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Direct observation of charge-density waves in HosIr,Si;,
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We report the direct observation of charge-density waves in HoslIr,Si;o by dark-field imaging in transmission
electron microscopy using superlattice diffraction spots. The incommensurate phase of charge-density wave is
found to be discommensurate with small commensurate domains separated by domain walls (discommensura-
tions). Configurations of charge-density wave dislocations convincingly show that the charge-density wave
phase transition is accompanied by a concomitant cell-doubling crystallographic structural phase transition, an
unprecedented phenomenon in other charge-density wave systems.
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I. INTRODUCTION

Despite its seemingly three-dimensional crystallographic
structure, the tetragonal rare-earth transition-metal silicide
system, RsT,Si,3, where R=Dy, Ho, Er, Tm, and Lu, and T
=Ir and Rh, has been shown to exhibit fascinating charge-
density wave (CDW) phase transitions,'”!' a phenomenon
found largely in low-dimensional systems, which exhibit in-
creased nested portions of anisotropic Fermi surfaces favor-
able for CDW formations. Due to lack of band structure
calculations for the Rs7,Si;, system, it is still unclear why
the seemingly three-dimensional structure would facilitate
the formation of CDWs. Although it is generally thought that
the rare-earth ions in the particular R1 positions of the crystal
seem to form quasi-one-dimensional chains,>* which lead to
a CDW instability, the spacing of the rare-earth ions (4.2 A)
along the “chains” seems too large to be considered as one
dimensional. The unexpected presence of CDW phase tran-
sitions in this class of materials has drawn much attention in
recent years. Thermal and electrical transport measurements
have all clearly demonstrated two anomalies in the tempera-
ture range of 40 K <7<200 K, which were interpreted to be
normal to incommensurate and incommensurate to commen-
surate CDW phase transitions.">>”8 The crucial x-ray dif-
fraction evidences for the CDW transitions have also been
demonstrated in single crystals,>*° which show the appear-
ance of satellite superlattice peaks.

The most unusual characteristic of the CDW transition
revealed by x-ray diffraction in the R57,Si;, system was the
observation that commensurate superlattice peaks at cell-
doubling positions along the ¢ axis were found to simulta-
neously appear with the incommensurate CDW satellites
with ¢=(0,0,1/4 * &) when cooled from the normal state.*°
The concomitant occurrence of the commensurate superlat-
tice reflections with the incommensurate CDW modulations,
unprecedented in CDW transitions, was conjecturally inter-
preted as a structural phase transition with cell doubling,
which facilitates the CDW formation by modifications of the
Fermi surface.* Electronic phase transitions driven by con-
comitant crystallographic structural transitions have drawn
much attention recently in view of the new finding that the
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enigmatic Verwey transition in magnetite is actually caused
by a gap opening in the electronic band structure due to the
simultaneous crystal-structural phase transformation to a
lower symmetry phase.!'? The implications of this proposition
in our case, if true, will likewise give rise to new thinking of
the CDW formation in the presence of new Fermi surface
topology, newly added phonon modes, and new landscapes
of electron phonon coupling, which plays the critical roles
for all CDW transitions. It is, therefore, of great importance
to firmly establish the nexus of the structural phase transition
and the CDW characteristics. Furthermore, with lack of band
structure information in this class of materials, appearance of
satellite reflections besides the anomalies observed in trans-
port and thermal measurements does not automatically attest
to the correctness of the CDW’s interpretation. Information
obtained from real space observations should also be able to
produce additional evidence to verify the generally accepted
exposition.

In this paper, we report important findings for the CDW
phase transitions in Hoslr,Si;, by electron diffraction and
direct observation in real space using satellite dark-field im-
aging technique in transmission electron microscopy (TEM).
The real space images obtained from the satellite reflections
associated with the CDW phase transitions clearly demon-
strated that the CDW incommensurate phase should be accu-
rately described as discommensurate with small commensu-
rate  domains separated by sharp domain walls
[discommensurations (DCs)] where the phase of CDW
modulations changes rapidly. Examinations of the configura-
tion of DCs further reveal the presence of CDW dislocations,
which convincingly show that a crystallographic cell-
doubling lattice distortion indeed occurs simultaneously with
the CDW phase transition.*

II. EXPERIMENT

The preparation and characterization of the polycrystal-
line samples of Hoslr,Si;, have been described elsewhere.!
Thin specimens for TEM studies were prepared by mechani-
cal polishing followed by ion milling at liquid nitrogen tem-
perature. Our experiments were carried out in five different
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grains from two different samples using a JEOL 2000 FX
transmission electron microscope operating at 200 kV and
equipped with a low temperature sample stage and a 14 bit
charge-coupled-device imaging detector. The transport prop-
erties of these bulk samples before thinning for TEM studies
were already reported.!® All the experimental results dis-
cussed in our paper are totally reproducible with the transi-
tion temperatures that fall within 3 K from different runs.

III. RESULTS AND DISCUSSIONS

TEM examinations show that a typical grain size is larger
than a few micrometers, which can be treated as single crys-
tals in the present case since selected area electron diffrac-
tion patterns require only an area much smaller than 1 um in
size. Electron diffraction studies at room temperature con-
firm the known tetragonal structure. The electron diffraction
evidence of the CDW formation in HosIr,Si;; is shown in
Figs. 1(a) and 1(b), which represent the [010] zone-axis elec-
tron diffraction patterns taken at temperatures of 146 and
81 K, respectively. Sharp satellite spots not present at room
temperature are evident in addition to the fundamental Bragg
reflections. The transition temperatures for the normal to in-
commensurate and the incommensurate to commensurate
phase transitions are determined in our experiments to be
~165 and 97 K, respectively, consistent with the x-ray dif-
fraction results.” It should be noted that the spurious forbid-
den fundamental Bragg reflections at the systematic (i 0 )
positions with ~A=o0dd and /=all integers, already present at
room temperature, appear as a result of dynamical multiple
scattering and should be ignored. The CDW modulation
wave vectors can be deduced from Fig. 1(a) as g¢_
=(0,0,1/4-6) and ¢,=(0,0,1/4+ 5) where 5~0.025 is the
incommensurability. As the temperature is further lowered,
the incommensurate CDW locks into a commensurate state
with §=0, as shown in Fig. 1(b) where the doublet incom-
mensurate satellite spots collapse into a single spot with ¢
=(0,0,1/4). The measurement of incommensurability & as a
function of temperature is also shown in Fig. 1(c) and the
incommensurate to lock-in (commensurate) transition is
found to take place at 97 K, which is ~20 K lower than that
from the transport and thermal measurements in arc-melted
samples.® Some fluctuations of transition temperatures have
been noted among the arc-melted samples.'? It is interesting
to note from Fig. 2(c) that the peak width of commensurate
satellite is much broader than that of the incommensurate
ones. The same effect can also be seen from the x-ray data of
Erslr,Si;.* We believe that the presence of significant re-
sidual strains in the commensurate phase could be respon-
sible for this effect. In addition to the incommensurate peaks,
from Figs. 1(a) and 1(b), new commensurate superlattice
peaks located at systematic positions (h 0 1/2) with h=all
integers were also simultaneously observed with the pres-
ence of the incommensurate satellites and the commensurate
superlattice peaks persisted down to temperatures in the
commensurate phase.* The new commensurate superlattice
peaks are characterized by a wave vector ¢=(0,0,1/2). If
the commensurate superlattice peaks of (h,0,1/2) are inter-
preted as new fundamental Bragg peaks due to a structural
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FIG. 1. (Color online) (a) Electron diffraction pattern along the
[010] zone axis obtained at 146 K, which shows the incommensu-
rate satellite spots of charge-density wave modulations. The satellite
reflections around (0, 0, 0.5) peak arise from the artifacts of mul-
tiple reflections and should be ignored. (b) The same electron dif-
fraction pattern obtained at 81 K, which shows the commensurate
satellite peaks. (c) Gaussian fitted intensity scans of the satellite
peaks along (00/) at various temperatures, which show the incom-
mensurate to commensurate transition. Raw data for the 95 K pro-
file are also shown. The inset depicts the change of incommensura-
bility & as a function of temperature.

phase transition involving a cell-doubling along the ¢ axis,
then the doublet incommensurate satellite modulation wave
vectors can be reduced to a single one with ¢,=(0,0,1/4
+6) or g_=(0,0,1/4-6) since the satellite peaks can now be
consistently referred from the commensurate peaks at the
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FIG. 2. (Color online) Superlattice dark-field images taken at various temperatures from the same area, which show the residual domain
walls (discommensurations) in the commensurate phase (a) and the presence and movement of charge-density wave dislocations in (b)—(d).
All the images were taken from the satellite peaks located at (4,0,1/4 = §). It is noted that two discommensurations are always required to
form a charge-density wave dislocation. A few corresponding dislocations marked by arrows in (b) and (c) seem to move at a slower speed
than others. Some of the newly nucleated charge-density wave dislocations are marked with circles in (d).

systematic (k,0,1/2) (with h=even) reflections and the
neighboring fundamental Bragg peaks. Satellite peaks closest
to the fundamental peaks are generally taken to characterize
the modulation wave vectors and g_=(0,0,1/4-8) would be
the CDW wave vector under this scenario.* However, we
note that the intensity of the g, satellites is generally much
higher than the g_ ones, and the asymmetry of the satellite
doublet is anomalous for typical satellite modulations cen-
tered around ¢=(0,0,1/4). Moreover, for satellites associ-
ated with the systematic weak (k2 0 1/2) reflections with £
=odd, only ¢, satellites are detected with appreciable inten-
sity. It is known that intensities of superlattice satellites usu-
ally follow that of the nearest fundamental lattice Bragg re-
flections they are associated with. The disparity of intensity
between the weaker ¢g_ and stronger ¢, satellites as shown in
Fig. 1(a) can now be understood accordingly if ¢_ satellites
are ascribed to the weaker cell-doubling superlattice peaks
(h 0 1/2) (with h=even) and the g,, satellites to the much
stronger fundamental Bragg peaks. Under these consider-

ations, we conclude that the incommensurate CDW should
be described by a single modulation wave vector ¢,, which
can then be written as gepw=(0,0,1/2+26) under the no-
menclature of the new structure with cell-doubling along the
¢ axis.

We now turn to the direct observation of CDW domains
and domain walls using the satellite dark-field real space
imaging method in TEM. This rather unique and powerful
imaging technique has been shown to reveal the most direct
details and the dynamics of CDW phase transitions.'4~!8 Fig-
ure 2 shows a series of dark-field images obtained from the
CDW satellite peaks at several different temperatures near
the commensurate to incommensurate CDW transition on
warming. The most striking feature of the dark-field images
is the presence of few slightly wavy dark lines largely per-
pendicular to the ¢ axis (and parallel to the a axis). These
lines, in fact, are planes extended through the thickness of
sample (~50 nm) and seen as lines in projection parallel to
the incident electron beam. These dark lines signify the ex-
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istence of domain walls, also known as DCs, in the CDW
state where rapid phase changes take place and the regions
with lighter contrast between the DCs are commensurate
CDW domains accordingly. An incommensurate modulation
characterized by the presence of commensurate domains
separated by DCs has been known as a discommensurate
phase.'” Below the lock-in temperature in the commensurate
phase, sparse residual DCs due to pinning can still be seen in
Fig. 2(a) taken at 96 K despite the null incommensurability &
suggested from the electron diffraction pattern [Fig. 1(b)]. A
much higher density of DCs, in fact, exists in the thinner area
near the thinner edge of the sample [left-hand side of Fig.
2(a)], which signifies the strong pinning of DCs at the
sample edge. As the temperature is raised slightly, shown in
Fig. 2(b) obtained at 98 K, these pinned DCs near the thin
edge start to move and spread out into the thicker areas of
sparsely populated DCs. Close examination of the dynamics
of the DCs reveals that the motion of the DCs is led by nodes
where two DCs are joined together forming the so-called
CDW dislocations.!*!>1® Many CDW dislocations are evi-
dent in Fig. 2(b). It is well known that the number of DCs
required to form a CDW dislocation is determined by the
commensurability order n of a CDW modulation wave vec-
tor g=(0,0, 1/n). A phase change of 27/ n takes place across
each DC and n DCs are required to constitute a CDW dislo-
cation so that the total phase change around the dislocation is
27r. The fact that two DCs are always needed in the present
case to form a CDW dislocation demonstrates that the phase
shift across a DC is 7 and the modulation wave vector
should be of the type ¢=(0,0,1/2) instead of g
=(0,0,1/4), which would otherwise require four DCs to
merge at a CDW dislocation node. The c-axis cell-doubling
structural phase transition, which simultaneously occurs with
CDW, would automatically lower the order of commensura-
bility from n=4 to n=2 and, hence, requires only two DCs to
form a CDW dislocation. The direct observation of CDW
dislocations consisting of two DCs provides an elegant and
convincing proof that the cell-doubling structural phase
transformation does occur concomitantly with CDW, an un-
precedented phenomenon in CDW transitions with far-
reaching implications. We note that a crystal-structural trans-
formation to lower symmetry phase has been identified very
recently as the driving force for the outstanding Verwey tran-
sition in magnetite,'? which has puzzled the physics commu-
nity for more than 60 years.

The CDW dislocations continue to move along the a-axis
direction into the thicker area as the temperature is again
increased, which results in further lengthening of DCs. Fig-
ures 2(c) and 2(d) display images taken at 100 and 102 K,
respectively. CDW dislocations are found to move with dif-
ferent speeds, which reflect the local pinning strength fluc-
tuations along the path they encounter. A few CDW disloca-
tions, marked by arrows in Fig. 2(b), seem to move much
slower than others and still visible in Fig. 2(c). It is noted
that the original residual DCs observed at lower temperatures
in the thicker area as shown in Fig. 2(a) remain largely mo-
tionless and unchanged in the initial warming process, which
signifies the strong pinning effect of the CDWs. Pinning of
CDWs is of considerable importance for the transport prop-
erties of CDW systems and has been treated in numerous
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FIG. 3. (Color online) (a) Enlarged dark-field images (taken at
~103 K), which show the presence of an isolated charge-density
wave dislocation dipole A with an adjacent dipole B. The nodes of
the charge-density wave dislocations are marked as Al, A2, and B1
(B2 is outside the picture and not shown). As the temperature is
slightly increased, A2 and B1 move closer (b) and eventually anni-
hilate each other and disappear when they meet (c).

theoretical studies.?’~?? It is generally believed that impuri-
ties and crystalline defects predominantly act as pinning cen-
ters for CDWs. No extended crystalline defects, such as dis-
locations and stacking faults, are visible in Fig. 2 and this
leaves impurities and point defects, which are not visible in
typical TEM studies, as possible pinning centers in the
present case. This observation is consistent with the recent
experimental finding that atomic disorder has significant ef-
fects on the CDW phase transitions in the RsT,Si;, system.?

In addition to the motion of original CDW dislocations,
nucleation of new CDW dislocations at higher temperatures
can also be seen in Figs. 2(c) and 2(d), which results in an
increasing density of DCs and gives rise to a larger incom-
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mensurability &. It is noted that nucleation of CDW disloca-
tions always occurs in pair, a node and an antinode, which
forms a dislocation dipole. Some of the newly nucleated
CDW dislocations squeezed in the space between DCs are
marked in Fig. 2(d). A single isolated CDW dislocation di-
pole marked with two nodes as Al and A2, however, was
actually captured during the warming process, shown in Fig.
3(a), with another CDW dislocation marked as B1 in close
proximity. At a slightly higher temperature, CDW disloca-
tions A2 and B1 moved closer to each other [Fig. 3(b)] and
were eventually annihilated forming continuous DCs [Fig.
3(c)]. The dynamics of the commensurate to incommensurate
phase transition is entirely controlled by the process of
nucleation, growth, and annihilation of the CDW disloca-
tions. Through our studies, the edge of samples and grain
boundaries are found to have a strong pinning effect for the
CDW dislocations. However, nucleation, growth, and motion
of the CDW dislocations are largely unimpeded within the
crystal grains.

IV. CONCLUSIONS

In conclusion, dark-field images obtained from HosIr,Si
CDW satellite peaks show ordered array of commensurate
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domains separated by domain walls (discommensurations) in
the incommensurate phase, which should be more accurately
described as discommensurate accordingly.'® Configurations
of CDW dislocations, where two (instead of four) discom-
mensurations are found to form a node, convincingly show
that the CDW phase transition is accompanied by a concomi-
tant cell-doubling structural phase transition, an unprec-
edented phenomenon in other CDW systems. Electron dif-
fraction studies show that the CDW modulation wave vector
in Hoslr,Si is characterized by ¢=(0,0,1/2+26), consis-
tent with the concomitant cell-doubling structural phase tran-
sition along the ¢ axis.
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