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ABSTRACT

Electron spin resonance (ESR) is a powerful tool for characterizing and manipulating spin systems, but commercial ESR spectrometers can
be inflexible and designed to work in narrow frequency bands. This work presents a spectrometer built from off-the-shelf parts that, when
coupled with easy-to-design resonators, enables ESR over a broad frequency range, including at frequencies outside the standard bands. It
can operate at either a single frequency or at two frequencies simultaneously. The spectrometer is controlled by a field programmable gate
array (FPGA), and new capabilities can be easily added by reconfiguring the FPGA and adding or swapping components. We demonstrate
the capabilities of the spectrometer using the molecular nanomagnet Cr;Mn, including simultaneous ESR at frequencies separated by nearly

500 MHz.

Published under an exclusive license by AIP Publishing. https://doi.org/10.1063/5.0231566

I. INTRODUCTION

Electron spin systems are a subject of significant interest for
the possibility of forming spin qubits.” One of the main ways of
manipulating and reading out the states of these spins is electron
spin resonance (ESR), where radio-frequency (RF) voltage signals
are transduced into oscillating magnetic fields that interact with the
spins.* The response of the spins to these RF excitations is then
detected, with the signal generation and detection being performed
by an ESR spectrometer.” This work presents an ESR spectrome-
ter that is both flexible and made from off-the-shelf components,
making it possible to precisely tune to spins across a wide frequency
range from ~2 to 15 GHz, either at a single frequency in monochro-
matic mode or simultaneously at any two frequencies in that range
in two-tone mode.

As currently configured, our spectrometer addresses the
2-6 GHz range, needing only to change the RF circulator to swap
between 2-4 GHz and 4-6 GHz, but minor adjustments laid out
in Appendix B can allow it to address the 6-15 GHz range. It is
also possible to address multiple ranges simultaneously by using
different components in two-tone mode as described below. Our
spectrometer excites spin samples by coupling a signal generator,

able to produce sinusoidal voltages at a variety of frequencies and
powers, with a resonator, which converts the voltage into an oscil-
lating magnetic field applied to the spin sample. Any signal from
the sample itself is detected using the same resonator, then down-
converted using an IQ mixer for readout on an oscilloscope. Overall
control is provided by a field-programmable gate array (FPGA).

In recent years, it has become much easier and more affordable
to design ESR spectrometers by coupling high-frequency FPGAs
with digital-to-analog converters (DACs) for signal generation and
analog-to-digital converters (ADCs) for detection.” "’ Such designs
offer many benefits, including very granular control over the fre-
quency and amplitude of the produced signals. However, their
frequency ranges can be somewhat limited by the sampling rate of
the electronics, with, for instance, a 5 GSample/s (GSPS) converter
needing to work in Nyquist zone 3 to generate a 6 GHz signal,'!
potentially resulting in a reduction in power and the presence of
unwanted sidebands. By trading the granular control for a simpler
design using off-the-shelf components, we have developed a spec-
trometer that has only very rudimentary signal shaping capabilities,
mostly constrained to square pulses of varying powers, but that
can work at much higher frequencies just by swapping out com-
ponents to match the desired range. The relative simplicity of the
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spectrometer also makes it fairly straightforward to configure and
extend its functionality and to understand how each part of the
spectrometer works.

We developed this spectrometer in part to allow for both indi-
vidual and simultaneous control and readout of the spins in a dimer
of molecular nanomagnets (MNMs). MNMs are a class of mag-
netic materials allowing for chemical engineering of the properties of
the quantum spins, with potential quantum computing applications
using the molecules as spin qubits.”'”"’ Performing multi-qubit
gates with MNMs will involve simultaneous ESR on multiple spin
qubits with frequencies separated by multiple GHz.'* Our lab has
recently focused on MNMs engineered to have atomic clock tran-
sitions,'” which extend the quantum state lifetime T> by making
the spins less sensitive to local field fluctuations. Dimers of these
MNMs can be used to perform quantum gates,'® but only with
a spectrometer that can drive each spin simultaneously, and our
spectrometer makes this possible.

Below we describe in detail the composition and performance
of our spectrometer. Most of the components are commercially
available, and we will only briefly discuss their role; a more general
discussion of spectrometer design can be found elsewhere."”

Il. SPECTROMETER DESIGN

Using the configuration presented in this work, the spectrom-
eter can produce pulses as short as 20 ns and up to 22 dBm
(150 mW) of power at the output to the resonator. It can switch
between continuous-wave (CW) and pulsed signals programmat-
ically, though CW mode is mostly useful for doing preliminary
characterization of resonator frequencies, as more sensitive and pre-
cise CW measurements can be performed with a vector network
analyzer. Our main goal in developing this spectrometer is to per-
form pulsed experiments, and as such, only pulsed signals and
results are presented here.

The design of this spectrometer can be broken down into three
parts: the source and detection electronics, the resonator portion
that directly interacts with the spins, and the FPGA controller.

A. Electronics

Figure 1 shows a circuit diagram of the spectrometer elec-
tronics in both monochromatic and two-tone configurations; in
monochromatic mode, all pink lines and components are omitted.
Details of the exact off-the-shelf components used can be found in
Appendix A.

1. Monochromatic source

An RF source generates one or two CW output signals at a
single RF frequency (the carrier frequency v.), which is our excita-
tion and detection frequency. One of these signals, which we will
label B, goes directly into a high-speed RF switch (“pulse switch,”
PSp in Fig. 1), while signal A goes through a power divider (PD),
with half of the power going to the detection mixer (see below) and
the other half to its own pulse switch (PS4). Pulsed experiments
generally use both outputs to exploit the coherent phase control
between the two signals that our source enables, which we will dis-
cuss later. The pulse switches are controlled by the FPGA, opening
and closing as needed to generate either CW or pulsed outputs.
The signal from both switches is combined in a power combiner
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FIG. 1. A circuit diagram showing the layout and connections of the spectrom-
eter in both monochromatic and two-tone configurations. Component labels are
referenced in the text. Pink lines and components are associated with the two-
tone configuration and are omitted in the monochromatic configuration. Blue
dashed—dotted lines near the circulator C indicate the reflection mode configu-
ration, while brown dashed lines indicate transmission mode; in either mode, the
lines associated with the other mode are omitted.

(PC, which is a reversed power divider) and optionally put through
a bandpass filter (F;) to reduce noise. We found that even with the
pulse switches open, there is still enough of the carrier signal leaking
through to be detected, so the signal then goes through a blocking
switch (LB, for Leakage Block) to more completely attenuate that
leaking signal. This combined signal is then sent through a power
amplifier (PA) and a digital step attenuator (DSA). The DSA is con-
trolled by the FPGA and allows independent control of the power of
each pulse and potentially shaping the power within a single pulse
(that capability is not implemented in the default configuration).
Finally, the signal is routed to an antenna coupled to the resonator
through a circulator (C) to prevent reflected power from damaging
the amplifier.

The spectrometer can work in reflection mode when a single
antenna is coupled to the resonator and both reflection and trans-
mission mode with two antennas. In reflection mode, shown as the
blue dashed-dotted lines in Fig. 1, after the signal has interacted
with the resonator, it travels back up the same coaxial cable to the
circulator, which routes it to the detection electronics. In transmis-
sion mode, shown as the brown dashed lines, the third output from
the circulator is capped with a 50 Q) terminator, and a coaxial cable
attached to the second antenna brings any transmitted signal to the
detection electronics.
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2. Monochromatic detection

The returning signal first passes through a power limiter (L)
to protect the detection circuitry from the initial high-power pulses.
This protection could also be achieved using another switch, and
indeed both configurations have been tested with similar results,
but the limiter, being a passive component, is simpler. We have
found that under normal operating conditions there will often not
be enough power reaching the detection side to require the limiter,
but we leave it in for convenience and safety, as it causes minimal
loss (<0.6 dB at these frequencies).

The remaining signal optionally passes through another band-
pass filter (F,) and then enters a low-noise amplifier (LNA). At this
point, the signal is an RF voltage that has been modified in some
way by interactions with the resonator and sample. Note that while
we output only one frequency, the return signal may have several
due to those interactions. It is possible to directly detect signals at
these other frequencies by exciting at one frequency and detecting
at another, but for this work, we will focus on homodyne detec-
tion of the signal oscillating at v.. The amplified return signal goes
into the RF port of an IQ mixer (M), and with the carrier frequency
coming into its LO port, the mixer downconverts the signal into low-
frequency in-phase (I) and quadrature (Q) signals, which can then be
read out on an oscilloscope (Scope).

3. Two-tone electronics

We create two-tone pulses with two different output frequen-
cies, v4 and v, by simply changing the frequency of one of the
RF source outputs. With the exact same electronics, this only pro-
vides a two-tone source, as with the monochromatic configuration,
detection is still only possible at v4. To also do two-tone detection,
fairly minor changes need to be made to the electronics, adding a
power divider and a mixer to output B to match those on output A4,
and then dividing the returning signal after the LNA to send it to the
RF ports of both mixers; these changes are shown in pink in Fig. 1.
Note that in this case the spectrometer is doing homodyne detection
for both frequencies, though if the frequencies are too close together
there will be some crosstalk.

If desired, either or both the source or detection electronics can
be more comprehensively separated to provide more independent
two-tone functionality. For instance, putting in pulses at different
frequencies and different powers would require at least separate
DSAs, and maximizing the pulse and signal size at each frequency
could be performed by using two separate antennas, both coupled to
the resonator, so each frequency gets dedicated power and low-noise
amplifiers. The preliminary two-tone results presented below use the
simpler changes described earlier.

B. Resonator

As discussed earlier, the resonator must be able to couple the
spins to an oscillating magnetic field. For this spectrometer, sam-
ples are placed into the loop of a loop-gap resonator (LGR)."” "’ This
style of resonator is formed by shaping a conductor into a connected
loop and gap, such that current must flow around the loop to get
from one side of the gap to the other. The resonator can thus be
modeled as a lumped-element RLC circuit with resonant frequency
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vy, with the loop forming the inductor, the gap the capacitor, and
the copper body the resistor. This design concentrates the oscillat-
ing magnetic field inside the loop; the loop dimensions (mm-scale)
are generally much smaller than the RF wavelength (cm-scale for
GHz frequencies), such that there is a high filling factor for a sam-
ple placed in the loop. With this design, a relatively low input power
translates into a sizable magnetic field strength at the sample, and a
small oscillating field from the sample can more easily couple back
into the resonator.

Two resonators are used in this work, a monomodal LGR that
resonates at a single frequency and a bimodal LGR that resonates
at two frequencies simultaneously to enable ESR at widely separated
frequencies. Both are made from 1/8 in. (0.3175 cm) thick OFHC
copper and have mounting holes on the sides for 0-80 screws. The
monomodal resonator, shown in Fig. 2(a), is a single-loop-single-
gap design made out of a disk 0.6 in. (1.524 cm) in diameter with a
0.06 in. (0.152 cm) diameter loop and a gap 0.03 in. (0.076 cm) wide
and 0.394 in. (1.000 cm) long milled out of it. The bimodal resonator,
shown in Fig. 2(b), is constructed from two single-loop-single-gap
designs machined perpendicularly into the same piece of copper,
with tabs on the sides for the mounting holes. The main body of
the LGRis 0.24 in. (0.610 cm) wide and 0.6 in. (1.524 cm) long. Both
loops are 0.06 in. (0.152 cm) in diameter, and both gaps are 0.040 in.
(0.102 cm) wide and 0.480 in. (1.219 cm) long. The key feature of
this design is that the loops form a cross, so a sample placed in the
center of the cross will experience the oscillating fields from both
loops, which will resonate at different frequencies. Design files for
both resonators are provided in the supplementary material.

To interact with the sample, the resonator must transduce an
oscillating voltage into an oscillating loop field. The voltage is intro-
duced to the resonator via an antenna formed from the exposed
inner conductor at the end of a coaxial cable, which is placed near the
surface of the resonator. A capacitive antenna is made by bending
the exposed inner conductor into an “L” shape, then lowering it near
the gap, while an inductive antenna sits over the loop and is made by
making a circle with the inner conductor and electrically connect-
ing it to the outer conductor. The resonator is attached with nylon
screws and washers to a copper RF shield at the bottom of a sample
probe that is inserted into a cryostat, and coaxial cables transmit sig-
nals between the rest of the spectrometer and the resonator through

FIG. 2. The loop-gap resonators used for this work, (a) a monomodal design
with a single loop and gap and (b) a bimodal design featuring two crossed loops
and gaps. (b) also shows the resonator mounted to the bottom of the RF shield
with 0-80 nylon screws and washers. Resonator specifications are given in the
text. The blue rectangle overlaid on (a) indicates the approximate position of the
capacitive antenna used in this work.
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one or more antennas inside the shield. In reflection mode, a single
antenna serves to both excite the resonator and detect signals com-
ing from the sample, and in transmission mode, one antenna does
the excitation and a different antenna does the detection. Transmis-
sion mode thus requires two sets of antennas and coaxial cables in
the sample probe, which can be terminated if unused.

A detailed description of a substantially similar
antenna-resonator arrangement can be found in Ref. 20, with
the only significant variations for the work described here being
the antenna length and placement. For both resonators, we used
a capacitive antenna, removing ~3 mm of outer conductor and
dielectric from a 0.086 in. (0.218 cm) diameter copper coaxial cable
and bending the exposed inner conductor 90° directly beneath
the remaining outer conductor. The antenna was placed over the
copper on one side of the resonator, ~1 mm from the edge of the
gap with the tip of the “L” approximately flush with the edge of the
resonator, as depicted by the blue rectangle overlaid on Fig. 2(a)
(a similar position was chosen for the bimodal resonator). It was
oriented parallel to the gap so the “L” pointed away from the
loop and lowered close to the surface of the resonator to provide
antenna-resonator coupling. We found that this single antenna was
sufficient to interact with both resonances of our bimodal resonator,
and that slight changes in its distance to the gap or to the edge of
the resonator did not significantly affect the coupling for either
resonator.

The resonators are characterized by both v, and the width of
their resonance peaks Av,. These values combine to give the quality
factor of the resonator,

Vr
Av,’

Q @
The monomodal resonator used in this work has a room-
temperature resonant frequency of v ~ 3.98 GHz and an unloaded
Q of ~170, and at 3 K, as characterized below, v ~ 3.902 GHz and
Q ~ 200. This low Q is good for pulsed experiments as the pulse
shape is less distorted with lower Q values. The bimodal resonator
used in this work has room-temperature resonant frequencies of
va ~ 3.99 GHz and vg ~ 4.48 GHz, with unloaded Q’s of ~160 and
~130, respectively. At 3 K, the frequencies are v4 ~ 4.02 GHz and
vp ~ 4.49 GHz, with Q4 ~ 350 and Qg ~ 380, allowing simultaneous
ESR at frequencies separated by Av ~ 470 MHz. Significantly larger
frequency separations can be achieved by changing the bimodal
design parameters.

Another important figure of merit for resonators is their
conversion factor,

By
VQP’

where B, is the RF field strength and P is the input power. The field
strength can be estimated from the pulse width required to gen-
erate a given spin tip angle $ using the relationship 8 = guBitp,
where g is the g-factor of the spin sample (for our spin samples,
g =1.96;"! see below). Based on the pulse lengths required to gen-
erate 7 spin rotations for each resonator (110 ns for the monomodal
and 100 ns for both resonances of the bimodal, as discussed below),
we can roughly estimate the B) field strengths generated in each to be
By ~ 10 G. With the Q values reported above and our input power of

c=

2
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21 dBm, this corresponds to a conversion factor of ¢ ~ 2 G/v/W for
both resonators.

C. Controller

Aside from the RF source, most of the components described
earlier are “dumb,” in that they do not require any control input
telling them what to do; they just perform their assigned task with
whatever signal inputs they get. There are three significant “smart”
exceptions that take TTL inputs: the switches have control inputs
that open and close them; the digital step attenuator has an input
that controls the attenuation of the signal; and the oscilloscope has
a trigger input. All of these control inputs are provided by a low-
cost FPGA running a custom configuration written in the hardware
description language Verilog. For the FPGAs targeted in this work,
the control logic can be simulated and verified using open-source
tools, enabling fast iteration and development. As currently config-
ured, the FPGA runs at 200 MHz, setting a minimum timestep of
5 ns for any of the control inputs. The frequency is configurable,
and this frequency was chosen to minimize the timestep while ensur-
ing stable operation of the control program, as running it any faster
could create situations where signals propagating within the FPGA
would not be able to reach their destinations in time for the next
clock tick, introducing random deviations from the programmed
behavior.

Using an FPGA in this way provides a great deal of expand-
ability for the spectrometer. Adding additional “smart” components,
or the ability to create more complex pulse sequences, can be
performed by writing additional control logic into the Verilog con-
figuration. Such expansion would likely require the reduction of the
clock speed, but increasing the timestep to 10 ns, for example, would
allow for a significant amount of expansion, such as the addition of
more pulses to perform Carr-Purcell-Meiboom-Gill sequences.””

The initial configuration of the FPGA is performed by writ-
ing out the control logic in Verilog and loading it onto the board.
All code used to configure and interact with the FPGA is provided
in the supplementary material. As currently configured, the FPGA
supports up to two independent RF output channels, either in CW
mode (with one or the other output enabled at any given time) or
in pulsed mode with up to three independent pulses on one output
channel and up to two independent pulses on the other. While fully
reconfiguring the FPGA takes tens of seconds, a variety of the con-
trol parameters are directly adjustable via USB at a fraction of that
time. These parameters will be highlighted when they are introduced
in Sec. I11 B.

lll. SPECTROMETER OPERATION

This section will focus on the important operational details of
our spectrometer and will not cover the basics of ESR operation; for
a more general overview of both CW and pulsed ESR, see Refs. 5
and 23. The general procedure is to find the resonant frequency of
the resonator and then perform one or more pulsed experiments to
manipulate and probe the spin sample.

Characterization was performed at zero applied magnetic field
using the resonators described above in two separate cooldowns,
coupled to a capacitive antenna in reflection mode with an input
power of 21 dBm, while immersed in a bath of liquid helium at
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3.0 Kin aJanis SHI-950T cryostat. The samples used for these exper-
iments were two variants of the MNM Cr;Mn,”"”* both diluted by
volume in toluene. For the monochromatic experiments, we used
a 10% solution of [Pr,NH, ][ CryMnFg(Piv)15(0.C-py] (A), and for
the two-tone experiments, we used a 5% solution of [Et;NH;]
[Cr; MnFsg(Piv)16] (B). These samples were chosen based on their
zero-field clock transitions around 4 GHz, our familiarity with them
from previous work,"” and because future work will explore using
dimers of this MNM as spin qubits.'® Sample B has significant inho-
mogeneous broadening, allowing echoes to be detected at zero field
over a frequency range from below 4 GHz to above 5 GHz, while
sample A has significantly less broadening and, therefore, a much
narrower but stronger signal around 3.95 GHz. All the data pre-
sented here were taken on a 4-channel Tektronix MSO24 2-BW-70
oscilloscope; monochromatic experiments can be performed with
a two-channel oscilloscope (we have used a Tektronix TBS1052C
with equivalent results), but two-tone experiments require either
one four-channel scope or two two-channel scopes.

A. Determining v,

As previously mentioned, the current version of this spectrom-
eter uses CW ESR only for preliminary resonator characterization,
letting us scan the input frequency for dips in the background asso-
ciated with the resonant frequency v,. Precisely determining v, is
performed by sending in a short (~50 ns) pulse at v. and monitor-
ing the response immediately after it ends. When v, is far from v,,
there will be effectively no signal. However, when v, is at or near vy,
the resonator will absorb energy from the pulse, and when the pulse
ends, that energy will radiate back into the antenna over a decay
time,

tdecay = g (3)

vy
That produces a “ring-down” signal near v,; Fig. 3(a) shows the in-
phase (I) portion of such a signal for the monomodal resonator used
in this work at 3 K, and Fig. 3(c) shows the amplitude of the same
signal, calculated from the in-phase (V) and quadrature voltages

(Vq) as
Vamp = \/ Vi + Vo (4)

Finding v, from these data can be performed in two ways.
The first takes a fixed-time cut of the amplitude data and fits the
square of that voltage (to get a quantity proportional to power) vs
the carrier frequency to a Lorentzian function, giving the central
frequency v, and the width of the peak Av,. An example of this
for the monomodal resonator is shown in Fig. 3(d), for the verti-
cal cut indicated by the yellow dashed line in (c) at 178 ns, yielding
vy = 3902.0 = 0.3 MHz (indicated by the black horizontal line) and
Av, = 19.1 + 0.8 MHz (indicated by the vertical green line). The sec-
ond method uses the oscillations that are present in either the I or
Q signals, as seen in Fig. 3(a). Applying a carrier frequency v, that is
detuned from the resonator frequency v, results in a time-dependent
phase shift, oscillating the signal between I and Q at the beat fre-
quency v, = |vc — v|. Taking the Fourier transform of the [ or Q data,
as shown in Fig. 3(b), allows the extraction of that beat frequency as
a function of v, and fitting those data to find where it goes to zero
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FIG. 3. Monomodal resonator frequency sweep data taken at 3 K. (a) Reflected
in-phase signal V, from the resonator showing the ring-down and beating near
vr. (b) Fourier transform of the signal from (a), showing the weight of different
frequencies in the reflected signal shifting as v, is detuned from v,. The maximum
Fourier weight occurs at the beat frequency v, = |vc — v;|. (c) Reflected amplitude
signal Vam. (d) Vertical cut of amplitude signal from (c) taken at 178 ns, along the
dashed yellow line, then squared. The red dashed line is a Lorentzian fit, yielding
v = 3.902 GHz and Av, = 19 MHz.

gives vr. Once vr is found by either method, the quality factor Q can
be found using Eq. (1) with the results of the Lorentzian fit or by
simply fitting the ring-down signal at v, to a decaying exponential
and plugging the resulting time constant and frequency into Eq. (3).
As shown below, we found that our v, results were generally equiv-
alent with either method, but that the exponential fit gave a more
precise measurement of Q. For the monomodal resonator used in
this work, the Lorentzian and Fourier methods give 3 K resonant
frequencies of v, = 3902.0 + 0.3 and v, = 3901.9 + 0.3 MHz, respec-
tively, and the quality factor is Q = 198 + 1 from the exponential fit
and Q = 204 + 9 from the Lorentzian fit. For the bimodal resonator
at 3 K, we found v4 = 4023.8 + 0.2 MHz and vp = 4488.2 + 0.2 MHz
using the Lorentzian method, and Q4 =346 + 3 and Qg =377 +2
using the exponential fit.

B. Pulse generation

Once v, is determined, a variety of spin echo experiments can
be performed by generating one or more sets of pulses, depending
on whether the spectrometer is operating at a single frequency on
one or two outputs (monochromatic) or at two different frequencies
for the two outputs (two-tone).

1. Monochromatic pulses

As noted earlier, the spectrometer can create up to three pulses
at a single frequency, using either one or both outputs; the third
pulse is currently only enabled on output B. The default configu-
ration has two of the pulses forming a Hahn echo pulse sequence,
the first having a width of ¢, and the second a width of ¢,, with a
delay 7 between them. The third pulse is optionally used as a nuta-
tion pulse, occurring an amount of time 7oy before the first Hahn
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pulse and having a width of tnu. As currently configured, all pulses
are programmatically adjustable in increments of the timestep,
5 ns, with a minimum value of 20 ns and a maximum value of
327.68 s, with the exception of ¢y, which has a maximum value of
1.28 ps; the 20 ns minimum pulse time is set by the on/off time of our
switches. The delays between any of the pulses are adjustable from
5 ns to 327.68 us, and the sequence repetition time T is adjustable
from 5 ns to 21.47 s. The first Hahn pulse is also attenuated by
3 dB relative to the other pulses, giving it half the power so that the
width of the two Hahn pulses can be the same. The scope trigger ris-
ing edge is coincident with the rising edge of the first Hahn pulse;
the included acquisition code is configured to trigger the scope on
the rising edge and automatically offset to put the expected echo on
the scope screen.

2. Two-tone pulses

The two RF outputs can also produce two different frequencies,
either for two-tone ESR or for heterodyne detection. As discussed in
the two-tone electronics section (Sec. II A 3), minor changes to the
electronics are required for simultaneous detection at both frequen-
cies. The spectrometer can create one or two pulses for each output,
and as with the monochromatic setup, output B can also have a third
pulse. The details are mostly the same as with the monochromatic
pulses, and the extra attenuation is timed to coincide with the first
Hahn pulse on output A. It is trivial to swap the frequencies of each
output.

C. Background subtraction

Once v, is determined, a Hahn echo sequence is performed. If
there is a strong enough echo signal over the desired experimental
parameters, experiments can be performed directly by integrating
the signal over an appropriate range. Unfortunately, for many situ-
ations, the signal-to-noise ratio is too low for this to be an effective
approach, due to a variety of factors, including small samples and
large amounts of background noise. To address these issues, we
have two main tools: averaging over multiple signals and back-
ground subtraction. The oscilloscope has built-in averaging, but it
is often necessary to take more averages than the maximum pro-
vided by the scope. Our acquisition software in the supplementary
material enables additional averaging as needed, with no upper limit
(the functional upper limit is the amount of time required).

If white noise is the only factor making it difficult to see the
signal, averaging can suffice to bring out the signal. However, there
can also be systematic offsets coming from the other electronics for a
variety of reasons, and averaging will not remove these. Instead, we
combine averaging with background subtraction, where we take two
different measurements where ideally the only thing that changes
is the spin echo signal, and then subtract one from the other to
remove a variety of non-sample-dependent background effects, such
as ground fluctuations when the RF switches open and close, or cav-
ity ring-down. We do this either by changing the Hahn echo delay
7 or by changing the relative phase between outputs A and B. Not
all backgrounds can be removed with these methods, but they have
proved quite effective at removing a range of electronic artifacts that
would otherwise obscure the spin echo signal; because the resonator
ring-down depends on the phase of the input signal, it can only
be subtracted using the delay-based method. For our background
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subtraction comparison, shown in Fig. 4, we chose 7 such that the
background includes some resonator ring-down. Note that delay-
based subtraction can be performed with any configuration of the
spectrometer, but phase-cycling requires a monochromatic experi-
ment with output A providing the reference frequency (going into
the LO port of the mixer) and output B providing the excitation
pulses. Phase-cycling generally results in a higher signal-to-noise
ratio when the background is not phase-dependent.

For our delay-based background subtraction, we set up our
Hahn echo sequence and take a signal measurement Vg, as shown
by the blue squares in Fig. 4(a). We then change 7 (increasing it
by 5 ps if 7 < 10 ys, otherwise decreasing it by 5 us) but keep the
scope window fixed to shift the expected echo signal out of the
scope window while leaving the background mostly unchanged and
take a background measurement Vi, as shown by the orange tri-
angles in Fig. 4(a). Subtracting Vi« from Vg gives us our data,
Vdata = Vsig = Vback> as shown by the green circles in Fig. 4(a),
where the resonator ring-down background has been mostly
removed.

For our phase-cycled background subtraction, we exploit the
fact that if we shift the phase of an input signal by A¢ = 180°, the
portion of the output signal that was downconverted from the carrier
frequency (and, therefore, was coming from the resonator and sam-
ple) will be inverted. With our Hahn echo sequence set up and with
arelative phase of A¢ = 0, we can take an in-phase measurement Vy,
as shown by the blue squares in Fig. 4(b). If we then change the rela-
tive phase to A¢ = 180°, we can take an inverted measurement Vs,
as shown by the orange triangles in Fig. 4(b). The low-frequency
background in each measurement will be largely identical, because
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FIG. 4. Comparison of our two methods for background subtraction at 3 K using
the monomodal resonator at v, = 3.902 GHz, based on a Hahn echo sequence
with 70 ns pulse widths and inter-pulse delay 7 = 150 ns to include some of
the resonator ring-down. Methods are described in the main text. (a) Delay-
based background subtraction, with signal trace Vg shown as blue squares,
background trace Vpax as orange triangles, and background-subtracted data
Viata = Vsig — Viback s green circles. (b) Phase-cycling background subtraction,
with A¢ = 0 (V) shown as blue squares, A¢ = 180° (V1g0) as orange triangles,
and background-subtracted data Vg = Vo — Vg0 @s green circles. This removes
some portion of the background and doubles the height of the echo.
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much of it does not depend on the phase, but the echo signal will now
be inverted; as noted above, one background that does depend on
the phase is resonator ring-down, so if that significantly contributes
to the background in an experiment, the delay-based background
subtraction should be used. If we then take Vgu, = Vigo — Vo, we
will be subtracting the background but doubling the echo signal,
as shown by the green circles in Fig. 4(b); these data are usually
halved to maintain a constant signal size. The resonator ring-down
background, being phase-dependent, is still present.

D. Standard experiments

While many different experiments can be made with the spec-
trometer as currently configured, here we present several that are
included as turn-key options in the acquisition code. Many other
experiments using 1-5 pulses can be set up with minor changes
to the acquisition code, and experiments using more pulses can be
implemented by changing the FPGA configuration. For each exper-
iment, phase-cycling was used for background subtraction, with
delay times 7 chosen to exclude any resonator ring-down from the
background.

1. Monochromatic experiments

Three different single-frequency experiments are shown in
Fig. 5. In addition to these experiments, the acquisition software
is also configured to easily do pulse sweep measurements (sweep-
ing ty and t;), phase sweep measurements (sweeping A¢), and
frequency sweep measurements (sweeping v.).

In (a), we present a Rabi oscillation experiment. A Hahn echo
pulse sequence is set up with f> = t; = 110 ns (based on a rough
preliminary sweep of the pulse widths) and 7 = 250 ns. A nutation
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FIG. 5. Characterization of monochromatic spin echo experiments on sample
A at 3 K using the monomodal resonator at v, = 3.902 GHz. All data are phase-
cycled. In all lower panels, integrated echo area is shown as blue circles, while
appropriate fits to the echo area are shown as dashed green lines. Data (a) and
fitted echo area (d) for a Rabi oscillation experiment, sweeping the nutation pulse
width tn, to find the appropriate 7/2 pulse width t,,. Data (b) and fitted echo area
(e) for an inversion recovery experiment, sweeping the delay T between an invert-
ing nutation pulse and the /2 pulse to measure T1. Data (c) and fitted echo area
(f) for a Hahn echo delay sweep, sweeping the inter-pulse delay z to measure T,.
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pulse is sent 5 us before the 77/2 pulse, and the width of the nutation
pulse tny is swept from 0 to 400 ns. Integrating the area under the
echo results in the data shown in Fig. 5(d), and fitting those data to
a decaying sinusoid (the green dashed line) returns a 7/2 pulse time
of 106 + 2 ns.

In (b), we present an inversion recovery experiment. ¢, and
tr are both set to the 110 ns pulse width determined in the Rabi
experiment, with the same 7 as in (a), and a nutation pulse of width
taat = 110 ns; because the attenuator only adds attenuation to the 7z/2
pulse, this nutation pulse performs a 7 rotation. The delay between
the nutation pulse and the 7/2 pulse, T, is swept from 5 to 100 us to
determine the longitudinal relaxation rate T. Fitting the integrated
echo to an exponential [as shown in Fig. 5(¢)] yields T; =23 £ 1 ps.

Finally, in (c), we present a Hahn echo delay sweep. The same
Hahn echo pulse times from (b) are used, but now 7 is swept
from 250 to 1500 ns to determine the transverse relaxation rate T’.
Figure 5(f) shows the integrated echo data and an exponential fit that
yields T, = 390 + 10 ns (this value is limited by our temperature and
level of dilution).

2. Two-tone experiments

With two separate output frequencies, all of the monochro-
matic experiments can be performed on each frequency individually
(with the exception of the phase sweep), but it is also possible to
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FIG. 6. Demonstration of a simultaneous two-tone Hahn echo delay sweep exper-
iment on sample B at 3 K using the bimodal resonator. Frequency sweep data
for the lower (a) and higher (b) frequency resonances of the resonator, yielding
va = 4024 MHz and vg = 4488 MHz. (c) Pulse sequence schematic for this simul-
taneous Hahn echo experiment, using identical pulse widths and delay times, but
with an overall time offset Atg for the higher frequency. (d) Background-subtracted
echo signal at each frequency, with the signal at v, (blue circles) occurring a time
Atg before the signal at vg (orange triangles). (e) Data for the Hahn echo delay
sweep, where the inter-pule delay 7 is swept simultaneously for both frequencies,
showing comparable exponential decays.
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do inherently multi-frequency measurements. We demonstrate the
two-tone capabilities of our spectrometer with simultaneous Hahn
echo delay sweeps at each frequency of our bimodal resonator,
va = 4024 MHz and vp = 4488 MHz; Figs. 6(a) and 6(b) show fre-
quency sweep data for the two resonances. To make it easier to
distinguish the signals at each frequency, we introduce a slight time
offset for the pulses at vg, Atp =200 ns, as shown in the pulse
sequence schematic in Fig. 6(c). The pulse times for both frequen-
cies are tq/» = t; = 100 ns, and in this experiment we used the same
delay times for both frequencies, though all such timings can be
changed on a per-frequency basis. As discussed above, the sample
used for this experiment, sample B, shows large enough inhomo-
geneous broadening such that we can detect echoes from a single
sample at both frequencies at zero field. Background-subtracted
echoes at a delay time of 7 =600 ns are shown in Fig. 6(d), and
delay sweep data at each frequency are shown in (e), where in both
cases the blue circles show the signal at v4 and the orange triangles
show the signal at vz. We see nearly identical exponential decays
at each frequency, as we would expect for an inhomogeneously
broadened sample. This result demonstrates the ability of the spec-
trometer to operate at two frequencies, separated by nearly 500 MHz,
simultaneously.

IV. CONCLUSIONS

The spectrometer described herein is effective, flexible, and easy
to assemble. In its current form it can perform many common ESR
experiments and can be relatively easily extended to incorporate
additional measurements in the future. With the appropriate choice
of resonator, it enables experiments both within and outside the
standard ESR frequency bands. Additionally, the multiple-output
nature of the spectrometer enables two-tone ESR, where two dif-
ferent frequencies are sent to the resonator simultaneously. As
demonstrated, the spectrometer itself currently supports such exper-
iments, and our lab is working on refining the bimodal resonator
design described above to allow simultaneous ESR for spin sam-
ples with frequencies separated by more than 1 GHz. With such a
resonator, this spectrometer will allow us to measure and exploit
the interaction between coupled spin systems with widely separated
transition frequencies using double electron-electron resonance
(DEER) experiments.

SUPPLEMENTARY MATERIAL

We provide the code used to program the FPGA, as well as
the data acquisition code. Instrument drivers are provided for all
equipment used, including the temperature controller/thermometer
(Lakeshore 335) and programmable power supply (GPD-3303S).
CAD files (in STL format) are provided for both LGRs.
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APPENDIX A: SPECTROMETER COMPONENTS

Component Part no. Freq. Range (GHz)

RF source WindFreakTech 0.054-15
SynthHD

RF switch MiniCircuits (MC) 0.5-6
ZFSWA2R-63DR+

RF power divider MC ZX10R-14-S+ 0-10

Power amplifier MC ZVA-183-S+ 0.7-18

Digital step attenuator MC 0.009-6
7X76-31R75PP-S+

Circulator Fairview microwave 4-8/2-4
(FM)
SFC4080B/SFC2040A

RF limiter MC VLM-63-2W-S+ 0.03-6

Low-noise amplifier =~ FM 2-6
SLNA-060-40-09-SMA

1Q mixer Marki microwave 12-18
MMIQ-0218LXPC

FPGA Lattice ECP5 N/A

evaluation board

APPENDIX B: DIFFERENT FREQUENCY RANGES

Most of the original components work in the 2-6 GHz range,
the main exception being the circulator; two circulators are provided
above, for the 2-4 GHz range and the 4-8 GHz range. Accessing
a higher frequency range (6-15 GHz) can be performed by substi-
tuting the following components (listed with component name and
frequency range):
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e RF switch: Analog devices HMC547ALP3 (evaluation board
EVIHMC547ALP3), DC-20 GHz.

o RF Divider: This component can be removed, using output
A as the mixer LO and output B as the pulsed output.

o Digital Step Attenuator: This component can be removed,
and different tip angles achieved by varying the pulse width.

e RF Limiter: This component can be removed or replaced
with an RF switch.

e Low-Noise Amplifier: Fairview Microwave FMAMI1071,
6-18 GHz.

o Circulator: Fairview Microwave SFC0818, 8-18 GHz.
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