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Twin dynamics forced by acoustic waves shows several linear and nonlinear response modes below
T. =106 K. In the quantum paraelectric state a “quantum domain glass” at 25 K < 7 < 40 K shows
intense relaxation and temperature hysteresis. Domains float collectively in a complex, smooth landscape
with long relaxation times. In the “quantum domain solid” state below 25 K new phenomena occur.
A temperature-dependent memory effect of the elastic response after anneal at 36 K depends on the lowest
temperature reached in the quantum domain solid state below 25 K. The glassiness of twin boundary
dynamics vanishes for temperatures approaching absolute zero.
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SrTiO; is a most unusual ferroelastic material sometimes
coined the “drosophila of solid state physics” [1]. Its
spontaneous strain is small so that other lattice effects
superpose the ferroelastic deformation. The additional off-
centering of Sr [2] and local cell doubling effects related to
antiphase boundaries, APBs, combine with large quantum
fluctuations at low temperatures that are sufficient to
prevent the ferroelastic phase from becoming ferroelectric
[3]. The nature of the quantum state is obscure, however,
and the closeness of the quantum critical point [4] gives
little information about the dynamical behavior. Various
anomalies below 6 K may result from nonphonon excita-
tions [5]. Several such excitations are relevant in SrTiO;.
The first relates to the ferroelastic order parameter asso-
ciated with the phase transition at 7. = 106 K. The second
relates to the incipient ferroelectric transition, which
couples with the ferroelastic order parameter. Their cou-
pling [6] is expected to be biquadratic and both transitions
repel each other [7]. The third low energy excitation is due
to APB movements. APBs may trigger ferroelectricity
locally [8]. Twin boundaries (TB) also become polar below
~60 K. The polarity inside TBs strongly increases first
below 45 K with another increase near 20 K [1,9]. All
fluctuations contribute to the movement of TBs, which are
unusually mobile in SrTiO;.

The high domain mobility between 7. = 106 and 10 K
was previously detected using a dynamic mechanical
analyzer (DMA) [10], resonant ultrasonic spectroscopy,
and resonant piezoelectric spectroscopy [1,9]. No TB
freezing was found in SrTiOj;. Instead, twin wall dynamics
changes near 43 K on cooling to a glassy dynamics with
extremely slow logarithmic relaxations [11]. Direct obser-
vations of needle domains and complex domain patterns
under driving electric fields [12] show avalanche-type
changes with power law distributions of the displacement
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amplitudes below 25 K. Avalanches are thermally activated
at 45-25 K [12]. Previous experiments focused on separate
studies of either linear [1,9,11,13] or nonlinear TB dynam-
ics [10,12]. The transition from linear to nonlinear dynam-
ics, i.e., the emergence and type of the nonlinearity, is a
hallmark of the quantum TB state in SrTiOs. In this work
we scan the applied strains starting at a lower limit ~1073 to
ca. 107%. The low strain limit permits detecting possible
transitions from linear to non-linear TB dynamics and to
capture the anomalies of the TB states.

We measured the acoustic response from resonant stand-
ing waves-the elastic stiffness and the ultrasonic absorption
(internal friction, IF) at 90 kHz vs temperature and
oscillatory strain amplitude &,. Temperature spectra were
registered at a low £y, = 1077 to reduce the contribution of
the nonlinear acoustic effects. Strain amplitude depend-
ences were registered at several temperatures during heat-
ing for & between 2 x 10~® and ca. 1075, During these
measurements, &, was first increased with a preset step
(10%) up to a maximum value (direct run) and then
decreased in the inverse sequence (reverse run). Details
of the experimental method and of determination of the
Young’s modulus, E, and IF of the sample can be found in
Refs. [14-16].

The effect of temperature for low amplitudes of TB
dynamics is shown by the IF, 6, and the Young’s modulus £
in Figs. 1(a) and 1(b). The ferroelastic transition at 7. =
106 K [18,19] is seen as a sharp drop in E and a weak peak
in 0, as is typical for ferroelastic phase transitions [20]. The
IF peak near 90 K, similar to Ref. [21], is not related to the
phase transition: its position at 90 kHz agrees with an
Arrhenius-type relaxation (activation energy 0.12 eV, fre-
quency factor 2 x 10'" Hz) reported for dielectric proper-
ties [22]. No corresponding change of the Youngs modulus
is seen at 90 K, since it is dwarfed by the massive softening
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FIG. 1. Temperature spectra of low-amplitude (g, = 1077)

ultrasonic internal friction é (a) and Young’s modulus E (b)
for several cooling-heating scans below 7. = 106 K. Cooling and
Heating 2 scans are performed with the cryocompressor switched
on, Heating 1 and Heating 3—with the compressor switched off.
During Heating 3, strain amplitude dependences of the internal
friction were measured at selected temperatures (data shown in
Fig. 2). The inset in (b) shows, on an expanded scale, the internal
friction 6 and Young’s modulus E below 40 K during the Heating
1 scan. For the Heating 2 scan (green curve) only each fourth
experimental point is shown above 90 K in (a) and (b) to make the
points of Heating 1 scan (black curve) visible.

(ca. 60%) during the phase transition. Spectra between 80
and 45 K are dominated by instabilities (jerks) even for low
strains of &y ~ 1077, The instabilities persist during cooling
and during heating as long as the cryomotor is running and
disappear if the cryomotor is switched off. Figure 1 shows
that the IF is much higher and the modulus is notably lower
in the jerky state compared to smooth spectra with the
cryomotor switched off. Therefore, instabilities are related
to depinning of TB by weak mechanical vibrations. No
thermal hysteresis of the jerky part of the spectra is
observed.

The massive softening near 45 K, Fig. 1(b), as reviewed
by Lemanov [23], strongly diminishes when the frequency
rises from sonic to ca. 10> MHz, which is only possible if
the nanostructural changes involve highly mobile twins
with mobilities greater than their mobility at, say, 60 K.
Few other ferroelastic materials display such “inverse”
behavior: lowering temperature leads to an increase of
domain mobilities for small strain amplitudes due to
depinning of TBs by thermal stresses [24]. Below 43 K

the IF and the Young’s modulus show three anomalies at
35, 25, and below 17 K [Fig. 1(a), inset in Fig. 1(b)]. The
onset of the Young’s modulus increase coincides with a
25 K anomaly in the IF spectra [Fig. 1(b)]. The thermal
hysteresis between cooling and heating is seen near 30 K
and vanishes at 43 K, cf. blue and green curves in Fig. 1(a).

Qualitatively new information on TB dynamics provides
the IF dependence on strain amplitude (examples in Fig. 2)
which was registered during heating scans in Fig. 1.
Figure 2 shows clear breaks in the TB dynamics. 5(g)
near the 90 K relaxation peak (between 105 and 80 K)
in Fig. 2(a) shows a linear behavior. In contrast, jerky
damping occurs at lower temperatures between 70
and 40 K [Fig. 2(b)] above a critical depinning strain
5"~ (2—3) x 107", The jerky TB depinning between 40
and 70 K accounts for unexplained instabilities of the
mechanical response beyond critical driving excitation,
already reported by Sorge et al. [25]. The jerky depinning
pattern in SrTiOsz is similar to recent observations in
LaAlO; [26]. A remarkable property of TBs in SrTiOj
is their extremely low depinning strain eff ~2 x 107’
which is ~300 times lower than in LaAlO5. The depinning
stress in SrTiO; is of = Eef’ = 0.02 MPa, so that even the
vibrations of the cryomotor are sufficient to depin TBs.
5(gy) scans between 40 and 70 K show a pronounced
amplitude hysteresis: the IF during increasing ¢, is lower
than during decreasing ¢,. This amplitude hysteresis
reflects a rearrangement of the pinning centers by oscillat-
ing TBs [27] proving the mobility of pinners. Strain
amplitude hysteresis diminishes when the temperature rises
to ca. 70 K [Fig. 2(b)]. Hence, the relaxation time of the
pinning potential disturbed by oscillating TBs becomes less
than the time of measurements of a strain dependence (ca.
60 s) due to an increase of the mobility of pinning centers.

At higher temperatures, nonlinear depinning transforms
gradually to linear IF concomitant with the appearance of a
relaxation peak. This scenario is typical for the transition
from the depinning mode to dragging of mobile pinners
[28]. Below the depinning range, T < 40 K, the damping
raises sharply and the nonlinear TB response switches
abruptly from jerky to continuous. §(gy) below 40 K is
nonlinear over the entire strain amplitude range in Fig. 2(c).
This property is typical for glassy dynamics [29-31]
due to divergence of the barrier height with decreasing
strain amplitudes [30,31]. The observed onset of the glassy
dynamics coincides with the high polarity of the twin
boundaries and the onset of the glassy twin dynamics seen
by electric field driven experiments [32]. §(g,) below ca.
40 K follows a power law with the glassy exponent y:
5(&y) o (go)*. Figure 2(d) shows that u decreases sharply
below 30 K from ca. 0.6 to 0.2. The former value is close to
(0.5-0.6) reported for glassy dynamics of defects in faulted
martensites [31]. In contrast to the temperature independ-
ence of the glassy exponent in Ref. [33], the value of y in
SrTiOj; vanishes for 7 — 0 K as shows the inset in Fig. 2(d).
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FIG. 2. Strain amplitude dependence of the internal friction § measured at temperatures between 72 and 108 K (a), 46 and 72 K (b),
and 18 and 46 K (c) during heating from 18 K. Solid lines connect experimental points in panels (a),(b), and (c). All strain amplitude
dependences include direct and reverse runs (increasing and decreasing strain amplitude). The jerks during increasing and decreasing
strain amplitudes are seen in (b) and (c). Arrows in Fig. 2(c) (for jerky curves at 42 and 46 K) indicate increase and decrease of the strain
amplitude, mark the difference between the data for direct and reverse runs, and indicate the strain amplitude hysteresis between ca.
40 and 70 K. Panel (d) shows the strain amplitude dependences between 18 and 36 K on an expanded scale. Solid lines are their fittings
with power law. The inset shows the glassy strain exponent y vs temperature; the dotted line in the inset is a guide to the eye.

The existence of a memory effect in E and IF, typical for
glassy systems, was established following the protocol in
Fig. 3(a). The sample was cooled initially to various
minimum temperatures 7,;,; between 17 and 36 K.
Then the sample was heated to the annealing temperature
T yoneal = 36 K and kept at this temperature during 2 h. For
Tin1 = Tannea = 36 K the annealing was performed dur-
ing the interruption of a cooling run. The annealing was
followed by cooling the sample to the lowest temperature of
17 K. The memory effect was then checked during
subsequent heating of the sample.

Figure 3(b) shows the Young’s modulus during a
continuous cooling-heating cycle. Figures 3(c)-3(g) indi-
cate that the key ingredient for the memory effect is the
direction of the approach to annealing and the lowest
temperature reached before annealing at 36 K. Annealing
the sample during cooling (for T'in1 = Tannea) do€s not
produce any memory effect [Fig. 3(c)]. In contrast, pre-
cooling the sample below 25 K before annealing at
T yoneas = 36 K results in a complete memory effect; i.e.,
the annealed state at 36 K is fully recovered when reheating
from 17 K [Fig. 3(d)]. Figures 3(e)-3(g) show the memory
effect for different precooling temperatures 7,;,;. The
overall results are summarized in Fig. 3(h).

The memory effect changes dramatically at T, =
25 K. Cooling the sample below 25 K affects its annealing
behavior at 36 K and structural changes introduced below
25 K are at least partially maintained at higher temperatures.
This result is consistent with observations of thermal
hysteresis in linear IF between cooling and heating that
emerges around 30 K and vanishes completely at 45 K
[Fig. 1(a)]. Temperature hysteresis also indicates that the
changes of the quantum paraelectric state introduced by
cooling below 25 K persist at higher temperatures up to 45 K.

Our study of linear and nonlinear acoustic properties of
StTiO; allows us to identify temperature ranges of distinct
types of TB dynamics and, most importantly, reveals
potentially a new state of TBs in the quantum paraelectric
phase below ca. 25 K. The main types of the TB dynamics
between 7', and 17 K are represented by a summary of strain
amplitude dependences in Fig. 4. Corresponding temper-
ature ranges are shown schematically in Fig. 1(a). At
elevated temperatures between 7' and ca. 70 K TB motion
corresponds to linear viscous flow of unpinned TBs (or the
“domain liquid” state), presumably characterized by suffi-
cient mobility of pinning centers. 5(g,) measured at 56 K
exemplifies pinned states and thermally activated depinning
by oscillatory stress operating between 70 and 40 K. The
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FIG. 3. (a) Schematic time-temperature diagram of experimental protocol used to study the “memory” effect in the temperature spectra of

Young’s modulus, induced by annealing the sample at a temperature T y,,.a, Which includes (i) cooling from above T, to a variable
temperature 7', 1, (ii) heating to a temperature 7Ty, . and isothermal holding at 7y peq during time 7,04, (iil) cooling to 7', = 17 K and
(iv) heating above T'.. (b) Young’s modulus E vs temperature for the continuous cooling-heating cycle; (c) annealing experiment following
the protocol in Fig. 3(a) with T i1 = Tannear = 36 K; (d),(e),(f), and (g) annealing experiments following the same protocol with
Toin1 = 17,22, 26, and 31 K, respectively, 7 ypnea = 36 Kand #,,,..; = 2 h. Panel (h) shows the fraction of the Young’s modulus increase
during isothermal annealing recovered as “memory effect” during consecutive heating as a function of the temperature of precooling 7', 1
letters (c),(d),(e),(f), and (g) close to the data points denote the panels from which the data were taken.

glassy state of TB motion below 40 K is demonstrated by
5(&g) taken at 30 K with an intermediate value of the glassy
exponent p =~ 0.4. Several observations point to the exist-
ence of a new state of TBs in the quantum paraelectric phase
below ca. 25 K.

First, itis known that in SrTiO5 the domain glass below ca.
40 K is not an equilibrium state [11]. The latter corresponds

to higher modulus values and the relaxation time of domain
glass towards the equilibrium state under distinct types of
excitation diverges rapidly around 30 K [11].

Second, we observe a sharp decrease of the glassy
exponent below 25 K that vanishes for 7 — 0 K. This
effect can be rationalized by the idea that the glassy
exponent u measures the divergence of energy barriers
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FIG. 4. Examples of strain amplitude dependences of the
internal friction 6 for selected temperatures of 94, 56, and
30 K, representative for viscous twin boundary motion, depin-
ning, and glassy dynamics, respectively.

for ¢ - 0 [30,31] and ¢ — O implies, thus, a reduction of
barriers and transition to linear TB dynamics. Quite
remarkable are similar values of ¢ for unpinned TBs around
90 K (i.e., outside the quantum paraelectric region) and at
the lowest temperatures, Figs. 2(a) and 2(c).

Third, the linearization of the IF is accompanied
by elastic stiffening. The Young’s modulus increases
compared with the glassy state, as shown in the inset of
Fig. 1(b), tending towards equilibrium values of the
Young’s modulus.

Fourth, the temperature around 25 K indicates a tran-
sition from the complete to a vanishing memory effect,
Fig. 3(h). Only after reaching this new state, the relaxation
of the domain glass at 36 K towards equilibrium results in a
memory effect.

The above arguments point to a transition below ca. 25 K
of a domain glass to a new state, with less glassiness, higher
stiffness, nearly linear TB dynamics and completely frozen
TB relaxation. All these features are characteristic of a
domain solid state. Since SrTiO; below 50 K is in a
quantum critical state, on the border of ferroelectric
transition [4], we suggest referring to this state as “quantum
domain solid,” in contrast to a “quantum domain glass”
between ca. 45 and 30 K [11]. A transition to quantum
domain solid corresponds to (i) decreasing glassiness,
hence, more ordered state of TBs, and (ii) approaching
classical linear TB dynamics. This result chimes with the
notion of a “coherent quantum state” in SrTiO; as first
formulated by Miiller et al. [34].
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