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a b s t r a c t
A new probe for acquiring ESR images with microscopic resolution and high spin sensitivity, at a temperature range of 4.2–300 K, is presented. Details of the probe design, as well as its principle of operation,
are provided. The probe incorporates a unique surface loop-gap microresonator. Experimental results
demonstrate the system’s capability to acquire two – as well as three-dimensional images with a ﬂat test
sample of phosphorus-doped silicon. The imaging results also allow verifying the resonator’s resonance
mode – they show its B1 distribution, which also makes it possible to estimate the number of spins measured in the sample.
Ó 2012 Elsevier Inc. All rights reserved.

1. Introduction
Electron spin resonance (ESR) is a very useful and robust spectroscopic method with many applications in science and technology [1]. One signiﬁcant drawback of conventional ESR, however, is
its relatively low sensitivity compared to other spectroscopic techniques, with commercial systems reaching levels of 109 spins/
p
Hz at best [2,3]. This sensitivity limitation also affects the available imaging resolution of heterogeneous samples, which in commercial systems reaches 25 lm [4,5]. This is because, as the
image’s voxel size decreases, it contains less and less spins and thus
quickly runs into the sensitivity limitation ‘‘wall’’. When considering highly specialized home-made systems, a sensitivity of
p
106 spins/ Hz, (or slightly more than 104 spins in 1 h of acquisition) has been recently demonstrated (see also below) [6], and
the best pixel resolution achieved in 2D ESR imaging is 440-nm
[7]. In view of the limitations of conventional (known as ‘‘induction’’ or ‘‘Faraday’’) detection techniques, many efforts have been
invested in attempts to break these barriers through the use of
alternative detection methods. These techniques have attracted
considerable interest in the last few years; they have demonstrated
resolution improvements from a few microns down to the nanometer scale and have achieved single-electron-spin sensitivity. For
example, Scanning Tunneling Microscopy ESR (STM-ESR) [8,9],
which combines the high spatial resolution of STM with the electronic spin sensitivity of ESR, can measure the signal from a single
spin with 1-nm 2D resolution. Magnetic Resonance Force Microscopy (MRFM) [10], which detects the force inﬂicted by the spins on
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a sharp magnetic tip, shows a single-electron-spin detection capability and 3D nuclear spin imaging with <10-nm resolution [11].
Other methods are not that sensitive yet but have a potential for
improvement in the near future. They include, for example, Hall
detection [12,13], Superconducting Quantum Interference Device
(SQUID) detection [14,15], optically-detected magnetic resonance
[16,17], electrically-detected magnetic resonance, [18–20] and
indirect detection via diamond nitrogen-vacancy (NV) centers
[21–24]. These new methods are very successful and undoubtedly
may improve even more in the future. However, as described in details in reference [7], they all have very limited practical use as they
require a complex sample preparation measured at extreme physical conditions, and provide surface-only accessibility (a few nanometers deep) and a limited spectroscopic capability. In view of
these limitations, it is evident that induction detection may be challenging in terms of sensitivity, but at the end it could prove more
rewarding: unlike the unique methods described above, induction
detection can be employed in conjunction with all the currently
available commercial spectrometers, it does not require special
samples or special preparation procedures, and it provides very
time-efﬁcient 3D imaging schemes (in contrast to ‘‘point-type’’
imaging schemes, which are mostly limited to the surface or near
sub-surface of the new methodologies mentioned above).
In order to examine the prospects and potential paths for
improving sensitivity in induction detection we must ﬁrst take a
closer look at the factors affecting it. The signal-to-noise ratio
(SNR), which is a measure of the sensitivity of induction–detection
pulsed ESR, is given by [25]:
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where M is the sample’s speciﬁc net magnetization (in units of
(JT1 m3)), as given by the Curie law [26], x0 is the Larmor angular
frequency, kb is the Boltzmann constant, T is the temperature, l0 is
the free-space permeability, and Qu is the unloaded quality factor of
the resonator. The symbol Vc represents the resonator’s effective
volume [7,25,27,28], which is equal to the volume of a small hypothetical sample Vv (for example, (1 lm)3), usually located at the
point where the resonator’s microwave magnetic ﬁeld is maximal,
divided by the ﬁlling factor [29] of this small sample [27]. Here
we assumed an averaging with a repetition rate equal to 1/T1 for
SNR improvement and that the bandwidth of excitation is chosen
to match the linewidth of the examined paramagnetic species in
the sample, Df ¼ 1=pT 2 . If T2 is much larger than T 2 , additional
averaging (with CPMG sequence [30], for example) can increase
p
sensitivity by a factor of  ðT 2 =2T 2 Þ.
The relevant controllable parameters in Eq. (1) are: the resonator’s volume, Vc, the resonator’s quality factor, Qu, the temperature,
T, and the magnetic ﬁeld (as expressed by the Larmor frequency,
x0). It should be noted that the magnetic ﬁeld and the temperature
also inﬂuence implicitly the sample relaxation times and the net
speciﬁc magnetization, M, through the Boltzmann population distribution of the spin’s energy levels.
Our recent work made use of this parametric dependence in an
attempt to minimize the resonator’s size, increase its quality factor,
and work at lower temperatures and larger static magnetic ﬁelds.
For example, we built a miniature dielectric resonator with typical
dimensions of 1 mm which operates at a relatively high ﬁeld of
1.2T at room temperature. These characteristics enabled us to atp
tain spin sensitivity of 1.6  108 spins/ Hz [31]. Furthermore,
the small resonator facilitates the use of miniature and highly efﬁcient gradient coils that are placed right around it and can be used
to spatially encode the sample, thus obtaining image resolution in
the sub-micrometer range [7,31]. More recently, we engaged in the
development of a unique type of efﬁcient surface loop-gap microresonators that provide a considerable reduction of the resonator’s effective volume (down to a few nanoliters, when operating
at Ku band), but which have a rather low quality factor of 15 at
room temperature [28]. They have been improved to a smaller design with an effective volume of less than 1 nl [6].
In addition to reducing the resonator’s volume it is also possible
to turn down the temperature ‘‘knob’’ in the hope of increasing
sensitivity, which has a 1/T3/2 dependence as shown in Eq. (1)
(magnetization, M is inversely proportional to temperature). This,
however, does not always work to our advantage because in many
cases T1 also increases considerably at low temperatures, limiting
the signal acquisition repetition rate. However, if we look at cases
where T1 and T2 increase in the same manner, one can use multiple
echo CPMG pulse sequences to acquire signals in an optimal manner. This is the case in many solid state samples; as noted above,
one of our small resonators, which was also incorporated in a cryostat that facilitates measurements in the entire temperature range
of 3–300 K, achieved with this method spin sensitivity of
p
1.5  106 spins/ Hz for a sample of phosphorus-doped 28Si (denoted 28Si:P) [6].
Here, we will present the details of the cryogenic probe design
that enabled the latter measurement. Furthermore, we will show
how we integrated into the ESR spectroscopic probe design a set
of miniature gradient coils that enable, along with our imaging
hardware [31], the obtention of images of samples at a wide range
of temperatures. Speciﬁc experimental examples of two- and
three-dimensional (2D and 3D) images of the 28Si:P sample used
at 10 K in our previous work will be provided. The experiments
verify the intense microwave B1-ﬁeld focusing of the small surface
resonator and its spatial distribution (the ‘‘resonance mode’’). The
potential applications embedded in such high spin sensitivity
capability, carried out at a wide range of temperatures and
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combined with the possibility of obtaining high-resolution ESR
images, range from biology to materials science and physics [27].
For example, ESR micro-/nano-imaging can be used for examining
point defects and impurities in semiconductors [32]. This capability is of extreme importance in the development of semiconductor
devices, which are characterized by a very small size, and especially in improving the performance of solar cells that is often limited by paramagnetic defects [33,34]. Other potential uses range
from the observation of ﬁxed biological samples with stable free
radicals [35] up to possibly even addressing issues related to quantum computing [36,37].

2. The cryogenic microimaging probe
Figs. 1–6 present in details the mechanical design of the cryogenic microimaging probe and the resonator used in this work.
This structure will be described by reference to its main functions:
(a) Delivering a microwave signal in and out of the resonator; (b)
Adjusting the coupling of the resonator to the microwave input
line; and (c) Delivering gradient drive and piezo control into the
probe.
(a) Microwave signal: The signal comes into the probe through
an SMA connector located on the probe’s cap (see Fig. 1a).
It then goes down along the center of the probe through a
0.085’’ stainless steel semi-rigid cable (with low thermal
conductivity), until it reaches a connection with a 0.047’’
non-magnetic copper semi-rigid cable. Reverting now to
Fig. 3, it is possible to see how this copper cable is connected
to the microstrip line via a brass transition. This microstrip
line goes directly under the resonator and excites its resonance mode, as seen also in Fig. 4b and c. The copper
semi-rigid cable is held ﬁxed in space by a brass holder
(drawn in purple in Figs. 1 and 2). The design in Figs. 3
and 4 features the use of a miniature surface loop-gap resonator made of copper deposited on a rutile substrate. This
structure is described in detail (including design method,
quality factor and equivalent circuit, and construction
method) in our recent works [6,28]. Fig. 4b and c shows
two possibilities for the resonator position with respect to
the microstrip line, and Fig. 4a presents the dimensions of
the resonator used in this work. In this type of resonator,
the sample is placed on its surface [6,28]. The imaging probe
can also be used with other types of resonators, such as the
small (2.4 mm o.d., 1 mm i.d.) cylindrical dielectric resonator used in our room-temperature (RT) microimaging
probes [7,31]. In such type of resonator (not drawn here),
the sample is placed either inside or above it [31].
(b) Adjustable coupling: In principle, there are two main problems facing researchers during the design and operation of
ESR probes for low cryogenic temperatures. The ﬁrst is
exchanging samples and the second is achieving variable
coupling between the microwave feed and the resonator.
In our case, due to the relative complexity of the probe
and resonator, we prefer to exchange samples outside the
probe, at room temperature, and then insert the probe into
the cryostat and gradually lower the temperature. This is a
limitation, but since all relevant samples are either solids
with an ‘‘inﬁnite’’ life time, or frozen liquids at low temperatures, it is not a major problem. Variable coupling, however,
is an important feature that we cannot avoid. This is
because, as temperature changes, the properties of the resonator and the feed line also change – causing a signiﬁcant
variation in the coupling properties. In our case the micrsotrip line is held ﬁxed in space with respect to the probe
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Fig. 1. Schematic drawings of the cryogenic imaging probe. (a) The entire probe, total length of 40 cm (inserted vertically into the cryostat). (b) Close-up view of the lower
part of the probe.
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Fig. 2. Enlarged drawing of the lower part of the probe.

support, while the resonator, sample holder, and gradient
coil assembly are all connected to the Delrin probe support
shown in Figs. 1, 2 and 5, which is mounted on a movable
piezoelectric XY stage (model ANP101/RES by AttoCube Systems AG, Germany), as depicted in Figs. 1b and 2. The movement of the stage changes the position of the resonator with
respect to the microstrip line (see Fig. 4b and c), which effectively controls the coupling and allows optimizing it at a
wide range of temperatures.

(c) Gradient drive and piezo control: Fig. 1 shows two electronic
circuit boards (painted green1) protruding from the top of
the probe. The boards are connected to external cables from
our gradient drivers [31] and the piezo control from the Attocube control box. The signals go from these boards through

1
For interpretation of color in ‘Figs. 1–4, 6 and 7’, the reader is referred to the web
version of this article.
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Fig. 3. (a) Enlarged drawing providing details of the resonator and sample holder. (b) The resonator and sample holder assembly.
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Fig. 4. (a) The dimensions (in lm) on the resonator used in this work. (b and c) Two optional resonator excitation schemes.

the red cable and into another circuit board in the lower part
of the probe (see Fig. 1b), from which they later continue
toward the gradient coils and the piezo stages.
The array of gradient coils used here (Fig. 6) is similar to the one
we used in the RT works but with slight modiﬁcations [7,25,31,38–
40]. Refs. [7,25,31,38–40] also contain detailed information about
the gradient coils’ speciﬁcations, dimensions, properties and construction procedure. The coils are placed on a thin (4.4-mm i.d,
4.6-mm o.d) rexolite tube covered with a 1-lm gold layer. The gold
shields the resonator at microwave frequencies, but it is transparent to the pulsed magnetic ﬁeld gradients whose spectral range
reaches a maximum of only 10 MHz (for 100-ns pulses). This
shielding makes it possible to maintain a relatively high quality
(Q) factor (typically 1000) for the dielectric resonators, but is less
important for the surface resonators that have a smaller Q and

smaller relative radiation losses to begin with. The X-, Y-, and Zgradient coils are arranged around the cylindrical shield together
with the regular DC bias coils (see Fig. 6). The structure and properties of these coils are identical to the ones in the 17-GHz RT
imaging probe described in [7]. The maximum magnetic ﬁeld gradient achieved by this system (for the X and Y coils) with short
(0.5–1 ls) current pulses of 95 A (coming out of an 1100-V source
[31,41]) is 130 T/m with a repetition rate of 20–40 kHz. One of
the major problems in generating such strong gradients at such a
high-repetition rate is the excessive heat generated by the coils.
In order to prevent this problem, the coils are embedded in a
heat-conducting (but electrical insulator) adhesive (Arctic AluminaTM with heat conductivity >4 W/mK by Arctic Silver Inc.,
USA). Furthermore, the continuous ﬂow of cold helium vapor in
the cryostat efﬁciently dissipates the heat generated in the coil.
The imaging probe can accommodate ﬂat samples (when used
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Fig. 5. Drawing of the main Delrin probe support.

a

b
Z coils

Rexolite tube

Y coils

DC bias coils
X coils
Y coils

X coils

Z coils

Fig. 6. (a) The gradient coil structure. (b) Enlarged drawing of the gradient coil structure. X coils are in black – Maxwell pair; Y coils are shown in yellow – Golay gradient
coils; Z coils are in brown, also Golay geometry; and a regular Helmholtz pair above all coils, to lock the static ﬁeld on the resonance line (ﬁeld frequency lock).

with a surface resonator) or cylindrical samples with a diameter of
1 mm and a height of 0.5–1 mm (when a dielectric resonator is
used).
Our imaging system hardware and software can support a wide
variety of pulsed imaging acquisition modes, as detailed in Ref.
[31]. In this work we added the possibility of using a CPMG imaging sequence, as described in Fig. 7. Such sequence is useful when
T 2 is much shorter than T2. In such a case, many echoes can be

acquired and averaged together in the CPMG sequence without signiﬁcant decay, leading to an increased SNR.

3. Experimental results and discussion
The aim of the experiments presented here is to verify the
proper operation of the imaging probe at low temperatures (the
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Fig. 7. Imaging pulse sequences that the system can support.

room-temperature operation of a similar gradient coil setup was
already shown in [7,31]). The test sample used is the same one employed in our recent study [6], made of a 10-lm layer of phosphorous-doped 28Si (termed 28Si:P) with a concentration of 1016 P
atoms per cm3, on top of a 500-lm-thick intrinsic Si wafer. The
sample was cut from a Si wafer originally manufactured by the
ISONICS Corporation, USA, which also characterized it in terms of
doping concentration (by Hall bar measurements) and doping layer
thickness (see also [42]). We did not carry out an independent
characterization of this sample, except for measuring its ESR linewidth, which was found to be less than 0.1 G. This is a clear indication that the doping concentration is below 2  1016 P atoms per
cm3 since higher concentrations cause signiﬁcant line broadening
[43,44]. This test sample is homogeneous and ﬂat, and thus suitable for the surface resonator employed here. The spatiallyresolved information imaged is therefore not the geometry of the
spin concentration in the sample but rather the microwave mode
of the resonator. Fig. 8c shows the results of a typical two-dimensional ESR imaging experiment for this type of sample, measured at
a temperature of 10 K. The imaging sequence employed here is described in Fig. 7 (CPMG), using only Gx and Gy. For the 28Si:P sample
such sequence is more favorable than a simple Hahn echo imaging
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sequence (see for example [31]). This is because T 2 (0.8 ls at
10 K) is much shorter than T2 (260 ls), and thus multiple echoes
can be refocused for a single 90° pulse, leading to a signiﬁcant increase in the SNR. The speciﬁc pulse sequence parameters are:
s = 2000 ns, N = 100, and the repetition rate was 1000 Hz, to be
compatible with the T1 of this sample at 10 K (1 ms). The values
of spx and spx are 600 and 700 ns, respectively, with peak gradient
values of 52 T/m, and the microwave frequency used is 12.4 GHz.
The acquisition time for the ESR image is 102 min. The total image
size is 160  120 pixels and the pixel size is 1.8  1.5 lm.
The imaging results are compared to the square of the calculated magnetic ﬁeld component, B21 , of the resonator’s microwave
mode (close-up view of the resonance mode in Fig. 2 of Ref. [6]).
This quantity is roughly proportional to the ESR signal magnitude
(although the exact dependence on the B1 magnitude for such
pulsed experiment is somewhat more complex, see the discussion
in Ref. [28]). The comparison to the calculations is made for two
surfaces, one located at a height of 1 lm above the resonator’s surface and the second at a height of 5 lm. Since the B21 of this resonator drops by a factor of 4 for such a short distance [6], it is
expected that the 2D signal, which is the projected integral sum
of the entire 10-lm-thick sample, will be heavily weighted towards the ﬁeld distribution at shorter distances from the surface.
Indeed, Fig. 8c resembles a cross between Fig. 8a and b with some
distortions that may be caused by production problems in the
lithography process, a non-clean resonator surface, and misalignments between the gradient axes and those of the resonator (leading to the image being tilted). Based on the image’s pixel size (see
above) and the known sample concentration, it is possible to estimate that there are 270,000 spins in each 1.8  1.5  10lm voxel. In practice, however, due to the sharp decrease in the
microwave B1 going out of the plane of the resonator (see calculation in Fig. 2 of Ref. [6]), most of the signal is obtained from a much
smaller volume extending not more than 3–5 lm above the resonator. This provides an estimated number of 105 ‘‘effective’’
spins per voxel as a good representative ﬁgure. The sharp exponential decrease in B1 going out of plane was not veriﬁed by imaging,
due to lack of sufﬁcient resolution and a slight misalignment of the
axis of the Z-gradient with respect to the sample normal – see
below.
The noise in the image can be divided into two types: random
noises that can be found in voxels far away from the peak signals
in the image, and artifact noises that can appear as ’’shadows’’ or
‘‘mirrors’’ of the main signal. The random noise in the image is
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Fig. 8. Results of the two-dimensional ESR imaging vs. the calculated
of the resonator. (a) The calculated ﬁelds at a height of 1 lm above the metallic plane of the
resonator. (b) The calculated ﬁelds at a height of 5 lm above the metallic plane of the resonator. Two-dimensional ESR image of a ﬂat 28Si:P sample placed on the resonator.
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temperatures ranging from 4.2 to 300 K, was presented. At low
temperatures with a test sample of 28Si:P, the estimated spin sensitivity is 4000 spins with an acquisition time of less than 2 h,
provided they are placed in the most sensitive region of the resonator. This is an exceptionally optimal sample, given that its T1
and T2 properties allow for efﬁcient averaging at a high-repetition
rate. Other types of samples (Trityl solution, N@C60) show lower
sensitivity – see Ref. [6]; in general, the dependence of spin sensitivity and image resolution upon sample properties was described
in detail in Refs. [25,40]. The high resolution ESR images we obtained make it possible to verify the resonance mode of our unique
surface resonator and also to estimate the actual number of measured spins in our sample. The cryogenic probe can be useful for
a variety of applications requiring high spin sensitivity and high
spatial resolution in samples such as thin-ﬁlm solar cells [33], measurements of paramagnetic monolayers [49] and, in general, for
measuring spin-limited samples.
Acknowledgments

Microns
Fig. 9. Volume plot of a three-dimensional ESR image of the same sample as in
Fig. 8. A 2D cut along the sample’s z axis is superimposed on the volume plot.

rather low, with an estimated peak signal vs. RMS noise of 25.
This results in an absolute spin sensitivity of 105/25 = 4000 spins
for the measurement time employed here, or 114 net spins (considering the Boltzmann factor of 35 at 10 K and 12.4 GHz). I.e., a
quantity of 4000 spins of the 28Si:P sample, placed in a voxel located in the most sensitive region of the resonator, would provide,
after 2 h averaging time, an SNR of 1. The artifact noise is visible
mainly along the x axis of the image (notice that the image axes
were rotated by 90° in Fig. 8) and it is caused by k-space coverage
method (fast along the x axis and slow along the y axis). Some
‘‘blurring’’ of the image may also be attributed to the long acquisition time, during which some drifts may occur. Also, the relatively
long T2 of the sample can lead to some blurring due to phase noise
from the electromagnet [45]. Finally, an important point that
should be made is that, for a large B1 inhomogeneity, the even echoes in the CPMG sequence have a different phase than the odd echoes. This issue was discussed in details in Refs. [46–48], along with
methods for eliminating this artifact. Here we simply summed up
all the echoes, which resulted in two identical images that are mirrored to each other. If the images are far enough from the symmetry plane (as was the case here) it is possible to simply add them up
after inverting one of them.
Fig. 9 shows the results of three-dimensional imaging using the
same sample and resonator, also measured at 10 K. Here we employed the imaging sequence shown in Fig. 7 with full phase
encoding in all three axes. For the x and y axes, gradient pulses
similar to the ones employed in the 2D experiments were used,
but with a peak gradient of 15 T/m. For the z axis, the gradient
pulse had a spz of 500 ns and a peak gradient of 20 T/m. The total image size is 120  120  80 voxels and the image’s pixel size is
6.2  5.2  5.7 lm. The image acquisition time is 10 h and the
SNR is 31. The image shows a 3D volume plot superimposed on
a 2D cut along the z axis. The cut shows that the plane of the z axis
gradients is not exactly parallel to the plane of the ﬂat sample (it
goes through the sample in a somewhat slanted manner).
4. Conclusions
A new probe which enables the acquisition of microscopic ESR
images with high spin sensitivity and high spatial resolution, at
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