Slow propagation of slightly nonequilibrium phonons in mixed crystals

S.N. Ivanov, A. G. Kozorezov, A.V. Taranov,and E. N. Khazanov

Institute of Radio Engineering and Electronics, Academy of Sciences of the USSR

(Submitted 23 April 1991)

Zh. Eksp. Teor. Fiz. 100, 1591-1605 (November 1991)

Anomalously slow propagation of slightly nonequilibrium phonons has been studied
experimentally in several mixed crystals. The time of arrival of the signal maximum is found as a
function of the temperature, length, and composition of the sample. All the results found on the
propagation of slightly nonequilibrium phonons agree satisfactorily with theoretical predictions
based on a model in which phonons undergo an intense Raman interaction with two-level systems
in the crystal. This interaction redistributes the energy between the heat pulse and the two-level
systems. The possible nature of these two-level systems in these crystals is discussed.

In mixed crystals, slightly nonequilibrium phonons in-
jected by a warm generator are subject to strong elastic scat-
tering, even at low temperatures 7<4.2 K. (A “warm” gen-
erator is one for which AT, the extent to which the generator
temperature exceeds the reservoir temperature 7, satisfies
AT /T<1.) In general, the propagation of slightly nonequi-
librium phonons can be described well by a diffusion equa-
tion. The time scale of the process is the arrival time of the
maximum of the deviation of the phonons from equilibrium,
i.e., thetime z, = L */D, where L is the length of the sample,
and D is the phonon diffusion coefficient. At temperatures
T<4.2 K the relaxation time of the phonon-phonon interac-
tions, 7., is on the order of a few milliseconds in typical
insulators, while ¢, is usually several microseconds. Conse-
quently, if we restrict our analysis of the energy-transport
processes involving slightly nonequilibrium phonons to time
intervals no greater than 7,, we can ignore the phonon-
phonon interactions (Refs. 1 and 2, for example).

Under given conditions, the energy-transport process is
vastly slower in glasses, polycrystalline materials, and cer-
amics. The response of a bolometer goes through a maxi-
mum and then slowly decreases, over a matter of millisec-
onds. In glasses, these “‘slow” transport processes result
from a strong interaction with the two-level systems. In ma-
terials which are inhomogeneous at the microscopic scale
(polycrystalline sample and ceramics), they are associated
with a transport across grain boundaries.

In single crystals, transport processes may be slowed
down because of a scattering by structural defects which is
more intense than elastic scattering. An example is the “cap-
ture” of resonant phonons when a suitable system of levels
(e.g., paramagnetic) is present. In the case at hand, how-
ever, this interaction is important for only a fairly narrow
group of resonant phonons, which could not carry a signifi-
cant fraction of the energy of the heat pulse, with its broad
spectral composition.

Also of interest in connection with the slowing of trans-
port processes are results of research on the propagation of
slightly nonequilibrium phonons in yttrium-erbium-alumi-
num garnet (Er:YAG) single crystals.® Experimentally, one
observes the ordinary diffusion maximum of the signal,
which is precisely the same as the corresponding maxima in
other yttrium-(rare earth)-aluminum garnets (RE:YAG)
at low temperatures (or at a low concentration of erbium
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ions). In addition, one observes a second maximum, delayed
with respect to the first by orders of magnitude. The typical
time at which this maximum arrives, ¢,, reaches hundreds of
microseconds. A significant fraction (sometimes the great
preponderance) of the energy of the heat pulse is associated
with specifically those processes which determine the ap-
pearance of this maximum.

Under the conditions of the experiments which we are
reporting here, the inequality ¢,<7, holds, so phonon-
phonon interactions can be ignored. States associated with
the paramagnetic properties of Er’ * ion in a garnet lattice
have been studied thoroughly. Such states could not have
any important effect on phonon scattering. We recall that
the first excited state of the Er* * ion in the YAG lattice has
an energy of 24 cm ~'. At T<4.2 K, this state could not be
responsible for the observed features in the propagation of
slightly nonequilibrium phonons, according to estimates.

Experimental results obtained in Ref. 3 are evidence in
favor of energy states with a splitting on the order of 5 K in
the Er:YAG crystal. These states are undoubtedly associat-
ed with specifically the Er dopant, since these states are not
seen in experiments on the propagation of slightly nonequi-
librium phonons in other mixed RE:YAG mixed crystals
(except YAG:Ho). This new state could hardly be paramag-
netic, since the system of paramagnetic levels of Er’ * in the
garnet lattice is well known, and this state is not there. Fur-
thermore, the spin-lattice coupling constant is low for para-
magnetic levels, and it could be responsible for the strong
coupling and, correspondingly, the strong scattering for
only the group of resonant phonons.

Incorporating a possible broadening of the levels of
paramagnetic origin due to a dipole-dipole interaction could
not lead to any important effects. In the first place, the frac-
tion of the energy of the heat pulse which is carried by the
phonons of this group is too small to explain the observed
features. Finally, direct experimental results on the propaga-
tion of slightly nonequilibrium phonons in RE:YAG solid
solutions Y; _ R, Al;O,,, in which the paramagnetic R**
ions do have a suitable system of levels (for Tb, A =5
cm ™ '), agree with the corresponding results on the diamag-
netic system Y; _ ,Lu, AL;O,,. In other words, these results
demonstrate the appearance of only an elastic scattering,
which—for identical concentrations of the rare earth and for
random distributions of the yttrium and R ions among lat-
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tice sites—should be essentially identical for all the rare
earths from Gd to Lu.

The question of the reasons for the slowing of energy
transport in mixed Y, _ Er, Al;O,, crystals and the ques-
tion of the nature of the observed excitations (which we will
attribute below to the existence of two-level systems) remain
open. Answering these questions requires a detailed theo-
retical and experimental study of slow transport processes
involving slightly nonequilibrium phonons in mixed crys-
tals. Such a study was the goal of the work which we are
reporting here.

A slow transport of slightly nonequilibrium phonons is
not peculiar to the Y, _  Er, AL,O,, system. Such processes
are observed in a long list of mixed crystals. They can be
described by a model in which the phonon transport pro-
cesses are dominated by two-level systems with a spin-lattice
coupling constant larger than in the case of paramagnetic
levels.*

Let us assume, in accordance with Ref. 4, that the
mixed crystal contains two-level systems with an energy gap
A on the order of several kelvins and has a strain-energy
constant on the order of a few electron volts. In this case, a
fairly strong Raman scattering of phonons arises in the crys-
tal, with a corresponding pumping of the two-level centers.
We also assume that the concentration of these two-level
centers or systems, IV ,; g, is high enough that their contribu-
tion to the heat capacity is greater than the lattice contribu-
tion at the typical experimental temperatures, 2.2
K < T <3.8 K. The concentration of two-level systems can
be much lower than the concentration of the less abundant
component of the mixed crystal. For the mixed crystals of
interest here, the corresponding condition is 10'®
cm~? <Ny <10?' cm 3. According to this model, the
slowing of a transport process stems from a redistribution of
the energy of the generated pulse between vibrational states
of the lattice and excitations of the two-level systems.

We turn now to a discussion of the experimental results.
The experimental layout is standard and is described in Ref.
3. We studied the solid solution Y, _  Er, Al;O,, in greatest
detail. Figure 1 shows typical curves of the temperature de-
pendence of the arrival time of the maximum of the deviation
of the phonons from equilibrium, #,(T), in the slow process
for samples of various compositions and various lengths
(from 0.065 to 1.3 cm). The ratio of the linear dimension of
the generator, /;, to the length of the sample was chosen to
be the same in all cases, so that geometric factors can be
ignored in the analysis of the results. The series of curves
from a) tod) in Fig. 1 corresponds to increasing Er concen-
tration in the garnet solid solution. Each of the series corre-
sponds to a set of samples of various lengths; the length de-
creases with decreasing curve label. It follows from the series
of curves in Fig. 1 that the characteristic manifestations of
slow processes (large absolute values of ¢, and a change in
the sign of the slope of the temperature dependence, from
positive to negative) become more prominent as the Er con-
centration and the length of the sample increase. Particular-
ly noteworthy is the experimental change in the sign of the
derivativedt,(T)/dT for aseries of samples having the same
composition but differing in length (Fig. 1c).

The general picture of the transformation of the #,(T)
curves in Fig. 1 is described completely by the theory at a
qualitative level.
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FIG. 1. Signals representing the deviation from a phonon equilibrium
detected by a bolometer in samples of Y,_, Er,Al;O,,. a—x =0.2,
L=0.4(1),0.68(2),0.95cm (3); Ga, 3 Ery, Cd;O,, sample, L = 0.4 cm
(4); a'—arrival time of the first diffusion maximum on the signal of the
deviation from phonon equilibrium in samples of Y,gEr,,AlO,,,
L=0.68 cm (l'), Y,3Luy,Al0,,, L=0.68 cm (2'); b—x=0.6,

. L=04(1),0.68cm (2);c—x=1,L =0.065(1),0.12 (2),0.25(3),0.5

cm (4); d—x =3, L =0.018 (1), 0.03 (2),0.07 (3),0.14 (4), 0.22 (5)
cm; sample of Ho;Al;O,,, L = 0.03 cm (6). The power dissipation at the
heater was P, <0.1 W/mm?, I, /L~2.

We have yet a few more words about the curves in Fig.
1. Figure 1d shows #,( T') for a Ho;Al;O,, sample. This curve
is qualitatively the same as the curve for Er;Al;O,,. For
samples of the same length, the value of ¢, turns out to be far
larger. The slow processes are more prominent in Ho:YAG.

Finally, Fig. 1a shows, for comparison, curves of the
arrival time of the maximum of the deviation of the phonons
from equilibrium, #,(T), due to diffusion in the mixed crys-
talin the case of a strong elastic scattering (Rayleigh scatter-
ing) by structural defects, versus the temperature. This
figure demonstrates the order-of-magnitude difference be-
tween the values of #,(T) and #,(7). We will be discussing
this result in more detail below.

According to Ref. 4, the parameter which basically de-
termines the nature of the £,(T) curve is the quantity
B =[lg (wy)/L]? where I is the distance traveled by a
phonon over the Raman-interaction time 7, and @, is the
frequency of the predominant group of phonons, i.e., the
group contributing most in the transport process. In general,
the frequency w, is a function of the variables 7" and L. For
this reason, we will have to work with measurements of
t,(T) for samples of identical length in order to correctly
compare theoretical and experimental results and to evalu-
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FIG. 2. a: Calculated temperature dependence of the arrival time of the
signal maximum in the slow process. 1—B = 1.5; 2—0.17; 3—0.06; 4—
0.007. b: Measured temperature dependence t,(T) for Y, _ . -Er,AlO,,
samples of identical length L = 0.4cm. 1—x = 0.2 (B = 1.5); 2—x = 0.6
(B=0.17);3—x =1 (B=0.06); 4—x = 3 (B =0.007).

ate the role played by Raman pumping.

Figure 2 shows results calculated on the dependence
t,(T) for several values of the parameter B, divided by the
average temperature of the measurement interval (7). Also
shown here are experimental data for samples of the same
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length but different compositions. The reason for the differ-
ences in the value of B under these experimental conditions
is that [ varies because of a change in the concentration of
the two-level systems. The reason why we selected from the
various theoretical curves those corresponding to the pa-
rameter values B = 1.5, 0.17, 0.06, and 0.007 is that these
values of B correspond to the experimental conditions, ac-
cording to independent estimates (more on this below).

To determine how well the theoretical and experimen-
tal results in Fig. 2, a and b, agree, let us determine the order
of magnitude of this parameter from independent experi-
ments. Figure 3 shows the time evolution of the bolometer
signal in Y, 3 Ery, Al;O,, and Y, zLu,,Al;O,, samples of
identical length for several crystal temperatures. In the
Y, ;s Lug, Al;O,, sample, the signal maximum is determined
exclusively by the Rayleigh scattering of the slightly non-
equilibrium phonons. One might suggest that the intensity of
elastic scattering Y, s Ery, Al;O,, is essentially the same as
thatin Y, ¢ Lu,, Al;O,,, because of the approximately equal
masses of Er and Lu and also because the force constants of
the lattice are essentially unchanged from those of the ideal
crystal matrix by the isomorphic substitution Y<Er.

At T<2.9 K, the slow transport processes associated
with the presence of Er are not seen, and the curves for the
two crystals coincide (curves 3 in Fig. 3). This result means
that at this temperature in the Y, ; Er,, Al;O,, sample we
have Iy (wy) =~ (D7 )"?> L. We can thus estimate the or-
der of magnitude of /; and 7, for the given temperature and
for the given concentration of the rare-earth dopant. The
value of D can be found from the arrival time of the signal
maximum in the Y,zLu,,Al;O,, sample. For the
Y, Er,,Al;O,, sample at 7=29 K we thus have
I >L=0.68 cm and 7x>1.5-10"° s. Assuming
Tr ~1/N 15 and N,; g ~x, we can also find rough estimates
of B at T=2.9 K for the samples with other Er concentra-
tions, at a fixed thickness. The results of these estimates are
shown in Fig. 2b, where each measured ¢,(T) curve corre-
sponds to the values of B(T, =2.9 K) determined in this
manner. A comparison of this parametric family of curves
with the theoretical curves for approximately the same val-
ues of the parameter B reveals a satisfactory agreement be-
tween theory and experiment.

FIG. 3. Signals representing the deviation from a phonon equilibirum
detected by a bolometer in samples of Y, Er,, Al;O,, and
Y, Luy, AlsO,, (the brighter line) with L = 0.68 cm for various sam-
ple temperatures: 1—T = 3.83, 2—3.43; 3—2.91 K. P, =10"?
W/mm?, I, /L = 1. S
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An essentially similar estimate of /; and 7; can be
found by comparing the ¢,(T) curves in the inset in Fig. la
for Y, sLuy,Al;O, and Y, 3 Erg, Al;O,,. At T= 2.9 K we
have ¢, ~1.5-10"" s for both solid solutions. At higher tem-
peratures, the behavior of the arrival time of the first maxi-
mum of the phonon deviation from equilibrium in Er:YAG
is quite different from the z,(T) ~ T * law characteristic of a
Rayleigh scattering of phonons by point defects. The theo-
retical expression describing the first maximum of the signal
representing the deviation from a phonon equilibrium,
S,(),inY;_,Er,AlLO,,is

S, (t) ~ jdmp(w)hmn(m)

0

2@D (o))"

12 t

x“‘“{ 4D(0)t  talw) } ()
Here p(w) is the phonon density of states, #iw is the energy,
and n(w) is a Planckian distribution function of the phon-
ons. This expression was derived for one-dimensional diffu-
sion. It is also a simplified expression, since it incorporates
only the decrease in the number of particles in the diffusion
flux due to the Raman pumping of the two-level centers. The
influx of phonons into the long-wavelength part of the spec-
trum during Raman scattering of high-frequency phonons
accompanied by the excitation of the center is completely
ignored. In other words, the contribution of phonons with an
energy fiw — A, which arise in collisions of phonons with an
energy fiw with unexcited centers, is ignored. We will return
to the role played by these phonons. If the temperature is low
enough; we have e~ /"*~1 for the fundamental group of
phonons, and the signals in Y,zEr,,Al;O,, and
Y, s Luy,Al;O,, are the same. For our experimental condi-
tions, this temperature region is 7< 2.9 K.

As the temperature is raised, the quantity
t;(T) = L?/2D(T) increases, and it becomes greater than
Tg (T). Setting

ti(0) =t,(T) (fw/k, T)*

and (for simplicity)
Tr(0) ~TR(T) (0/T)*

we find an exponential factor
exp{—[(t./t+t/tr) (B/k T)*]}.

in (1). The minimum value of the quantity ¢,/t + ¢t /7 is
reached at #, = (¢,;7; )'/%. The signal maximum is evidently
reached at the same time. We can use

1

S (t) ~———
) (ty/t+t/TR)"

as a rough estimate. It is easy to see that #, does not depend
on the temperature and is proportional to L. We thus see that
the inequality ¢, ~T*L? can indeed serve as the condition
under which the arrival time of the first maximum of the
deviation from phonon equilibrium does not conform to the
t ((T)>7g (T) law.

A basic assumption of the theory of Ref. 4 is that when
Raman scattering is sufficiently strong most of the heat-
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pulse energy accumulates in the system of two-level centers
over a time t>7, (T). The transfer of excitation from center
to center occurs either in the course of a spin-lattice relaxa-
tion of the centers, possibly followed by Raman scattering,
or in the course of the emission and reabsorption of resonant
phonons, with spectral diffusion.”>”’ The approximation
used here seems to be fairly good in the case of a strong
Raman interaction, in which repeated Raman-scattering
events are important. This situation promotes the accumula-
tion of the preponderance of the heat-pulse energy in the
system of centers. In other words, the theory must give a
more accurate description of the experimental results at suf-
ficiently small values of the parameter B (in Fig. 1, this
situation corresponds to the successive transition from Fig.
la to Fig. 1d, and from the lower curves to the upper ones
within each frame of this figure).

It is furthermore obvious that the contribution to the
signal from the phonons which carry off an energy #iw — A
after the excitation of a center (and also the contribution of
the nonresonant phonons formed as a result of spin-lattice
relaxation) should increase at lower experimental tempera-
tures, because of the weakening of the Raman pumping.

In Ref. 4, where an iterative procedure was proposed
for finding a solution for the nonequilibrium increments in
the distribution function of the nonequilibrium phonons and
spins, an expression for the temperature dependence of the
second signal maximum, S,(7"), was derived through the use
of the zeroth-order iteration. In other words, the phonon
contribution which we just mentioned was ignored. In this
connection, if the parameter B is not too small the detailed
shape of the signal representing the deviation from phonon
equilibrium should differ from the calculated shape, and it
should provide additional information about slow transport
processes.

The discrepancy with theory should be greatest for the
samples corresponding to the lower curves in Figs. 1band 1c
and also to curves of the type in Fig. la, if it were found
possible to carry out measurements on short samples. These
are the samples which have the largest values of B among all
the samples available.

Let us discuss this point in more detail. Figure 4, a and
b, shows the signal S(¢) in Y,Er,Al;O,, samples; part a cor-
responds to L = 0.14 cm, and part bto L = 0.065 cm. Figure
5 shows the corresponding results for a Y, ,Er,AlO,
sample with L = 0.68 cm. This set of curves corresponds to
very nearly the same value of the parameter B at which the
transformation of the curves occurs as the sign of the deriva-
tive dt,/dt changes. A noteworthy feature of the curves in
Fig. 4, aand b, and Fig. 5 is the appearance of a third maxi-
mum in the signal, which takes an intermediate position be-
tween the two maxima described above. Its position, like the
position of the main maximum, which is determined by a
slow energy-transport process, is shown by the arrows.

The behavior of this additional maximum suggests that
it, too, is due to slow processes. Specifically, according to the
arguments above for higher experimental temperatures (the
upper curves in Figs. 4 a and b, and Fig. 5), this maximum is
not seen for either the Y,Er,Al;O,, sample or the Y, ,Er-
0.6 Al;O,, sample. At the same experimental temperatures,
this maximum is seen considerably more clearly in the
shorter Y,Er,Al;O,, sample (Fig. 4b) than in the sample of
the same composition in Fig. 4a. This result could also have
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FIG. 4. Signals representing the deviation from a phonon equilibirum
detected by a bolometer in a sample of Y,Er,Al;O,,. a: L =0.14cm. 1—

T = 3.44;2—3.08;3—2.71 K. b: L = 0.065 cm. 1—T = 3.83; 2—3.5; 3—
3.21;4—2.99; 5—2.69 K. Py, = 0.1 W/mm”.

been predicted, since the parameter B increases as we go
from a sample with a length L =0.14 cm to one with
L =0.065 cm.

An important characteristic of this additional maxi-
mum is the very strong temperature dependence of its posi-
tion, which is similar to the curve in Fig. 1a. This result again
can be understood on the basis of the model which we are
using here. Specifically, if we put aside the point that the
generation of phonons with frequencies #iw — A occurs con-
tinuously in the course of the Raman interaction, we can
think of the contribution of these phonons to the signal as
resulting from an injection into the crystal of a new heat
pulse after a time ~ 7 . The spectrum of this pulse, however,
corresponds to a lower generator temperature. In this case
the effective value of the parameter B for these phonons is
larger than that for the phonons of the original heat pulse.

In agreement with our general results, this conclusion
(first) means a shift of the new maximum to a shorter arrival
time (for the same sample length) and
(second) explains the strong temperature dependence of the
position of this maximum, with a positive derivative. This
point is demonstrated clearly by the set of curves in Fig. 2, a
and b. The upper curves transform into the lower curves
with increasing value of the parameter B. Accordingly, even
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under conditions such that the original parameter B corre-
sponds to an intermediate value, which leads to a negative
value of the derivative dt,/dT (see Fig. 4b and also the
second curve from the bottom in Fig. 1c), the derivative
dt,/dT is positive for the additional maximum, and the de-
pendence itself is strong.

Completing our discussion of slow processes by which
slightly nonequilibrium phonons propagate through the
mixed Y,  Er, Al;O,, crystal, we show how the arrival
time of the signal maximum depends on the composition of
the crystal (Fig. 6). The lower curve here corresponds to the
position of the ordinary diffusion maximum, ¢,(x), in
Y, .R,AlLO,, crystals. The same curve should describe
the dependence ¢,(x) in Y, _ , Er, Al;O,, crystals in the ab-
sence of a Raman pumping of two-level centers. The upper
curve describes the #,(x) dependence for Y, Er, Al;O,,.
As expected, the transport process slows down with increas-
ing x. This behavior corresponds to the simple suggestion
that with increasing Er concentration in the mixed crystal
there is a corresponding increase in the number of two-level
centers. As a result, there is a decrease in /; and in the pa-
rameter B. Shown for comparison in this figure are corre-
sponding curves for slow transportin Y,  Ho, Al;O,, and
in a mixed crystal consisting of alumomagnesium spinel with
manganese, MgAl, ,Mn, O,. These curves are similar to
that observed in the Y; _  Er, Al O, crystal, but the signal
delay is most obvious here.

A long signal delay is observed in mixed crystals of cal-
cium fluorite with erbium. Some typical curves are shown in
Fig. 7. Shown in the inset here is a curve corresponding to a
pure calcium fluorite crystal. This curve describes a ballistic
propagation of phonons. Curves 1-4 correspond to the
propagation of slightly nonequilibrium phonons in Er:CaF,
mixed crystals with a 20% Er content instead of Ca. These
curves describe a slow transport process, with a typical tem-
perature dependence of the arrival time of the signal maxi-
mum, £,(7T), asin Fig. 1, cand d. It was shown experimental-
ly in Ref. 8 that two-level centers exist in structures of the
fluorite type (CaF,), _, (RF;),. They result from a tunnel-
ing of a noncentral F~ ion in R¢F;, clusters. Under the
assumption that the density of states remains constant to 100
cm ™', we find its value to be n=~10** erg~'-cm ~*. This
value corresponds to the presence of 10'° cm =3 two-level
centers. The slow propagation of slightly nonequilibrium
phonons which we have observed probably stems from the
presence of these two-level systems. We will not go into this
case in more detail here, since our model does not assume a
wide spectral distribution of two-level systems, as occurs in
glasses. The temperature dependence of the arrival time of
the signal maximum observed in glasses is extremely sharp
and is characterized by a positive derivative. The ¢,(7) de-
pendence which we observed in (CaF,), _, (ErF;), with
dT,/dT <0 probably means that Raman scattering of phon-
ons is playing an important role in this case.

We have also observed slow propagation of slightly
nonequilibrium phonons in the mixed crystals calcium-nio-
bium-gallium garnet (CNGG) (Fig. 8a) and yttrium alumi-
nate, Y, _, Er, AlO; (Fig. 8b). Shown in these figures are
curves of the temperature dependence of the arrival time of
the signal maximum, normalized to the square of the sample
thickness. At low temperatures the dependence becomes
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FIG. 5. Signals representing the deviation from a phonon
equilibrium detected by a bolometer in a sample of
Y, ErycAlsOy,: L =0.68 cm. 1—7T = 3.78; 2—3.41; 3—
3.18;4—2.99; 5—2.73 K.

strong. The delay of the signal reaches 100 us for samples 1
cm thick. Very simple estimates of the intensity of the elastic
scattering of phonons in CNGG and Nd:CNGG show that
the Rayleigh scattering is less apparent than in the mixed
RE:YAG crystals. Consequently, the measured arrival
times of the signal maximum, ¢,,(7T), are significantly
greater than the times determined by elastic scattering. They
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FIG. 6. Concentration dependence of the arrival time of the signal maxi-
mum, normalized to the square of the length, in samples of
Y, ,R,ALO,, [R=Lu(V), Yb (A), Tm (M), Er (O), Ho (A), Dy
(0), Tb ()] and Y, _ . Er, Al, 95Scg 05 (AlO,); (@) and Mn:MgAl,0,
(§), Ty =3.4K, Py =102 W/mm? 1—Normalized arrival time of
the signal maximum when only the elastic scattering due to the random
distribution of masses in the mixed garnet crystals with an isomorphic
substitution Y<>R is taken into account; 2-4—normalized arrival time of
the signal maximum in: 2—Y, _,Er,Al;O,,; 3—Y,_  Ho,AlLO,,; 4—
MgAl, _ ,Mn,O,.
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probably correspond to a slow transport process. Experi-
mental data on the propagation of slightly nonequilibrium
phonons in CNGG and Nd:CNGG crystals can then be ex-
plained in a natural way on the basis of the model of slow
transport processes proposed here. The curves in Fig. 8 are
similar to the curves in Fig. 1, a and b, with relatively large
values of the parameter B. In the shortest sample, with
L = 0.26 cm, the reason for the weaker temperature depend-
ence #(7T) may be a weakening of the role of Raman pump-
ing. The curves in Fig. 8b for the mixed yttrium-erbium alu-
minate crystals are similar. They also exhibit a strong
temperature dependence #(T) at low temperatures. Experi-
ments have been carried out for samples of various composi-
tions, however, and in this case the energy transport seems to
be determined by a slow process. The lower curve in Fig. 8b
corresponds to the YAIO, matrix crystal. This curve demon-
strates that the crystalline matrix has a strong elastic scatter-
ing of the Rayleigh type, which is probably a consequence of
structural defects.

Inthe CNGGand Y, ,Er, AlO;crystals, we were not
able to see the usual first maximum, due to a diffusion of
long-wavelength phonons. A possible explanation is the
presence of two-level systems with an energy gap A smaller
than in Y; _,Er, AL,O,, crystals, in which case this maxi-
mum is clearly observed in samples with a relatively large
value of the parameter B (Fig. 1a).

An interesting modification of the slow transport pro-
cess from that in the CNGG crystal is found in Er:CNGG.
Figure 9 shows the shape of the signal for two CNGG and
Er:CNGG crystals with identical thicknesses at a fixed tem-
perature. We clearly see the appearance of an additional,
broad maximum in the signal. This maximum causes a sub-
stantial transformation of the entire propagation curve of
the slightly nonequilibrium phonons. It suppresses the maxi-
mum due to two-level systems in CNGG. It is undoubtedly
associated with a role of erbium ions in forming new two-
level systems in the garnet structure.

Let us look at some numerical estimates for
Y;_ . Er,AlO,,. The expression for 1/7; [expression (7)
in Ref. 4] for #iw > A and k5 T~ A can be approximated by

1

T
TI; = 7 (Nstaua)llos(

A 2
Mvsz) hmzp(ﬁ)),
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FIG. 7. Signals representing the deviation from a phonon
equilibrium which are detected by the bolometer in a sample
of CaF, (20% Er); L =0.028 cm, T =3.69 (1), 3.35 (2),
2.99 (3),2.37 (4) K; P,, = 0.2 W/mm?®. The inset shows the
signal in (0.3% EuF,):CaF,; L = 0.3cm, P, <0.1 W/mm’.

o 500 1000 1500

where a; is the volume of the unit cell, A is the strain-energy
constant for a two-level center, M is its mass, and v, is the
velocity of sound. As the frequency of the predominant
phonons we adopt w, ~ (3kg T)/#, which corresponds to
the maximum of the energy density in the heat pulse at a

tmil”, s/cm?

C a b

0"

FIG. 8. Arrival time of the signal maximum, normalized to the square of
the length, versus the temperature. a: In samples of cation—vacancy gar-
nets. 1—Ca;Nb, (¢cGa;,Ny,;0,, (CNGG), L=0.92 cm, P, <0.1
W/mm?, 2,3—(1% Nd):CNGG, L = 1.3 and 0.26 cm, respectively,
P;; <0.1 W/mm?. b: Insamplesof Y, _  Er,AlO;. 1—x =0, L = 0.9 cm;
2—x=0.07, L =0.77 cm; 3—x = 0.2, L = 0.76 cm; P,; <0.1 W/mm?>.
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generator temperature T. For T = 2.9 K we would have o,
~1.2%X102s" ' Weassumex = 0.2, 7, = 1.5-107° s, and
N, s =~5-10"® cm ~>. Substituting in the values a,~10""’
cm and v, =5.6-10° cm/s, we find A=0.07MV . If we use
the mass of Er as the mass of the two-level center, we find
A =~4.3 eV, while if we use the mass of oxygen as M we find
A=0.4¢eV.

Analyzing the entire set of experimental data on slow
propagation processes of slightly nonequilibrium phonons
in mixed crystals, we can offer the following suggestion re-
garding the nature of the two-level centers.

In all the crystals which were used, except calcium
fluorite (in which case the presence of two-level systems has
been established experimentally) and alumomagnesium
spinel, there is a deviation of the composition from stoichi-
ometry because of the presence of a certain number of oxy-
gen vacancies. In the Y, _ , R, Al;O,, crystals, for example,
the number of oxygen vacancies is estimated'® to be 10%°
cm ™. Some of these vacancies are also associated with the
incorporation of several ions in interstitial positions. These
vacancies are eliminated during an annealing, as the intersti-
tials and vacancies are annihilated. Annealing Y,_,
Er, Al;O,, crystals for 10 h at 1200 °C leads to a significant
shift of the second maximum of the signal toward a shorter
arrival time, while the basic features characteristic of the
slow transport of slightly nonequilibrium phonons are re-
tained. It can thus be suggested that the formation of two-
level systems is associated with the presence of vacancies on
oxygen polyhedra which coordinate the a, c, and d sites in
the garnet lattice. It is natural to assume that these vacancies
are distributed among the dodecahedra which coordinate
the sites of the yttrium Y and R atoms in proportion to the
composition. In other words, the vacancy concentration
near R ions would be (x/3)N,,.. For the mixed crystal
Y, s Ery, Al,O,,, the value N,,. = 10%° leads us to 6-10'8
cm ~*, whichis fairly close to the value used in the numerical
estimate. With increasing x, the number of R centers which
contain oxygen vacancies in their nearest neighborhood in-
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FIG. 9. Signals representing the deviation from a phonon
equilibrium in certain samples. 1—CNGG; 2—(10%
Er):CNGG. L,, =0.5cm, T=3.4K, P,; <W/mm?

0 100 200 Joo 400

creases linearly. The appearance of two-level centers can be
attributed to an elastic relaxation in the structure distorted
by the presence of the vacancy. The different nature of the
propagation of the slightly nonequilibrium phonons in
Y,;_,R,ALO,, may stem from differences in the barrier
height and in the size of the energy gap A of the two-level
centers which arise. Slow transport processes are manifested
in crystals containing Er and Ho. Interestingly, among the
rare earths the erbium and homium ions have the ionic radii
closest to that of the yttrium ion (the ionic radius of
Y3+ =1.01,thatof Er** = 1.0, and that of Ho** = 1.02;
for all other R®** ions, the difference between the ionic radii
of R** and Y** is larger). The reason why there are no
slow transport processes of slightly nonequilibrium phonons
in other mixed RE:YAG crystals may be a larger value of A
due to a greater deformation of the structure. In a nonstoi-
chiometric crystal matrix, there is the further possibility that
Raman-pumping effects are not manifested because of the
absence of a strong elastic scattering (because of the condi-
tion I >L).

Let us summarize the results of this study. Our study of
the propagation of slightly nonequilibrium phonons in
mixed crystals has made it possible to distinguish and study
processes of a new type, which are responsible for a transport
of excitations: “slow” energy-transport processes. The fea-
tures observed in the signal propagation for various mixed
crystals (MgAlO,:Mn, Y;AlLO,,:Ho, Gd;GasO,,:Er,
Y,AL0,,:Er, and Ca;Nb, ¢, Ga;,,0,,; 0,,:Er) are evi-
dence that slow transport processes play an important role.
All the basic features of the propagation of slightly nonequi-
librium phonons in these crystals can be explained satisfac-
torily by a model which assumes the existence of a small
number of two-level centers, with a concentration
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N, s =10"-10%° cm ~ 2, with an energy gap of several kel-
vins, in these crystals. According to this model, the reason
why energy transport is slowed down in these crystals is a
redistribution of energy between the heat pulse and the sys-
tem of two-level centers, as a result of a Raman pumping of
centers by phonons. A study of the propagation of slightly
nonequilibrium phonons in mixed crystals may thus prove to
be a useful method for describing the transition from the
crystalline state to the disordered state.
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