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ABSTRACT
We describe an optical method to directly measure the position-dependent thermal diffusivity of reflective single crystal samples across a
broad range of temperatures for condensed matter physics research. Two laser beams are used, one as a source to locally modulate the sam-
ple temperature, and the other as a probe of sample reflectivity, which is a function of the modulated temperature. Thermal diffusivity is
obtained from the phase delay between source and probe signals. We combine this technique with a microscope setup in an optical cryostat,
in which the sample is placed on a three-axis piezo-stage, allowing for spatially resolved measurements. Furthermore, we demonstrate exper-
imentally and mathematically that isotropic in-plane diffusivity can be obtained when overlapping the two laser beams instead of separating
them in the traditional way, which further enhances the spatial resolution to a micron scale, especially valuable when studying inhomoge-
neous or multidomain samples. We discuss in detail the experimental conditions under which this technique is valuable and demonstrate
its performance on two stoichiometric bilayer ruthenates: Sr3Ru2O7 and Ca3Ru2O7. The spatial resolution allowed us to study the diffusivity
in single domains of the latter, and we uncovered a temperature-dependent in-plane diffusivity anisotropy. Finally, we used the enhanced
spatial resolution enabled by overlapping the two beams to measure the temperature-dependent diffusivity of Ti-doped Ca3Ru2O7, which
exhibits a metal–insulator transition. We observed large variations of transition temperature over the same sample, originating from doping
inhomogeneity and pointing to the power of spatially resolved techniques in accessing inherent properties.

© 2023 Author(s). All article content, except where otherwise noted, is licensed under a Creative Commons Attribution (CC BY) license
(http://creativecommons.org/licenses/by/4.0/). https://doi.org/10.1063/5.0098800

I. INTRODUCTION

Thermal transport experiments are one of the key tools used
in condensed matter physics to understand the fundamental physics
of electrons, phonons, and their interactions in correlated materi-
als over a wide range of temperatures. Thermal conductivity (κ) is
considered a characteristic quantity and is widely studied to explore
transport behavior and scattering mechanisms.1–3 Combined with
measurements of the electrical resistivity, it allows the construction

of the Wiedemann–Franz ratio,4 which provides important infor-
mation on electron and phonon scattering. However, thermal radia-
tion typically limits the measurement of κ performed in cryostats to
the low-temperature regime (below 100 K in most cases); measure-
ments at higher temperatures require specifically dedicated setups
in which special care must be taken to calibrate and correct for radi-
ation losses induced by the difference in temperature between the
sample and the surrounding cryostat, which is usually kept at the
temperature of liquid helium (4 K).5 One of the consequences of this
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experimental limitation is that there are only a few measurements
of thermal transport in the wide temperature range over which the
universal “Planckian” scattering rate has been observed in electrical
transport measurements.6–10

Thermal conductivity is usually determined by measuring a
temperature difference induced by a known heat flux across a sam-
ple thermally insulated from the environment. Such an approach
has many advantages, notably its easy implementation in low-
temperature setups and the possibility to measure electrical trans-
port using the same contacts. Therefore, geometric uncertainty is
greatly reduced when evaluating the ratio of thermal and electrical
conductivity. However, this method requires samples to be homoge-
neous over at least several hundred microns in length and thermally
isolated from the environment. Furthermore, investigations of ther-
mal transport anisotropy require the preparation of several samples
with different contact geometries, a laborious process introducing
the possibility of systematic errors. While the above limitations
can be overcome in large homogeneous single crystals, they are
likely to introduce errors in materials that are inhomogeneous or
in symmetry-broken phases exhibiting spontaneous domain forma-
tion. In addition, the same limitations become prohibitive in thin
films, which cannot be thermally insulated from substrates they
were grown on, and in van der Waals hetero-structures, which are
typically only several tens of microns in size.

The above considerations motivate a different approach to
studying thermal transport. We were particularly influenced by
recent work,11–14 suggesting that thermal diffusivity (D), instead
of thermal conductivity (κ), can be a more informative quantity
to describe thermal transport in the high-temperature regime, at
least in transient conditions. Traditionally, thermal diffusivity is
obtained from separate measurements of κ and heat capacity (c)
(D = κ/c); therefore, the limitations of the thermal conductivity mea-
surements as well as the acquired uncertainties related to the two
separate measurements are inherited. Real samples also frequently
contain inhomogeneities, either chemical or due to the formation
of domains in ordered states of interest, so a technique with a high
spatial resolution is desirable. Extensive work in several fields of
research has shown that this can be achieved optically using two
laser beams, one to locally heat the sample and a second to probe
the response to that heating. If the heat is applied at a non-zero
frequency, the relative phase of the probe and heat signals contain
information on thermal diffusivity. Techniques based on this prin-
ciple, known as modulated thermal reflectance microscopy or pho-
tothermal reflectance microscopy, are extensively used in materials
science and have been refined to produce compact bench-top instru-
ments for the room-temperature characterization of materials.15–20

For the physical problems in condensed matter physics outlined
above, however, room-temperature measurements are not sufficient.
It is necessary to combine the optics with cryogenics, producing an
instrument enabling measurement over a large temperature range.
Furthermore, it is desirable to incorporate micron-scale spatial reso-
lution, for example, to enable work with inherently inhomogeneous
samples. In this paper, we describe our approach to the design of
such an instrument and its use.

Direct measurement of D using lasers started from a flash
method at high temperatures in the 1960s, which records the tem-
perature vs time over a centimeter-scale sample after heating it up
with a light pulse.21,22 This method relied on a direct measurement

of the value of temperature increase due to the laser heating,
making it difficult to account for thermal losses and impedance
between interfaces, which has limitations similar to those experi-
enced using contact methods. Furthermore, the measurement of
semi-transparent materials can lead to other problems that can be
solvable with special tricks.23,24 From the 1990s, a photo-deflection
method has been applied to measure D without direct temperature
measurement, by monitoring changes to the refractive index of a gas
above the sample surface, but the technique still requires an mm
scale sample and is unsuitable for cryogenic applications extend-
ing below the boiling point of nitrogen at 77 K.25–27 The required
sample size was further reduced to ∼50 μm by employing two laser
spots, one as a source of heat and one as a probe of sample reflectiv-
ity.28 This principle was also adopted in materials science, leading to
the development of the room-temperature microscopies mentioned
above. For condensed matter physics applications, cryostats can be
incorporated, enabling its application to quantum materials.13,14,28,29

To maximize the suitability of the laser-based technique to
quantum materials research, it is desirable to simultaneously max-
imize spatial resolution and spatial range (the area over which
scanning can be performed) over a wide range of temperatures.
In order to achieve this, we build on the previous work discussed
above, introducing a number of modifications based on technologies
recently developed for cryogenic optics experiments. We operate
in vacuum in a dedicated optical cryostat (Montana Instruments
Cryostation S50) and obtain high range and resolution by using a
piezo-driven scanning stage to move the sample. Although we can
also move the laser spots, this occurs over a much more limited
range, and most experiments are done in a moving-sample-fixed-
optics mode. To profit from the high spatial resolution offered by
the scanning stage, we mathematically and experimentally demon-
strate that the in-plane diffusivity can be measured by overlapping
the source and probe beams. Combining these approaches yields
an instrument capable of scanning regions ∼4000 × 4000 μm2, with
∼1 μm spatial resolution at temperatures ranging from 5 to 330 K.
Furthermore, we describe in detail how to minimize artifacts aris-
ing from thermal contraction of the setup and detail the parameter
range over which reliable quantitative measurements of diffusivity
are possible.

II. EXPERIMENTAL DESIGN
A. The setup

Our optical setup for thermal diffusivity measurements is
shown in Fig. 1(a). Two laser beams are used, one as a source
(780 nm) to locally increase the sample temperature, and the other
as a probe (633 nm) of reflectivity, which is a function of sample
temperature. Both source and probe beams are focused by the same
objective onto the surface of the sample as spots of ∼2 μm radius.
The source beam is modulated by a mechanical chopper, causing
periodic heating at the frequency selected by the chopper. Sample
temperature, detected by the probe beam, changes at the same fre-
quency. However, the temperature change is not instantaneous; the
time scale at which it occurs depends on thermal diffusivity, which
can, therefore, be obtained from the phase delay between source and
probe signals. In order to measure the phase difference between the
source and probe, two lock-in amplifiers are used. One records the
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FIG. 1. The schematic of the optical
experiments. (a) The setup of the optical
path. M: mirror; L: lens; LPF: long pass
filter; SPF: short pass filter; CBS: cubic
beam splitter; FM: flip mirror; D: photo
diode; and DM: dichroic mirror. The sam-
ple is placed inside a cryostat, which
allows for temperature-dependent mea-
surements in the 5–330 K range. The
x, y, and z represent the three axes of
the piezo-stage. (b) Separated configu-
ration. (c) Overlapped configuration.

source and the other one measures the probe signal, both sharing the
same modulation frequency of the optical chopper. Measurements
are performed in two configurations, which we refer to as separated
and overlapped: in the former (used in the previous work in the field
that we reviewed in Sec. I above), the two laser spots are separated
by a distance r [Fig. 1(b)], while in the latter, they spatially over-
lap [Fig. 1(c)]. In Figs. 1(b) and 1(c) Rs and Rp represent the radius
of the source and probe, r is the distance between the center of the
two spots (a finite value for the separated case and 0 for overlapped
case), and zs and zp represent the penetration depths of the source
and probe lasers, respectively.

The mathematical description of the experiment, valid in both
configurations, is based on the anisotropic diffusion equation,

∂Φ
∂t
− (Dx

∂2Φ
∂x2 +Dy

∂2Φ
∂y2 +Dz

∂2Φ
∂z2 ) =

I
c

, (1)

where the Dx, Dy, and Dz are the thermal diffusivities along three
principal directions of the crystal, c is the heat capacity, Φ(x, y, z, t)
is the temperature profile, and I(x, y, z, t) is the intensity of the exter-
nal heat source. Since the diffusivity tensor is diagonal only in the
basis defined by its principal axes, it is important to identify their
orientation prior to performing measurements based on Eq. (1), as
we do when determining the anisotropic diffusivity of orthorhombic
Ca3Ru2O7. We use two methods to identify the principal axes: spa-
tial mapping of optical birefringence [Fig. 3(b)] and a measurement
of the angular dependence of diffusivity, where the maximum and
minimum values correspond to the orientations of the principal axes
[Fig. 3(d)]. The intensity profile of source (Is(x, y, z, t)) and probe
(Ip(x, y, z, t)) are given by the real part the following expressions:

Is(x, y, z, t)∝ e−(x
2+y2)/2R2

s e−z/zs e−iωt , (2)

Ip(x, y, z, t)∝ e−(x
2+y2)/2R2

p e−z/zp e−iωt , (3)

where ω is the modulation frequency, zs and zp are the penetration
depths of the light from the source and probe spots perpendic-
ular to the sample surface, and Rs and Rp are the spot radii of
the two beams. By solving the diffusion equation (details can be

found in Appendix A), we obtain the spatially and temporally
resolved temperature profile and, therefore, the phase delay between
the excitation and probe. Here, we discuss two experimental
configurations.

B. Separated configuration (r ≫ R s ,R p )

In the separated case [Fig. 1(b)], the typical values of the exper-
imental parameters are r ≈ 25 μm, Rs ≈ Rp ≈ 2 μm, and both the
source and the probe spots [Eq. (2) and Eq. (3)] can be approxi-
mated as delta functions. Since the spots are separated in the plane,
it is clear that the experiment tests the in-plane diffusion and the
extent of the beams perpendicular to the plane can be neglected
(zs = zp = 0). The phase delay between the source and probe is then
given by

ϕ =

√

r2ω
2D

, (4)

where D is the thermal diffusivity, ω is the modulation frequency,
r is the separation between source and probe spots, and ϕ is the phase
difference.13,29 The phase delay ϕ is proportional to the square root
of the modulation frequency ω. Therefore, the validity of the model
can be directly checked by measuring the frequency dependence of
the phase.

C. Overlapped configuration (r = 0)
The mathematical description of the novel overlapped configu-

ration [Fig. 1(c)] is complicated by the fact that the Gaussian profile
of the two beams needs to be explicitly taken into account. Further-
more, it is not immediately obvious whether this experiment probes
in-plane diffusion, out-of-plane diffusion, or a combination of the
two. We numerically compare the solutions to Eq. (1) taking into
account the finite penetration depth with those obtained using a
fully two-dimensional approximation (Appendix B) and find that
this experiment is dominated by the in-plane diffusion for realis-
tic parameters. The underlying physical reason is the small size of
the penetration depth of the light compared to the typical thermal
diffusion length; the temperature is consequently essentially con-
stant across the probing depth, but it decreases along the radius
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of the beam. In the small frequency limit (ω≪ D
R2

s+R2
p
), we find an

analytical solution for the phase delay,

ϕ =

√
(R2

s + R2
p)ω

πD
, (5)

The phase delay ϕ is again proportional to
√

ω, similar to the sepa-
rated configuration, but the characteristic length is now the spot size
rather than the larger spot separation.

D. Choice of configuration
Each of the two measurement configurations (overlapped and

separated) has advantages and disadvantages and may, therefore, be
appropriate under different conditions. The larger relevant length
scale in the separated case results in a larger phase delay, mak-
ing it less sensitive to systematic errors, such as laser fluctuations
and small focal shifts. Furthermore, by controlling the direction
of a separation between the two spots with respect to crystalline
axes, it is possible to utilize the separated configuration to mea-
sure diffusivity anisotropy. In contrast, the overlapped case offers
a better spatial resolution but is more sensitive to imperfections in
beam overlap and changes the focus. The latter is particularly prob-
lematic when measuring the temperature dependence of diffusivity:
due to the unavoidable thermal expansion of the sample holder, a
20-μm-shift in the vertical position of the sample is observed during
temperature changes from 330 to 50 K, which brings it out of focus
along the z-axis. We were able to precisely calibrate and compensate
for that temperature-dependent shift (Appendix C) by adjusting the
vertical position of the sample using piezo-stages. In addition, we
designed two ways of switching between the two measurement con-
figurations: one using a mirror and another requiring coordination
between two mirrors. The former is easier to operate and is appli-
cable to single-temperature experiments, while the latter is more
stable against z-shifts of the sample stage during the temperature-
dependent experiments. Details can be found in Appendix D. To
summarize, the overlapped configuration offers better spatial res-
olution but potentially suffers from more experimental artifacts,
which must be accounted for by careful experimental design and
calibration, which we describe in this paper.

E. Discussion of the fundamental
experimental signal δρ

In both configurations, the inverse diffusivity is proportional to
the square of the phase shift between the local temperature change
δT and the power source causing the temperature change. The
fundamental signal measured in our experiments is the change of
reflectivity caused by the temperature change, δρ, which is propor-
tional to δT if the heating is weak enough to keep the system in the
linear response regime. In order to ensure that the measurements
are performed under these conditions, it is important to measure δρ
as a function of the source power (Appendix E) and choose a suit-
able power to remain in the linear regime. Special care needs to be
taken in the vicinity of phase transitions, where both the reflectivity
and the diffusivity might be changing rapidly with temperature; typ-
ically, a lower power will need to be used compared with deep within
a phase. Furthermore, different power levels may be appropriate at
temperatures below and above a phase transition.

This measurement scheme requires reflectivity to have a mea-
surable temperature dependence. Since our modulation technique
allows the detection of relative reflectivity changes in the order of
10−6, and the signal can be further increased by increasing the source
power (while staying in the linear regime), we expect that, for the
large majority of materials, the thermal diffusivity can be measured
via this optical method over extended temperature ranges. One
exception is the unusual case in which the temperature derivative
of reflectivity vanishes, e.g., the reflectivity undergoes a maximum
or minimum. Even in such a situation, a measurement at a different
wavelength may yield a finite temperature derivative. Crucially, as
long as the measurements are taken in the linear regime, as captured
by our mathematical description of the experiment (Appendix A),
the phase shift is independent of the value of reflectivity and its
temperature derivative. However, the noise in the phase shift is pro-
portional to the signal-to-noise ratio of the reflectivity change δρ; so
better data quality is obtained for larger δρ.

F. In-plane inhomogeneity and anisotropy
One of the advantages of optics-based diffusivity measurement

over methods based on traditional measurements of thermal con-
ductivity and heat capacity is the ability to perform spatially resolved
measurements, which is enabled in our setup by mounting the sam-
ple on a three-axis piezo-stage located in the cryostat. This allows for
the measurement of diffusivity in samples, which are not spatially
uniform, whether due to disorder or formation of domains.

Furthermore, this non-contact technique enables measure-
ments of anisotropic diffusivity in a single sample, without any
setup modifications or additional sample preparation. If the diffu-
sivity along two principal axes is different (Da and Db for the two
directions), diffusivity measured along an arbitrary direction θ is
equal to

1
D
=

cos2 θ
Da

+
sin2 θ

Db
. (6)

The derivation of Eq. (6), consistent with Ref. 13, can be found in
Appendix A 2. In Refs. 30 and 31, an expression for the angular
dependence of the thermal diffusivity is given, but a slightly differ-
ent expression is obtained due to an error in the derivation, which we
explain and correct in Appendix A 2. In the experiment, the angle θ
corresponds to the orientation of the separation between the source
and probe spots relative to the a-axis. By varying θ between 0 and
90○, diffusivity along both principal directions can be measured, as
we demonstrate below.

III. RESULTS
A. Studied materials

We tested our techniques on two stoichiometric bilayer ruthen-
ates, Ca3Ru2O7 and Sr3Ru2O7, as well as Ti-doped Ca3Ru2O7.
Ca3Ru2O7 belongs to the orthorhombic space group Bb21m,
with lattice constants of a = 0.5396 nm, b = 0.5545 nm, and
c = 1.961 nm.32,33 Single crystals exhibit twin domains and in-
plane anisotropy, allowing us to use the spatial resolution to identify
the domains, and measure the diffusion anisotropy, which has not
been previously reported. In contrast, Sr3Ru2O7 has lattice constants
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a = b = 0.3890 nm and c = 2.0732 nm, and an electrical resistivity
that is isotropic in the ab plane, within the experimental resolution,
for all temperatures above 2 K.34–36 We performed temperature-
dependent measurements on both Ca3Ru2O7 and Sr3Ru2O7 to
demonstrate that the two measurement configurations provide
consistent results for the average in-plane diffusivity.

The enhanced spatial resolution provided by the overlapped
configuration offers opportunities to investigate the local proper-
ties, especially in doped systems that exhibit inherent disorder. To
confirm this, we studied Ti-doped Ca3Ru2O7. Ti doping into Ru
sites in Ca3Ru2O7 has been used to tune the magnetic and Mott
transitions.37,38 The Ti-doped Ca3Ru2O7 exhibits a metal–insulator
transition (MIT), whose temperature is strongly dependent on the
Ti doping level. By changing the doping level from 3 to 10%, the
MIT temperature varies from 50 to 110 K. Therefore, by identi-
fying the MIT temperature locally, we are able to reveal the local
doping level and check the in-plane chemical homogeneity of the
sample.

B. Comparison of the overlapped
and separated configuration

To establish that the in-plane diffusivity can be measured in
both configurations, it is necessary to confirm that (a) the low-
frequency regime described above can be reached in both config-
urations and (b) both configurations yield the same diffusivity. In
Figs. 2(a) and 2(b), we show the frequency dependence of phase
delay at several temperatures ranging from 300 to 50 K in Ca3Ru2O7
as a function of the square root of the modulation frequency for
separated and overlapped configurations, respectively, together with

the linear fits (dashed lines). The upper limit of the linear regime,
marked by a gray dotted line, is 4 × 104 rad/s for separated and
3.4 × 104 rad/s for overlapped beams. We note a spurious inter-
cept of a few degrees at zero frequency for both configurations. The
intercept is a temperature-independent setup artifact, which is easily
accounted for in the analysis: if the measured frequency dependence
varies as A + B

√
ω, the intercept A can be subtracted. This observa-

tion emphasizes the importance of measuring, rather than assuming,
the frequency dependence of the phase delay. The intercept subtrac-
tion is not a perfect procedure and is likely prone to introduce errors
in cases where the absolute value of the phase delay is small, as we
discuss below. However, as long as the intercept is small compared
to the frequency-dependent part of the signal, the procedure works
well.

Next, we compared the diffusivity obtained from the two con-
figurations in Ca3Ru2O7 and Sr3Ru2O7. In Ca3Ru2O7, the diffusivity
anisotropy can be measured by separating the two laser spots along
two principal axes, while the overlapped measurement is sensitive
to the average diffusivity (see Appendix A for more details). In
Fig. 2(c), we plot the diffusivity along the two principal directions
measured in the separated configuration, their average value, and
the result of the measurement in the overlapped configuration. The
average value obtained from the separated configuration [according
to Eq. (A15) in Appendix A] agrees well with the value obtained
from the overlapped configuration. Furthermore, we confirm that
the temperature-dependent diffusivity obtained from the two con-
figurations in the isotropic Sr3Ru2O7 is consistent [Fig. 2(d)]. Taken
together, these results unambiguously show that the average in-
plane diffusivity can be obtained by measuring the phase difference
between overlapped source and probe laser beams, enabling the

FIG. 2. The frequency-dependent phase
delay measured in Ca3Ru2O7 using the
(a) separated (S) and (b) overlapped
(O) configurations at temperatures rang-
ing from 300 to 50 K, plotted against
the square root of the modulation fre-
quency. The circles are the experimen-
tal data and the dashed lines are the
linear fits. The vertical dotted lines esti-
mate the upper limit of the linear regime.
(c) The thermal diffusivities of Ca3Ru2O7
obtained from the two configurations. For
separated configurations, the results in
two domains (D1 and D2) and their aver-
age values are shown. (d) The diffusivi-
ties in Sr3Ru2O7 obtained from the two
configurations. The inset shows the rel-
ative deviation between the results from
the two configurations.
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FIG. 3. (a) Polarized optical micro-
scopy image of Ca3Ru2O7 reveals two
domains. (b) Optical birefringence of a
part of the sample shown in (a), mapped
at 55 K using the scanning optical setup.
(c) Phase difference as a function of
position across the domain boundary,
measured using beams separated along
vertical (V-sep) and horizontal (H-sep)
direction. (d) Phase difference as a func-
tion of the angle between the spot sepa-
ration and the horizontal axis. The solid
curve is a fit to Eq. (6). The red dots at
the top of the plot are schematic illus-
trations of the relative orientations of the
source and probe spots.

measurement of thermal diffusivity with diffraction-limited spatial
resolution.

Although the overall agreement between the two methods is
good, we note that the discrepancy increases at low temperatures, as
shown in the deviation plot in the inset of Fig. 2(d). As discussed
above, the error associated with the intercept subtraction proce-
dure becomes more important as the intrinsic delay phase becomes
smaller. This is most serious for the overlapped configuration at
low temperatures and likely accounts for the larger deviation from
the results in the separated configuration in that temperature range.
In most circumstances, the delay phase is at its smallest for any
given configuration of the pump and probe pulses at low temper-
atures. However, it is precisely in this low-temperature region that
other methods for obtaining the diffusivity (for example a direct
combination of thermal conductivity and heat capacity) are most
accurate. The full power of the optical technique for our purposes
comes in the region 100–300 K where standard thermal conduc-
tivity measurements are subjected to quite large systematic errors.

Sometimes, however, even qualitative low-temperature information
is useful, particularly when combined with high spatial resolution.
We will discuss such a case in Sec. III D of detecting diffusivity
inhomogeneity.

C. In-plane anisotropy of the diffusivity in Ca3Ru2O7

By using polarized light microscopy, one can clearly see the
two-level contrast of the domain structures of Ca3Ru2O7 [as shown
in Fig. 3(a)] arising from optical birefringence.39 In our optical
setup with a micron-scale resolution, we are able to measure spa-
tially resolved birefringence in the same sample by employing a
polarization analysis, as shown in Fig. 3(b). Since the domain bound-
aries are known to be along the (110) direction in Ca3Ru2O7,39

the observation of a diagonal domain boundary allows us to iden-
tify the principal crystalline axes as vertical and horizontal in our
measurement configuration. In order to confirm that the thermal
diffusivity is anisotropic, we fix the separation between two laser

FIG. 4. Thermal diffusivity mapping on
Ca3Ru2O7 at (a) 300 K, (b) 200 K,
and (c) 55 K. Two domains can be
clearly observed at high temperatures,
indicating the anisotropy of thermal diffu-
sivity, which decreases with decreasing
temperature.
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spots and move both of them across the domain boundary. Such
one-dimensional line scans are conducted under different directions
of the separation between the source and probe spots. If the spot sep-
aration is kept fixed and vertical (horizontal), the measurement is
sensitive to diffusivity Db (Da) in domain 1 and Da (Db) in domain
2. Performing such a measurement as a function of position along
a one-dimensional line intersecting the domain boundary reveals a
step at the boundary, shown in Fig. 3(c) for the vertical (purple) and
horizontal (orange) separation. Additionally, we can continuously
rotate the spots about each other and obtain the phase difference as
a function of the angle θ between the spot separation and the prin-
cipal axes [Fig. 3(d)]. The sinusoidal variation of the experimental
results (open circles) offers additional proof that the diffusivity is
indeed anisotropic. The purple curve is a fit to Eq. (6).

Furthermore, our scanning setup allows us to map diffu-
sivity over large two-dimensional regions. In Figs. 4(a)–4(c), we
show the diffusivity mapping across a 300 ×250 μm2 area at three
selected temperatures. Two main observations can be made. First,
the two-domain structure is clearly identified, confirming that the
thermal diffusivity is anisotropic; second, the anisotropy decreases
with decreasing temperature. In addition, increased values of the
phase delay near the domain boundary (Fig. 3) are evidence of
enhanced scattering at the boundary, emphasizing the power of
spatially resolved measurements to access the intrinsic behavior of
homogeneous domains.

D. Detecting diffusivity inhomogeneity
The greatest advantage of the overlapped configuration is

enhanced spatial resolution, limited by the beam radii, which are
1.9 μm for the probe and 2.5 μm for the source in our measurements
(Appendix F), but could be as small as 0.5 μm in a diffraction-limited
experiment. Spatial resolution is invaluable in the study of inho-
mogeneous systems, such as doped samples, in which the doping
level may vary across the crystal, leading to variations in physi-
cal properties, including thermal diffusivity. In Fig. 5, we show the
temperature-dependent phase delay for three different positions on
the same Ti-doped sample, Ca3(Ru1−xTix)2O7, with the nominal
doping level of x = 5% (the corresponding sample positions are
marked in the birefringence inset of Fig. 5). Sharp jumps in phase
indicate the metal–insulator transition, which varies from 50 to 80 K
for sample positions that are only ∼ 70 μm apart. Such variations of
the transition temperature across the macroscopic sample originate
from the inherent doping inhomogeneity, which, for this sample, is
comparable in magnitude to the nominal doping itself. The clear
observation of the variations in transition temperature is enabled
by the high spatial resolution of the overlapped configuration. It is
a valuable improvement compared with traditional bulk measure-
ments or even with the separated spot optical measurements, as both
such methods unavoidably exhibit a significant broadening in the
transition due to the need to average over the separation distance
from the pump to probe beams. In addition, the fact that the dif-
fusivity increases rather than decreases below the metal–insulator
transition when the electrons are frozen out indicates that the dif-
fusivity of the Ti-doped sample is dominated by phonons at high
temperatures. This observation supports the aforementioned state-
ment that even qualitative knowledge of low-temperature diffusivity
can be very useful.

FIG. 5. The temperature-dependent phase difference at three different positions on
the same sample of a Ti-doped Ca3Ru2O7. The arrows mark the metal–insulator
transition, whose temperature varies with the position of the sample. The inset is
a map of the sample birefringence, with marked measurement points P1, P2, and
P3, showing that the data are taken in a single domain.

IV. CONCLUSION
Our results demonstrate the potential of thermal diffusivity

measurement by optical methods in a cryogenic microscope setup.
Separated and overlapped beam configurations provide consistent
results for thermal diffusivity and exhibit their own advantages and
disadvantages: the separated configuration can be used to identify
the in-plane anisotropy, while the overlapped configuration pro-
vides a higher spatial resolution, which is especially helpful when
investigating potentially inhomogeneous systems. Thermal diffusiv-
ity within domains and across domain boundaries can be studied.
When working with metals, our fundamental signal, the phase shift,
becomes smaller as the temperature decreases and the diffusiv-
ity increases. This means that the accuracy of the optical method
decreases at low temperatures. However, this fact provides a useful
complementarity with traditional methods of deducing the diffusiv-
ity from measurements of thermal conductivity and heat capacity
because the accuracy of traditional thermal conductivity measure-
ments is the poorest at high temperatures. We believe that the
combination of the two methods will pave the way to measuring
over several decades of temperature, yielding higher quality infor-
mation than is currently available. More broadly, our setup gives
us the possibility of studying probes of symmetry breaking, such as
birefringence, Kerr rotation, and second harmonic generation, with
the same spatial resolution as we have demonstrated here for thermal
diffusivity. The combination will allow us to explore and visual-
ize thermal properties in broken symmetry phases of correlated
materials.
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APPENDIX A: SOLUTION OF THE DIFFUSION
EQUATION

The diffusive transport is governed by the diffusion equation,

∂Φ
∂t
− (Dx

∂2Φ
∂x2 +Dy

∂2Φ
∂y2 +Dz

∂2Φ
∂z2 ) =

Is

c
, (A1)

where Φ(x, y, z, t) is the temperature profile; Is(x, y, z, t) is the exter-
nal heat source; c is the heat capacity; and Dx, Dy, and Dz are the ther-
mal diffusivities along three principal directions when they are coin-
cident with the principal axes of the thermal diffusivity tensor. The

same equation describes both of our experimental configurations;
the key difference is that the source term I(x, y, z, t) can be approx-
imated as a delta function in the separated configuration but has to
be described as a Gaussian in the overlapped case.

We assume that with a small temperature fluctuation δT, both
heat capacity and thermal diffusivity stay constant. We use Green’s
function method to solve Eq. (A1). First, we Fourier transform the
temperature distribution and the source term,

Φ(x, y, z, t) = ∫ Φk(kx, ky, kz , t)e−ikrdk, (A2)

Is(x, y, z, t) = ∫ Isk(kx, ky, kz , t)e−ikrdk. (A3)

Using the Fourier transform Φk and Isk, Eq. (A1) becomes

(
∂

∂t
+Dxk2

x +Dyk2
y +Dzk2

z)Φk =
Isk

c
, (A4)

where kx, ky, and kz are the three basis vectors in momentum space.
The Green’s function of the operator ( ∂

∂t +Dxk2
x +Dyk2

y +Dzk2
z) in

the momentum space can be expressed as

G(kx, ky, kz , t) = Θ(t)e−(Dxk2
x+Dyk2

y+Dzk2
z)t. (A5)

Green’s function in real space is obtained by the inverse Fourier
transform. Taking into account the boundary condition at the
surface, which prohibits heat flow out of the material, we obtain

G(x, y, z, t, z′) = −
Θ(t)
2π3 ∫ dkxdkydkzei(kxx+kyy)

× cos (kzz) cos (kzz′)e−(Dxk2
x+Dyk2

y+Dzk2
z)t. (A6)

Note the explicit dependence on z and z′ caused by the break-
ing of translational symmetry at the sample surface. With Green’s
function, we can obtain the solution to Eq. (A1),

Φ(x, y, z, t) = ∫ dt′dx′dy′dz′G(x − x′, y − y′, t, z, z′)

×
Ik(x′, y′, z′, t′)

c
. (A7)

The transient change in reflectivity δρ we measure is proportional to
the local transient change in temperature δT, which is obtained by
integrating the temperature distribution ϕ(x, y, z, t) over the probed
region,

δT ∝ ∫ dtdxdydzΦ(x, y, z, t)Ip(x, y, z, t). (A8)

All of the expressions derived above are valid for both measurement
configurations; the difference arises due to the different relative
positions of the source and probe beams, as we describe below.

1. Overlapped configuration
Both the probe and the source take the Gaussian form,

Is(x, y, z, t)∝ e−(x
2+y2)/2R2

s e−z/zs e−iωt , (A9)

Ip(x, y, z, t)∝ e−(x
2+y2)/2R2

p e−z/zp e−iω′t , (A10)
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where Rs and Rp are the radii of the source and probe beam, respec-
tively; zs and zp are the penetration depth: we assume zs = zp. we can
now perform the integral over the positions in Eq. (A8) and obtain

δT ∝ ∫ d3k
e−(k

2
x+k2

y)(R2
s+R2

p)

(1 + k2
z z2

s )
2

1
iω − (Dxk2

x +Dyk2
y +Dzk2

z)
. (A11)

This expression must, in general, be evaluated numerically. In
the special case of isotropic two-dimensional diffusion (Dx = Dy
= D, zs → 0), it can also be solved analytically,

δT ∝ ∫ d3ke
i(R2

s +R2
p)ω

2D Erfc
⎛
⎜
⎝

√

−
i(R2

s + R2
p)ω

2D

⎞
⎟
⎠

. (A12)

In the low-frequency limit (ω≪ D
(R2

s+R2
p)
), we find the phase offset

between the heat and the temperature change (ϕ = Arg(δT)) to be

ϕ =

√
(R2

s + R2
p)ω

πD
. (A13)

Worthy to note that, for the anisotropic case where Dx ≠ Dy, the
diffusivity D we obtained from Eq. (A13) is the average diffusivity
Dave of the two in-plane directions Dx and Dy. In this case, the phase
offset can also be extracted from Eq. (A11) and given by an elliptic
integral,

ϕ =

√
π(R2

s + R2
p)ω

4

⎡
⎢
⎢
⎢
⎢
⎣

∫

π
2

0
(

cos2 θ
Dy

+
sin2 θ

Dx
)

− 1
2

dθ
⎤
⎥
⎥
⎥
⎥
⎦

−1

. (A14)

Therefore, comparing Eq. (A13) with Eq. (A14), we obtain the aver-
age diffusivity, which is the value we measure from the overlapped
configuration for an in-plane anisotropic system,

D
1
2
ave =

2
π∫

π
2

0
(

cos2 θ
Dy

+
sin2 θ

Dx
)

− 1
2

dθ. (A15)

We demonstrate experimentally that the approximation of two-
dimensional diffusivity is valid in Ca3Ru2O7.

2. Separated configuration
It is clear that the experiment performed in the separated con-

figuration probes in-plane diffusion and the extent of the beams
perpendicular to the plane can be neglected (zs = zp = 0). Both
beams can be approximated as delta functions,

Is(x, y, z, t)∝ δ(x − xs)δ(y − ys)δ(z)e−iωt , (A16)

Ip(x, y, z, t)∝ δ(x − xp)δ(y − yp)δ(z)e−iω′t. (A17)

The change in temperature is now,

δT ∝ ∫ d3kei(kx(x−x′)+ky(y−y′)) δ(ω + ω′)
iω −Dxk2

x +Dyk2
y +Dzk2

z
. (A18)

The integral can be performed analytically,

δT ∝ ∫
kdk

√

k2
− iω

J0

⎛
⎜
⎝

k

¿
Á
ÁÀΔx2

Dx
+

Δy2

Dy

⎞
⎟
⎠

, (A19)

where Δx and Δy represent the separation between two spots along
two directions, and J0 is the zero order Bessel function of the first
kind. From Eq. (A19), we obtain the phase difference between the
source and probe beams,

ϕ =

¿
Á
ÁÀω

2
(

Δx2

Dx
+

Δy2

Dy
). (A20)

If the system is in-plane isotropic, we have Dx = Dy = D, and then
Eq. (A20) becomes

ϕ =

√

r2ω
2D

, (A21)

where r2
= Δx2

+ Δy2. Equation (A21) is used to measure the dif-
fusivity in the separated configuration [Eq. (4) in the main text].
In addition, if we compare Eqs. (A20) and (A21), we can obtain
the relationship between the average diffusivity D and the uniaxial
diffusivities (Dx and Dy), which is Eq. (6) in the main text.

The angular dependence of the diffusivity [Eq. (6)] is consis-
tent with the expression in Ref. 13. However, we noticed that there
is a disagreement between our expression and that in Refs. 30 and
31, which arises due to a mistake in the derivation used in those
references, as we demonstrate below. Their starting point is the ther-
mal conductivity tensor in its quadratic representation [Eq. (3) in
Ref. 31),

κxx2
+ κyy2

+ κzz2
= 1. (A22)

This equation, defined as “thermal conductivity ellipsoid,” is consis-
tent with Ref. 40, also cited in Ref. 31 as Ref. 12. However, because
the semiaxes of the ellipsoid are

√
1
κx

,
√

1
κy

. and
√

1
κz

, respectively,
for an arbitrary direction (α, β, γ), one should have

(

√
1

καβγ
)

2

=
⎛

⎝

√
1
κx

cosα
⎞

⎠

2

+ (

√
1
κy

cosβ)
2

+
⎛

⎝

√
1
κz

cosγ
⎞

⎠

2

,

(A23)
which is in contradiction with Eq. (4) in Ref. 31.

Since heat capacity is not a directional quantity, thermal dif-
fusivity obeys the same angular dependence as thermal conductiv-
ity, leading to expression Eq. (6) of the main text for diffusivity
anisotropy in 2D.

APPENDIX B: PENETRATION DEPTH

As discussed in the main text, it is not immediately obvious
whether an experiment performed under the overlapped configu-
ration dominantly probes the in-plane or out-of-plane diffusion.
Here, we give numerical solutions to Eq. (A11), based on realis-
tic parameters: Rs = Rp = 2.3 μm, D = Dx = Dy = 5 × 10−6 m2

/s, and
Dz = 0.01D. In Fig. 6(a), we show the phase delay as a function of the
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FIG. 6. (a) The numerical solutions of the
phase delay based on Eq. (A11). The
solid curve is calculated for a penetra-
tion depth of 50 nm for both the source
and probe beam, and the dashed curve
is calculated for zero penetration depth.
(b) The relative error between two cases
is in (a).

square root of the frequency. The solid green curve is the numeri-
cal solution with a finite penetration depth zs = zp = 50 nm, and the
dashed curve is the solution with zero penetration depth. Small devi-
ations can be seen lower, especially at lower frequencies. In Fig. 6(b),
we plot the relative error between the numerical solution and the
2-dimensional approximation and find that the maximum error is
4%–5%. The numerical solutions indicate that even under the over-
lapped configuration, the phase delay between the source and the
probe is dominated by the in-plane diffusion.

APPENDIX C: CALIBRATION OF THE FOCUS

When performing the temperature-dependent measurements,
special attention should be paid to the shift of the sample height due
to the thermal expansion. In the overlapped configuration, a small
z-shift changes the size of the laser spots, leading to a noticeable
change in the phase delay (as shown in Fig. 7(a)]. To compensate
for a such shift, we first scan the stage along the z-direction and
record the temperature-modulated amplitude of the reflectivity, as
well as the phase delay. As shown in Fig. 7(b), at the focal position,
the amplitude is maximized, and the phase is minimized. By per-
forming such z-scans, we are able to determine the focus with an
accuracy of 1 μm. Furthermore, by measuring the z-scan as a func-
tion of temperature, we are able to quantify the change of the focal
position due to the thermal expansion of the stage [Fig. 7(c)]. Once

measured, such a shift can be compensated by using the piezo stage,
allowing us to obtain a reliable measurement of the phase delay.

APPENDIX D: TWO WAYS OF CONTROLLING
THE POSITION OF THE LASER SPOTS

In the separated configuration, a small change in the laser spot
size does not affect the phase because the diameter of both the source
and probe laser is much smaller than the separation between the
two spots. However, if the laser paths are not parallel to each other,
the separation between the two spots can vary with the shift in the
z-direction. In practice, for the convenience of the detection, we keep
the probe beam path fixed and normal to the sample surface. The
source beam can be moved in two ways (Fig. 8). The first method
[Fig. 8(a)] is by adjusting the dichroic mirror (DM), which allows
us to continuously move the source position on the sample. It is
useful and convenient when we want to change the separation or
switch the configuration between overlapped and separated cases at
a fixed temperature. In addition, we can also use a piezo-electrical
mirror mount to control the dichroic mirror, realizing an auto-
matic scan of the separation. However, the disadvantage is that since
the source path is tilted, the separation between spots changes dur-
ing a temperature-dependent measurement due to the shift of the
sample along the z-direction. Thus, we utilized a second way to con-
trol the beam separation [Fig. 8(b)], by coordinating two mirrors

FIG. 7. Calibration of the z-shift during
temperature change. (a) The schematic
of the z-scan illustrates the change of
sample position in the focused beam
profile. (b) The amplitude (purple) and
phase (orange) of the signal as a func-
tion of sample height. The gray dashed
line marks the position where the sample
is in the beam focus. (c) The calibra-
tion of the stage shift along the z direc-
tion during a temperature ramp. The red
curve is a polynomial fit.
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FIG. 8. Two methods of separating the laser beams. (a) Moving source beam
by adjusting dichroic mirror (DM) and keeping probe beam fixed. It is easier to
operate but the separation between two beams is sensitive to sample position shift.
(b) Moving the source beam by coordinating M and DM together, keeping both
beams normal to the sample surface. The separation is more stable against a
sample position shift.

(M and DM), in order to control both the beam position and the
incident angle. The separation is now more stable with respect to
small changes in z.

APPENDIX E: THE LINEARITY REGIME OF δρ

As discussed in the main text, source laser power has to be
carefully chosen. The temperature change δT induced by it should

be large enough to yield a measurable δρ signal, but small enough
to ensure that the measurement is taken in the linear regime,
where δρ∝ δT. In order to establish the latter, the dependence of
δρ on the source power should be measured under the experimen-
tal conditions (material, configuration, frequency, and temperature)
before each diffusivity measurement. Results of such measurements
for both separated and overlapped configurations in Ca3Ru2O7 are
shown in Fig. 9, where perfect linear dependence of δρ on source
power is observed for both configurations. The source powers we
used in the experiments are marked by arrows and are both within
the linear regime.

APPENDIX F: DETERMINATION OF SPOTS SIZE
AND THE SEPARATION

In order to precisely determine the spot sizes and the sep-
aration, a micro-structured calibration sample has been made by
focused ion beam (FIB), which has a series of gold coated (bright)
and non-gold coated (dark) stripes with the interval of 5 μm, as
shown in Fig. 10(a). By taking a CCD image of the calibration stripes
and the laser spots simultaneously, the distance can be directly mea-
sured. To be more precise, a Gaussian function fitting can be done to
analyze the profile of the laser beams. One example has been shown
in Fig. 10(b), where the radii of the source and probe beams are
determined to be 2.5 and 1.9 μm, respectively, and the separation
is 20.6 μm.

FIG. 9. Source power-dependent sig-
nal in Ca3Ru2O7 for (a) separated and
(b) overlapped configuration. The ampli-
tude (in the unit of V) is directly measured
by the lock-in amplifier at the modulation
frequency and represents the differential
reflectivity. The source powers we used
in the diffusivity experiment are marked
by arrows, respectively, which are both
within the linear range.

FIG. 10. Determination of spot size and
the separation. (a) The CCD image of
the FIB calibration sample and the laser
spots. The left one is the source spot and
the right one is the probe spot. (b) One
example of the Gaussian fit to the laser
beam profiles. The solid curve is the fit-
ting curve, which yields radii of 2.5 μm
for the source, 1.9 μm for the probe, and
a separation of 20.6 μm.
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