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Acoustic study of tunneling states in Kramers-ion-doped glasses: Wave propagation
and phonon echoes
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We report on an acoustic study of insulating glasses doped with dysprosium, gadolinium, and europi-
um ions, which have Kramers degeneracy. The magnetic-ion content is varied between 1 and 10 at. %.
The measurements are performed down to 10 mK, using acoustic frequencies up to 900 MHz and in
magnetic fields up to 50 ko. There is an eftect of the magnetic-ion concentration and the magnetic field
on the sound velocity at low temperature. This efFect is explained by assuming the existence of two kinds
of low-energy excitations: the usual elastic tunneling states and some magnetic tunneling states, which
are magnetic moments whose local anisotropy axis is almost perpendicular to the local magnetic field.
These magnetic tunneling states have relaxation times shorter than the elastic ones by several orders of
magnitude at low temperature. They couple strongly to the latter whose dynamics is then drastically
changed. This one is directly observed in saturation-recovery and phonon-echo experiments. The relax-
ation time T& of the elastic tunneling states is strongly shortened by the magnetic ions, whereas their de-
phasing time T2 remains almost unchanged. This efT'ect implies a relaxation process much more efficient
than the usual one-phonon process at low temperature.

I. INTRODUCTION

The acoustic properties of glasses at low temperature
have been extensively studied. ' They have been ex-
plained very successfully in the framework of the theory
of the elastic tunneling states (TS). ' More recently,
another theory, also phenomenological, has been intro-
duced to explain simultaneously the properties of glasses
at low temperature and those at higher temperature.
This is a soft potential model which explains the plateau
in the thermal conductivity as well as the TS at lower
temperature. Obviously, these phenomenological
theories do not allow to precise the microscopic nature of
the TS, which is still unknown. The interaction of TS
with electrons has been considered for a long time, but it
is only recently that the effect of magnetic ions upon the
TS has attracted attention. This field has been ap-
proached in two kinds of materials: spin glasses and
glasses containing dilute magnetic ions. In the two
cases, there was no evidence of existence of some magnet-
ic TS. Such two-level systems have been considered
theoretically in amorphous materials with random anisot-
ropy axis. ' It has been shown that due to the large spin
of the rare-earth Kramers ions, the splitting of the
ground doublet (initially degenerate in zero magnetic
field) is small for the spins whose the local anisotropy axis
is almost perpendicular to the local magnetic field. These
have a splitting distribution constant down to very low
energy. A large contribution to the specific heat at low
temperature in an amorphous Dy-Cu alloy has been ex-
plained by involving these excitations. " More recently,
the problem of tunneling of large spins has been recon-
sidered in terms of the semiclassical WKB theory. '

In this paper we report on a set of experiments per-

formed in insulating glasses doped with dysprosium, gad-
olinium, and europium ions. These three rare-earth ions
have Kramers degeneracy. The results differ from those
obtained in glasses doped with non-Kramers ions. In
this case, due to the Jahn-Teller effect, there is no degen-
eracy of the ground state. Moreover, the ions can couple
directly with phonons by means of the electrostatic per-
turbation associated with the elastic field. In contrast,
the degeneracy of the ground doublet of the Kramers
ions can only be lifted by a magnetic field, and conse-
quently, they cannot couple directly with phonons. The
coupling can arise only from a change of the local dipolar
field or of the anisotropy-axis direction induced by the
elastic Geld. Our acoustic study includes sound velocity
measurements, saturation recovery and phonon echoes.
We show that the Kramers-ion-doped glasses behave in
an original way. So, there are low-energy magnetic exci-
tations which can be described as magnetic tunneling
states and which couple very strongly with the usual elas-
tic TS. Hence, a relaxation process of the TS, much more
efficient than the one-phonon process, is found.

Acoustic measurements and phonon echoes are done in
the frequency range 10—1000 MHz, down to 10 mK, in
magnetic fields up to 50 kG, and for different ion concen-
trations between 1.5 and 10 at. %. The plan of the paper
is as follows: Sec. II contains a brief description of the
TS model and of the random anisotropy model, Sec. III
gives information on the sample composition, and Sec. IV
on the experimental procedure. Measurements of sound
velocity and their interpretation are reported in Sec. V.
Measurements of the relaxation time T& from saturation
recovery and stimulated phonon echoes are reported in
Sec. VI. Lastly, measurements of the phase memory time
from spontaneous phonon echoes and free precession are
reported in Sec. VII.
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II. THEORETICAL BACKGROUND

The TS model is now well known. ' We recall here
the main behaviors which will be useful to account for
our experimental results. This presentation will be fol-
lowed by a brief theoretical description of magnetic rare-
earth ions in glasses.

A. The tunneling-state model

The TS model assumes that each tunneling state (TS) is
described by a double-well potential whose parameters
are the asymmetry c. of the double well and the overlap
energy A. The two states of lowest energy of each TS are
separated by the energy splitting

E=V b, +s

where u, v, tv are the average values ( qi
i cr

~

'Il ),
( %'

~ cr~ i%' ), and ( 0'
~ o, 0' ) of the TS wave function 4, co

is the angular frequency of the harmonic perturbation
e =ea cos(cot), and tv0 is the thermal equilibrium value of
w:

1 E +De
wp =—tanh

Z 2k~T

T, and T2 are the relaxation times which characterize
the TS-lattice interaction and the TS-TS interaction, re-
spectively. Using the Bloch equations and the distribu-
tion law (3), it is possible to explain the phonon echoes
and the saturation recovery that have been observed in
glasses. ' ' At low temperature (below l K), T, results
from one-phonon processes and is given by'

Since we are dealing with amorphous materials, the pa-
rameters 6 and c. are distributed according to

f (b„e)=—,P
(2)

where P is a constant. Practically, 6 and c. are not very
convenient parameters and one prefers to use E and the
TS-phonon relaxation time T&. Then, the distribution be-
comes'

Pg(E, Ti)=
2T, Q l —T, ;„(E)/T,

(3)

H =—o.0 2 z ~

~ H& =Mo. +Do, ,

M=yk/E,
D =ye, /E,

and cr, (i =x,y, z) are the usual Pauli matrices.
Formally, TS are analogous to spin- —,

' in a magnetic
field. Hence, their dynamics can be described using the
Bloch equations in the rotating frame:

dQ

dt
De (t)+E

dv De (t)+E
CO

dt

Mepu+ v

T2

Mep

dt
v

w wp

where T, ;„(E)is the shortest relaxation time of the TS
whose splitting is E. Its value is given farther on in the
text.

Each TS of energy E is coupled to an external strain e
through the deformation potential y=Be/Be and the
Hamiltonian of the coupled system in the basis of the two
states of lowest energy of the TS can be written

H =Hp+Hi,
where

T, '(E)=g, ctoh(E/2k~ T),v' 2mpA4

where v is the sound velocity for polarization a. Due to
the distribution of 6, there is also a distribution of relaxa-
tion times T, which exhibits a lower limit T, ;„(E),cor-
responding to the case of the symmetric double-well po-
tential (v=0 and b, =E). T, ;„(E)characterizes the dis-
tribution g (E, T, ) and can be estimated from the experi-
mental results. The relaxation time T2 is a dephasing
time of the TS and can be obtained from experiments
such as phonon echoes, free precession or hole burning.
In glasses, the dephasing process is ascribed to spectral
diffusion. '

B. Characteristics of the magnetic rare-earth ions

where the z axis has been chosen as the J direction for
which the energy is minimum. Of course, because we
consider here amorphous materials, the z axis is different
for each ion. In the case of dysprosium, the anisotropy
energy is about 100 K. So, in the temperature range
0.01—1 K where we have worked, the magnetic moment J
can be only oriented along the anisotropy axis. For Kra-
mers ions (ions with a half-integer spin), the degeneracy
J,=+J can be lifted only by a magnetic field 8, which in-
duces the following splitting

E="(/ b +(2g @~JBcos8) (lO)

where p~ is the Bohr magneton, gJ is the Lande factor,
and 6 is the coupling energy between the two states and

We have studied the effects of magnetic rare-earth ions
on the TS in glasses. For these tripositive ions the mag-
netic properties are due to the 4f inner shell. Hence, the
magnetic behaviors of these ions in solid are very similar
to those of the free ions. The energy levels are character-
ized by the quantum numbers (L,S,J). The main interac-
tion between one ion and its surrounding is the electro-
static one. In the case of amorphous materials, it has
been shown that this interaction can be described by the
following Hamiltonian

H = —DJ'
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is given by
2J

gJpI, B sinO
A=D

2D
4J

(2J —1)!

magnetic tunneling states:

Cg(E)= for E ~2gJp~JB,
gJp~ JB (13)

where O is the angle between the anisotropy axis z and the
local magnetic field. Because the anisotropy energy is
much larger than the magnetic one (gzpz JB «DJ ), and
J is very large, 6 is exponentially small. Hence, the main
contribution to the splitting E is

where C is the magnetic-ion concentration. We have sup-
posed that the magnetic field is constant. In the case of a
fiuctuating magnetic field (due to internal fields), the dis-
tribution of Eq. (13) remains valid, but 8 has to be re-
placed by an average field 8„.

c—2gjp~ JB cosO . (12)
III. COMPOSITION OF THE GLASSES

However, the contribution 5 remains important: It
means that, even at the lowest temperature, the magnetic
moments are not frozen. Their reversals on their anisot-
ropy axis, which are impossible from the classical point
of view due to the height of the barrier to overcome, be-
come possible through the tunneling effect. So, these ions
constitute indeed magnetic tunneling states. As the rela-
tive orientation between the magnetic field and the an-
isotropy axis [g (H, y) =sin8] is expected to be random.
Eq. (12) leads to the following density of states for these

I

We have studied aluminosilicate glasses doped with
dysprosium, gadolinium or europium, which are magnet-
ic ions. The common property of these ions is they have
all Kramers degeneracy (half-integer values of J). The
concentration of magnetic ions was varied between 1.5
and 10.1 at. %. The concentration of rare-earth ions was
kept constant (10.1 at. %) by replacing magnetic ions
with nonmagnetic lanthanum ions. The exact chemical
compositions of our glasses were

(Dy203)p Q29(La203)p ~65(Si02)p 579(A1203)p 227 ( l. 5 at.. %%uoDy),
(Dy203)Q. Q65(La203)p. 129(Si02)Q.579(A1203)Q. 227 (3.38 at. % Dy),

(Dy203)p &29(La203)Q.Q6s(Si02)p 579(A1203)Q. 227 (6.7 at. % Dy),

(Dy203)p &94(Si02)p 579( 1203)Q 227 (10.1 at. % Dy),

(G120g)p (94(St02)p 579(A1203)Q 227 (10.1 at. % Gd),

(Eu203)p p29(La203)p &6g(S102)p 579(A1203)Q 227 ( 1.5 at. '%%uo Eu)

Moreover, to determine the intrinsic acoustic proper-
ties of our glasses, we have studied a glass without mag-
netic ion, only doped with lanthanum. Its chemical com-
position was

(La203)p ~94(Si02)p 579(A1203)p 227 (10.1 at. % La) .

The samples were cut in shape of rectangular paral-
lelepipeds of typical size 10X5X4 mm and the acoustic
waves were traveling lengthways.

IV. EXPERIMENTAL SETUP

A. Cryogenics

The samples were cooled down to 10 mK with a He-
He dilution refrigerator. A magnetic field up to 50 kG
could be applied with a superconducting coil immerged
in the liquid-He bath. The homogeneity of the field was
better than 10 in the whole sample. The temperature
was determined by measuring the resistivity of a
Matsushita carbon resistance. ' This kind of resistance
has a very low magnetoresistance and can be used even at
high field.

B. Electronics

The acoustic waves were generated by X-cut quartz
transducers of 100 MHz fundamental frequency. We
were able to work up to 900 MHz by using the harmonic
frequencies. The transmitted waves through the sample
were detected either by a second quartz transducer at-
tached on the opposite side of the sample or by the em-
itter quartz after a reAection on the opposite side of the
sample. The diameter of the acoustic beam was about 3
mm . The duration of the acoustic pulses could be
chosen in the range 30 ns —2 ps. The duration limitation
was mainly due to the mechanical damping of the quartz
transducers (around 20 ns) for the shortest times and to
the overlap of the reAected echoes for the longest times.

The electronic setup was able to generate any sequence
of one, two or three pulses. The pulses transmitted
through the sample were amplified and detected by a
phase sensitive device. Then, the signal was sent to a digi-
tal transient analyzer which allowed recording of very
fast events. The nonlinear attenuation was measured by
varying the input acoustic power with an attenuator and
measuring the deviation from the linearity of the acoustic
traveling pulses. Hence a good linearity of the whole
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chain was required in this type of experiment. It was
achieved correctly with our apparatus which was linear
within 0.08 dB in the whole attenuation range. It must
be pointed out that a calibration was always possible at 4
K where all the nonlinear effects in glasses disappeared.

V. SOUND VELOCITY VARIATION

A. Dysprosium-doped glasses

The results we have obtained for the dysprosium-doped
glasses are reported in Figs. 1 and 2. Figure 1 shows the
variation of the sound velocity in glasses as a function of
temperature for several dysprosium concentrations.
Above 40 mK, the velocity increases according to a loga-
rithmic law, as expected from the resonant interaction
between the acoustic waves and the TS. ' The interesting
effect is the dependence of the slope of the logarithmic
variation on the dysprosium concentration. This slope de-
creases as the magnetic-ion concentration increases.
Below 40 mK, the temperature variation is no longer log-
arithmic, but the acoustic measurements in this tempera-
ture range become very suspicious due to very large time
constants which appear in the samples (many hours at
the lowest temperatures). This effect is not presently ex-
plained and will not be further considered in this paper.
Figure 2 shows the inhuence of the magnetic field on the
sound velocity variation as a function of temperature for
a sample containing 10.1% of dysprosium ions. The usu-
al logarithmic increase of the sound velocity with increas-
ing temperature is again well verified at low temperature.
The particular behavior is the increase of the slope as the
magnetic field is increased. This one tends towards the
value of the slope in the nonmagnetic sample at high
magnetic field. A preliminary report on this effect has
been published. ' Our experimental results are well fitted
with the following phenomenological law:
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FIG. 2. Relative velocity variation of longitudinal acoustic
waves as a function of temperature in the 10.1% dysprosium-
doped glass, for different values of the magnetic field. The
acoustic frequency is 100 MHz.
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where B0 is the applied magnetic field. Assuming random
locations of the magnetic ions in the sample and taking a
Gaussian distribution for the amplitudes of the local
internal fields, we find the following expression for 8„:

'2
80

&7rB...
80

+Bo erf
m.BI„

8„=8&„exp

where Y is the value of the slope of the logarithmic in-
crease, Y0 is its value for the nonmagnetic sample, k is a
constant, C is the dysprosium concentration, and 8„ is
the mean value of the amplitude of the local magnetic
field, which takes into account the dipolar field B;„,due
the other magnetic ions. The latter assumption is well
justified for rare-earth ions in our concentration range.
B,„can be written

Y Y0 (14)
where 8&„ is given by
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FIG. 1. Relative velocity variation of longitudinal acoustic
waves as a function of temperature, in aluminosilicate glasses
with different atomic concentrations of dysprosium, in zero
magnetic field. The acoustic frequency is 100 MHz and the ab-
solute sound velocity is 5.95 X 10 cm s ' at 10 mK.
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In Fig. 3, the slope values of the logarithmic variation
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FIG. 3. Slope of the velocity variation as a function of tem-
perature, for different values of the magnetic field and of the
dysprosium concentration. The solid lines are the fits obtained
with Eqs. (14) and (16).
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where U is the sound velocity and p is the specific mass (P
and y have been defined in Sec. II A). However, there is
a second contribution to the sound velocity due to the re-
laxation processes. In the case of insulating glasses, for
which uT, is usually much greater than 1 below 1 K (co

being the pulsation of the acoustic wave), this contribu-
tion is negligible, but it must be taken into account if coT&

is much shorter than 1. This contribution gives also a log-
arithmic variation of the sound velocity versus tempera-
ture but with an opposite sign as compared with the reso-
nant contribution

3Py T
l

2pU Tp
(19)

Our experimental results can be explained with these two
contributions, assuming the existence of two types of TS
in our glasses: the first would have long relaxation times
and would give only a resonant contribution (at the low
temperatures considered here); the second would have
much shorter relaxation times, and would introduce a re-
laxation contribution. Summing the two contributions,

of the sound velocity for different dysprosium concentra-
tions and magnetic fields are reported. The solid lines are
the theoretical curves obtained from Eqs. (14) and (16).
We can see that the agreement is very good. The fitting of
our experimental data on the theoretical curves enables
us to determine B&„. Their values for the different con-
centrations are reported in Fig. 4. The solid line is a para-
bolic curve. It can be seen that for the three lower con-
centrations, the internal field varies as the square root of
the concentration (by taking into account the fact that
the curve must go to zero as the magnetic-ion content
vanishes). The point for the highest concentration
(10.I%%uo) deviates from this variation.

The logarithmic increase of the sound velocity with in-
creasing temperature is usual in glasses. It is due to the
resonant interaction between the thermal phonons and
the TS and is given by

~U res PP T
ln

PU Tp

we get an equation for the slope such as our phenomeno-
logical law [Eq. (14)], the density of states of the second
type of TS being proportional to C/B„. Now the ques-
tion is, what are the two types of TS? The first are obvi-
ously the usual elastic TS of amorphous materials. They
give a constant contribution Yp to Y. The second might
be the magnetic TS described in Sec. II 8. Indeed their
density of states has the right form [Eq. (13) as compared
with Eq. (14)]. In this way, we can explain our experi-
mental results. However, there is another possible ex-
planation which implies also magnetic TS but does not
assume a direct coupling between these and the acoustic
waves. There would be only one kind of TS (the standard
elastic TS) which couple with the acoustic waves, but
they would be separated into two groups: the first would
contain the TS that are not coupled with the magnetic
TS. They have long relaxation times and give only a reso-
nant contribution to the sound velocity. The second
would contain the TS strongly coupled with the magnetic
TS. Due to this new coupling, they would have much
shorter relaxation times and would give a relaxation con-
tribution to the sound velocity. Assuming that the densi-
ty of states of this second group of TS is proportional to
the one of the magnetic TS, we get again a velocity varia-
tion in the form of Eq. (14). Presently, we cannot say
which of these two explanations is the right one but we
can say that it is necessary to consider fast magnetic TS
to explain our experimental results.

B. Gadolinium-doped glasses

Gd + is a Kramers ion, as Dy +. The main difference
between these two ions is their anisotropy energy: For
Dy +, it is around 100 K, whereas for Gd + it is about 2
K. This big difference arises from the fact that Gd + has
a half-filled 4f shell. So it has an almost spherical sym-
metry and its anisotropy energy is very low. Figure 5
shows the variation of the sound velocity as a function of
temperature, in a 10.1% gadolinium-doped glass, for
difterent magnetic field. It can be seen that the velocity
increases with increasing temperature up to 0.15 K,
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um concentration. These values are obtained from the fits using
Eqs. (14) and (16). The solid line is the parabolic curve giving
the best fit to the experimental points.

FIG. 5. Relative velocity variation of longitudinal acoustic
waves as a function of temperature in the 10.1% gadolinium-
doped glass, for different values of the magnetic field. The
acoustic frequency is 120 MHz and the sound velocity is
5.94X10 cms ' at 10 mK. The velocity variation in the
10.1%%u~ lanthanum-doped glass is shown as reference to the non-
magnetic glass.
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which is the signature of the TS. However, above 0.2 K
there is a step which arises from activation processes.
These give correlatively a peak in the acoustic attenua-
tion. Nevertheless, the effect of the magnetic field on
the logarithmic variation at the lowest temperatures still
exists. The slope of this variation increases with increas-
ing magnetic field, as in dysprosium. At the highest fields,
the variation is logarithmic up to higher temperatures be-
cause the magnetic field increases the barrier height of
the activation processes.

C. Europium-doped glasses

Europium is a special rare-earth, because it can give
two types of ions: Eu + and Eu +. The latter has a total
magnetic moment equal to zero at 0 K. Its first excited
multiplet J= 1 has a low energy (-450 K). The result of
this is there is a magnetic moment different from zero at
room temperature, but at liquid-helium temperature the
occupation of the level J=1 is negligible and Eu + is
nonmagnetic. This is not the case with Eu +, which has
its 4f shell half-filled like Gd +. So, europium glasses are
expected to behave in a similar way as gadolinium ones.
Figure 6 shows the variation of the sound velocity as a
function of temperature, in a 1.5% europium-doped
glass, for two magnetic-field values. Below 0.5 K, the
slope of the velocity variation increases again as the mag-
netic field is set up. This increase is small (14% between
0 and 50 kG, as deduced from Fig. 6) but it is due to the
low europium content. It is of the same order of magni-
tude than the one for the 1.5% dysprosium-doped glass
(Fig. 3). It would be useful to study glasses with higher
concentration of europium. Unfortunately, it has not
been possible to dissolve more than 1.5% of europium in
our glasses. Figure 6 shows a change of the slope of the
velocity variation above 0.5 K, in zero magnetic field.
This is due to activation processes which appear at these
temperatures, like in gadolinium glasses.

VI. MEASUREMENTS OF THE RELAXATION TIME Ti

There are two kinds of experiments that allow a direct
determination of the relaxation time T& ~ saturation

recovery and stimulated phonon echoes. A saturation
recovery experiment consists in saturating the medium
with a first strong acoustic pulse and afterwards measur-
ing the variation of the attenuation of a probing pulse as
a function of the delay time between the two pulses. ' A
phonon-echo experiment consists in sending three pulses
in the sample: the first two are separated by a short time
interval t, z and the third with a much longer delay t&3

with respect to the first. The first two pulses (of suitable
intensity and duration) create in the sample a spontane-
ous echo at the time 2t&2. Its amplitude variation as a
function of 2t, 2 gives access to the phase memory time
T2. At the time t, z after the third pulse, a stimulated
echo is created in the sample. Its amplitude variation as
a function of t» gives access to the TS-lattice relaxation
time.

A. Saturation recovery in dysprosium-doped glasses

Figures 7 and 9 show the results of two saturation
recovery experiments in two dysprosium-doped glasses of
concentration 1.5 and 6.7%, respectively, for two mag-
netic fields. Firstly, we can see that the decay is nonex-
ponential. This behavior is usual and arises from the dis-
tribution of the relaxation time T, of the TS (see Sec.
IIA). However, in nonmagnetic glasses such as silica'
or our 10.1% lanthanum-doped sample (Fig. 8), there is
an exponential decay for the shortest delays (t,2 (50 ps).
Hence, a value for T, ;„can be deduced and is found to
be around 200 ps in the 10.1% lanthanum-doped glass at
697 MHz and 13 mK. For the two dysprosium-doped
glasses, Figs. 7 and 9 do not show any exponential varia-
tion in any delay range (for technical reasons, we cannot
use a delay t, 2 shorter than 1 p, s). This implies a very
short T&;„, which confirms our assumption of very
short relaxation times to explain the sound velocity effect
(Sec. V A). Moreover, it appears that the relaxation times
become faster as the dysprosium concentration is in-
creased: The initial variation of the saturation is faster
for the 6.7%%uo Dy sampled (Fig. 9) than for the 1.5% Dy
sample (Fig. 7). For the 10.1% Dy sample the effect is
still stronger: The relaxation is so fast that after only 1
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FIG. 6. Relative velocity variation of longitudinal acoustic
waves as a function of temperature in the 1.5% europium-doped
glass, for two values of the magnetic field. The acoustic fre-
quency is 600 MHz and the sound velocity is 5.86X10 cms
at 10 mK.

FICx. 7. Attenuation variation of a probing acoustic pulse as
a function of its delay with respect to a first saturating acoustic
pulse, for two values of the magnetic field, in a 1.5%
dysprosium-doped glass. The acoustic frequency is 655 MHz
and the temperature 13 mK. The solid lines are the theoretical
curves obtained from Eq. (23).
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The attenuation due to the resonant interaction between
the acoustic wave and the TS is proportional to

1 max —t /T
b, n =Ano 1 —I '

g(E, TI ) e " 'dT&, (22)
1,min

where An is the population difference between the two
levels of the TS excited by the acoustic pulse. Using the
two preceding equations, An can be reduced to the fol-
lowing expression:

500 1000
t] p (Vs)

1500
I ~ I ~ I ~ I I I 1 ~ I ~ I I I ~ I I I I ~ I ~ I I I I ~

1
bn =K, bno 1n(t,2)+K2, (23)

@sec the sample is completely desaturated. So far, we
have considered the initial decay of the saturation, but it
is also interesting to look at the desaturation after long
delays. Figure 7 shows that after 50 psec the La sample
with an amplitude variation of the probing pulse of 14
dB/cm is almost completely saturated, whereas the 1.5%
Dy sample with an amplitude variation of the probe of 3
dB/cm is appreciably desaturated. Figure 9 shows that
after 50 psec the 6.7% Dy sample is totally desaturated.
That means that the Dy ions reduce strongly the relaxa-
tion times of the TS. Lastly, it can be seen in Figs. 7 and
9 that the magnetic field has little effect: It slows down
the relaxation and for the same delay the saturation is
greater in high magnetic field than in zero field.

It is possible to fit our experimental results to the
theoretical prediction by taking into account the short-
ness of Ti,„and assuming

i miII 12 (20)

Then, the expression for the density of states [Eq. (3)] can
be reduced to

g(E, T, )= P
i

(21)

FIG. 8. Attenuation variation of a probing acoustic pulse as
a function of its delay with respect to a first saturating acoustic
pulse, for two values of the magnetic field, in a 10.1%
lanthanum-doped glass. The acoustic frequency is 697 MHz
and the temperature 13 mK.

where E] and K2 are two constants. The solid lines in
Figs. 7 and 9 are the curves obtained from Eq. (23). We
can see that the agreement with the experimental results
is satisfactory. This is another way to confirm the ex-
istence of TS with T&;„much shorter than 1 ps [accord-
ing to Eq. (20)]. So, the elastic TS have relaxation times
much shorter in dysprosium-doped glasses than in the
nonmagnetic ones, which means there is a strong interac-
tion between them and the magnetic ions.

B. Saturation recovery in a gadolinium-doped glass

We have performed a saturation recovery experiment
in a 10.1% gadolinium-doped glass, for different magnet-
ic fields, at 25 mK. The attenuation variation of the
probing pulse as a function of the delay t &2 is reported in
Fig. 10. The dashed line holds for zero magnetic field. In
this case the desaturation is so fast that after only 1 @sec
the medium has returned to thermal equilibrium. At 10
kG, the initial variation of the saturation is still fast but
measurable. From the slope of the initial decay, we ob-
tain a relaxation time T, ;„shorter than 1 @sec. At 50
kG, the desaturation is slowed down. The initial decay of
the saturation is exponential up to 20 psec and gives
T, ;„=45psec. This value must be compared to the one
obtained for the lanthanum glass: In this sample (see Sec.
VIA) we have found T, ;„=200psec at 13 mK and T,
is known to vary as t ahn(E/2k&T) [see Eq. (8)]. Hence,
the value of T, ;„ for the gadolinium glass at 13 mK as
deduced from our measurement at 25 mK is 70 psec,
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FIG. 9. Attenuation variation of a probing acoustic pulse as
a function of its delay with respect to a first saturating acoustic
pulse, for two values of the magnetic field, in a 6.7%
dysprosium-doped glass. The acoustic frequency is 350 MHz
and the temperature 13 mK. The solid lines are the theoretical
curves obtained from Eq. (23).

FIG. 10. Attenuation variation of a probing acoustic pulse as
a function of its delay with respect to a first saturating acoustic
pulse, for two values of the magnetic field, in a 10.1%
gadolinium-doped glass. The acoustic frequency is 620 MHz
and the temperature 25 mK. The dashed line holds for zero
magnetic field (see text).
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which is of the same order of magnitude as the one for
the lanthanum glass. Thus, we can conclude that the
effect of the magnetic ions has almost disappeared. The
interpretation of these results is clear: The fast relaxation
we have found in low magnetic field is due to the magnet-
ic TS associated with the Gd ions on their anisotropy
axis, which they cannot leave because the thermal energy
around 20 mK is much lower than the anisotropy energy.
In high magnetic field (i.e., gJps JB ))DJ ), the Gd ions
remain no longer on their anisotropy axis but orient
themselves along the magnetic field (at 50 kG, the Zee-
man energy of the Gd ions is 25 K and their anisotropy
energy is of the order of a few K). So, the magnetic TS as
defined in Sec. II B are destroyed and the sample behaves
acoustically as an usual glass.

C. Saturation recovery in an europium-doped glass

Figure 11 shows the results of a saturation recovery ex-
periment in a 1.5% europium-doped glass at 12 mK, for
two magnetic fields. In zero magnetic field the desatura-
tion is fast. From the initial decay of the saturation the
value of T&;„can be determined and is found to be 4
psec. This value is larger than the one obtained in the
other magnetic glasses. However, it must be pointed out
that the ion concentration is lower than in the preceding
cases. Moreover, the proportion of Eu + ions as com-
pared to Eu + ions is unknown (Sec. VC). Hence, the
concentration of magnetic ions is certainly smaller than
1% in the present case. At 50 kG the desaturation is
slowed down (Fig. 11). From the initial decay of the satu-
ration the value T, ;„=22 psec is deduced. It remains
shorter than in the nonmagnetic sample. That means
that a magnetic field of 50 kG is not suKciently high to
destroy the magnetic TS associated with Eu + ions,
which is not the case for Gd + ions. We assign this
difference to the anisotropy energy which must be higher
for Eu + (which is twofold coordinated) than for Gd
(which is threefold coordinated). Hence, a much higher
magnetic field would be necessary to destroy completely
the magnetic TS associated with the Eu + ions.

D. Stimulated phonon echo in a dysprosium-doped glass

A (t,3)= Ao(t, 3) (24)

Firstly, it must be pointed out that this phenomenological
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Figure 12 shows the amplitude of the stimulated echo
as a function of the delay t&3 =t3 —t„ for two values of
the magnetic field, in the 1.5% dysprosium-doped sam-
ple. The amplitude of the stimulated echo for the
lanthanum-doped glass is also reported in Fig. 12. It can
be seen that the decay is nonexponential, as usual. '

However, such as for the saturation recovery, the initial
exponential decay, which can be seen in the nonmagnetic
glass, no longer appears in the magnetic one. About the
magnetic field, its only effect is to multiply by 2 the am-
plitude of the stimulated echo (6 dB). Indeed, the two
curves of Fig. 12 can be deduced from one another by a
vertical translation. This phenomenon cannot be ex-
plained by a direct contribution of the magnetic TS
which have a density of states decreasing with increasing
magnetic field. Nevertheless, it can be explained by tak-
ing into account the strong interaction of the elastic TS
with the magnetic TS, already considered (see Sec. VA).
The mechanism could be the following: There are in the
sample some elastic TS with very short relaxation times,
due to their interaction with the magnetic TS. They are
first saturated by the third acoustic pulse, and then, dur-
ing the time t &2 before the stimulated echo, their satura-
tion rate changes. This leads to an attenuation of the
stimulated echo propagating in the sample. This attenua-
tion depends on the saturation rate, which changes with
the magnetic field (see Sec. VI A).

It is interesting to look at the behavior of the stimulat-
ed echo for large t &3, because it is very peculiar. We have
plotted in Fig. 13 the amplitude of the stimulated echo in
the 1.5% dysprosium sample as a function of t,3, in high
magnetic field (50 kG). It can be seen that the experi-
mental points fit very well a straight line in logarithmic
scales, and this in a wide delay range. The solid line in
Fig. 13 corresponds to the following law:
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FIG. 11. Attenuation variation of a probing acoustic pulse as
a function of its delay with respect to a first saturating acoustic
pulse, for two values of the magnetic field, in a 1.5% europium-
doped glass. The acoustic frequency is 600 MHz and the tem-
perature 13 mK.

FICx. 12. Amplitude of the stimulated phonon echo as a func-
tion of the delay t» between the first and the third acoustic
pulse, for two values of the magnetic field, in a 15%
dysprosium-doped glass. The acoustic frequency is 655 MHz
and the temperature 13 mK. The echo amplitude in the 10.1%
lanthanum-doped glass is shown as reference to the nonmagnet-
ic glass.
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FIG. 13. Amplitude of the stimulated phonon echo as a func-
tion of the delay t» between the first and the third acoustic
pulse, in a 1.5% dysprosium-doped glass, in a magnetic field of
50 kG. The solid line is the theoretical curve obtained from Eq.
(24). The acoustic frequency is 655 MHz and the temperature
13 mK.

law cannot apply to the whole range (0, +"), since it
diverges at tI3 0. There is necessarily a lower limit t;„
of the validity range. However, the validity range is very
wide (three decades), and this behavior is meaningful. It
has not been found in insulating glasses, and seems to be
peculiar to our magnetic glasses. This phenomenological
law is quite difFerent from the expected behavior of the
stimulated echo by taking into account spectral
diffusion' and is not explained presently.

VII. PHASE MEMORY TIME

So far, we have reported on experiments that allow the
determination of the relaxation time Ti. This one charac-
terizes the interaction of the TS with the lattice. There is
another relaxation time Tz which characterizes the in-
teraction of the TS with each other (see Sec. IIA). This
relaxation time, also called phase memory time, can be
obtained from phonon-echo experiments or free-
precession experiments.

A. Spontaneous phonon echo in dysprosium-doped glasses

Figure 14 shows the amplitude of the spontaneous echo
as a function of the delay t,z=tz —t, in a 1.5%
dysprosium-doped sample, for two magnetic fields. A
preliminary report on this observation has been pub-
lished. The amplitude of the spontaneous echo in the
lanthanum-doped glass (which is nonmagnetic) is also re-
ported in Fig. 14. Its variation is exponential as a func-
tion of 2tiz, as usual in nonmagnetic glasses. ' From this
variation the value Tz =6 psec is deduced for the lantha-
num glass. This value is shorter than in fused silica. '

For the dysprosium glass, the decay of the spontaneous
echo as a function of 2t&z is not exponential, in zero field
as well in 50 kG. Moreover, the initial decay is much fas-
ter than in the nonmagnetic sample. Our previous results
can help us to understand this behavior. Indeed, we
know that the TS-lattice relaxation is much shorter in
dysprosium-doped glasses than in nonmagnetic ones. To
explain our results, we assume, as in Sec. VA, the ex-
istence of two groups of TS: the first one contains the

FIG. 14. Amplitude of the spontaneous phonon echo as a
function of the delay between the first and the second pulse, in a
1.5% dysprosium-doped glass, for two magnetic fields. The
acoustic frequency is 655 MHz and the temperature 13 mK.
The solid lines are the theoretical curves obtained from Eq. (25).
The echo amplitude in the 10.1%%uo lanthanum-doped glass is
shown as reference to the nonmagnetic glass.

standard TS and the second one contains the TS which
are strongly coupled to the Dy ions and which have
very short relaxation times. Hence, these ones do not
give rise to a phonons echo (because the phase memory is
very short), but they attenuate the phonon echo generat-
ed by the TS of the first group. This attenuation depends
on the saturation rate of the TS of the second group.
Hence, assuming an exponential decay for the TS of the
first group alone, we can write the amplitude of the spon-
taneous echo

12) 'Oexp( 12'T~ plntl2)

where the second term in the exponential arises from Eq.
(23). The solid lines in Fig. 14 are the curves obtained
from Eq. (25) for the best fit parameters. We can see that
the agreement is very good. Moreover, /3 can be com-
pared to the value we have obtained from the saturation
recovery experiment [Eq. (23) in Sec. VIA]. Within
15%, we obtain the same value in the two cases. This is
very satisfactory and validates our assumption of very
short relaxation times. In consequence of this agreement
we can assert now that Ti is even shorter than 0.2 ps,
which is the minimum value of t&z used in this experi-
ment. Lastly, from the numerical fits the following phase
memory times are obtained:

Tz =10 ps for 8 =0 kG

Tz =25 ps for 8 =50 kG .

One can see that the effect of the magnetic field is weak.
Nevertheless, it is surprising to obtain longer characteris-
tic times than in the lanthanum glass, but it is not obvi-
ous that this difFerence is significant. As compared with
the very strong effect of the magnetic ions on T„we can
say that the effect of the magnetic ions on Tz, if any, is
quite small.

'We have found a similar behavior of the spontaneous
phonon echo in samples with higher dysprosium content:
the magnetic field does not change significantly the de-
phasing time Tz. However, the 3.38 /o and 6.7%
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dysprosium-doped glasses have a characteristic time T2
shorter than the lanthanum glass, unlike the 1.5%
dysprosium-doped glass (we have found T2 around 2 ps
for these two glasses). The effect of the increase of the
dysprosium content on the spontaneous-phonon echo is
to reduce the amplitude. This is not surprising, since we
know that the number of TS with long relaxation times
(those which give rise to the spontaneous phonon echo)
decreases for the benefit of the fast TS, as the dysprosium
concentration increases [see Sec. V A].

B. Spontaneous phonon echo
in gadolinium and europium glasses

These two glasses are especially interesting because a
high magnetic field suppresses the magnetic TS almost
completely. In the gadolinium-doped glass, no spontane-
ous echo could be detected in zero magnetic fielc}, just
like in the 10.1% dysprosium-doped glass. This is not
surprising, since we have seen that the medium get back
to the thermal equilibrium in less than 1 ps (Sec. VI B).
So, the spontaneous echo is expected to disappear very
quickly. When a high magnetic field (50 kG) is applied,
the spontaneous echo reappears due to the suppression of
the magnetic TS (Sec. VI B).The decay of the echo ampli-
tude as a function of tI2 is exponential as usual and T2 is
found to be of the same order of magnitude as in the
lanthanum-doped glass (Tz =2.5 p,sec at 13 mK).

In the europium-doped glass, the behavior is similar.
In zero field, the relaxation is slower than in the
gadolinium-doped glass, and the spontaneous echo can
still be detected (this is due to the low concentration of
magnetic ions as explained in Sec. V C). Here, we can get
a better comparison between the fast relaxation regime
and the slow one, which can be found in nonmagnetic
glasses. We have reported in Fig. 15 the amplitude of the
spontaneous echo as a function of 2t ]2 for the two values
0 and 50 kCx of the magnetic field. We can see that the
decay is exponential in the two cases. T2 is almost the
same for the two field values (1 @sec in zero field and 2
@sec at 50 kG). The main difference concerns only the
amplitude of the spontaneous echo which increases by a
factor of 3 as the magnetic field is set up. This implies

that the number of TS having a T2 long enough to gen-
erate a spontaneous echo is multiplied by a factor of 9.

C. Free precession in a dysprosium-doped glass

The free-precession signal provides another means to
evaluate T2. To use this method, the pulse sent in the
sample must be long enough to drive the TS into their
steady states. Because of the very short relaxation times
in our magnetic glasses, this regime can be reached with
pulses of about 1 ps duration. Figure 16 shows the results
obtained in the 3.38% dysprosium-doped glass, in a mag-
netic field of 50 kG, for different acoustic powers. All the
curves have been normalized to 1 to enable comparison.
We can see that the steady state is achieved after 1 ps in
all the cases, and that the free-precession signal decay de-
pends strongly on the input power. We have fitted the
free-precession signal to a simple exponential law, and
the agreement was very good in all the cases. A charac-
teristic time ~ is obtained from this fit. It must be point-
ed out that in the case of the highest power, the charac-
teristic decay time is of the same order of magnitude as
the damping time of the quartz transducer (20 nsec).
However, below —25 dB, the decay becomes much
slower than the damping of this one and characterizes the
free-precession of the TS alone. Theory predicts the fol-
lowing law for the dependence of ~ on the acoustic
power

T2

1++1+I /I,
(26)

where I, is the critical acoustic power. It is difFicult to
measure the acoustic power sent in the sample. Neverthe-
less, it is possible to obtain precisely the quantity I/I, as
a function of the electric power supplied to the quartz
transducer by studying the power-dependent attenua-
tion. ' Thus, we have obtained I/I, =10 for the curve
labeled —35 dB in Fig. 16. Knowing I/I, and r, the
value of T2 can be deduced from Eq. (26). This leads to
T2 =0.5 ps. This is much shorter than the value deduced
from the spontaneous-echo experiment (2 @sec). Present-
ly, we have no explanation for this discrepancy.
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FIG. 15. Amplitude of the spontaneous phonon echo as a
function of the delay between the first and the second pulse, in a
1.5% europium-doped glass, for two magnetic fields. The
acoustic frequency is 900 MHz and the temperature 13 mK.

FIG. 16. Free-precession signal in a 3.38% dysprosium-
doped glass, in a magnetic field of 50 kG, for different acoustic
powers. The acoustic frequency is 350 MHz and the tempera-
ture 19 mK. All the echo amplitudes have been normalized to
1.
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VIII. CONCLUSION

We have investigated the properties of glasses doped
with Kramers rare-earth ions (Gd +, Dy +, Eu +). We
have found many features attributable to these magnetic
ions. Our results can be divided into two groups: firstly,
we have obtained information about the behavior of the
magnetic ions. Secondly, we have found properties of the
elastic TS due to the presence of these ions.

The explanation of our experimental results implies the
existence of another type of TS (which add to the usual
elastic ones). We have identified them with the ions,
whose the magnetic moment is confined on an anisotropy
axis. The behavior of these magnetic TS (particularly
the disappearance of these ones in the gadolinium-doped
glass as a high magnetic field is applied) and their density
of states are well explained by the theory. Moreover, our
experiments have revealed that these magnetic TS have
very short relaxation times at low temperatures. This
behavior is not explained by one-phonon processes (pre-
vailing at low temperature), which give relaxation times
much longer by several orders of magnitude. '

Concerning the elastic TS, we have found that the in-
troduction of Kramers ions has a very strong eItect on

their relaxation: The lower limit of the T& distribution
becomes much shorter (at least by two order of magni-
tude in the less concentrated samples). We have found a
relaxation process, much more efficient than the usual
one-phonon process at low temperature. Moreover, this
eA'ect cannot be reduced to a T, shortening of all the TS,
and there remains TS which are almost not disturbed by
the magnetic ions. That means the mechanism of this re-
laxation process is to be found in some local interactions.
It must be pointed out that the intrinsic characteristics of
the TS, such as the density of states P or the coupling pa-
rameter y, are not disturbed by the magnetic ions. Con-
cerning the phase memory time T2, the situation changes
also with the introduction of the magnetic ions. This is
expected since the spectral di6'usion involves the TS-
lattice relaxation of the surrounding TS. '
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