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Excess specific heat from the gapped sliding phonon modes in the incommensurate composite
crystal Sry4Cuy4O4y
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We show that the low-temperature specific heat (C,) of the incommensurate chain-ladder system
{Cu0,}4{Sr,Cu,03} = Sr14Cuy4O4; (for @ = 10/7) shows a rather large excess contribution of nonmagnetic
origin. Diluted Al doping at the Cu site or annealing the crystal in an O, atmosphere suppresses this feature
considerably. Using THz time-domain spectroscopy, we relate the occurrence of excess specific heat to the
presence of very low-energy (~1meV) gapped phonon modes that originate from the sliding motion of
oppositely charged {CuO,} chain and {Sr,Cu,0O;} ladder sheets past each other.
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I. INTRODUCTION

Crystalline materials, regardless of their composition and
symmetry properties, exhibit a universal phononic ground
state consisting of three gapless acoustic modes whose con-
tribution to the specific heat is well known to vary as the
Debye T3 law [1]. However, in a composite crystal compris-
ing two substructures that individually obey full translational
symmetry but are mutually incommensurate (IC) along one
or more directions, the phononic ground state can be highly
unconventional due to the occurrence of new normal modes
that arise from a relative sliding motion of these substructures
past each other [2-5]. An “extra” acoustic or acousticlike
mode has indeed been observed experimentally in a number
of IC systems, including the IC chain compound Hg,_, AsFg
[6,7], higher manganese silicides of the Nowotony chimney-
ladder family [8], Rb-IV [9], n-alkane-urea composite crystals
[10], and in some of the BSCCO superconductors [11,12].
Within this, a particularly interesting behavior emerges when
the IC substructures are in the form of oppositely charged
sheets as the Coulomb restoring force between these sheets,
as they slide past each other, opens an energy gap rendering
the sliding mode quasiacoustic or optical [13]. Such systems
are interesting as they not only offer a tunable phonon gap that
scales with the charge difference between the sliding layers,
but they also provide a platform for understanding the gapped
phononic excitations in a wider class of systems, including
disordered solids and glasses [14-16], filled skutterudites
[17], and strong electron-phonon coupling superconductors
[18].

In this regard, the composite crystal {CuO;},{Sr,Cu,0s3} is
an ideal system for realizing the gapped sliding modes. It has a
layered structure comprising an alternating stack of oppositely
charged Sr,Cu,03 and CuO; sheets. In the Sr,Cu,0;3 sheet,
the Cu ions form a network of weakly interacting two-leg
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ladders running parallel to the c-axis, and in the CuO, sheet
they arrange to form linear chains oriented parallel to the c-
axis (Fig. 1). These sheets are, however, mutually IC along the
c-axis with @ = ¢;/c. ~ /2 ~10/7, where c. (~2.75A)
and ¢; (~3.93 A) are the lattice parameters in the chain and
ladder sublattices, respectively. In real materials, o exhibits
a broad distribution of values, which is the hallmark of any
IC system [19]. This is also reflected in the high-energy
x-ray diffraction study where not a single ordering wave
vector but a multitude of Fourier components characterize the
low-temperature modulations of the chain sublattice [20]. For
brevity, however, in the rest of the manuscript we will use the
notation “Sr4Cup4O4;,” which corresponds to o = 10/7.

While the magnetic ground state and spin excitations of
Sri14Cuy40y4; have been investigated extensively in the past
[21], the unconventional nature of its phononic ground state
started gaining attention only recently. Thorsmglle et al. [22]
used terahertz time-domain spectroscopy (THz-TDS) and Ra-
man techniques to show the occurrence of new infrared and
Raman active modes in the very lowOenergy range between
1 and 2 meV. They conjectured that these modes arise due
to the gapped sliding motion of the chain and ladder layers.
More recently, new optical phonon modes polarized along
the incommensurate axis were reported in the same energy
range using inelastic neutron scattering [23]. However, the
thermodynamic evidence of these modes and their unambigu-
ous assignment as the sliding phonon modes has remained an
open question.

Since the sliding modes are expected to be gapped, they
should have a definitive thermodynamic signature in the low-
temperature specific heat (C,) where the phononic contribu-
tion is expected to exceed the Debye 73 prediction. In this
paper, we show that the low-temperatures specific heat (C,)
of Sry4Cuy4Oy4; exhibits a rather large excess contribution of
nonmagnetic origin near 7* = 10 K. Using a combination
of THz-TDS and specific-heat experiments on three differ-
ent crystals, namely as-grown, O,-annealed, and Al-doped,
we establish that the excess specific heat in Sri4Cu4Oy;
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Chains Ladders

FIG. 1. The chain (CuO,) and ladder (Sr,Cu,03) sublattices.
Blue and red spheres represent Cu and O ions. The Sr ions are not
shown for clarity.

originates from the relative sliding motion of chain and lad-
der layers predicted previously. We also show that the gap
size associated with these modes is highly sensitive to the
stoichiometry.

II. EXPERIMENTAL DETAILS

Our experiments are performed on high-quality single
crystals grown using the traveling-solvent floating-zone tech-
nique. The details of crystal growth and structural character-
izations are given in Ref. [24]. All the crystals were grown
under similar conditions of 3.0 &= 0.2 bar oxygen pressure and
a growth rate of 1.0 & 0.2mmh~!. The annealing treatment
was carried out in a tubular furnace under flowing O, at
T =850°C for 36 h. The quality of grown crystals was
analyzed using several complementary techniques, includ-
ing powder x-ray diffraction, polarized-optical and scanning
electron microscopies, and the x-ray Laue technique. An
accurate compositional analysis of the Al-doped crystal was
done using the inductively coupled plasma—atomic emission
spectroscopy (ICP-AES) method. Magnetic and specific heat
measurements were performed using a physical property mea-
surement system (PPMS), Quantum Design (QD), USA. For
the specific-heat measurements, thin, plateletlike specimens
with their largest surface area parallel to the ac-plane were
mounted on the specific heat puck using Apiezon N grease.
Prior to loading the specimen, addenda were measured to
subtract the specific heat of the sample holder and of grease
used during the experiment. For THz-TDS experiments, the
THz signals were generated using ultrafast (~80 fs) photoex-
citation of low-temperature grown GaAsBi epilayers, and they
were detected using a photoconductive antenna. Measure-
ments were performed by mounting the sample on the cold
finger of an optical closed-cycle refrigerator. Transmittance
was obtained by taking the ratio between the magnitude
of the fast-Fourier transformed sample and the reference
amplitudes.
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FIG. 2. Magnetic susceptibility x of Sri4Cuy;Oy; is shown as a
function of temperature for H || c. The black line represents the best
fit to the data obtained using Eq. (1). Inset: low-temperature x for an
as-grown, annealed, and Al-doped crystal. The lines are best fit to the
data using Eq. (1) in the low-temperature range as described in the
text.

III. RESULTS AND DISCUSSION

A. Magnetic susceptibility

The temperature dependence of spin susceptibility () for
H || ¢ is shown in Fig. 2. Since the ladder sublattice has a
spin-singlet ground state with the singlet-triplet energy gap
exceeding ~35meV [25,26], the low-temperature x is prac-
tically due to the chain sublattice. Srj4Cuy4QOy; is self-hole
doped with six holes per formula unit. If all six holes are
assumed to be present in the chain subsystem, the ground-
state configuration of the chains can be written as follows
[27): -+ o o[t ol] o o[Lo4] o o ---, where 1 ({)
represents a Cu®" spin 1/2, o represents a Zhang-Rice singlet
[28], and [ o |] denotes a spin-1/2 dimer. For this ideal
configuration, x should decrease to zero exponentially as
T — 0. However, in any real Sri4Cuy4Oy4; crystal, a small
fraction of hole transfer from chains to ladders leads to a
small number of unpaired spins in the chains that cause
x(T) to increase at low temperatures (T < 20K) in a Curie-
like manner. Recently, it has been shown that at still lower
temperatures (T < 5K), these unpaired spins, separated by
hundreds of Cu sites along the chain, antialign to form dimers
due to a small antiferromagnetic interaction mediated via the
intervening sites [29]. Therefore, x below T = 200 K can be
described using a dimer-dimer model represented by Eq. (1):

X = X0+ T’

2NA82MB Z C )

kgT 3+€ kBT)

where xo (~1073 emu/mol) represents a small temperature-
independent van-Vleck contribution; the second term is the
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TABLE I. The fitting parameters for the as-grown, O,-annealed, and Al-doped crystals using Egs. (1) and (2). In x(T) fits, N is obtained
from the Curie constant C, and in the C, fits from the coefficient A of the AT 2 term. The value of B was fixed by first fitting the measured C,
in the temperature range T = 12 to 15 K using the expression C, = Cy + BT?, where C, is some constant.

Susceptibility (x) Specific heat (C,)
Na» J X0(107%) N; N> J B N;
Sample (fu™h (K) (emu Cu-mol~! Oe™}) (fu.™h (fu™h (K) (mJ mol "' K= (fu.™h
As-grown 0.04 43 -3.0 0.08 0.06 2.7 53 0.13
O;-annealed 0.16 4.0 -12 0.12 0.16 2.0 5.8 0.29
Al-doped 0.045 3.5 -2.8 0.10 0.05 45 5.4 0.04

chain dimer susceptibility, where i = 1 represents the dimers
[t o l], and i = 2 represents the long-distance dimers de-
scribed above. Ny denotes the Avogadro number, g is the
Landé factor; up is the Bohr magneton, and kg is the Boltz-
mann constant; N;, denotes the number of dimers per formula
unit (f.u.), and J; is the intradimer coupling. The last term in
Eq. (1) represents the Curie contribution due to the spins that
remain undimerized down to 7 = 2 K.

As shown in Fig. 2, a satisfactory fit to x(7") over a broad
temperature range is obtained using Eq. (1). The best-fit value
of J; and J, is about 132 and 2 K, respectively, in good
agreement with previous reports (see Ref. [30] for J; and
Ref. [29] for J;). The number of free spins N, calculated
from C, is ~0.069/f.u., and Ny; and Ny, are 1.89/f.u. and
0.04/f.u. respectively. Here, however, our interest is primarily
in obtaining the low-temperature parameters: Ny, Ny, J» in
Eqg. (1), and to compare these to a similar fitting for the
low-temperature specific heat (vide infra). Therefore, in Fig. 2
(inset) we show x(T) for as-grown, O,-annealed, and Al-
doped crystals along with the corresponding low-temperature
fits, where the fits are performed using Eq. (1) after excluding
from it the high-temperature i = 1 dimer term whose contri-
bution at low temperatures (7 < 20 K) becomes exceedingly
small. The values of the fitting parameters thus obtained are
summarized in Table I. For a more elaborate discussion on the
analysis of x (T') using various models, including Eq. (1), we
refer the reader to Ref. [31].

B. Specific heat

The main result of our paper is shown in Fig. 3, where the
specific heat (C,) is shown as a function of temperature for the
as-grown crystal. When plotted as C,, versus T (not shown),
the data, otherwise smooth down to 2 K, showed a slight blip
near 7* = 10 K. This feature becomes clearly discernible in
the C,/T versus T2 (panel a), where data in the presence
of an applied magnetic field of 50 kOe are also shown. The
small difference between the zero-field and in-field data is due
to the presence of a small fraction of free or defect spins in
the chains. As the sample is cooled, these spins tend to align
along the field direction, thus giving rise to a small excess
field-dependent contribution. At still lower temperatures, a
gradual onset of long-distance dimerization takes place that
leads to a magnetic-field-dependent upturn in C,/T". Both of
these contributions should be subtracted from the measured
C, in order to examine whether the 7* = 10 K feature, which
has no counterpart in x(7"), has any field dependence or not.

For this purpose, the low-temperature data in the temperature
range from 7' = 2 to 3 K, which is sufficiently away from 7,
are fitted using the following expression:

Co(T) = RNy, (Jy/ksT)2e™"/5T 4 BT? 4+ AT2,  (2)

here the first term is due to the long-distance dimers, where R
is the gas constant, 872 is the phononic contribution, and the
term A/T? represents the Schottky tail due to a small number
of unpaired spins, i.e., the spins that remain undimerized
down to 2 K. The fitted curve [shown in Fig. 3(b), where
C, is plotted as C,/T* versus T] is extrapolated to higher
temperatures. The values of parameters N;,, J», and A are
summarized in Table I, and they are in good agreement with
corresponding values obtained from the y (7). The value of g
is found to be ~5.5 Jmol~! K~* in agreement with a previous
report in which C, at low temperatures is reported [32].
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FIG. 3. (a) Specific heat (C,) of an as-grown Sr4Cu,40y4; crystal
plotted as C,/T vs T? in zero-field, and under a field of 50 kOe;
(b)C,/ T3 is shown as a function of 7. The solid black line is a fit in
the range T = 2-3 K using Eq. (2) (see text for details); (c) AC, is
plotted as a function of temperature for H = 0 and 50 kOe. The error
bars are taken directly from the PPMS data file.
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FIG. 4. Specific heat (C,) of as-grown, O,-annealed, and Al-
doped crystals shown as a function of temperature in the C,/T>
representation. The solid lines in the main panel are the fitted lines
that are extrapolated for 7 > 3 K. In the inset, AC, is plotted as a
function of temperature (see the text for details). The error bars are
taken directly from the PPMS data file.

The excess specific heat (AC),), estimated by taking the
difference between the experimental data and the fitted curve,
is shown in the inset of Fig. 3(c) for H = 0 and 50 kOe.
AC, exhibits a well-defined peak at T*, whose nonmagnetic
or phononic origin can be inferred from the insensitivity of
AC, to the applied magnetic field, which also agrees with the
absence of any anomalous feature in x(7') at or around 7*.
The peak height exceeds 1 Jmol~! K~! at T*, which is rather
large given its nonmagnetic origin. A comparable excess C,
was previously reported in the pyrochlore Bi, Ti,O; where the
quenched configurational disorder among the Bi lone pairs
results in a departure from the Debye 73 law [33].

In Fig. 4, C, is shown for the O, annealed and 0.25%
Al-doped crystals; the corresponding data for as-grown crystal
are also included for comparison. Below 7' ~ 4 K, where the
long-distance dimerization of the unpaired spins is expected to
set in, C,, is enhanced due to O, annealing but suppressed for
Al doping. However, in both O, annealed and Al-doped crys-
tals, C,, exhibits a strong suppression in the region around 7'*,
which is what we are primarily interested in. The measured C,
of annealed and Al-doped crystals is also fitted using Eq. (2)
to extract AC,. The fitted curves are also shown in Fig. 4. In
the inset, estimated AC,, is shown. In both cases, the phononic
anomaly in AC, decreases in magnitude and shifts toward
higher temperatures. A similar departure from 73 behavior
was also observed by Chen et al. [23]. However, the 10 K
anomaly in their data is hugely suppressed, which may be re-
lated to the fact that C,, of Sr14Cup404; in the range T < 15K
is highly sensitive to the growth conditions and post-growth
annealing treatment as shown here (see also the Appendix). To
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FIG. 5. (a) Transmitted THz electric field (E) at T = 14K, and

for E || ¢; (b) THz transmittance for E || ¢ at T = 14K for the

as-grown, oxygen-annealed (O, ann), and Al-doped Sr;4Cu,4Oy4;

crystals. The inset in the left panel shows the fast-Fourier transform
amplitude spectrum of the THz electric field for the reference.

investigate this further, we carried out THz-TDS of all three
specimens, which is presented next.

C. Terahertz spectroscopy (THz)

In Fig. 5(a), the THz signal transmitted through the sample
is shown for the as-grown, oxygen-annealed, and Al-doped
crystals at 7T = 14K and with electric field (E) polarized
along the c-axis (E || ¢). The reference signal without the
sample is also shown. The THz electric field of the as-grown
crystal can be broadly characterized by the presence of two
types of oscillations having periods ~1 and ~4 ps. For E ||
a (not shown) the THz signal showed no oscillations, in
agreement with the data reported earlier by Thorsmglle er al.
[22]. As shown in Fig. 5, for E || ¢ the annealed and doped
crystals show a significantly different behavior compared to
the as-grown crystal. To assess this difference quantitatively,
THz transmittance for all three samples is shown in Fig. 5(b).
The transmittance drops by more than an order of magnitude
within a sharply defined window between ~0.3 and ~1 THz
(1THz = 1ps =33.3 cm™! =4.1meV) in agreement with
Ref. [22]. The lower and upper cutoffs near 0.3 and 1 THz
correspond to the slow and fast oscillations, respectively.

As mentioned earlier, Sri4CuyyOy4; has an IC structure
with oppositely charged layers whose relative sliding motion
gives rise to new gapped phonon modes. New IR modes were
previously reported near 0.3 THz (lower cutoff) [22]. In the
inelastic neutron scattering investigations, low-lying optical
phonon modes were also revealed in the same energy range
[23]. In Ref. [22], it was conjectured that these modes are due
to the relative sliding motion of oppositely charged chain and
ladder sheets. In the THz transmittance data of our as-grown
crystal, we also see absorption modes near the lower cutoff in
the frequency range 0.25-0.30 THz. To find out whether these
modes are due to the sliding motion as conjectured earlier,
we measured THz transmittance of an O-annealed crystal.
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Interestingly, upon O, annealing, these modes merged to yield
a sharper absorption band whose center shifted to a higher
frequency near 0.35 THz. In the following, we argue that
this dramatic stiffening is indeed consistent with the sliding
motion scenario.

We recall that the degree of incommensurability in the
IC systems depends sensitively on its stoichiometry [34]. In
the present case, one can express the stoichiometry in terms
of parameter « as [CuO;],[Sr,Cu,03], where o = 10/7 for
an ideal formulation. However, as shown by Hiroi et al.,
as-prepared Sr4Cuy404; samples exhibit a broad distribution
of « values around the commensurate point « = 10/7. Inter-
estingly, by oxidizing or reducing the sample, the distribution
width of o narrows considerably [19]. In other words, the
as-prepared samples exhibit a high and varying degree of
incommensurability, which can be reduced by annealing. We
believe that oxygen annealing has a similar effect in our crys-
tal, i.e., it reduces the degree of misfit between the chains and
ladders, which results in the suppression of the excess specific
heat associated with the sliding motion that results from this
misfit. In the Appendix, we show C, for several as-grown and
annealed crystals. It is shown that unlike O, annealing, due to
air annealing the excess C,, diminishes only negligibly, which
reinforces the point that oxygen stoichiometry is important.

The effect of Al doping is more complex as it not only
affects the oxygen stoichiometry as discussed next, but it
also acts as a pinning center due to its different ionic radius
and charge state compared to the host ion. In Ref. [31], it
has been shown that the effect of Al-doping on x(7") can
only be correctly accounted for if one assumes that Al is
doped in the ladder sheets. Since Al concentration is very
small, to understand its effect on the sliding motion, we first
consider the effect of Al doping on the oxygen stoichiometry.
Since AI** replaces Cu* in the ladders, the charge neutrality
requires an equivalent quantity of oxygen absorption by the
sample unless some Cu’* reduces to Cu'", which is unlikely
due to an oxygen-rich crystal growth atmosphere; in that
sense, the effect of Al doping is analogous to O, annealing.
However, AI** impurities are also expected to pin the sliding
density wave (DW) in a manner analogous to impurity pinning
in charge and spin DW systems.

The other dominant effect of Al doping is on the upper
cutoff of the transmittance near ~4meV energy (1 THz),
which shows a much higher sensitivity to Al doping compared
to O, annealing. This can be understood by assuming that the
upper cutoff in THz transmittance arises due to the charge
density wave (CDW) ordering in the ladder sheets [35]. Since
Al is doped in the ladders, its presence in the ladders probably
perturbs the CDW ordering to some extent, resulting in a
smearing of the upper cutoff. On the other hand, as shown
by Hiroi et al. [19], oxygen annealing results in an increase in
the number of free spins due to breaking of the dimers in the
chains. Therefore, it is not expected to have any significant
effect on the CDW ordering in the ladder sheets, which
explains why the upper cutoff remains sharp and unshifted
upon O, annealing. Further work to understand the role of
impurities on the upper cutoff is currently in progress.

We now discuss the excess C, near T* and its subsequent
suppression upon lightly doping or annealing the sample.
The temperature variation of x shows no anomalous fea-

ture around 7*, and it is well-fitted using the dimer-dimer
model. This suggests a nonmagnetic or phononic origin of
the excess Cp,. This assignment of excess C,, is also consistent
with the field-independent feature of AC,. The conventional
low-dimensional CDW systems [36], for example K 3MoO3
[37] and (TaSe4)I [38], also show excess specific heat at low
temperatures, but this arises due to the collective phase (pha-
son) and amplitude (amplitudon) modes of the IC modulation
below the CDW transition [16]. Though Sr14Cuy404; also un-
dergoes a CDW ordering in the ladders below T ~ 200 K, the
CDW in this case is not accompanied by a lattice distortion,
and is believed to arise from the many-body electronic effects
[39]. Therefore, a similar scenario as operative in conventional
CDW systems seems inconceivable in the present case. Our
experimental results suggest that the excess specific heat in
Sr14CupqOy; arises from the relative sliding motion of the
oppositely charged chain-ladder sheets, which is manifested
in the form of THz modes near the lower cutoff of the trans-
mittance window. The temperature 7* = 10K of the peak
in AC,, and an almost exponential rate of decrease at lower
temperatures, are consistent with a gapped scenario with a gap
size close to 1 meV. C,, and THz of the annealed and Al-doped
crystals also lend support to this interpretation. In the annealed
sample, the peak in AC, shifts to higher temperatures from
~10.5 to ~13.5K, which is in agreement with the observed
stiffening of the lower cutoff from ~0.28 THz (average w for
the as-grown crystal) to 0.35 THz upon oxygenation. In the
case of the Al-doped sample, the stiffening of the lower cutoff
is even more pronounced, which is not unexpected since Al
impurities, besides changing the oxygen stoichiometry in a
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FIG. 6. Specific heat (C,) of several as-grown single-crystalline
specimens plotted as C,/T? vs temperature (T). The excess specific
heat is marked by an arrow. The dashed horizontal line corresponds
to the BT contribution of the three acoustic modes. A small varia-
tion in the magnitude of excess C,, between Gr;S,, Gr,S;, and Gr3S;
suggests that the excess C, is highly sensitive to the stoichiometry as
expected for an IC composite crystal.
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manner analogous to O, annealing, also act as pinning centers
impeding the sliding motion.

IV. CONCLUSIONS

To conclude, we showed the presence of a large excess
specific heat in the IC chain-ladder compound Sri4Cuy4O4;
around 7* = 10 K. However, no magnetic anomaly could be
detected in the x(7') data in this temperature range, which
suggests that the excess C, is of a nonmagnetic origin. The
insensitivity of AC, to the applied magnetic field further
corroborates this conclusion. By using THz-TDS in the range
from ~0.2 to ~1.4THz, we argued that the excess C,
originates from the sliding phonon modes. Experiments on
O,-annealed and Al-doped crystals revealed significant sup-
pression of the excess C,,, and concomitant changes in the THz
response associated with the sliding modes. A very high sen-
sitivity of the THz response to minor structural changes sug-
gests that Srj4Cuy40O4; has a highly unconventional phononic
ground state, which invites further investigations. Since Ca-
doping at the Sr site in Sr14Cuy404; is known to transfer holes

from chains to ladders, in the future it will be interesting to
perform a systematic THz and specific heat study on variously
Ca-doped Sr4Cuy404; samples.

APPENDIX

In Fig. 6, the specific heat (as-measured data) of several
single crystalline specimens is shown in the low-temperature
range. The samples are designated as G;S;m, where the sub-
script j refers to the jth specimen from the growth experiment
labeled i. m is the mass of the sample measured in mg. The fig-
ure emphasizes small variations in C,, in the low-temperature
range, which suggests that excess C, is highly sensitive to
the stoichiometry as expected for an IC composite crystal.
In the O,-annealed specimen, the excess C, has diminished
considerably, presumably due to a significant change of the
oxygen stoichiometry. Interestingly, air-annealing at the same
temperature and for the same duration has a negligible effect
on C, (see Gr3S; and Gr3S/air-annealed); this suggests that
the excess C, is suppressed due to a change in the oxygen
stoichiometry rather than homogenization due to annealing.
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