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ABSTRACT

We have developed a new photothermal technique to investigate electronic phase transitions
of high temperature superconductors. The phase shift of the thermal wave yields the anisotropic
thermal diffusivity coefficient of the sample. The amplitude of the photothermal signal is sensitive
to electronic phase transitions of the second kind. The technique is completely noncontacting and
nondestructive, and is well suited to measure small and fragile single-crystal high-Tp superconduc-
tors. The measurements give good agreement with fluctuation theory near the transition tempera-
ture. We have studied diffusion in and superconducting fluctuations of single crystals of
YBa2Cu3O7-5 and Bi2Sr2CaCu2Og. Both systems show fluctuation effects beyond Gaussian fluctu-
ations. While YBa2Cu3O7_5 behaves as a three-dimensional anisotropic superconductor, results on
Bi2Sr2CaCu2Og indicate strong two-dimensional effects.

INTRODUCTION

High quality single crystal specimens of the newly discovered high-temperature supercon-
ductors are small. Their anisotropic thermal properties are often difficult to measure with standard
bulk techniques, and the effect of electronic phase transition on the thermal properties is often
masked by the dominant thermal properties of the bulk material. Therefore, a method that can mea-
sure thermal properties on a very small scale, and is sensitive to electronic phase transitions, is de-
sired.

In this paper, we describe a new photothermal technique that has the following capabilities:

1) It can measure anisotropic thermal diffusivity within an area of ~20 Jim2 .
2) It can measure a quantity that is proportional to the specific heat; hence, it

can provide useful information about the specific heat anomaly through the
transition.

The photothermal technique uses a modulated focused light beam to periodically vary the
temperature of a superconductor on which the beam impinges. The thermal waves excited, periodi-
cally vary the refractive index, and hence the optical reflectivity R , of the sample. The rate of
change of optical reflectivity with temperature dRlcfT of the sample is detected with a second fo-
cused light beam. From the phase of the thermal wave, we can directly determine the anisotropic
diffusion coefficient of the material. Since the light couples energy directly to the electrons in the
material at the probe spot, the amplitude of the reflected probe beam is sensitive to the electron den-
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sity of the sample. This makes photothermal microscopy an extremely useful technique to investi-
gate directly the thermodynamic fluctuations of the electron density and density correlation near a
phase transition. The periodically-varying amplitude of the reflected detecting beam shows a large
peak near the critical temperature Tc _ and this amplitude can be shown to be proportional to the sin-
gular pan of the specific heat. The results can then be compared with the Ginzburg-Landau fluctua-
tion theory for phase transitions of superconductors.

The technique is completely noncontacting and nondestructive. More importantly, since we
focus light down to spot sizes of 2 |im in diameter, with a 10-15 \im separation between the heat-
ing spot and probing spots, we can measure directional thermal diffusivity locally within one do-
main of a single-crystal high-Tc superconductor. Similarly, the fluctuation measurements are made
in a very small region, a few cubic micrometers in extent.

DIFFUSION THEORY

In an anisotropic medium, if we align the coordinate axes along the principal axes so that the
anisotropic thermal diffusivity xv/ = 0 for / * j , the homogeneous diffusion equation becomes:

dxf ^ dt

where T is the temperature, p is the density, and C is the heat capacity. This equation can be
written in a familiar isotropic form by changing the independent variables to x', = X^KI' KU

•frf dx'f D dt

where D = KlpC is defined as the isotropic thermal diffusivity in the new coordinate system. For a
periodic temperature variation, exp/tut, the solutions for a point excitation are in the form of damped
thermal waves: {IIr' )exp- (1 + j)r' -JcoIlD. If the phase delay A0, of the temperature variation at
a distance Ac, away from the excitation source is measured along the ith directioji, the thermal dif-
fusivity can be determined along this direction by writing D' u = (<a/2)(Ax;/A^) . To account for
the finite size of the heating and probe beams, we have used a full three-dimensional model with a
Gaussian beam excitation to solve for the temperature variation, using the primed coordinate system
defined above. However, with a spot size of 2 ^im, and separation distances between the exciting
and detecting beams over 12 Jim apart, the simple approximation of a point source and point detec-
tor beam yields results very close to the full three-dimensional solution.

EXPERIMENT

The experimental set-up is shown in Fig. 1. An argon laser beam (514 nm) is acousto-opti-
cally modulated at a frequency of a few kiloherz and focused onto a sample; this beam periodically
modulates the temperature of the sample and excites a thermal wave with a diffusion length of the
order of 10-40 (im. At a known distance away, typically 10-15 (im , another infrared semiconduc-
tor laser (780 nm) is focused onto the sample and is used as a probe beam; a semiconductor laser is
chosen because of its low noise. The reflected infrared laser light is selected with a dichroic filter
and beamsplitter and impinges on a PIN photodiode whose output signal is measured with a lock-in
amplifier. The amplitude of the detected signal is proportional to dR/dT , where R is the reflectiv-
ity of the sample and the phase relative to the modulation of the incident beam is the result of ther-
mal wave propagation from the heating spot to the probe beam spot.. As already discussed, we use
the phase information to determine the anisotropic diffusion constant of the sample in the direction
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Fig. 1. Experimental setup for photothermal measurement of high-Tc superconductors.

between the two laser spots. Phase measurement has the great advantage for this purpose that it is
independent of the incident signal amplitude or the reflectivity of the sample.

To measure the amplitude and phase of the output signal as a function of temperature, the
sample is mounted on a cold finger in a cryostat. The pressure inside the cryostat is kept below
2 x 107 torr to limit the ice build-up on the surface of the sample. The optical beams are focused
by a 0.33 NA long working distance lens onto the sample through a 100 |im thick sapphire win-
dow, made this thin to minimize aberrations of the focused beams.

During the cooling or heating process, the tip of the cold finger tends to move as a result of
mechanical contraction or expansion. Therefore, an autofocusing mechanism is employed to adjust
the z-position of the objective to ensure that the surface of the sample is always in focus. A
focusing error of ±1 |im, well within the depth of focus (5 |im) of the focused beam, is easily
achieved in our measurements . The photothermal microscope is also used as a conventional mi-
croscope. A tungsten lamp is added to the optical path of the system to illuminate the sample sur-
face, and a high-pass filter is placed in front of the lamp to reduce its heating effect on the sample,
which is imaged with a CCD camera. This makes it possible to compensate manually for the
movement of the sample in the x- and y-directions with a motorized stage, and to select a crack-free
region of the sample for the measurement.

To ensure an accurate temperature measurement of the sample, we reduce the static heating
effect of the lasers. The laser power of both the heating and probe lasers is limited to only a few mi-
crowatts. The optical beams are focused to spots of 2 microns in diameter. A three-dimensional
theoretical simulation indicates that the temperature rise due to heating by the beams is less than
1 K . The temperature reading of a silicon sensor attached to the sample mount is verified with an
in-situ magnetic susceptibility measurement. As shown in Fig. 2, two coils are embedded inside the
sapphire sample mount underneath the sample. The larger coil is driven with an ac current and the
induced voltage in the smaller coil is measured with a lock-in amplifier. At the transition tempera-
ture Tc , a sharp change in the induced voltage is observed.

The measured temperature dependence of the thermal diffusivities along the Cu-O plane and
the c-axis of an 87 K phase of BijS^CaG^Os is shown in Fig. 3 . The superconducting transition
appears in the ab-plane diffusivity as a large change in the slope with temperature.1 Very little
change in the diffusivity along the c-axis is obsen/ed, and the diffusivity in this direction is much
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Fig. 2. Schematic of the cryostat used in the measurement. Two coils are placed underneath the
sample inside the sapphire mount to conduct an in-situ susceptibility measurement of the
sample to calibrate the temperature reading of a silicon diode.
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Fig. 3. Thermal diffusivity measurements of single-crystal Bi2Sr2CaCu2Os along the Cu-0 plane
and the c-axis. The heavy line shows the in-situ measurement of the induced voltage in the
pick-up coil underneath the 87 K crystal. The sharp transition in the induced voltage
indicates the superconducting transition.

smaller than along the a-b plane. These are the first direct measurements of diffusivity rather than
thermal conductivity in these materials. Such measurements are convenient as a check on the the-
ory, since they are not dominated, as the thermal conductivity measurements are, by the rapid de-
crease of heat capacity below Tc. The increase in the thermal diffusivity below Tc is caused by a
drop in electron-phonon scattering as the electrical carriers condense into superconducting pairs,
since estimates based on electrical resistivity measurements and the Wiedemann-Franz Law indicate
that the major part of the heat flow is transmitted by the lattice. Therefore, the loss of the electronic
component of diffusivity below Tc more than offsets the bulk diffusivity and contributes substan-
tially to the increase in the phonon mean-free path. Further discussion of these results is given by
Wuetal.1

Another set of measurements of the diffusion as a function of temperature in 3g
is shown in Fig. 4. A major advantage of measuring within a small volume is demonstrated by these
results, where the diffusivity measurements were conducted for a 10 nm spacing between the exci-
tation and the probe areas in a single YBCO domain, and across the twin boundary. For compari-
son, the diffusivity measurements for thin YBCO films using another optical technique, the transient
grating method, in a region 200 UMTI across, are also shown. It will be seen that, above the transition
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Fig. 4. Measured diffusion in YBa2Cu3C>7_5.

temperature, the thermal diffusivity decreases slowly with temperature. The diffusivity measured
over large-area thin film samples (200 (im across), and across a grain boundary, agree with bulk
measurements, but the diffusivity measured within a grain is approximately twice as large as the
measured value across a grain boundary. This result indicates that there must be a large change in
temperature across the grain boundary, and tends to indicate that phonons (presumably optical pho-
nons) and normal electrons (which contribute to diffusion) are reflected at the grain boundary.2

Further measurements with variable spacing between the two beams confirm this hypothesis.

Below Tc, the data for different samples differs dramatically. For the single domain for
T <TC , diffusivity increases sharply over two orders of magnitude. This diffusivity enhancement
can be explained only by removal of free carriers from the conducting state into the superconducting
condensate. For samples of lower quality, the enhancement is less sharp, especially for the thin film
sample where the superconducting transition has almost no effect upon the diffusivity. The mea-
surement through the twin boundary is intermediate between the other two curves. The twin bound-
ary, though thin compared to the beam spacing, creates significant additional resistance for heat
transfer. The diffusivity enhancement is evidence of the phonon mechanism of heat transfer inside a
single domain. In thin films, scattering by point defects independent of the free carrier density prob-
ably dominate. We have shown2 that the experimental results indicate that the scattering rate of
phonons is proportional to the number density of normal electrons at temperatures below Tc .
Furthermore, the number density of normal electrons varies with temperature, much like the predic-
tions of BCS theory, although there are considerable experiment-theory differences near Tc .

Figures 5 and 6 show raw data for the measured dRIdT of a YBa2Cu3O7_$ and
Bi2Sr2CaCu2Og crystals, respectively. Both figures clearly indicate a sharp divergence of the am-
plitude of the photothermal signal at the superconducting transition above a slowly-varying back-
ground amplitude, as indicated by the accompanying inductive measurements.

The optical method described below has the advantage that it measures a volume small
enough, typically much smaller than a single crystallite, to avoid gross inhomogeneities. Following
our analysis of the nature of the divergence, we conclude that for YBa2Cu3O7, Gaussian
fluctuations are observable for a temperature range as wide as ±35 K around Tc, while close to the
transition critical fluctuations are observed. The critical region is established to be of the order of
(T - TC)ITC ~ 0.05 , in good agreement with other published data. For Bi2Sr2CaCu2Og, the result is
more consistent with quasi two-dimensional behavior, similar to that in thin superconducting films.

Using Ginzburg-Landau theory, with Gaussian fluctuations as the first correction, we expect
the excess specific heat to diverge as C±[(T - TcyTcY

a , where a = (4-d )/2 , the + and - signs
denote above and below the transition, respectively, and d is the dimensionality of the interaction.
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Fig. 5. Amplitude response of the photothermal signal measured on a 93 K phase single-crystal
YBa2Cu3O7-5 superconductor. The full line is the induced voltage of the ac in-situ suscep-
tibility measurement.
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Fig. 6. Amplitude response of the photothermal signal measured on an 87 K single-crystal
I^Sr^CaC^Og superconductor. The full line is the induced voltage of the ac in-situ sus
ceptibility measurement.

The amplitude of the fluctuating specific heat obeys C+/C. - 2 ' ^ n , where n is the number of
components of the order parameter.

We have argued above that the intensity of the reflected light is proportional to dRIdT,
where R is the reflectivity of the sample. In general we can write:

dT~ dxdT da dT '

where X = Xn+Xs and a = on + Cs ,X and a are the dielectric response and the electrical con-
ductivity, respectively, and the subscripts n and s, denote normal electrons and superconducting
electron pairs, respectively. Assuming that Xn and an are smooth functions of temperature, we
have shown that at optical frequencies the dominant singular term is:
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which indicates that dRIdT diverges at the phase transition in the same way as the specific heat.

The above simple analysis is the basis of our understanding of the diverging part of the pho-
tothermal data. However, the amplitude response we measure is not entirely due to fluctuation ef-
fects. Note that in both Figs. 5 and 6 there is a well behaved background above Tc which is clearly
not associated with superconductivity, resulting from some temperature-dependent material proper-
ties in the normal state. Figure 7 shows the amplitude response for YBCO with a linear back-
ground, as extrapolated from high temperatures, subtracted from the curve of Fig. 5. The result
indicates a very broad temperature range from 45 K below the transition up to 60 K above Tc
where fluctuations are detected.

T-Tc[K]

Fig. 7. Amplitude response of photothermal signal measured on a 93 K phase single-crystal
YBa2Cu3O7-§ superconductor with a linear background subtracted. The solid lines are
power-law fit with C+/C. set as 0.7. The dashed line indicates the mean-field step jump
needed for, he best fit.

For YBa2Cu3O7.§, with a dimensionality of d = 3 , fitting the data to the above relation, we
find that, as in specific heat measurements, a small background jump AC must be subtracted from
the total value of C. The solid line in Fig. 6 represents the best fit for n = 2 , allowing the back-
ground to have a different slope below and above Tc . Closer to Tc , the data indicate that a differ-
ent, weaker, divergence has to be involved. In fact, by using a slowly-varying parabolic back-
ground, we can fit the data to a logarithmic function of reduced temperature. The fit is good over a
decade in reduced temperature (from 0.005 to 0.05), especially for data above the transition. The
crossover to the critical region occurs within about 5 K around Tc, in good agreement with simple
estimates based on material properties.3

There is a qualitative difference in the raw data between YBa2Cu3O7-§ and
Bi2Sr2CaCu2Og (Figs. 5 and 6). The divergence is weaker for Bi2Sr2CaCu2Og, although the onset
is much steeper for this crystal. Since the Bi2Sr2CaCu2O8 system is much more anisotropic, we ex-
pect two-dimensional behavior in all of the accessible temperature range near Tc and, in fact, can
fit the data away from the peak with a value of d = 2 and an amplitude that varies as \(T - Tc)
using similar procedures to those already described. An analysis of the data indicates good
agreement with theory for the specific heat of Rickayzen et al,4 which solves the Ginzburg-Landau
Hamiltonian for the two-dimensional case. Figure 8 shows the data of Fig. 6, now the normalized
amplitude divided by the temperature, is plotted against temperature. The solid line is a good fit to
Rickayzen's theory. Note that the data indicates a slightly sharper feature than the theoretical one.

137



60 80 90 100

Temperature [K]

110 120

Fig. 8. Amplitude response for Bi2Sr2CaCu2Og divided by temperature. The solid line indicates
a fit to theory for the 2D superconductor (see text).

CONCLUSIONS

We have described a photothermal microscope that can measure anisotropic thermal diffu-
sivity and investigate diffusion and electronic phase transitions of high-temperature superconduc-
tors. Since we use focused laser light to excite and detect thermal waves, the technique is com-
pletely noncontacting, nondestructive and well suited for small high-Tc samples.

We have made the first measurements of thermal diffusivities along the Cu-O superconduct-
ing plane and the c-axis within one domain of single-crystal samples of Bi2Sr2CaCu2Og and
YBa2Cu3O7-g. The ab-plane diffusivity undergoes a sharp increase below the transition, which is
evidence of the decoupling of electrons and phonons. A similar effect is not observed along the
c-axis. Since thermal diffusivity near Tc is a direct measurement of the electron-phonon scattering
process, accurate measurement of thermal diffusivity without the interference of grain boundaries
can supply important information about the superconductivity mechanism.

The amplitude of the photothermal signal shows a strong divergence at the superconducting
transition. This divergence in the modulated signal above Tc is a direct observation of the thertno-
dynamic fluctuations of the electron density and density correlation. We have shown that the ampli-
tude signal diverges in the same way as the electronic specific heat We have seen similar effects at
the charge density wave phase transition in NbSe2- It is apparent that photothermal microscopy can
also be used to observe other electronic phase transition processes with unique sensitivity and selec-
tivity.

This work was supported by the Department of Energy (DOE) under Contract No.
DE-FG03-90ER14157.
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