beam. If on resonance, the microwaves drive a transition that spin-polarizes the molecules, similar to the state preparation scheme. We can then detect the spin
polarization using the normal readout scheme. The microwave
transition width is ∼ 5 kHz (dominated by Doppler broadening),
so the H-state dipole moment of D ≈ 1 MHz/(V/cm)11 (for J = 1)
means that this method is sensitive to mV/cm electric field deviations with spatial resolution of 1 cm, limited by the velocity
distribution in the beam. Our measurement indicated that the
spatial variation of the electric field plate separation is ∼ 20 µm
across the molecule precession region, in very good agreement with
an interferometric measurement32 . We can also test how well the
electric field reverses by mapping the field with equal and opposite
voltages on the plates. This measurement indicated that the nonreversing component of the electric field had magnitude |E nr | ≈
1-5 mV/cm across the entire molecular precession region, as shown
in Figure 3B.

The EDM measurement is performed in a vacuum chamber surrounded by five layers of mu-metal shielding. The applied magnetic field is supplied by a cosine-theta coil, with several shim
coils to create a more uniform magnetic field within the precession region, and to allow us to apply transverse magnetic fields
and gradients for systematic checks. Changes in the magnetic
field are monitored by four 3-axis fluxgate magnetometers inside
the magnetic shields, and the magnetic fields were mapped out
before and after the experimental dataset was taken by sliding a
3-axis fluxgate down the beamline.
The lasers travel through the electric field plates, so all stages
of the spin precession measurement are performed inside the uniform electric field. All laser light in the experiment originates from
external cavity diode lasers (ECDL), frequency stabilized via an
Invar transfer cavity to a CW Nd:YAG laser locked to a molecular
iodine transition33 . All required transition frequencies and state
assignments were determined previously34–36 . We measured the
saturation intensities, radiative lifetimes, electric/magnetic dipole
moments, and branching ratios for all required states and transitions.
In order to normalize against drifting molecular beam properties
(pulse shape, total molecule number, velocity mean and distribution, etc.), we perform a spin precession measurement every 10 µs,
which is much faster than the molecular beam variations15 , spin
precession time, and temporal width of the molecular pulse. The
∼ 20 µs fly-through interaction time with the readout laser allows each molecule to be read-out by both X̂ and Ŷ polarizations.
This is accomplished by sending the detection laser through two
diﬀerent beam paths, combined on the two ports of a polarizing
beamsplitter. The two beam paths can be rapidly switched on
and oﬀ with acousto-optic modulators (AOMs). The maximum
rate of the polarization switching is limited by the 500 ns lifetime
of the C state (decay rate of γ ≈ 2π · 0.3 MHz). A 1.2 µs delay
is inserted between the pulses of X̂ and Ŷ polarized readout light
(Fig. S1A), which minimizes the amount of residual fluorescence
overlapping between subsequent polarization states. Since the polarization switching period is longer than the decay time of the C
state, we expect � 1 percent of the C state population to spontaneously decay back to the H state while the molecules are in the
readout laser beam. Each of these two eﬀects reduces the contrast
by about 1 percent. We searched for, but did not observe, changes
in ω N E as a function of time within a polarization cycle.
The transparent electric field plates allow us to collect a large
fraction of the solid angle of fluorescence from the molecules. Fluorescence travels through the field plates into an eight-lens system
(four behind each plate) which focuses the light into an optical
fiber bundle. The four bundles on each side are coupled into a
fused quartz light pipe, which carries the fluorescence to a PMT
(outside the magnetic shields). The net detection eﬃciency, including collection solid angle and detector quantum eﬃciency, is
about 1%. We typically register around 1000 photon counts per
molecule pulse (Fig. S1B). The PMT photocurrents are read as
analog signals by a low-noise, high-bandwidth amplifier, and then
sent to a 24-bit digitizer operating at 5 megasamples/s. The control and timing for all experimental parameters is managed by a
single computer, and the timing jitter is less than one digitizer
sampling period.

Systematic Errors
The presence of a nonzero magnetic field component Bz (parallel or antiparallel to the electric field), leads to a nonzero two
photon detuning, δ = 2µB g B̃ |Bz |, for the Λ system characterized
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Ŷ

'()*+,-

(B) molecule
pulse

nr
(mV/cm)
$!!
EEnr (mV/cm)
#!!

30 min

normal

a b c

1

1
normal

IPV
15 hours

a b c

IPV

141

-

k̂ · ẑ
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Relevant switching timescales (A) Time within the
readout laser polarization switching cycle with a period of 10 µs. The
molecule fluorescence rises rapidly when the laser is switched on, decays
with rate γ/2 to a steady state (due to additional molecules entering the
laser beam), and then decays with rate γ after the laser is switched oﬀ.
Fluorescence is measured in detected photoelectrons/ms (kHz). (B)
Time within the ThO molecule pulse after its creation by laser ablation.
The fluorescence signals from (A) have been split up according to readout laser polarization to obtain the plotted points labeled by SX and
SY . The displayed fluorescence traces are averaged over 400 pulses, but
25 pulses are averaged for a given state of the experiment. (C) Switches
performed within a block of data. The Ñ switch randomly alternates
between a (−+) and (+−) pattern, the Ẽ and θ̃ switches randomly alternate between a (−++−) and (+−−+) pattern, and the B̃ switch alternates between a (−+) and (+−) pattern between blocks. (D) Switches
performed within a superblock of data. The P̃ state is assigned randomly between blocks, but other superblock patterns are deterministic.
(E) Changes in the experimental procedure between superblocks. We
alternated between taking data under “normal” conditions and taking
data with “intentional parameter variations” (IPV), which were used to
E , and c=∆
monitor systematic eﬀects. The IPVs are a=E nr , b=ΩN
prep
r
(which was used to monitor the value of E nr by exaggerating its eﬀect
on the Ñ Ẽ correlated contrast). (F) An overview of the ∼ 2 weeks of
data comprising our reported EDM measurement.

Category I Parameters
Magnetic Fields
- Non-Reversing B-Field: Bznr
- Transverse B-Fields: Bx , By (even and odd under B̃)
- Magnetic B-Field Gradients:
∂Bx ∂By ∂By ∂By ∂Bz ∂Bz
, ∂x , ∂y , ∂z , ∂x , ∂z (even and odd under B̃)
∂x
- Ẽ correlated B-field: BE (to simulate
�
�v × E/geometric
phase/leakage current eﬀects)
Electric Fields
- Non-Reversing E-Field: E nr
- E-Field Ground Oﬀset
Laser Detunings
- Detuning of the Prep/Read Lasers: ∆prep , ∆read
- P̃ correlated Detuning: ∆P
- Ñ correlated Detunings: ∆N , ∆∆N
Laser Pointings along x̂
- Change in Pointing of Prep/Read Lasers
- Readout laser X̂/Ŷ dependent pointing
- Ñ correlated laser pointing
- Ñ and X̂/Ŷ dependent laser pointing
Laser Powers
- Power of Prep/Read Lasers: Pprep , Pread
E
- Ñ Ẽ correlated power, P N E (simulating ΩN
r )
- Ñ correlated power, P N
- X̂/Ŷ dependent Readout laser power
Laser Polarization
- Preparation Laser Ellipticity
Molecular Beam Clipping
- Molecule Beam Clipping along the ŷ and ẑ
(changes �vy �,�vz �,�y�,�z� for molecule ensemble)
Category II Parameters

Experiment Timing
- X̂/Ŷ Polarization Switching Rate
- Number of Molecule Pulse Averages
contributing to an Experiment State
Analysis
- Signal size cuts, Asymmetry magnitude
cuts, Contrast cuts
- Diﬀerence between two PMT detectors
(checking spatial fluorescence region dependence)
- Variation with time within molecule pulse
(serves to check vx dependence)
- Variation with time within polarization
switching cycle
- Variation with time throughout the
full dataset (autocorrelation)
- Search for correlations with all φ, C, and S
switch-parity components
- Search for correlations with auxiliary measurements
of B-fields, laser powers, and vacuum pressure
- 3 individuals performed independent
analyses of the data

TABLE S1. Parameters varied in the search for systematic
errors. Category I: Parameters that were varied far from their values
under normal conditions of the experiment. For each of these parameters direct measurements or limits were placed on possible systematic
errors that could couple linearly to each by the method described in the
main text. Category II: Parameters for which all values are considered
consistent with normal conditions of the experiment. Although direct
limits on systematic errors cannot be derived, these served as checks for
the presence of unanticipated systematic errors.

by |H, Ñ , M = +1�↔|C, P̃, M = 0�↔|H, Ñ , M = −1�. Such a Λ
system has a dark eigenstate (a state that has zero excited state
|C, P̃, M = 0� amplitude) in the limit of δ = 0, but for δ �= 0, all
eigenstates have nonzero excited state amplitude. In the limit of

3
small δ/Ωr � 1 (in our case, δ/Ωr ∼ 10−3 ), the introduction of the
magnetic field mixes the bright and dark states with amplitudes
proportional to δ/Ωr . The bright state amplitude acquires an AC
Stark shift and results in a change in the measured phase that is
correlated with the magnetic field direction,
B 2
B
φB
AC (∆, Ωr ) = α ∆ + β Ωr ,

(S1)

where αB and β B are proportional to |Bz | and depend on the
spatial profile of the laser. This model was verified and these
coeﬃcients were measured directly from φB by varying ∆ and Ωr
with AOMs.
E
The coupling of the ∆N E and ΩN
to this B̃-odd AC Stark
r
shift-induced phase leads to contributions to φN EB :
E
φN EB = 2αB ∆∆N E + β B ΩN
.
r

(S2)

E
This phase is dominated by the β B ΩN
term since we operate the
r
experiment on resonance, ∆ ≈ 0; this was verified by observing
E
∝ k̂· ẑ). We used this
that φN EB reversed sign with k̂· ẑ (since ΩN
r
E
= φN EB /β B
eﬀect to our advantage to measure the value of ΩN
r
in our system. We measured φN EB from our EDM dataset, and
we measured β B = ∂φN EB /∂ΩN E by intentionally correlating the
laser power of the state preparation and read-out lasers with Ñ Ẽ
using AOMs.
E
systematics, which result from AC Stark shift
The E nr and ΩN
r
induced phases, were sensitive to the spatial intensity profile and
polarization gradients in the prep and readout lasers. A sharper
edge to the laser intensity profile reduces the size of the region
where the AC stark shift phase accumulates, therefore reducing
the systematic slopes proportional to α and β. The dependence
on the spatial intensity profile was confirmed by clipping our Gaussian laser beam profile with a razor edge. This data agreed with
numerical simulations of the Schrödinger equation under varying
spatial intensity profiles. To vary the polarization gradients, an
optical chopping wheel was added on the state preparation laser
beam, reducing the time averaged energy deposited in the field

plates and hence also the thermally induced birefringence. As expected, the slope of the E nr systematic was also reduced by half.
The two Ñ states in which we perform our EDM measurement
have magnetic moments diﬀering by about 0.1 percent12 . This
diﬀerence is proportional to |Ez | and is the main contribution to
φN B . Therefore, any eﬀect coupling to the magnetic moment to
systematically shift φE will also produce a 1000-times smaller shift
in φN E . We verified this by intentionally correlating a 1.4 mG
component of Bz with Ẽ, resulting in a large oﬀset of φE and a
1000-times smaller oﬀset of φN E , as expected. Although φE shifts
� and geometric phase eﬀects were
caused by leakage current, �v × E,
observed in past experiments4 , we expect to be immune to such
eﬀects at our current level of sensitivity10 . Indeed, the measured
φE was consistent with zero for our reported data set. The mean
and uncertainty of φE , divided by the measured suppression factor,
is included in our φN E systematic error budget (see Table 1).
Data was stored and analyzed as a function of time after ablation and time within a polarization switch state. Due to the 10
percent longitudinal velocity dispersion of our molecule beam, the
arrival time at our detectors is correlated with diﬀerent longitudinal velocity classes, and therefore diﬀerent precession times τ .
We did not see any variation in the measured phases φE or φN E
as a function of time after ablation.

Outlook
It is possible to further reduce this experiment’s statistical and
systematic uncertainty. In a separate apparatus we have demonstrated that electrostatic molecule focusing and EDM state preparation via Stimulated Raman Adiabatic Passage can combine to
increase our fluorescence signal by a factor of ∼ 100. Also, a
thermochemical beam source may increase our molecule flux by a
factor of ∼ 10. The combined signal increase may reduce our statistical uncertainty by a factor of � 10. The dominant AC Stark
shift systematic errors can be further suppressed by implementing
electric field plates with improved thermal and optical properties.
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