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Experimental Demonstration of Scanned Spin-Precession Microscopy
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We present a new tool for imaging spin properties. We show that a spatially averaged spin signal,
measured as a function of a scanned magnetic probe’s position, contains information about the local spin
properties. In this first demonstration we map the injected spin density in GaAs by measuring spin
photoluminescence with a resolution of 1.2 wm. The ultimate limit of the technique is set by the gradient
of the probe’s field, allowing for a resolution beyond the optical diffraction limit. Such probes can also be
integrated with other detection methods. This generality allows the technique to be extended to buried

interfaces and optically inactive materials.
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Interest in spin physics and spintronic device develop-
ment [1-3] has driven an explosion in device geometries
and material choices. However, the principal spin micros-
copy tools for spintronic materials are primarily based on
optical detection [4,5], and are thereby limited to certain
materials. Scientists studying spin phenomena will need a
multitude of characterization tools to address sensitive spin
detection in new materials and device structures [6—10].
Magnetic resonance force microscopy [11,12], for ex-
ample, offers sensitive detection of spin moments that
are localized or nearly so, and requires a high vacuum,
cryogenic environment. Magnetometry based on nitrogen-
vacancy centers in diamond [13-15] is a powerful
approach if one can bring the spin system into intimate
contact with a nitrogen-vacancy-containing diamond sur-
face or a scanned diamond microstructure, allowing for
measurements of the fields generated by the spin system.
Spin-polarized scanning tunneling microscopy [16] per-
haps provides the best spatial resolution among spin de-
tection techniques, but typically requires ultrahigh vacuum
conditions and is limited to studying surfaces.

Here we demonstrate a new type of imaging technique,
which we call scanned spin-precession microscopy, that is
complementary to these other techniques. It offers the ad-
vantage of using the preferred detection method for the spins
in their intended environment. This can enable the study of
devices with buried interfaces and materials that are not
optically active. Our approach can enhance the imaging
capabilities of the few well-established spin detection tech-
niques, such as Kerr or Faraday microscopy, or provide one
where none exists, e.g., in the case of electrical detection.

We combine standard spin detection techniques with the
idea of encoding spatial information using magnetic field
gradients provided by a micromagnetic probe (henceforth
called the probe), akin to magnetic resonance imaging
(MRI). By understanding the effects of this gradient on
the spins, we are able to decode the spin information using
standard deconvolution techniques.
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We utilize spin precession in a magnetic field, a hallmark
characteristic of a magnetic moment, such as used in Hanle
effect measurements [17]. The encoding is achieved by
selectively precessing spins in a localized region underneath
the probe via its inhomogeneous magnetic field. This effect
is illustrated in the simulations shown in Fig. 1. Such a local
perturbation with a scanned probe has been shown to be very
valuable for scanned gate imaging [18,19].

For our proof-of-principle demonstration, we map the
injected spin density in GaAs using spin photolumines-
cence (spin PL) as the detection method. We achieve a
resolution of 1.2 wm, which follows from the magnetic
field gradient (similar to MRI) and not from any length
scale set by our optics.

Figure 2(a) shows a schematic of our experiment. We
generate polarized spins, oriented along Z, in a 1 wm thick
n-GaAs membrane via the standard optical pumping
method [17]. We image the resultant steady-state spin
density, p = p(r,)Z, where r; = (x,, y,, 0) is the position
within the sample, which we treat as two dimensional. The
spin density in the presence of the probe, denoted by
S(ry, r,), will be different from p due to precession in
the magnetic field of the probe, B, (r,) = B, & + B, +
B,.Z, wherer, = (x,, y,, z,,) is the position of the probe. It
should be noted that in our experiment the optical pump
that injects the spins is being scanned physically, while the
probe is fixed. However, for our uniform sample, this is
equivalent to scanning the probe relative to a fixed pump,
and henceforth we will regard this to be the case. A
spatially uniform transverse magnetic field B,X may also
be applied to further tailor the spin precession. We repeat
the imaging process with B, = 0.145 T to further demon-
strate the validity of this microscopy tool.

We image by measuring a spatially averaged spin-PL
signal, 3(r,) o [© S (r,, r,)d’r,, where S, refers to the
Z component of S. More details on the measurement pro-
cess are provided in the Supplemental Material [20].
Figure 2(c) shows the PL intensity for a particular
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FIG. 1 (color online). The simulations shown illustrate the key
physics underlying spin-precession imaging; the inhomogeneous
magnetic field of a probe (sphere with black arrow, indicating the
magnetization direction) generates a well-understood spatially
varying dephasing of spins. Spins that are injected into a semi-
conducting sample reach a steady-state density resulting from a
combination of the local spin properties, the injected density, and
the probe’s field. The arrows in all figures represent the steady-
state spin density vectors S. The color scale represents the Z
component (parallel to the orientation of the injected spin) of the
spins. (a) Demonstrates the case of a spatially uniform injection
density and highlights the full spatial extent of the influence of
the probe’s field Bp. The left-hand corner shows our coordinate
system (black arrows) and the various components of Bp (shorter
blue arrows). Strong perpendicular fields from the probe dephase
spins in an annular disk centered beneath the probe. Parallel
fields immediately below the probe protect spins from dephas-
ing. (b) and (c) show simulations identical to panel (a) except for
the case of a Gaussian injection profile, corresponding to two
different positions of the probe. Panels (b) and (c) correspond to
the blue dot and red cross in Fig. 2(d), respectively.

p = p., measured using a spin-insensitive camera. Panels
(d) and (e) show the corresponding 3., for B, = 0 T and
0.145 T, respectively, as a function of the probe’s position.

An expression for 2, in the limit of zero diffusion (which
our data show is a reasonable approximation for this
experiment; more details of the derivation in the
Supplemental Material [20]) is given by

S(r), B) [ v [ * S.(ry r,)dr,

[T [ HyR B,
= Hp(R, B) * p(r,), (D

where, * represents a convolution, R =r, —ry,

1 (y7,B1(R))

Hy—— and 63R, B) = D2
P v em M RB) = B R

Xs(um)

FIG. 2 (color online). (a) Schematic of the sample with pump
laser and detected PL on one side, and a micromagnetic probe
glued on the other side. The pump beam is scanned relative to the
probe using an objective mounted on translation stages, but is
equivalent to scanning the probe for our homogeneous sample.
(b) Experimental optical image showing the PL spot created by
the pump beam in a 1 pwm thick GaAs membrane and the NdFeB
probe. (c) Camera image of PL that corresponds to (and is
proportional to) injection profile p.. (d) The measured spin
signal 3, (color bar) corresponding to the injection profile
from panel (c), at B, = 0. The location of each pixel corresponds
to the relative position between the probe and the pump beam; a
blue dot and red cross are included to provide two example
cases. The location of the blue dot corresponds to a probe
position directly above the injection beam; this configuration
results in a spin density mostly pointing along the Z direction
[Fig. 1(b)] and gives a large signal. The red cross corresponds to
a probe position 8 um away from the center of the beam; spins
precess away from the Z direction due to large fields perpen-
dicular to the injected spin direction [Fig. 1(c)] and thereby
reduce the signal. (¢) 2. for a large B, = 0.145 T.

B and B| are, respectively, the magnitudes of the perpen-
dicular and parallel components of the total field B =
B,(R) + B,X experienced by the spins. The components
are defined with respect to Z, the orientation of injected
spins. The gyromagnetic ratio denoted by y and 7, is the
spin relaxation time. The data in Fig. 2 will be used later
for obtaining Hp, which we call the precessional response
function, and is the signal that would be measured for
p = 8(r,). The expression for Hg comes from a restating
of the more conventional Hanle effect, which typically
only involves a spatially uniform transverse magnetic field.

As seen from the previous equations, S, is decreased by
B | because it causes the spins to precess away from the
injected direction, resulting in a dephasing of the en-
semble. On the other hand, B), keeps the spins from tipping
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away from the injection direction, resulting in a small 65
and large S,. We can view 65 as an effective dephasing
factor [21,22].

B| and B have distinct spatial variation in our experi-
ments, and the consequences of their competing effects are
evident in Fig. 3, where we show line scans (along X and §)
for several values of B,. Also shown are fits obtained from
Eq. (1) in which the probe is modeled as a point dipole with
a moment m = m,2 located a height z, above the sample
(see Fig. 3 caption and the Supplemental Material [20] for
more details).

The peak, marked by vertical green dashed lines at x or
y = 0, occurs when the probe is located directly above the
point of maximum injected spin density. At this point there
is a maximum in B} (~ 0.8 T) from the probe that pre-
serves S,. When the pump is far from the probe, the signal
decreases with increasing B, with a Lorentzian line shape
(as expected in a Hanle measurement) whose half-width,
By, = (y7)~', is 0.0111 T for our experiments (this is
larger than expected for the doping level of our GaAs
sample because the spin lifetime is limited by carrier
recombination dynamics in our experiments; see
Supplemental Material [20] for more information).

A second peak (blue dashed line) seen in the line scans
along X occurs where the X component of the field from
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FIG. 3 (color online).  Spin signal 3. (corresponding to p..), for
various B, plotted as a function of the relative position between
the pump and the probe along the § (left) and the X (right)
directions. The data at various B, are offset vertically for clarity.
The open circles are experimental data while the solid lines
represent fits obtained from Eq. (1) using m, = 2 X 107° J/T,
Zp =8 um, and 7, = 2.33 ns. The spin lifetime 7, is obtained
from Hanle measurements (see Supplemental Material [20]).
The peaks marked by the green dashed lines result when the
peak in p,. lies directly under the probe. The net parallel field
directly under the probe is mostly due to B, (the Z component of
the probe’s field) and exceeds the net transverse field (mostly
given by B,); this results in a large 3 [Eq. (1)]. The second set of
peaks seen in scans along the X direction (blue dashed line) occur
when B, = —B, (B,, is the X component of probe’s field). The
resolution of our technique can be estimated by noise and slope
that is seen in these line scans. For the bottom right black curve
we obtain a resolution of 1.2 um.

the probe cancels B,. As B, is increased, this point occurs
closer to the probe where its field is stronger.

The fits indicate the effectiveness of Eq. (1) in describ-
ing our data. The sensitivity of the global signal to spins at
different locations relative to the probe, described by the
convolution, forms the basis for imaging.

To obtain an unknown spin density p, from our mea-
sured signal, the Hp needs to be determined. This can be
accomplished if we first have a known p. We use the
camera data shown in Fig. 2(a) as being proportional to
p. and which provides us the known p. Then Hgz(R, B,) =
2. (r,, B)®p,(r,), where we use ® to indicate a deconvo-
lution process. We use the Wiener algorithm [23] to imple-
ment the deconvolution. The resulting experimental Hp for
both low and high B, are shown in Figs. 4(a) and 4(b). We
can also determine the Hp theoretically and these are
shown in Figs. 4(c) and 4(d) for comparison; more details
for obtaining them are presented in the Supplemental
Material [20].

To test the fidelity of our imaging process, we now use
the experimental Hy for an unknown p,. We generate this
p, by placing a wire mesh, with wire spacing of about
0.5 mm, in front of our laser beam (see Fig. S2 in the
Supplemental Material [20]). The measured 2, at low
and high fields, is presented in panels (a) and (c) of
Fig. 5. We then extract p,(r,) = X,(r,, B)®Hg(R, B,).
The extracted spin densities are shown in panels (b) and (d)
of the same figure. Also shown [panel (e)], for independent
verification of our imaging technique, is a camera image
for the PL (<< p,,). The line cuts present a more quantitative
comparison of the extracted and measured data.

The ability to extract the spin density with both high and
low B, shows the exclusion of spurious effects, such as
reflectivity changes as a function of the probe’s position, in
our data. Also, B, provides a knob to optimize the Hp to
suit particular imaging needs. High field imaging might
provide a more intuitive Hp for the case of global

B,=0.145T
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FIG. 4 (color online). (a) Precessional response function Hy,
obtained through Wiener deconvolution of p. [Fig. 2(c)] from
3.(B, = 0) [Fig. 2(d)]. (b) Experimental Hy for B, = 0.145 T.
(c) and (d) Theoretically derived Hp obtained from Eq. (1), using
the dipole moment from the fits in Fig. 3 for B, =0 T and
B, = 0.145 T, respectively. The experimental Hp data have been
normalized and offset to highlight the match between theory
and experiment.
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FIG. 5 (color online). Obtaining the spatial variation of an
unknown spin density from the measured signal 2: (a) Spin
signal ¥, measured for a spin density profile p, (more infor-
mation on how it was produced is given in the Supplemental
Material [20]), with B, =0 T. (b) An image of p, extracted
from the Wiener deconvolution of 3, [panel (a)] using the
experimental Hg(B, = 0) [Fig. 4(a)] as the deconvolution
kernel. (¢) and (d) Similarly measured 2, and extracted p,,
respectively, for B, = 0.145 T. (e) Line cuts of p, taken along
the dashed lines in panels (b) (dotted blue) and (d) (dashed
green). Also shown in solid red is a line cut from an independent
camera image of p, shown in panel (f).

detection. Low-field imaging may be more useful for non-
local electrical devices, where a large transverse field
would dephase spins before they reach the detector.

The resolution of our technique can be estimated by the
ratio of noise to slope that is seen in the line scans shown in
Fig. 3. We infer a spatial resolution, { ~ 1.2 um, in our
experiment based on the sharpest change of the signal. We
can also use the features seen in Fig. 5(e) to obtain an upper
bound for the resolution. A Gaussian fitting of the narrow-
est lobe gives us { = 5.5 um. However, this is a bound
that is being set by the feature size we are imaging. As in
magnetic resonance imaging, the magnetic field gradient «
sets the ultimate resolution in the absence of diffusion,
{ = By,/k [21]. Gradients of up to ~4 X 10° T/m have
been achieved recently [11] by nanoscale fabrication of
probes to submicron sizes, much smaller than ours.

These gradients are at least an order of magnitude larger
than in this experiment, and should enable much finer
resolution.

Resolution will be limited by diffusion, and by the
unavoidable reduction of the spin signal as the region of
affected spins shrinks. While diffusion can degrade the
resolution, the spatial precessional response can be nu-
merically analyzed to obtain valid and useful spatially
resolved data. For large enough gradients, subdiffusion
length and subdiffraction limit resolution should be achiev-
able. Images are obtained in the presence of spin diffusion
by MRI [24-26]; this should be feasible for spin precession
imaging as well.

In summary, we have demonstrated a new technique for
imaging spin properties using the precessional response of
spins to a micromagnetic probe’s field. While we have
imaged variations in the spin density, the technique is
more general since the response of the spins is sensitive
to a variety of spin characteristics including spin lifetime
[21]. Scanned spin-precession microscopy should also
make it possible to image spin species with different
gyromagnetic ratios, such as electrons and holes in spin
devices with p-n junctions [27,28], with a resolution better
than the depletion width. Work is under way to generalize
the technique presented here using scannable probes
mounted on cantilevers. Because of the magnetic nature
of interaction between the probe and the spins, which can
extend through layers of a heterostructure and a few
microns deep, this tool should enable subsurface imaging.
This technique should be applicable to a wide variety of
materials because it relies on proven spin polarization
detection techniques. With optical detection it can enhance
imaging resolution, and with electrical detection it can
enable imaging where none exists at present.
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