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Transmission electron microscopy (TEM) study of SrPt;As, reveals two incommensurate modulations appearing
in the charge-density-wave (CDW) state below Tcpw = 470 K. These two structural modulations can be well explained
in terms of condensations of two-coupled phonon modes with wave vectors of g; = 0.62a™ on the a*—b* plane and g, =
0.23a* on the a*~c* plane. The atomic displacements occur along the b-axis direction for g; and along the c-axis direction
for g, respectively. Moreover, the correlation between g; and g, can be generally written as g; = (g2 +a™*)/2 in the CDW
state, suggesting the presence of essential coupling between g; and g». A small fraction of Ir doping on the Pt site in
Sr(Pt]_,Iry)2As; (x < 0.06) could moderately change these CDW modulations and also affect their superconductivities.
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1. Introduction

The superconductivity and structural properties of
AFe,As; (A = alkaline-earth metals, ThCr,Si>-type) have been
extensively investigated since the discovery of high-T;. super-
conductivity at 7, = 26 K in LaFe AsO(F). U] The parent phase
AFe;As; could exhibit superconductivity either by chemical
doping or under a high pressure to suppress the antiferromag-
netic property.[>8! Recent investigations show that the 5d-
transion metal Pt pnictide SrPtyAs, with the CaBe,Ge;-type
structure shows a superconducting transition at a tempera-
ture of 5.2 K,[*191 moreover, the SrPtyAsy compound shows
a notable charge-density-wave (CDW) transition accompa-
nied with a structural transformation at around 470 K.[%10]
In contrast with the well-known ThCr;Si>-type structure,
CaBe,Ge,-type crystals have non-centrosymmetric structures.
Taking SrPt;As, for example, it has a visible layered struc-
ture with the —As—Pt—As— layers and the —Pt—As—Pt— layers
stacking alternately along the c-axis direction. Actually, the
CDW instability in low-dimensional metal has been investi-
gated as the significant issue for decades; however, the CDW
transitions as observed in the two-dimensional systems are still
intensely debated issues. According to first-principles calcu-
lations, the CaBe,Ge,-type SrPtAs; is a unique system with
an “intermediate”-type Fermi surface containing remarkable

hole pockets,!!! this feature could play a critical role in un-
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derstanding the properties of CDW and superconductivity as
observed in the present system. In addition, it was also pro-
posed that the CDW can enhance the superconductivity in an
electron—phonon coupled system,!'>!3] and therefore, the su-
perconductivity and CDW can coexist in one system.[!4-16]
In recent investigations, experimental measurements of the
structural and physical properties have been performed on
the well-characterized Sr(Pt;_,Ir,),Asy (x = 0, 0.06) sin-

U0 It is demonstrated that a structural transition

gle crystals.
from tetragonal to orthorhombic phase occurs at about 470 K
in SrPtyAs, and becomes lower in the Sr(Ptgog4lrgoe)2Asy
material. ' Below this critical temperature, a structural mod-
ulation in association with the CDW appears along the a-axis
direction, careful structural study shows that the CDW occurs
in the —As—Pt—As— layers and often exhibits an incommensu-
rate periodicity.[%10:17)

In the present paper, we report on our study of the mi-
crostructure of Sr(Pt;_,Ir,)2Asy (x = 0, 0.06) by transmission
electron microscopy. We find that the structural distortions in
the CDW state can be well characterized by two incommen-
surate transverse waves: i.e., the q; = 0.62a™ which shows
a similar periodicity to that observed in X-ray diffraction,[!”]
and a new modulation that can be written as g = 0.23a*. In
situ TEM observations show that both structural modulations

become invisible at temperatures above Tcpw.
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2. Experiment

Single crystals of SrPtyAsy and Sr(Ptg 94Irg o6 )2Asy sam-
ples used in the present study were synthesized by a self-
melting technique.!'”) The crystal structure and fundamental
physical properties for all samples were first characterized by
X-ray diffraction and measurements of physical properties. ']
Microstructure investigations were performed on an FEI
Tecnai-F20 transmission electron microscope equipped with
double-tilt heating and cooling holders. The TEM samples
were prepared by crushing the single crystals, and then the
resulting suspensions were dispersed on a holey copper grid
coated with a thin carbon film. Image simulation structural
analyses were performed by using the MACTEMPAS soft-
ware.

3. Results and discussion

In order to understand the microstructure features in the
CDW state of the SrPtpAs, material, particularly the funda-
mental properties of CDW modulation, we have performed an
extensive experimental investigation by selected-area electron
diffraction (SAED) and high-resolution transmission electron
microscopy. Figures 1(a)-1(d) show electron-diffraction pat-
terns taken along the relevant [001], [010], [011], and [100]
zone-axis directions at room temperature, respectively. In or-
der to compare the measured patterns with the simulated pat-
terns described in the following text, we use the electron beam
incident direction for indexing the diffraction patterns. The
main diffraction spots with relatively strong intensity in all
patterns can be well indexed by the known orthorhombic struc-
ture with the space group of Pmmn (No. 59) and lattice param-
etersof a =4.470 A, b =4.497 A, and ¢ = 9.816 A, which are
in good agreement with the X-ray diffraction results.!!”) On
the other hand, our structural analysis shows that the two sets
of satellite spots corresponding to two distinctive structural
modulations commonly appear in our experimental observa-
tions, as is clearly illustrated in Figs. 1(a) and 1(b), respec-
tively. It is noted that the g; modulation with a wave vector of
q1 = 0.62a* shows up certain similar features as observed by
using X-ray diffraction in the previous literature.!'”! In addi-
tion, there is a new structural modulation (g;) existing in many
diffraction patterns, and the g, modulation in general has a
relatively weak intensity and can be clearly observed along
the [010] zone-axis direction. This modulation wave can be
written as g = 0.23a*. Actually, coexistence of these two
modulations (g; and ;) can be seen along several main zone-
axis directions as shown in the diffraction pattern of Fig. 1(c),
it was taken along the [011] zone-axis direction. Though the
@>» modulation also goes along the a-axis direction, it actually
exhibits notable different polarization from the g; modulation.
In order to facilitate the comparisons between the g; and g
modulations, a series of selected-area electron diffraction pat-
terns and TEM images has been obtained in a few well char-

acterized crystals. Our observations show that the structural
distortion in the CDW state of SrPty As, can be characterized
by two incommensurate transverse waves of q; = 0.62a* on
the a*-b* plane and g» = 0.23a* on the a*—c* plane, and that
the atomic displacements in both modulations occur in the di-
rection perpendicular (or right angled) to the a-axis direction
(i.e., the wave vector direction). For instance, the g> modula-
tion can be regarded as a transverse wave with the incommen-
surate period of around 4.2d¢g and, therefore, can be clearly
viewed along the [010] zone-axis direction. Moreover, our in
situ TEM observations from 20 K up to 500 K suggest that
the relationship between q; and g, can be generally written as
q1 = (g2 +a*)/2 as discussed in the following context. This
fact likely suggests the presence of essential coupling between
these two modulations.
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Fig. 1. (color online) Electron diffraction patterns of SrPtyAs, along
relevant directions. (a) Electron diffraction pattern taken along the elec-
tron beam incident direction [001] showing the g; modulation on the
a*-b* reciprocal plane; (b) the g=0.23a* modulation on the a*-c*
plane; (c) the coexistence of g and g> modulations observed along the
electron beam incident direction [011]. (d) Electron diffraction pattern
taken along the electron beam incident direction [100], no modulation
spots are observable.

Now we proceed to discuss the condensations of phonon
modes and examine the local atomic structural distortions fol-
lowing with the CDW. We first perform our theoretical simu-
lation for CDW modulations based on the experimental data
reported by Imre et al.!'”! The superstructure cell used in the
present calculations for the CDW modulation adopts the wave
vector of q; =~ 0.6a" and lattice parameters of a = 22.350 A,
b=4.497 A, and ¢ = 9.816 A. Figures 2(a) and 2(b) show
the theoretical diffraction patterns along the [001] and [010]
zone-axis directions, respectively. It is recognizable that in
comparison with experimental results of Fig. 1, the simulated
diffraction pattern in Fig. 2(a) is likely to match qualitatively
with the experimental one (Fig. 1(a)). However, the theoreti-
cal diffraction pattern of Fig. 2(b) shows notable satellite spots
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in stark contrast with the experimental diffraction pattern of
Fig. 1(b) in which a series of satellite spots from the new q;
modulation is observable.
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Fig. 2. Theoretical electron diffraction patterns of a*-~b* and a*—c*
planes for CDW modulation. (a) and (b) Simulated patterns for a struc-
tural model based on X-ray diffraction. (c) and (d) Simulated patterns
based on model with g; and g, transverse waves. These patterns are
fundamentally in agreement with the experimental ones.

According to a careful structural analysis of SrPt; As,, we
find that structural distortions in CDW state of SrPt) As; can be
fundamentally explained by two remarkable incommensurate
modulations along the a-axis direction: the g; modulation that
corresponds to a transverse wave with atomic displacement
along the b-axis direction, and g, modulation that is also a
transverse wave with the atomic displacement along the c-axis
direction. In addition, the correlation between these two mod-
ulations is governed by g; = (g2 +a*) /2. In order to facilitate
theoretical calculations of superstructure modulation, we per-
form our careful analysis on two models with q; ~ 0.6a* and
q>» ~0.2a*, (the supercell 5a x b X c is created with parameters
ag=5a=2235A,b;=b=4.497 A and ¢; = c =9.816 A).
The q; and g, modulations are mainly induced by the atomic
displacements in the layers of the PtAs, tetrahedron, and the
other atoms with less displacement affected by the modula-
tions are neglected in the present calculation. Following the
sinusoidal modulations, the atomic position and displacement
in the —As—Pt—As— layer are given as follows. For g; modula-
tion, the position of the atom after shifting along the b-axis is
given by

o=y +Uysin(5 x 2nq; -7 + @), (1)

for g» modulation, the position of the atom after displacing
along the c-axis is given by

2 =7 +Usin(5x2nqy -7 + @), ©

where ', ¥/, and 7' denote the undistorted position of the i-
th atom in the PtAs, tetrahedron of the superstructure, U,
and U, indicate the amplitudes of the sinusoidal modulation
wave along the b and c axes, and ¢, and @, refer to ini-
tial phases of the sinusoidal modulation waves for q; and
q>. Since q; ~ 0.6a* and ¢, ~ 0.2a*, atomic displacements
along the b axis and ¢ axis could be recognized in terms of
Uy sin(67x’ + ¢y) and U, sin(27x + ¢,), respectively. Accord-
ing to our experimental data, the Pt displacements in two mod-
ulations are estimated in percentage terms to be Uy ~ 3%, and
U, ~ 1%, and @, and @, are assumed to be 0; for displacements
of As atoms, U, is estimated to be about 2% with ¢, = 7, and
U, is estimated to be 1% with ¢, = 0. As a result, the sim-
ulated patterns in Figs. 2(c) and 2(d) can be well consistent
with our experimental data. We have analyzed the reflection
conditions associated with the q; and g, modulations by us-

18,191 and we can conclude

ing the super-space group analysis, !
that the g and g, modulations are essentially independent, but
with certain cooperative structural properties.

A better and clear view of atomic displacements for the
q1 and @» modulations can be obtained by high-resolution
TEM observations along the c-axis and b-axis directions, re-
spectively. Figure 3(a) shows the high-resolution TEM image
taken along the [001] zone-axis direction for SrPtyAs; single
crystal sample, in which the g modulation wave is clearly
seen. Figure 3(b) shows a simplified structural model illus-
trating the displacements of Pt atoms associated with a si-
nusoidal modulation; a theoretical simulation image is also
shown in Fig. 3(c) for comparison, in which periodic contrast
changes arising from structural modulation are in good agree-
ment with the experimental ones. Figure 3(d) shows a high-
resolution TEM image taken along the [010] zone-axis direc-
tion, in which the structural modulation corresponding to the
modulated vector g, = 0.23a* can be clearly read out. The
curve of intensity in Fig. 3(d) shows that the wavelength of
modulation wave is about 2.09 nm. Figures 3(e) and 3(f) show
the schematic structural model and a theoretical image for the
@> modulation. It is noted that atomic displacements in as-
sociation with structural modulations can be observed in all
experimental and theoretical images.

Measurements of transport properties of the SrPt;As;
crystal often reveal a visible resistivity anomaly in associa-
tion with the CDW transition at about 470 K.''% In our in situ
TEM experimental observations, the temperature dependences
of both q; and g, modulations have been carefully examined.
Figures 4(a)-4(f) show a series of diffraction patterns taken
along the [001] and [010] zone-axis directions in a temperature
range from 300 K up to 500 K, illustrating the changes of su-
perstructure spots. It is recognizable that the intensities of the
superstructure spots decrease progressively with the increase
of temperature, and the superstructure spots characterized by
q1 and g, completely disappear above 470 K and 450 K, re-
spectively. We notice that g; and g» modulations disappear
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at slightly different temperatures, this fact likely suggests that
the complex structural dynamic instability appears following
the CDW transitions, and, as a result, the g» modulation turns
stable after the q; modulation has become stable. Our in situ
TEM investigation also reveals that this CDW transition is fun-
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damentally reversible, and no significant changes in their peri-
odicities are observed in the whole high temperature range. On
the other hand, we also perform the in situ cooling TEM ex-
perimental observations from room temperature down to 20 K,
and no remarkable structural alteration is observed.
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Fig. 3. (color online) High-resolution TEM images of SrPt; As, taken along (a) the electron beam incident direction [001] and (d) the electron
beam incident direction [010]. Schematic illustrations of the Pt atomic displacements in —As—Pt—As— layers (b) along the b axis for q
modulation and (e) along the ¢ axis for g; modulation. Theoretical simulated images for these two modulations are shown in panels (c) and

(), respectively.
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Fig. 4. (color online) The temperature dependences of the superstruc-
ture reflections from 300 K to 500 K, (a)—(c) electron diffraction pat-
terns taken along the electron beam incident direction [001], and (d)—(f)
electron diffraction patterns taken along the electron beam incident di-
rection [010]. The intensities of superstructure spots become weaker
with the increase of temperature and disappear above 470 K (Fig. 4(c))
and 450 K (Fig. 4(f)), respectively.

It is expected that a small fraction substitution of Pt

by certain relative elements in this layered material could
tune an electronic structure near the Fermi level, the CDW
transition and superconductivity as well. The experimen-
tal measurements show that the Ir-doped Sr(Ptg 94Irg o6)2As2
can yield visible changes of the critical temperatures of
the CDW and superconducting transitions as schematically
shown in Fig. 5(a), in which the resistivity anomaly in a
Sr(Pto.04]rg g6 )2Asy crystal occurs at near 375 K, and the su-
perconducting transition temperature decreases to 4.73 K.[1]
TEM observations show that the Ir doping could also result
in a tendency to increase the period of superstructure modula-
tion and reduce the intensity for both q; and g, modulations in
comparison with what are observed in SrPt;As,. Figures 5(b)
and 5(c) show two typical electron diffraction patterns taken
along the [001] and [010] zone-axis directions at room tem-
perature respectively. It is demonstrated that the intensity of
the superstructure spots decreases and the periods of modula-

tion waves change slightly as characterized by q; = 0.60a*
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and g, = 0.19a*, respectively. Moreover, it is also noted
that the correlation between q; and g, can also be written as
q1 = (g2 + a*)/2. Though the essential effect of CDW on the
low-temperature superconductivity is still a debated issue as
discussed in some literature, it is commonly believed that the
variation of electronic structure, such as the electron distribu-

tion near the Fermi surface, could result in visible changes in

the CDW state and superconductivity.!12-1¢]
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Fig. 5. (color online) Effects of Ir doping on the CDW modulation
and superconductivity. (a) Schematic illustrations of resistivity (nor-
malized by the value at 300 K) and magnetizations for SrPt;As, and
Sr(Pto 04110 06)2As2, exhibiting clear anomalies at CDW transitions and
superconducting transitions (Ref. [10]). (b) and (c) Electron diffraction
patterns of Sr(Pto o41Irp 06)2As2, showing that the g; and g modulations
become weaker than those in Figs. 1(a) and 1(b) for SrPtyAs,.

The essential structural features of SrPt;As, in correla-
tion with the coexistence of CDW and superconductivity have
aroused a lot of interest in past years, it was suggested that
the CDW could enhance superconductivity in certain electron—

12131 Actually, Fermi surface nest-

phonon coupled systems. !
ing is revealed as a strong candidate for driving CDW forma-
tions in a variety of low-dimensional systems, and the mag-
nitudes of nesting vector obtained in certain systems are in
excellent agreement with theoretical data.[>"! However, the
behavior in an incommensurate case is much less clear, and
complex structural variation and microstructural phenomena
often appear following the CDW transitions, such as antiphase
boundaries and discommensurations.!?->?l From the structural

point of view, the typical structural modulations in the CDW

state can be well explained in terms of the condensation of
the phonon modes, >3] the amplitudes of the relevant phonon
modes are temperature-dependent as observed for SrPt As;. It
is well established that the frequencies of these phonon modes
decrease as the temperature lowers to Tcpw, and the restor-
ing forces at Tcpw for these modes vanish so that the atoms
shift to new equilibrium positions, then this transition could
result in the visible structural modulations in the CDW state
as indicated in our TEM observations. It is remarkable that
our observations evidently suggest the presence of conden-
sation of two coupled phonon modes in this layered system,
and it is expected that this feature is also important for un-
derstanding the physical properties in this kind of material,
for instance, the electron—charge coupling as a central issue
has extensively been discussed in studies of change/orbital or-
dering in manganese and charge—stripe structures in high-7;

(24251 1t is also noted that these properties

superconductors.
could also be significant for understanding the superconduc-
tivity appearing in SrPtyAs, at a lower temperature, e.g. the
two distinctive superconducting gaps have been revealed in the

temperature evolution of the electronic specific heat.!>°!

4. Conclusions

In summary, layered superconducting SrPt; As, material
shows a remarkable microstructural feature in its CDW state
In situ TEM observa-
tions evidently reveal that there are two transverse modula-

as revealed by TEM observations.

tions commonly existing below the CDW transition. These
incommensurate modulations can be written as g; = 0.62a*
on the a*-b* reciprocal plane and g, = 0.23a* on the a*—
c* plane, it also noted that the correlation between q; and
@ can be also written as q; = (g» + a*)/2. The presence of
two coupled modulations in CDW states suggests novel prop-
erties for phonon condensation in this layered system. The
CDW modulations and superconductivity show slight changes
in Sr(Pt;_,Iry)2Asy (x < 0.06) due to Ir doping for Pt.
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