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Searching for an exotic spin-dependent interaction between electrons
at the nanometer scale with molecular rulers
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We propose a new scheme to constrain an exotic spin-dependent interaction between electrons at the
nanometer scale. Molecular rulers containing two electron spins and a shape-persistent polymer chain are
utilized in the scheme. The distances between electron spins can be tuned by varying the lengths of the
polymer chains connecting the two electron spins. With the measurement of the coupling strength between
electron spins, improved laboratory bounds of axial-vector mediated interaction are established in the force
range from 3 to 200 nm. The upper limit of the coupling g4 g4 /4nhc for the force range of 200 nm is
|g495/4nhe| < 1.0 x 10~'2, which improves the previous limit on g495/4nhc by 1 order of magnitude.
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Light bosons such as pseudoscalar fields (axion and
axionlike particles [1,2]) and axial-vector fields (para-
photons and extra Z bosons) are hypothetically expected
to address mysteries of fundamental sciences, namely, the
microscopic origins of dark matter and dark energy, the
resolution to the strong CP issue in quantum chromody-
namics, as well as the possible connection with the
hierarchy problem [3]. The exchange of such bosons
may mediate exotic spin-dependent interactions between
ordinary fermions, which enables us to search for the
bosons through the laboratory method [2,4—6]. The exotic
spin-dependent interactions between fermions are charac-
terized by dimensionless coupling constants and decay
rapidly with distance between fermions [4,5]. Since the
force ranges of the exotic interactions, which are associated
with the masses of mediating bosons are unknown, it is
important to utilize various experiments working at force
ranges from the atomic scale to the radius of the Earth [6].
For the force range below micrometer scale, stringent upper
limits of the exotic interactions are provided by exquisite
experiments, such as nitrogen-vacancy centers in diamond
[7], trapped ions [8], single-atom electron spin resonance
with scanning tunneling microscope (ESR-STM) [9-11],
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and atomic spectroscopy [12,13]. The upper limits of the
exotic interactions are limited by the sensitivities of
experimental measurements.

In this paper, we propose a novel method to search for
axial-vector-mediated exotic spin-dependent interaction
between electrons at the nanometer scale. The molecular
rulers, which consist of two electron spins and a shape-
persistent polymer chain, are used to search for the exotic
spin-dependent interaction. Polymer chains composed of
p-phenylene (PP) and ethynylene (E) are widely used in the
construction of nanostructures due to their good synthetic
accessibility and unambiguous geometrical structure [14].
Here, rodlike moieties consisting of PP and E are the spacers
connecting the two electron spins. The distance between two
electron spins can be tuned by synthesizing molecular rulers
with different sequences of PP and E units. In addition, the
shape-persistent spacers contribute to narrow distance dis-
tributions between two electron spins. Coupling strength
between two electron spins is obtained by double electron-
electron resonance (DEER) experiments. Based on these
measurements, we establish new experimental constraints
on the exotic interaction between electrons, which consid-
erably improve previous bounds at the nanometer scale.

Figure 1(a) demonstrates a schematic diagram of two
electron spins in an external magnetic field. The magnetic
dipole-dipole interaction between two electron spins is
described by the following Hamiltonian:
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where S: and S; stand for spin operators of the two electron
spins, S. =62, i=1, 2.6, and G, are Pauli vectors
of the two electron spins. p is the vacuum permeability. g;
and g, are g factors of the two electron spins. up is the
Bohr magneton constant. r = |7| is the displacement
between two electron spins, and 7 = 7/r is unit displace-
ment vector between two electron spins. The exchange of a
hypothetical axial-vector boson leads to exotic dipole-
dipole interaction: [4]

¢ a¢ he . .

Vy = %7 ei(01 - 02), (2)
where g4 g4 /4nhc is the dimensionless coupling constant.
A =n/(mc) is the reduced Compton wavelength of the
hypothetical axial-vector boson of mass m. c is the speed
of light.

Molecular rulers used in this work consist of different
sequences of PP, E, and two Gd-PyMTA spin labels.
Gd-PyMTA has a Gd** ion center and the electron spin
of Gd** is in the 35 ground state. With seven unpaired
electrons in its f orbital, the Gd** spin label has an effective
electron spin of S = 7/2. The zero-field splitting of the
Gd-PyMTA spin label is 1150 MHz [15]. The g factors of
Gd** spin labels are 1.9925, which are obtained from the
molecules with only one Gd** spin label [16]. The g factors
obtained from Ref. [16] are not influenced by the exotic
spin-dependent interaction, since the exotic interaction
does not exist in molecules with only one Gd** spin label.
Meanwhile, in the high magnetic field Electron
Paramagnetic Resonance (EPR) experiments, the variation
in g factors between Gd** complexes with different ligands
is negligible [16]. The rodlike moieties made up of PP and
E keep two Gd>* spin labels at a well-defined distance.
Ball-and-stick models of the molecules are shown in
Fig. 1(b). The molecules are denoted as Gd-rulers 1,
(n=5,7,9, 11) and 2,. Notations 1 and 2 represent two
types of molecular structures, and the subscripts denote the
number of repeating units. The synthesis of the geometri-
cally well-defined Gd-rulers are reported in Ref. [17].

The coupling strength between two electron spins in the
Gd-rulers are measured by DEER experiments [15]. The
DEER experiment is a powerful tool to measure dipolar
coupling strength between spin labels, which are separated
in the nanometer scale. In the W-band DEER experiments
in Ref. [15], two Gd** spin labels in Gd-rulers can be
considered as a pair of weakly coupled spins with § = 1/2
(see Appendix A). The magnetic dipole-dipole interaction
and the exotic interaction between two Gd** spin labels
can be estimated by the secular terms of the interaction
Hamiltonian:
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FIG. 1. (a) A schematic diagram of two coupled electron spins

(o) and 0,) in an external magnetic field By. r is the displacement
vector between two electron spins. 6 stands for the angle between
the displacement vector and the external magnetic field By.
(b) Ball-and-stick models of molecular rulers. 1, (n = 5,7,9, 11)
and 2, are the notations associated with the five molecular
rulers, respectively. The notations 1 and 2 represent two types
of molecular structures. The subscripts denote the number of
repeating units. For Gd-rulers 2,,, n repeating units appear twice
in the molecules, so the Gd-ruler 2, has four repeating units with
benzene. The red dots, dark gray dots, green dots, blue dots, and
the light gray circles denote gadolinium atoms, carbon atoms,
oxygen atoms, nitrogen atoms, and hydrogen atoms, respectively.
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Details of the DEER experiments [15] are provided in
Appendix B. Briefly, the DEER experiments were carried
out at 10 K using a home-built W-band (94.9 GHz)
spectrometer [15]. The samples were diluted in a 7:3
(volume ratio) mixture of D,O and glycerol-dg, the con-
centrations of Gd-rulers 15, 17, 14, 144, and 2, are 0.1, 0.1,
0.05, 0.1, and 0.03 mM, respectively. A four-pulse
sequence was applied to Gd-rulers in the DEER experi-
ments. The detected echo intensity is modulated by the
dipolar coupling strength (see Appendix A).

Figure 2 shows the experimental results adopted from
Ref. [15]. We take the magnetic dipole-dipole interactions
into account at first. Other interactions, such as exchange
interactions between electron spins and intramolecule
interactions, are negligible [15]. Because of the random
orientations of the molecular axes in the frozen solution and
the flexibility of Gd-rulers, echo intensities decay with time
as discussed in Appendix A. By fitting the echo intensity
function to experimental DEER traces, the distance
between Gd3* electron spins and the FWHM of distance
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FIG. 2. DEER measurements adopted from Ref. [15] (black
lines) and fitting results (red lines). (a) Experimental results of
molecular ruler 15, 17, and 2,. (b) Experimental results of
molecular ruler 19 and 1;;. Red lines are fittings with the echo
intensity function as discussed in Appendix A. Intensity offsets
are added manually.

distributions are obtained. More details of the fitting are
discussed in Appendix B. The Gd-Gd distance and HWHM
for Gd-rulers 2,, 15, 17, 19, and 1y; are 4.4(0.5), 4.8(0.3),
6.2(0.3), 7.2(0.4), and 8.7(0.8) nm. The experimental
coupling strength with @ = z/2 for different distances
can be obtained. In addition, distances from fitting results
are in good agreement with distances derived from density
functional theory (DFT) calculations (see Fig. 6 in
Appendix B).

Then we take the hypothetical exotic interaction into
account. The coupling strength between two Gd>* electron
spins with 8 = z/2 is

2 e e -4
0, — /'l()ilgll"B l% Gaga dhee” ()
zh r 4zghc h r
In the assumption of the coupling strength, where the
measurement in the DEER experiments is contributed from
both the magnetic dipole-dipole interaction and the axial-
vector exotic interaction, fittings with @, were made to
derive the coupling constants g4 g4/4nhc of the exotic
axial-vector-mediated interaction. The experimental results
and a fitting at A = 200 nm are presented in Fig. 3. The x
values of data points are the distances with max probability
in the distance distribution of the Gd-rulers. Error bars in
the x dimension denote distance distributions due to the
flexibility. The distance distributions of Gd-rulers are
asymmetric about the center, which is discussed in
Appendix B. Error bars on the coupling strength are
calculated by the fitting errors of distances according to
the error transfer formula.

The red line in Fig. 3 is the best fit with Eq. (4) when the
force range 4 =200 nm. The coupling constant of the
exotic axial-vector-mediated interaction for A = 200 nm is
obtained to be ¢4¢4/4nhc = (0.0+5.1) x 10713, The
value of the axial-vector field induced interaction is less
than its errors showing no evidence of the exotic interaction
observed in these measurements. The upper limit of the
exotic interaction at A =200 nm is ¢{g¢4/4nhc < 1.0 x
10~12 with 95% confidence level. The shaded region is the

—m— Measurements
—— Best Fit

N 1o Uncertainty
= = g°xg°x/4mic = +5.1x1072 for .= 200 nm

N
I
£
_'
3
0.1 |
\
\
1 1 A 1 1
4 6 8 10
r (nm)
FIG. 3. Coupling strength @, as a function of distance, r. Data

points and the error bars are derived from the fitting of time
domain DEER traces. The red solid line is the best fit with Eq. (4)
when 4 = 200 nm gives g4 g4 /4nhc = (0.0 £ 5.1) x 10713, The
shaded region is a lo uncertainty band of the fit. Blue dashed
lines show the hypothetical signals when g¢4¢4/4nhc = £5.1 x
10~'2 with 1 = 200 nm, and the linearity of the exotic interaction
V, is similar to the exponential in logarithmic coordinate.

1o uncertainty band of the fit. Blue dashed lines show the
hypothetical signals when ¢4g4/4nhc = £5.1 x 10712
with 4 =200 nm. In the log-log plot, the power law
magnetic dipole-dipole interaction is a straight line, while
the linearity of the exotic interaction V, is similar to the
exponential. The hypothetical signals are obviously differ-
ent from the experimental results. To obtain the constraints
for other force ranges, we repeat the fitting for different
force ranges, and then obtain the upper limits of ¢4 g4 /4xfic
with the 95% confidence level according to the fitting
results.

Figure 4 shows the experimental constraints on the axial-
vector exotic interaction V, by this work and previous
results from Refs. [7,8,11,13,18]. The bottom axis corre-
sponds to the force range of the interaction, which is
inversely proportional to the mass of the mediating boson
in the top axis. The vertical axis represents the dimension-
less coupling constant g¢4gq/4nhc between electrons.
Filled areas indicate excluded regions. For the force range
A < 3 nm, the upper limits were obtained from Ref. [13].
The red line in Fig. 4 shows the constraints established in
this work, which are more stringent than previous bounds
in the range from 3 to 200 nm. For the force range from 10
to 200 nm, previous limits were set by Luo er al. [11] with
precise ESR-STM experiments [9]. For the force range
0.22 ym < A < 10 pm, the constraints were established by
Kotler et al. [8]. Upper limits in the range from 10 to
900 um were set by Rong et al. [7]. Ritter et al. [18] set
constraints in the force range in the millimeter scale and
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FIG. 4. The experimental constraints on the axial-vector-
mediated dipole-dipole interactions between electrons as a function
of the force range A and the mass of the axial-vector boson m.
Solid black lines represent upper bounds obtained from
Refs. [7,8,11,13,18]. This work establishes new laboratory bounds
in the force range from 3 to 200 nm (the red line). The obtained
upper limit at 4 =200 nm is |g4g5/4nhc| < 1.0 x 10712,
which improves the previous limit on g4g4/4xhc by 1 order of
magnitude.

above. Specifically, the obtained upper limit from our
method improves the previous limit by 1 order of magni-
tude at A =200 nm. Benefiting from the pulse EPR
technique, our method provides a better precision of
detection for coupling strength between two electrons
compared to the ESR-STM experiments.

In summary, we provide a novel method to search for an
exotic spin-dependent interaction at the nanometer scale.
Improved constraints on the axial-vector-mediated inter-
action between electrons are established. Furthermore,
DEER measurements have been carried out on molecules
with triple electron spins of Gd**, Mn?*, and a nitroxide
[19]. Measurements based on chemically synthesized
molecules may provide new possibilities for searching
for exotic spin-dependent interactions. We also expect that
electron spins of molecular rulers with longer coherence
times can be synthesized for this study. With longer
coherence times, a better precision can be achieved, and
the constraints can be further improved.

We noticed that a revisiting of spin-dependent inter-
actions has recently been proposed [5]. We expect experi-
ments with molecular rulers can be utilized to provide
constraints on the interactions in the future.
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APPENDIX A: THE COUPLING BETWEEN
Gd** ELECTRON SPINS

Equation (3) in the main text is the secular term of the
interaction Hamiltonian between two Gd>* electron spins.
Because of the high magnetic field and the zero-field
splitting, only secular terms of dipolar interaction remain
for two Gd** electron spins [15,20]. The DEER experi-
ments in Ref. [15] chose the central transition frequency of
the EPR spectrum and 90 MHz (3.2 mT) higher as
the resonance frequency for observe and pump spins.
Four energy subspaces |_3/20bserve>’ |_1/20bserve>’
|=1/2pump)» and [1/2,,,) made the major contribution
to the DEER spectrum. Thus, the Gd** spin pair can be
considered as a weakly coupled spin pair with S = 1/2.
Moreover, Ref. [15] compared DEER results of Gd** and
nitroxyl spin labels. The values of distances derived from
Gd-rulers are in good agreement with the distance derived
from nitroxyl rulers, which suggests Gd-Gd can be treated
as a spin-half pair. In conclusion, the Gd** electron spin
pair can be treated as a pair of weakly coupled spins with
S = 1/2. The interaction can be estimated by Eq. (3), using
the sigma matrix denoting Gd>* electron spins.

APPENDIX B: TIME DOMAIN DEER TRACE
AND DETAIL OF THE FITTING

DEER experiments were performed at 10 K using a
home-built W-band (94.9 GHz) spectrometer with a mag-
netic field of about 3400 mT. A four-pulse sequence
with two pulse frequencies corresponding to the observe
and pump spin resonance frequencies was applied.
Reference [21] provides a detailed description and char-
acterization of the four-pulse sequence. The detected echo
intensity denotes magnetization in the x-y plane in the
Bloch sphere of the observe spin. Because of the dipolar
interaction between two Gd3T electron spins, the observe
spin acquires a phase shift in the x-y plane of the Bloch
sphere. Through varying the timing of the z pulse applied
on the pump spin, the echo intensity of the observe spin is
modulated by the coupling strength, as shown in Fig. 2 in
the main text.
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The echo intensity of the time domain DEER trace can
be interpreted as [22]

V(t) = Vo{l = And
« {1 + A B /0 ™2 cos(@y (6, r)t)P(r)P(H)der] }

(BI)

_ /109191/4% 3cos?f -1
drh P ’

@Dgq <B2)
where V|, is the echo intensity of the twice refocused Hahn-
echo sequence of the observe spin. 4,,; is the modulation
depth, representing the fraction of spins excited by the pump
pulse. P(r) is the Gd-Gd distance distribution of Gd-rulers.
0 is the angle of the molecule with respect to the magnetic
field B,,. Echo intensity is an integration of € with a weighting
of P(0) =sin(0). The distance distribution of the rigid
molecules can be estimated by the harmonic segmented
chain model. The distance distribution is determined by the
bending potential and the thermal energy [14]. Here we take
Gd-ruler 1, as an example. The distance distribution derived
from HSC model is shown in Fig. 5 with the FWHM of the
distance distribution being 0.397 nm.

By fitting the echo intensity function equations, (B1) and
(B2), to experimental DEER traces, the distance between
Gd** electron spins and the FWHM of the distance
distribution are obtained. The distance between Gd** can
also be estimated from DFT. We used scalar relativistic DFT
as implemented in the Gaussian software package [23] and
performed full geometry optimizations for all structures. In
our DFT calculations, the three-parameter hybrid exchange
functional of Becke and the exchange functional of Lee-
Yang-Parr (B3LYP) [24-26] was employed. More precisely,
to ensure a correct approach for the open-shell species, we
employed the spin-unrestricted open-shell version of this
functional (UB3LYP). The standard basis set 6-31G(d) is

0.04+

0.03-

0.02+

0.00
55 6.0 6.5 7.0 75 8.0 8.5

r (nm)

FIG. 5. Histogram of distance distributions of 10° calculations
for the Gd-ruler 1,; backbone.

10 + y=X
= fitting results’

Distance from fitting results (nm)
~

L L L L L )
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Distance from DFT (nm)

FIG. 6. Gd-Gd distance obtained by fitting results versus
Gd-Gd distance calculated by DFT. The solid line indicates
where the data points should be if the Gd-Gd distance determined
by fitting and DFT calculations are identical.

used for C, H, and N atoms while the Stuttgart RSC 1997
ECP basis set [27] is used for Gd atom. The DFT results
show that Gd-Gd distance for Gd-rulers 2,, 15, 17, 19, and
144, are 4.25, 4.70, 6.05, 7.41, and 8.78 nm, respectively,
which are in good agreement with the distances derived from
the fitting of time domain DEER traces.
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