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We demonstrate an instrument for time-resolved magnetic imaging that is highly sensitive to the in-plane
magnetization state and dynamics of thin-film bilayers of yttrium iron garnet [Y;FesO1,(YIG)]/Pt: the
time-resolved longitudinal spin Seebeck (TRLSSE) effect microscope. We detect the local in-plane
magnetic orientation within the YIG by focusing a picosecond laser to generate thermally driven spin
current from the YIG into the Pt by the spin Seebeck effect and then use the inverse spin Hall effect in the
Pt to transduce this spin current to an output voltage. To establish the time resolution of TRLSSE, we show
that pulsed optical heating of patterned YIG (20 nm)/Pt(6 nm)/Ru(2 nm) wires generates a magneti-
zation-dependent voltage pulse of less than 100 ps. We demonstrate TRLSSE microscopy to image both
static magnetic structure and gigahertz-frequency magnetic resonance dynamics with submicron spatial

resolution and a sensitivity to magnetic orientation below 0.3°/+/Hz in ultrathin YIG.
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I. INTRODUCTION

Ultrathin bilayers of the magnetic insulator Y3;FesOq,
(YIG) interfaced with a heavy nonmagnetic metal such at Pt
are being intensely studied for the development of high-
efficiency magnetic memory and logic devices operated by
spin-orbit torque [1,2], for magnon generation and propa-
gation [3-5], and as a model system for understanding spin-
current generation by the longitudinal spin Seebeck effect
(LSSE) and spin pumping [6-9]. For all of these research
areas, it is useful to have a high-sensitivity and local probe
of magnetization dynamics in the YIG layer, especially
for the ultrathin films required in many devices. This has
proven challenging, and although magneto-optical tech-
niques such as Brillouin light scattering and the magneto-
optical Kerr effect have proven valuable [3,10-14], they
have not enabled direct time-resolved imaging of magnetic
precession or direct imaging of in-plane magnetization of
ultrathin YIG films (20 nm and below). An alternative
approach that enables in-plane imaging of YIG/Pt bilayer
devices was demonstrated by Weiler ef al. [15]. In that
work, the authors use laser heating to image the in-plane
magnetic structure of YIG but not its dynamics. Here we
extend the approach into the time domain to perform high-
sensitivity imaging of the in-plane magnetic orientation
(<0.3°/+/Hz) with submicron spatial resolution and sub-
100-ps temporal resolution. Using TRLSSE microscopy,
we can observe, for example, that the resonance field in
ultrathin YIG films can vary by up to 30 Oe within micron-
scale regions of a YIG/Pt device. Our results demonstrate
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that TRLSSE microscopy is a powerful tool to characterize
static and dynamic magnetic properties in ultrathin YIG.
The principle behind the TRLSSE microscope shown
schematically in Fig. 1 is the generation and detection of a
thermally generated local spin current [16]. For the case of
YIG/Pt, a local thermal gradient perpendicular to the film
plane is generated by laser heating of Pt. The gradient creates
a thermally induced spin current that is proportional to the
local magnetization [17-19]. The spin current that flows into
the Pt is detected with the ISHE [20,21] in which spin-orbit
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FIG. 1. Schematic of our TRLSSE measurement. A 780-nm
3-ps pulsed laser focused to a 0.606-um-diameter spot is used to
heat a YIG (20 nm)/Pt(6 nm)/Ru(2 nm) film. The heating from
the laser creates a temperature gradient VT,. The pulsed heating
drives a pulsed magnon flux J, from the YIG into the Pt where it
is transduced into a pulsed voltage via the ISHE.

T/M'

© 2017 American Physical Society


https://doi.org/10.1103/PhysRevApplied.7.044004
https://doi.org/10.1103/PhysRevApplied.7.044004
https://doi.org/10.1103/PhysRevApplied.7.044004
https://doi.org/10.1103/PhysRevApplied.7.044004

JASON M. BARTELL et al.

PHYS. REV. APPLIED 7, 044004 (2017)

coupling leads to a spin-dependent transverse electric field.
For this work, the resulting voltage can be described as
[17,19] Vissp x—EsuS[M (x.1) /M| x VT (x,1), where &gy is
the spin Hall efficiency, S is the spin Seebeck coefficient, M
is the local magnetization, M is the saturation magnetiza-
tion, and VT is the thermal gradient. The LSSE has been
attributed to both thermal gradients across the thickness of
YIG and to interfacial temperature differences between YIG
and Pt [17-19,22,23]. Our experiment cannot definitively
distinguish between these two mechanisms. Thus, here we
discuss only VT as the single quantity for simplicity and for
consistency with our prior work using the anomalous Nernst
effect; however, this question requires further study. Vigsg
is a readout of the local magnetization m, because the
electric field is generated in response to the spatially local z
component of the thermal gradient VT, (coordinates as
defined in Fig. 1) [15,24].

To extend LSSE imaging into the time domain, we use
picosecond laser heating to stroboscopically sample mag-
netization. We have previously shown [25] in metallic
ferromagnets that picosecond heating can be used for
stroboscopic magnetic microscopy using the time-resolved
anomalous Nernst effect (TRANE). In TRANE micros-
copy, the temporal resolution is set by the excitation and
decay of a thermal gradient within a single material that
both absorbs the heat from the laser pulse and produces
a TRANE voltage from internal spin-orbit interactions
[26,27]. In the LSSE, however, the time scale of spin-
current generation can depend on both the time scale of the
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FIG. 2.

thermal gradient and the time scale of energy transfer
between the phonons and magnons. Recent experiments
indicate that in the qausistatic regime, the magnon-phonon
relaxation rate may play a dominant role [28-31]. Using
picosecond heating and time-resolved electrical detection
to move beyond the quasistatic regime, we show a TRLSSE
in agreement with a recent all-optical experiment [22].

II. DESCRIPTION OF EXPERIMENT

We grow our samples using off-axis sputtering onto
(110)-oriented gadolinium gallium garnet [Gd;Gas0,
(GGQ)] [32-34] followed by ex situ deposition of 6 nm
of Pt with a 2-nm Ru capping layer. Photolithography and
ion milling are used to pattern wires and contacts for wire
bonding. We present measurements of a 2 x 10 ym? wire
and a 4 x 10 yum? wire with dc resistances of 296 and
111 Q, respectively. In this room-temperature study, we
neglect the potential anomalous Nernst effect of interfacial
Pt with induced magnetization [35,36], and we neglect a
possible photospin voltaic effect [37], neither of which
can be distinguished from the TRLSSE in the presented
measurements.

Our TRLSSE measurement consists of pulsed-laser
heating and homodyne electrical detection as shown in
Fig. 2(a). We use a Ti:sapphire laser pulse to locally heat
the sample with 3-ps pulses of 780-nm light at a repetition
rate of 25.5 MHz. The electrical signal produced at
the sample is the sum of the LSSE-dependent voltage

0 1
-500 250 0 250 500 750 1000
Relative delay (ps)

T
o Po o -

—_ 1 1 1
0—20 -10 0 10 20
Relative delay (ns)

(a) Schematic of the LSSE detection circuit used for time-resolved voltage measurements. (b) Time-domain measurement of

the LSSE-generated voltage in the 2-ym-wide wire. The time-varying LSSE signal is measured by electrically mixing the pulsed-laser-
generated voltage with a 100-ps voltage pulse from the AWG. Comparing measurements of the YIG at +414 Oe (filled blue circles) and
—414 Oe (open orange circles) shows that the signal depends on the orientation of the magnetic moment. Here the dc level noise is
removed. The data are acquired with a lock-in time constant of 500 ms and integration time of 2 s per point. (c¢) The solid blue circles
show the difference between the two curves in (b). The orange line is a model normalized by the data amplitude of the signal determined
by numerically convolving the calculated thermal gradient with the measured mixing pulse. (d) Difference signal of the temperature-
dependent voltage V; measured using +/ — 0.5 mA and a 600-ps mixing pulse. In (b)—(d), we report the voltage as detected at the
lock-in after passing through the rf mixer, not the LSSE signal at the sample itself.
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Visse(VT,,M) and a voltage V,;(AT,J), which is gen-
erated when a current density J passes through the local
region of Pt with increased resistance due to laser heating
[38]. To reject noise and recover the signal of the resulting
electrical pulses, we use a time-domain homodyne tech-
nique in which we mix the Vjgsg+V; pulse train with a
synchronized reference pulse train V;, in a broadband
(0.1-12 GHz) electrical mixer. The mixer output is the
convolution of the two pulse trains given by [38]

Vaglr.7) = K / (Visse (VT (x. 1), M(x.1))
0

+ V(AT (x, 1), J(x. 1)) Vinix (r — 1)z, (1)
where x(x,y) is the laser spot position in the sample
plane, I" is the period of the laser pulses, K is the transfer
coefficient, and 7 is the relative delay. A relative delay of
zero corresponds to the maximum of both pulse trains
arriving at the mixer simultaneously.

We study the time scale of the LSSE signal generated by
a picosecond pulse by measuring Vg, as a function of mixer
delay 7. Figure 2(b) shows the result of this measurement
using a 100-ps mixing pulse reference V ;. at a saturating
magnetic field H perpendicular to the wire at H = +414
and —414 Oe, respectively. In Fig. 2(c), we plot the
difference between these two voltage traces to reject
nonmagnetic contributions. We find that the full width at
half maximum (FWHM) is 100 4= 10 ps, which is followed
by electrical oscillations that we attribute to nonidealities in
the detection circuit (see the Supplemental Material [39] for
further discussion). Because the duration of the magnetic
component of Vg, is experimentally indistinguishable
from the FWHM of V.., we conclude that 100 ps is an
experimental upper bound for the TRLSSE signal duration.

To calibrate the local change in the Pt temperature ATp,
due to picosecond heating and to quantify the rate of
thermal relaxation, we measure V; in the presence of a
dc current, which uses the local Pt resistivity as an
ultrafast thermometer. Figure 2(d) shows V; as a function
of mixer delay V,(z) = Vgy(7.J =42 MA/cm?) —
Vgg(z,J = —42 MA/cm?) for applied currents of
+0.5 mA. V,(z) is proportional to ATp, through V,, but
it is not proportional to either the magnetic state of the
sample or VT,. We observe that V relaxes to zero faster
than the laser repetition period, indicating that the sample
thermally recovers between pulses. To quantitatively con-
sider the spatiotemporal thermal evolution, we perform a
time-domain finite-element (TDFE) calculation of focused-
laser heating in the wire. Additional details are available
in the Supplemental Material [39], and see Ref. [25] for a
lengthier discussion of the procedure. The comparison of
the spatiotemporal profile of the calculation and the known
temperature dependence of resistivity enable us to calibrate

the spatiotemporal temperature rise due to laser heating. We
find that the peak film temperature changes by approx-
imately 50 K in the platinum and approximately 10 K in
the YIG for a laser fluence of 5.8 mJ/cm?, which is the
maximum for the presented measurements [40-44]. Note
that we assume all laser heating is mediated by optical
absorption in Pt because YIG and GGG are transparent
at 780 nm [45,46]. The TDFE calculation reveals that in
agreement with experiment, VT, across the YIG thickness
decays more quickly than the full thermal relaxation of the
Pt back to the ambient temperature (e.g., ATp, = 0). This
difference in time scales between VT, and ATp, is
important because the magnetic signal in our experiment
is sensitive to only VT_(#) not ATp, () of the Pt.

III. STROBOSCOPIC MEASUREMENT OF
FERROMAGNETIC RESONANCE

The sub-100-ps spin-current lifetime in our experiment is
short enough that the TRLSSE is useful for stroboscopic
measurements of resonant YIG magnetization dynamics.
To confirm this idea, we use TRLSSE microscopy to
measure ferromagnetic resonance (FMR) by driving a
gigahertz-frequency ac current into the Pt, which generates
magnetic torques on YIG from both the Oersted magnetic
field and from spin currents generated by the spin Hall
effect [47-49]. The current is generated with an arbitrary
waveform generator (AWG) that is phase locked to the laser
repetition rate and coupled to the YIG/Pt device through a
circulator [see schematic in Fig. 3(a)]. Synchronizing the ac
current and the laser repetition rate ensures a constant but
controllable phase between the precessing magnetization
and the sensing heat pulse for a given driving frequency and
magnetic field. In our FMR measurements, we fix 7 =0
and align the wire axis parallel to the external magnetic
field. In this configuration, the TRLSSE signal is strobo-
scopically sensitive to the magnetic projection m, at a
particular phase of the magnetic precession about the x
axis. In addition to V; gsg, Vi, contains a contribution from
V, that is proportional to the local ac current amplitude
and phase [38]. We separate the magnetic Vs from the
nonmagnetic V; by measuring Vg, with a lock-in amplifier
referenced to a 383-Hz 7.6-Oe rms modulation of the
external magnetic field. Figure 3(b) shows LSSE FMR
spectra as a function of field excited using a 1.2 + 0.3- and
1.4 + 0.4-mA ac current at 4.1 and 4.9 GHz, respectively.
In the limit that the modulation magnetic field is small
compared to the FMR linewidth, we can interpret the
resulting signal V.4 as a derivative signal that contains a
linear combination of the real and imaginary parts of the
dynamic susceptibility y, V.q(H) « (dy'/dH)sin(0) +
(dy"/dH)cos(@). This relation is used to fit the FMR
spectra to extract the amplitude, phase, linewidth, and
resonant field. For more details on fitting, see Refs. [25,38].
To demonstrate that the TRLSSE microscope is a
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FIG. 3. Stroboscopic detection of ferromagnetic resonance. (a)
Schematic of measurement circuit for detection of magnetization
dynamics in the 2-ym-wide wire. (b) TRLSSE-detected FMR for
4.1-GHz (blue closed circles) and 4.9-GHz (orange open circles)
excitation. The solid lines are a fit to the data using a modified
Lorentzian function. (¢) Demonstration of stroboscopic FMR
detection in which we measure the response of the YIG driven at
phases that differ by 180°. The data are acquired with a lock-in
time constant of 1 s and integration time of 5 s per point.

phase-sensitive stroboscope, we rotate the phase of the
microwave current by 180° and remeasure FMR. As
expected, inverting the phase of the drive inverts the phase
of the FMR line shape [Fig. 3(c)].

IV. CHARACTERIZATION OF SENSITIVITY

Next, we quantify the sensitivity of TRLSSE microscopy
for our ultrathin YIG/Pt samples. Figure 4 shows represen-
tative TRLSSE measurements of the YIG magnetization
versus magnetic field perpendicular to the wire at several
optical powers. In this geometry, the positive and negative
saturation values of Vigsg quantify the full range of
magnetization +M to —M. Then, using the standard
deviation of the noise in the TRLSSE voltage o}gsE,
we can quantify the angular sensitivity noise floor
assuming small-angle magnetic deviations from the wire
axis, such as for stroboscopic FMR measurements. The
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FIG. 4. Measurement of YIG magnetization with LSSE meas-
uring Vigsg versus external magnetic field for different laser
powers and wire widths. For these curves, a dc background is
subtracted. The inset shows the wire geometry. We define the
signal size to be one-half of the difference in voltage when the
magnetization is saturated in opposing directions. The data are
acquired with a lock-in time constant of 500 ms and integration
time of 2 s per point.

sensitivity is calculated using [25] 6., = {o1ssE/[sin(6,)
(Vingx. — vmin ) /2]14/TC, where TC is the lock-in time
constant. We find a sensitivity of 0.3°/y/Hz for an optical
power of 0.6 mW corresponding to a laser fluence of
5.8 mJ/cm?. It is important to note that the sensitivity is
sample dependent through both sample geometry and the
impedance match with the detection circuit [25].

The interface quality of the sample plays a key role in
determining the sensitivity. As spin current diffuses into
the platinum, it is subject to loss at the interface. A good
indication of interfacial spin transparency is the spin Hall
magnetoresistance (SMR) [50,51], which is sensitive to the
spin-mixing conductance at the interface. For the data
presented here, the devices show a SMR of 0.063%, which
is the largest value by a factor of 2 from the other devices
we pattern. This is consistent with a number of recent
SMR reports [50-54], and we expect the high SMR value
indicates strong spin transparency at the YIG/Pt interface.
We also study YIG/Pt samples with no measurable SMR,
which we expect to have a significantly reduced LSSE-
induced ISHE voltage. We find that the TRLSSE signal in
these devices is approximately an order of magnitude lower
for the same laser fluence. Additional details are in the
Supplemental Material [39].

V. IMAGING STATIC AND DYNAMIC
MAGNETIZATION

Having placed upper bounds on the time resolution
and quantified the sensitivity, next we demonstrate the
application of TRLSSE microscopy for imaging of static
magnetization. We acquire images by scanning the laser
focus and making a point-by-point measurement of the
TRLSSE voltage and reflected light. Figures 5(a) and 5(b)
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FIG. 5. Images of the
4-um-wide YIG/Pt wire. (a) Re-
flected light image of the YIG/
Pt wire measured with a photo-
diode at the same time as the
LSSE voltage. (b) Background-
subtracted LSSE voltage at sa-
turated magnetization and (c)
remnant magnetization at 4 Oe
after saturation. (d) Line cuts of
the 2D scans. The normalized
reflection signal is shown with
black squares, blue circles re-
present the saturated magneti-
zation, and the orange triangles
represent the magnetization
of the remnant state. Note that
in the line cuts, the low-field
line cut is normalized with
respect to the saturation mag-
netization. The right side of
the figure represents the raw
images of the 4-ym wire at
different fields around the res-
onance: (e) 896 Oe, (f) 1007
Oe, (g) 1025 Oe. Images
(e)—(g) share the same color
scale. Line cuts of the images
are shown in (h); black
squares, blue circles, and or-
ange triangles correspond to
the boxed regions of (e), (f),
and (g), respectively. For
(e)—(g), the data are acquired
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show a reflected light image and saturated LSSE image,
respectively, for a 4-uym-wide YIG/Pt device. In the
reflection image, we see the structure of the wire and
the contact pads at both ends. We acquire the TRLSSE
image at H = —405 Oe and shift the background level for
clarity of the color scale. No other image processing is
performed. We observe a uniform magnetization state of
the YIG/Pt device, as expected from the previously
presented magnetic hysteresis measurements (Fig. 4).
When we reduce the field to near zero (H = 4 Oe) and
reimage the wire [Fig. 5(c)], magnetic texture is revealed
that indicates nonuniform canting of the device magneti-
zation. To more clearly show the variation in contrast
between images, we plot line cuts of Figs. 5(a)-5(c) in
Fig. 5(d). Despite the inhomogeneous remanence that is

5 75 10 125 15
Position (um)

evident in Fig. 5(c), we are not able to observe domains
with oppositely aligned magnetization, possibly because
once a reversal domain is nucleated, the domain wall
propagates without strong pinning.

Without a 180° domain wall, the spatial resolution of
TRLSSE cannot be directly evaluated. Nevertheless, we use
the reflected light image and TDFE simulations to study
the possibility that lateral thermal spreading degrades the
resolution. To approximate the lateral point-spread function
of the laser, we fit a scan of the wire step edge to a Gaussian
point-spread function. This yields a spot FWHM of
0.606 um. The calculations of the heating indicate that
the thermal gradient does not spread laterally in the Pt; thus,
we expect that the resolution of the TRLSSE is the same as
the diffraction-limited optical resolution in this experiment.
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We now demonstrate that TRLSSE microscopy has the
sensitivity to image dynamic magnetization in the 4-ym
YIG/Pt device, which provides quantitative and spatially
localized information about the dynamical properties of
ultrathin YIG materials. As we describe above, for FMR
characterization we orient the external magnetic field
parallel to the wire axis and drive a 1.2 +£0.1-mA
4.9-GHz current into the wire. We image dynamical mag-
netization at a series of magnetic fields near the resonance
field from H = 896 to 1105 Oe and plot a selection of the
unprocessed images in Figs. 5(e)-5(g). The data show that at
H far from resonance [Fig. 5(e)] where precession ampli-
tudes are tiny, the TRLSSE signal at the center of the wire is
well below the detection noise floor. There is a small current-
induced nonmagnetic signal artifact at the edges of the wire,
which we discuss further in the Supplemental Material [39].
For H near the resonant field H ., the device has a strong
position-dependent TRLSSE response. To quantitatively
analyze the data, images are corrected for background
offset and sample drift before fitting a resonance field
curve for each pixel. We plot a selection of curves from
individual pixels in Fig. 6(a). We then construct a spatial
map of each fitting parameter: H,, relative phase, ¢,
amplitude, A, linewidth, AH, and offset, all of which are
shown in Figs. 6(b)-6(f). We immediately notice spatial

-0.033

FIG. 6. Spatial maps of FMR fit-
ting parameters for the 4-ym-wide
wire. (a) Traces are the pixel values
of three points on the sample as a
function of magnetic field. (b)—(f)
Spatial maps of the FMR fitting
parameters made by fitting of the
FMR curves at each pixel in the
sequence of images measured with
LSSE. Before fitting, we correct
for image-to-image offset and use a
3x3 pixel moving average to
smooth the data. (b) Resonance
field: the symbols mark the pixels
corresponding to the FMR spectra
shown in (a). (c) Resonance ampli-
tude, (d) resonance phase, (e) reso-
nance linewidth (f) offset used in
the fit.
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variation in these images that is qualitatively similar to the
nonuniform magnetic remanence texture shown in Fig. 5(c).
Together, these measurements confirm the presence of
varying local magnetic anisotropy and quantify both static
and dynamic magnetic properties in each region. The ability
to quantitatively relate the spatial variation of static and
dynamic properties in ultrathin YIG/Pt devices is an impor-
tant capability of our microscope.

VI. CONCLUSION

In conclusion, we demonstrate sensitive and high-
resolution TRLSSE microscopy of ultrathin YIG/Pt devices
that we expect will prove useful for developing spintronic
applications. Using picosecond heating, we demonstrate
that TRLSSE microscopy is a sub-100-ps probe of ultrathin
YIG/Pt device magnetization both for static magnetic
configurations and for dynamical measurements at giga-
hertz frequencies. We demonstrate an angular sensitivity
of 0.3°/\/Hz, making it a sensitive experimental probe of
ultrathin YIG magnetic orientation.
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