PHYSICAL REVIEW B

VOLUME 43, NUMBER 1

1 JANUARY 1991
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A phonon hot spot is generated in ruby at 1.5 K by a micrometer-sized whisker-film W-W point
contact, and subsequently studied by means of high-resolution optical techniques. The phonon dis-
tribution in the immediate vicinity of the point contact is imaged directly with micrometer spatial
resolution. The method used is to observe the R; luminescence following optical excitation of Cr**
to E(E), where advantage is taken of the temperature dependence of the frequency and width of
the * 4, — E(2E) optical transition. A model description of the propagating phonon distribution is
presented in terms of classical heat conduction close to the point contact and of quasiballistic prop-
agation further away. Results of numerical calculations of the space- and frequency-dependent pho-

non distribution agree well with experiment.

I. INTRODUCTION

In the past decade there has been substantial interest in
the evolution of small-sized strongly thermally excited re-
gions in semiconductors and insulators at low tempera-
tures.!? Strong local thermal excitation was first observed
by Hensel and Dynes,® who used 10—100-uJ pulses from
a Nd:YAG laser focused onto a metalized end of a Ge
sample. They concluded that the temperature below the
focus rose so high that the generated phonons no longer
propagated ballistically, as they do in the case of a heat
pulse, but diffusively: “In other words, there is an en-
trapment of phonons creating a localized ‘hot spot’.”

Up till now, most of the experiments on hot spots have
been performed in semiconductors at low temperatures.
The techniques involved either the use of direct optical
interband excitation of electrons, which creates zone-
boundary acoustic phonons during ultrafast nonradiative
relaxation to the band edge,® 7 or optical excitation of a
metallic film evaporated onto one of the crystal faces.>%?
Phonon detection has been performed with a bolome-
ter,>*8® via exciton luminescence,®”° or by use of the
luminescent properties of a thin crystalline film deposited
on the specimen.’ From these experiments it has been es-
tablished that hot spots have lifetimes of the order of mi-
croseconds. Furthermore, nonequilibrium phonon distri-
butions have been found, particularly of subterahertz
phonons with subthermal occupations, and of trapped
high-frequency phonons with above-thermal occupations.
Experiments on hot spots in insulators have been per-
formed by Bron et al.!° and Abramov et al.!! To gen-
erate a hot spot, the latter authors used 10-uJ pulses from
a Constantan heater evaporated onto a CaF,:Eu?" crys-
tal. Tunable frequency-resolved phonon detection was
achieved via the luminescence from the upper sublevel of
the piezospectroscopically split 'y level of the 4f5d
configuration of Eu?", as devised by Eisfeld and Renk.!?
A hot-spot temperature of 17 K was reached in a volume
of about 1 mm?3.

In this paper we present the results and an analysis of
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experiments on a hot spot in dilute ruby (Al,0,:Cr*").
To achieve a size of only a few micrometers, the hot spots
were generated with a metallic whisker-film point con-
tact. The small size of point contacts further permits the
injection into the crystal of exceptionally high power
fluxes with only moderate electrical power (up to 3 X 10
W/m? at 1 W). A 1-W quasistationary pulse of 3-us
duration, for example, which results in an energy dissipa-
tion of only 3 uJ, is, under adiabatic conditions, sufficient
to heat ruby to temperatures up to 1000 K over the typi-
cal volume of the hot spot (a hemisphere with a radius of
order 10 um)."® Note in this context that in Al,05 at low
temperatures elastic phonon scattering is weak. Ruby
further permits high-resolution spectroscopic techniques
to be used to detect the phonons in the hot spot as well as
the phonons that have escaped from it. Because the
E (*E) 1level shifts toward lower energy with increasing
phonon occupation, these techniques allow one to deter-
mine at what distance from the point contact a given
phonon occupation is established. High spectral resolu-
tion is in this way converted into high spatial resolution.
A spatial resolution of a few um can, in fact, be achieved.
Thermal phonons are removed by cooling to 1.5 K.

In the analysis, a model, resembling a qualitative
analytical treatment by Kozub,'* is worked out in detail.
In the immediate vicinity of the point contact, heat trans-
port is assumed to take place by classical heat conduc-
tion. The size of the hot spot is accordingly related to the
phonon mean free path. Outside the hot spot, the heat
propagation is considered to be quasiballistic,1 i.e., the
ballistically propagating phonons are subjected to break-
up and recombination by strongly frequency-dependent
anharmonic scattering. In the quasiballistic region, the
model has, for tractability, been formulated in terms of a
finite number of discrete Einstein modes.!*

II. METHOD

The phonon distribution is observed in a spatially
resolved way by taking advantage of the shift of the
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E (PE) level toward lower energy with increasing phonon
energy. Consider, as in Fig. 1, the position of the E (?E)
level of Cr** in a part of the crystal with a marked pho-
non occupation (“hot”) with reference to Cr** not sub-
jected to phonons (“cold”). In the hot part, the E (*E)
state is shifted toward lower energy by an amount 8E,
which scales with the phonon energy density.!® Concom-
itantly, the phonon occupation invokes a homogeneous
broadening of E (*E ), which at the phonon densities of in-
terest here is however smaller than the line shift. A
thermal phonon occupation corresponding to 100 K, for
example, leads to 8E~1 cm™!, while the additional
linewidth amounts to only Av~0.2 cm~! FWHM. To
selectively excite Cr’" in the hot part of the crystal,
therefore, we tune the narrow-band dye laser below the
low-temperature *A4,—E (2E) resonance frequency. In
effect, all Cr’* are excited that have 8E’s within a range
of width Av centered around the laser frequency v;. The
spatial extent of these Cr’* may subsequently be mea-
sured by imaging the R, luminescence emitted upon their
return to *4,. In this way high-frequency resolution is
converted into high-spatial resolution. Note here that
the luminescent area may be essentially smaller than the
laser focus. Since the phonon density drops approximate-
ly quadratically with the distance from the point contact,
the Cr3" selected are in good approximation located in a
hemispherical shell. The radius R of this shell as well as
its thickness obviously increase with decreasing deviation
8v, of the laser from resonance.

III. EXPERIMENTAL DETAILS

In the experiments, a Czochralsky-grown ruby crystal
measuring 15X 10X7 mm® was used. The crystal, im-
mersed in liquid helium at 1.5 K, had a Cr** concentra-
tion of 700 at.ppm, and the ¢ axis was perpendicular to
the 15X 7-mm? faces. The anvil of the point contact was
formed by a 50-nm-thick W film, deposited on a polished
15 X 7-mm? face by dc sputtering with Kr at 10 kV. Prior
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FIG. 1. The principle of direct temperature-selective laser
excitation of E(%E). Shift and broadening of E(*E) toward
higher temperatures are indicated schematically.

to the deposition of the film, this face was cleaned with a
glow discharge for half an hour. The spear of the point
contact, a 100-um diameter W wire soldered to a 1-mm-
diameter Ni post serving as a mechanical support, was
electrochemically etched to form a tip with a radius of
typically 1 pm in a 1-mole NaOH solution with an ac
current of 10 mA at 1 kHz. Instead of W-W point con-
tacts, Au-Au point contacts with similar specifications
were sometimes used. Precise vertical positioning of the
whisker against the film was accomplished under liquid
helium with a differential screw mechanism (50 gm/turn),
operated from the top of the cryostat. The point contacts
were electrically excited with dc voltages of up to 16 V.
Superimposed negative pulses of 100-ns duration and
900-kHz repetition rate made it possible to measure the
impedance of the point contact via their reflection back
into the 50-( coaxial cable.

The temperature-selective optical excitation of Cr®*
centers below the point contact was achieved with a
narrow-band ring dye laser (1 MHz spectral width,
LD688 dye), pumped by an Ar ion laser operating in the
all-lines mode. The laser beam was focused to a waist of
100 um with a 50-mm camera lens, and directed toward
the point contact from below, reflecting at an angle of ap-
proximately 20° with the film. The luminescence emanat-
ing from the detection zone was collected at right angles
to the incoming laser beam with a 50-mm camera lens,
and recorded with a video camera after magnification by
a microscope objective. To ensure optical access, the
crystal was mounted at an angle of 15°. The hot spot as
viewed via the luminescence thus has the appearance of a
complete sphere, being made up of the actual luminescent
hemisphere plus its image reflected from the metal film.
The spatial resolution of the optical imaging system, in-
clusive of the stability of the sample positioning in the
cryostat, is estimated to be a few um. The video images
were subsequently digitized and transferred to a comput-
er.

To illustrate the hot spot as seen via the luminescence,
two of these images are shown in Fig. 2. Upon deriving
the size of the luminescent zone from these images, it
should be realized that the * 4, ground state is split into 2
Kramers doublets. These doublets, separated by 11.4
GHz, are populated about equally at 1.5 K. Obviously,
for a given laser setting, the absorption arising from Cr**
in the upper doublet (Mg =1t1) corresponds to the small-
er laser detuning 8v;, and accordingly to the luminescent
region with the larger radius. The absorption from the
lower doublet (Mg=x=2), which is associated with an
11.4-GHz larger 8v;, however, tends to fill the darker
central portion of the luminescent hemisphere. The rela-
tive weights of the contributions from Mg==] and
M5=i—%, of course, depend on the linewidth as a func-
tion of phonon occupation, on the inhomogeneous
broadening of E(?E), and on the polarization of the in-
cident laser beam. They further depend on the popula-
tion ratio of the two ground doublets, which under the
condition of a strong optical pumping cycle tends to devi-
ate from the thermal value by virtue of the slowness of
the spin-lattice relaxation within the * 4, state.!” Another
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FIG. 2. Digitized video images of the spatial luminescence
profiles below the point contact, for 6v; =2 and 12 GHz, respec-
tively. Point-contact power is 0.5 W.

difficulty is that the population ratio of the 4, doublets
may be substantially modified by interaction with the
phonons emitted by the point contact itself.'®!° To avoid
the substantial complications of incorporating these
effects as well as the ambiguities involved, we have simply
adopted the definition that the extent of the luminescent
region at half intensity refers to the 8v, belonging to the
upper 4A2 doublet. For &v,=12 GHz, then, a lumines-
cent region with a diameter of 22 um at half intensity is
found. Upon correcting for the spatial resolution, this
yields a radius of 11 um for the region with a phonon oc-
cupation characterized by &v;=12 GHz. Similarly, we
find that a detuning 8v, amounting to 2 GHz, i.e., a sub-
stantially lower phonon occupation such as prevails fur-
ther away from the point contact, corresponds to a radius
of 45 um.

IV. PHONON DISTRIBUTION

In this section we set up a model to describe the pho-
non spectrum below the point contact as it evolves with
distance. Following Kozub,'* we distinguish two regimes
of propagation away from the point contact. First, a
hemisphere with a radius R, and a surface temperature
T, is assumed to delimit the hot spot itself, i.e., the inner
region where the phonon density is so high and the pho-
non mean free path so short that thermal equilibrium is
established everywhere. In this regime the energy propa-
gation is adequately described by classical heat conduc-
tion. In the regime outside the hemisphere, by contrast,

thermalizing umklapp processes are entirely frozen out,
and the propagation is assumed to be predominantly
governed by wave-vector-conserving anharmonic pro-
cesses.

A quantity decisive for the mode of phonon propaga-
tion is the mean free path A(T'), and, in fact, A(T) will be
used to distinguish between the two regimes. Within the
hot spot, A(T') averaged over the phonon frequency may
be derived from the thermal conductivity (7T ) (Ref. 20)
and the specific heat C(T') (Ref. 21) by use of the rela-
tion

K(T)=1C,(TWA(T) . (1)

1
3
At the typical powers of 0.5 W, the temperature in the
center of the hot spot reaches 1000 K, corresponding to
A(T)=1 nm (Fig. 3). However, A(T) rapidly increases
with decreasing temperature. The radius R, of the hot
spot may therefore be estimated with reasonable accuracy
from the criterion

Ry=A(T,) . (2)
To work this out, it is further assumed that the power P
injected into the crystal passes through the surface of the
hemisphere without noticeable loss, and from there
proceeds at the Debye velocity v(=6 km/s). Under the
stationary conditions of the experiment, then,

P=1mR%p(T,), 3)

where p(T,) is the phonon energy density at temperature
Ty. Note that p(T,) can be obtained from integration of
C,(T) over the temperature. Given P, R, can now be
derived from Eq. (3) with an iterative procedure, in which
T, is varied until consistency of Egs. (1)-(3) is achieved.
In Fig. 4 the resulting R, and T are shown vs the power.
Typical values for R, range from 3 to 10 um. Self-
evidently, if P is such that the calculated R, undershoots
the radius R of the point contact (=3 um), R, should
be set equal to R .. As for T, it only weakly diminishes
with P, obviously because of the sharp decrease in the
mean free path around this temperature. The associated
reduction of p(T,) is, however, strong enough to make
R increase approximately linearly with P.
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FIG. 3. The average phonon mean free path A vs the temper-
ature.
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FIG. 4. The radius R, and surface temperature T, of the hot
spot vs the power P injected into the ruby crystal.

Within the hemisphere the temperature profile was ob-
tained by numerical integration of the classical equation
for heat conduction,

P
21r?

Ke( T)ﬂ =— (4)
dr

Beyond R, quasiballistic motion is assumed to prevail.
In this regime, the phonon spectrum was, for reasons of
tractability, approximated by a set of 6 Einstein modes
with frequencies increasing by factors of 2, i.e,
v; =2, (i=0,1,...,5). These modes are given weights
proportional to the Debye density of states integrated
from one midfrequency between these modes to the next.
Their weights accordingly scale with v. However, the
upper limit of the frequency interval associated with the
i=5 mode is set equal to the Debye frequency, and the
lower limit of the i =0 mode is taken to extend to 0. The
occupation numbers n; of the Einstein modes thus
represent the intrinsic phonon occupation per mode aver-
aged over the ith interval. This procedure, which is
equivalent to representing the density of states as a func-
tion of frequency by a series of rectangles of increasing
widths covering the entire acoustic phonon energy band,
is due to Schaich.!* We take v,=0.87 THz, correspond-
ing to the phonon resonance frequency of excited Cr®* in
ruby.

Each mode v; is taken to propagate ballistically at the
Debye velocity v, and is subjected to down-conversion to
v; /2 and up-conversion to 2v; at rates proportional to vy,
That is, at r=R,,, the occupation numbers n; are set
equal to the values pertaining to the temperature of the
outer surface of the hot spot,

n;(Ro)=[explhv, /kTy)—1]"", (5)

and their subsequent development as a function of the
distance obeys the set of equations

on;(r) + 2n,(r) | _ On(r)
ar r Y

) (6)

anh

v

in which

on;(r)
ot anh

=—R; {n,(r)[1+n,_y(r)]?

—[1+n;(r)]n; _(r)3)
+bR {n; (P 1+n,(r)]?
—[l+ni+1(r)]n,-(r)2} . (7)

Here, R;" | =R, =R (v, /v,)’, where R, is chosen such
that the anharmonic decay time 1/R; of 0.87-THz pho-
nons equals 1 us.?? Furthermore, R§ =R, =0, because
phonons of mode i =5, having a frequency 2°X0.87 THz,
cannot combine, and the decay of phonons of mode i =0,
having a frequency 272X0.87 THz, is ignored. The
quantity b is set equal to 2* to ensure energy conservation
during breakup. Here, a factor of 23 accounts for the
weight of the Einstein mode i +1 relative to mode i, and
another factor of 2 is due to the fact that a phonon of
mode i +1 breaks up into 2 phonons of mode i.

V. PHONON-INDUCED WIDTH AND SHIFT OF E(2E)

We subsequently consider the phonon-induced shift §E
and width Av of the E(2E) level of the Cr’>* centers as a
function of the distance-dependent phonon occupation.
In good approximation, 8E scales with the energy stored
in the lattice.?> We thus have

_BA "o v3n(v)
‘Pfo —-A2d +—f v n(v)d (8)

where 7 denotes taking the principal value of the in-
tegral. With regard to Av, it is noted that, except at very
low phonon densities, the dephasing of E(%E) is governed
by phonon processes connecting E(2E) with 24 (2E).16
At low temperatures, Av is therefore determined by
direct processes between E(*E) and 24(%E). At higher
temperatures, however, Raman processes connecting
E(’E) and 24 (*E) dominate the width of E(?E). Both
contributions can be calculated by use of perturbation
theory up to second order. In the Debye approximation
of the density of states, and with inclusion of the 24 (’E)
level, the homogeneous width can be written

Av=Av0+—BA3 (A)+—f Vin(v)[n(v)+11dv

9)

in which n(v) is the phonon occupation at frequency v, A
is the E(?E)—2 4 (*E) resonance frequency, a and 3 con-
tain the matrix elements for Raman and direct processes,
respectively, v, is the Debye cutoff frequency, and Av, is
the residual width at low temperatures ( <10 K). The
latter is determined by the hyperfine interactions between
the Cr’t electron spin and the surrounding Al nuclear
spins, whose fluctuating magnetic field at the Cr’™" site
modulates the R | resonance frequency through a dynam-
ic Zeeman effect. From previous FLN and hole-burning
experiments,?* this width is known to be 65 MHz in zero
magnetic field.
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In evaluating Egs. (8) and (9) at a given distance from
the point contact, we have made use of the subdivision of
the phonon density of states into rectangular packets, as
discussed above, while the phonon occupations n(v) have
been set to n;(r), as appropriate. The remaining integra-
tions have been carried out exactly over each packet.
This procedure ensures that the Einstein modes are prop-
erly weighted. Calibrations for ¢ and a’ have been ob-
tained by McCumber and Sturge'® from the development
of the R, luminescence as a function of temperature. For

thermal phonon populations, Egs. (8) and (9) become!%%>
Ty [ 7 |2 Tp/T 1
SE(T)=B—— |-+ | P x3n(x)—————dx
( BTD T, fo x2—(Ty/T)?
4
T Tp/T |
+a —7;— fo x°n(x)dx , (10)
T, |’
AT )=Avyt+aB | | n(A)
T,
;
T T,/T 6
+a A fo xOn(x)[n(x)+1ldx , (11)
where Tp=hvp/kg, To=hA/kg, and

n(x)=(e*—1)"!. As it turns out, the a parts, which are
associated with Raman processes, indeed predominate in
the high-temperature regime. The [ terms are only 2%
of their a counterparts at 150 K, and less than 1% at 300
K. The a and B terms in Av(T') balance at approximate-
ly 60 K. In 8E(T), the a part already predominates at
temperatures as low as 20 K. McCumber and Sturge,'®
analyzing the temperature-dependent width of the inho-
mogeneous R; luminescence above 90 K on the basis of
Eq. (11), found a=544 cm ™' and T, =760 K. From the
data on 8E(T') at temperatures extending to 700 K, they
further found a’= —400 cm ™! by use of Eq. (10), again
with neglect of the 8 part. The high-temperature data do
not permit a determination of 3. The contribution of the
direct process can, however, be discerned when the inho-
mogeneous broadening of the optical transition is elim-
inated by the use of FLN.!"” The result is
7B(T,/Tp)=235+20 MHz or B=14.45+1.2 cm ..

VI. DISCUSSION

Images of the luminescence emanating from right un-
der the point contact, as exemplified in Fig. 2, have been
recorded following selective narrow-band laser excitation
of Cr**t to E(?E) and the application of electrical power
under cw conditions. Images of good quality could be
obtained for laser frequencies displaced as far as v, =32
GHz below the central low-temperature *A4,—E(’E)
transition. The results for the extent of the luminescent
region below the hot spot have been collected in Fig. 5 as
a function of the detuning 8v,. Note again that a larger
detuning corresponds to a higher phonon occupation.

To analyze these data we resort to the procedure out-
lined in Sec. IV. First, Ry and T, are evaluated from Eq.
(3) in conjunction with the criterion equation (2) for the
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FIG. 5. The radius of the luminescent spot vs the detuning
dv, to lower frequency. Solid curve represents a model calcula-
tion for a point-contact power of 0.5 W, and a point-contact size
of 3 um. Dashed curve applies to purely ballistic propagation,
dotted curve to quasidiffusion.

relevant P~0.5 W, with the results Ry=7 um and
T,=65 K. Next, the set of six coupled differential equa-
tions (6) with the boundary condition equation (5) is
solved numerically in the quasiballistic regime, to obtain
n;(r) for r 2 R,. In the regime of classical heat conduc-
tion, the increase of n;(r) toward lower r is calculated
from Eq. (4). The resultant n;(r), displayed in Fig. 6, are
subsequently entered into the evaluation of 8E and Av
[Eqgs. (8) and (9)], again for various radii of the sphere
around the point contact. At r =R, corresponding to a
phonon distribution thermalized according to T, for ex-
ample, S E appears to amount to 24 GHz, while Av equals
18 GHz. It should be recalled at this point, however,
that the *A,—E(’E) transition is inhomogeneously
broadened. This entails an additional spread in S8E,
which, for tractability, is given a rectangular shape. The
inhomogeneous spread amounts to 3 GHz full width for
700 at. ppm Czochralsky ruby. In order to arrive at the
R luminescent profiles for a given laser detuning 8v,, it
is sufficient to evaluate the absorption probability as a
function of r. If it is assumed that the phonon-induced
line shape is Lorentzian, the absorption probability per
unit of volume scales with

2/mAv
1+[2(8E —8v;)/Av]?

> (12)

convoluted with the inhomogeneous spread of 8E. The
absorption is clearly a function of r through 8E and Av,
and, in fact, a luminescent hemispherical shell with a
thickness of about one-third of the radius results. In line
with the definitions of the extent of the experimental
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FIG. 6. The calculated phonon occupation numbers vs the
distance for the six modes labeled i =0,1,...,5 in the two re-
gimes of propagation.

luminescent spot (cf. Sec. III), we finally take the outer
half-value radius of this shell to represent the radius of
the calculated luminescent region.

The results vs v, are entered in Fig. 5 as the solid
curve. Good agreement with experiment is found. In
particular, the slow rise toward small detuning is ade-
quately reproduced. At the largest 8v,;, the luminescent
radius appears to amount to about 9 um, only slightly
larger than the hot-spot radius R, where phonon occu-
pations are still near those pertaining to T,. The radius
has increased to approximately 2R, at dv; =<8 GHz and
to 4R, at 8v;=~2 GHz. For smaller detuning, the radii
are less reliable because of the inhomogeneous spread of
S8E. The data point of 8v; =0 GHz is, in fact, determined
by the finite waist of the laser beam. In order to obtain
coincidence of the model with the data, we adjusted P.
Coincidence was obtained for P=0.5 W, which was anti-
cipated above. (In the quasiballistic regime, the lumines-
cent radius scales roughly with P!/2)) This value is about
a factor of 2 smaller than the electrical power dissipated
in the point contact, but certainly not outside the experi-
mental errors combined with the uncertainties associated
with the simplifying assumptions in the model.

It is of considerable interest to examine to what extent
the results presented in Fig. 5 distinguish quasiballistic
propagation beyond the limits of the hot spot from pure
ballistic flight, on the one hand, and quasidiffusive
motion on the other. To treat pure ballistic motion, we
have repeated the calculation with the right-hand side of
Eq. (6) set to zero, but otherwise the same parameters.
The results of these calculations, entered in Fig. 5 as the
dashed line, indicate that at larger distances from the
contact the phonon energy stored in the modes of the
highest frequency, which contribute the most to 8E and
Av, is overestimated. Indeed, for pure ballistics all n,;(7)

drop with the squared distance, whereas at the relevant
distances quasiballistic propagation invokes a notable
down-conversion of the highest-frequency modes (cf. Fig.
6). To estimate the effects of quasidiffusive motion, we
first note that in particular the energy propagating in the
higher frequency modes is substantially delayed because
the mean free path as determined by elastic scattering
scales with v*. To mimic quasidiffusive motion in the
framework of the model of Sec. IV, therefore, one may
make v dependent on the mode number i. Reducing v for
i=4 and 5 by a factor of 10, for example, we find a hot-
spot size that is substantially more weakly dependent on
the detuning 8v, than observed, i.e., the edge of the hot
spot is too abrupt (dotted curve in Fig. 5). In summary,
therefore, quasiballistic propagation with an anharmonic
decay time of 1-THz phonons of order 1 us appears to
provide an adequate description of the data.

VII. COMPARISON WITH FLN EXPERIMENTS

Another stringent test of our model is provided by the
spectrum of the R, luminescence rather than by its spa-
tial extent. This spectrum was recently measured with
high resolution by the use of the technique of fluores-
cence line narrowing (FLN), but for reasons of sensitivity
the data were integrated over the entire luminescent re-
gion.!® In FLN experiments, as in the present ones con-
cerned with optical imaging of the luminescent region, a
homogeneous packet within the inhomogeneously
broadened line is selectively excited with a narrow-band
laser, but the ensuing luminescence is analyzed with high
spectral resolution.

In the experiments of Ref. 19, excitation of cr’t oto
E(*E) was achieved with a narrow-band laser (1 MHz),
and high spectral resolution of the detection was provid-
ed by a temperature-stabilized piezo-scanned Fabry-Perot
interferometer in combination with a 0.85-m double
monochromator. The luminescence emanating from
below the point contact was collected at right angles, and
imaged onto a pinhole in front of the interferometer.
This, in effect, amounted to integrating the luminescence
from all shells about the point contact up to radii of 100
pm. Further, the use of an add-subtract scheme permit-
ted to obtain the modification of the R; luminescence by
the phonons injected by the point contact.

The results are reproduced in Fig. 7 for three values of
the laser detuning, where positive contributions arise
from homogeneous packets shifted to resonance with the
laser, and thus are broadened (cf. Sec. V). The central
negative contribution, on the other hand, results from
homogeneous packets that are shifted out of resonance.
To compare our model with the FLN measurements, we
have calculated the emitted luminescence spectrum as
follows. (i) The phonon distribution versus distance from
the point contact is calculated according to Sec. IV; (ii)
the shift 8E and the width Av of the E(’E)—24(’E)
transition are calculated versus distance, as in Sec. V; (iii)
the spectrum emitted by each contributing shell is as-
sumed to be a Lorentzian of width Av, centered around
the laser frequency v;; (iv) the absorption probability for
single-frequency light at a given distance is assumed to
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FIG. 7. Fluorescence line-narrowing spectra for various de-
tunings 8v; of the laser, showing phonon-induced broadening of
the R, luminescence. Solid lines correspond to a model calcula-
tion for an injected power of 1 W. The negative contributions
are inherent to the experimental method, and should be disre-
garded here.

scale linearly with a Lorentzian of width Av centered
around 8E [cf. Eq. (12)];2° (v) the luminescence spectrum
is obtained by summation of all contributing shells
weighted according to their volumes. In this procedure
we have ignored the inhomogeneous width, as we are
concerned with laser detunings that are significantly
larger. We have further disregarded the negative central
part, extending to 0.25 GHz on either side in the spectra.

In Fig. 7, calculated curves are presented for a point-
contact power of 1 W. These curves faithfully track the
data, thereby providing substantial further justification of
the hot-spot model as well as the approximations made.

VIII. CONCLUDING REMARKS

A hot spot of several hundreds of Kelvin and of a size
of a few micrometers has been generated in ruby upon in-
jecting high phonon fluxes (up to 3X10'° W/m?) with a
whisker-film point contact. Further, it has been shown
that excitation of Cr3" in ruby to E(2E) in a way that is
selective for the phonon energy density combined with
direct optical imaging of the ensuing luminescence is a
powerful means of investigating hot spots. The experi-
mental scheme permits direct access to the phonons emit-
ted by the hot spot over considerable distances and with
high spatial resolution. In ruby, the applicability is con-
strained by inhomogeneous broadening of the
*4,—E(’E) transition and by homogeneous broadening
induced by the phonons. The former limits the selectivity
in the cool areas of the crystal, where 8E is masked by
the inhomogeneous spread, whereas the latter leads to a
reduction of the resolution and the luminescent intensity
close to the hot spot. A model description of the phonon
distribution near the point contact in terms of classical
heat conduction close to the point contact and a contigu-
ously surrounding regime of quasiballistic propagation
further away appears to be in good accord with the data.
The phonons, which initially had frequencies up to the
zone boundary, are subjected to notable net down-
conversion. The model developed also faithfully de-
scribes fluorescence line-narrowing data.
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