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YCo0.88Ga3Ge has an incommensurately modulated structure that was solved with (3 + 1)D superspace techniques.
YCo0.88Ga3Ge crystallizes in the orthorhombic superspace group Immm(R00)00s with unit cell constants of a )
4.1639(4), b ) 4.1639(4), c ) 23.541(2) Å and a modulation vector of q ) 0.3200(4)a* at 293 K. The incommensurate
modulation, which creates a very large supercell (∼25 fold), arises from a charge density wave (CDW) in the
square net of Ga atoms that is coupled with a site occupancy wave (SOW) of Co atoms. The distorted Ga net
features polygallide ribbons, chains, as well as single atoms. Temperature dependent crystallographic studies of
the structure from 100-500 K indicate that the CDW is “locked in”. Electrical conductivity and thermopower
measurements in the temperature range of 300-500 K show that YCo0.88Ga3Ge is a poor metal.

Introduction

Compounds with charge density waves (CDWs) have the
potential to exhibit unusual properties including large
dielectric constants, non-ohmic electrical resistivity, and
elastic softening.1–3 CDWs form when electrons and phonons
couple and depart from a uniform distribution, creating
periodic regions of high and low electron density; they may
or may not be commensurate with the periodicity of the
lattice atoms. This modulated arrangement commonly be-
comes favorable when electrons are confined to low-
dimensional structures, such as chains and layers.

Accurately determining the structures of CDW compounds
remains a major challenge. It is often difficult to see the
modulations with X-rays and sometimes is necessary to use
techniques such as selected area electron diffraction (SAED).
When the modulation can be observed with careful X-ray
examinations, the structure can then be determined, but
requires advanced superspace crystallographic techniques.
The modulated structures for a series of RETe3 (RE ) rare
earth element) as well as RESeTe2 compounds have been
successfully determined.4–6 The factors that can significantly
affect the CDWs include changes in electronic structure and

configuration, pressure, temperature, and impurities. Chemi-
cal substitutions on the RE site in RETe3 compounds for
different RE atoms do not significantly change the valence
electronic configuration of the RETe3 compounds, which are
essentially isoelectronic if it is assumed that the RE atom
only donates three valence electrons. RE substitution,
however, reveals that the modulation pattern found in the
tellurium nets does vary with changes in RE atom possibly
because of “chemical pressure” effects.7 CDW behavior has
been found in several intermetallic compounds including:
RE5M4Si10 (M ) Ir, Rh), LaAgSb2, and MRuSi (M ) Zr,
Hf).8–11 Thorough structural investigations into intermetallic
CDW systems remain sparse.

Recently, the first modulation in gallium square nets was
observed in RECo1-xGa3Ge type compounds where RE )
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Gd and Sm with SAED.12 Subsequently, the modulated
structure for GdCo0.86Ga3Ge was determined using super-
space crystallographic techniques at 293 K.13 The CDW
structurally manifested itself in the Ga net as a series of rows
of single atoms, zigzag chains, and the occasional ribbon
that run perpendicular to the a-axis. To understand how the
CDWs in the RECo1-xGa3Ge system behave, it is necessary
to investigate and compare the CDWs in other RE analogues.
Here we investigate the effects of a small electronic
perturbation to the CDW by solving the modulated structure
of YCo0.88Ga3Ge. We find that the yttrium compound has a
different and unique distortion. In addition, we report the
first temperature dependent study of a CDW in a Ga square
net and the electronic properties of YCo0.88Ga3Ge.

Experimental Details

Synthesis of YCo0.88Ga3Ge. Molten Ga was used as a solvent
to prepare the intermetallic compound YCo0.88Ga3Ge. Y powder
(99.9%, Aldrich), Co powder (99.9+%, Aldrich), and Ga pieces
(99.999%, Plasmaterials) were used as obtained. The Ge pieces
(99.99%, Plasmaterials) were ground into a powder and then used.
1.5 mmol Y, 0.75 mmol Co, 11.2 mmol Ga, and 0.75 mmol Ge
were loaded into alumina crucibles in a nitrogen filled glovebox.
The crucibles were placed into fused silica tubes, evacuated to
approximately 7 × 10-4 Torr, and flame sealed. The reactions were
then placed in a furnace and treated with the following heating
profile: the temperature was raised to 1273 K at 56 K/h and held
at 1273 K for 5 h to ensure proper melt, then the temperature was
cooled to 1123 K in 2 h and kept isothermally at 1123 K for 36 h,
and then the temperature was cooled to 523 K at 100 K/h.

The products were separated from the excess molten flux by
centrifuging the liquid Ga through a course frit at ∼523 K. The
products were further isolated from the Ga by soaking them in a 3
M solution of iodine in dimethylformamide (DMF) over a 36 h
period. Any residual Ga was converted to GaI3. The resulting
crystalline products were rinsed with alternating portions of DMF
and hot deionized water until the filtrate ran colorless. Then the
products were dried with acetone. The silver metallic compound
YCo0.88Ga3Ge crystallizes with square plate morphology and was
recovered in approximately 60-80 wt % yields.

Structure Determination. Single-crystal X-ray diffraction data
were collected with the use of graphite-monochromatized Mo KR
radiation (λ ) 0.71073 Å) at 100, 293, 400, and 500 K on a STOE
IPDS II diffractometer. Data were collected by 1° scans in ω at a
φ setting of 0°. Several crystals were tested for quality. Because
the q vector length at any given temperature did not significantly
change from crystal to crystal, only the best refinements are
presented here. The collection of intensity data, data reduction, and
numerical face-indexed absorption corrections were carried out with
the XAREA program package.14 Refinements of the crystal structure
were carried out with the Jana2000 program.15 Analysis of the
reflections in reciprocal space revealed two categories of reflections:
(1) strong intensity Bragg reflections that could be indexed to a
tetragonal cell and (2) additional vectors of weaker intensity at

locations incommensurate with the tetragonal lattice. The following
refinement was used for the data collected at 293 K; however, the
same refinement strategy was used for each data set refinement.
The lattice parameters were least-squares refined from the positions
of 3071 reflections and a (3 + 1)D indexing: as ) 4.1639(4) Å, cs

) 23.541(2) Å, q ) 0.3200a*, and Vs ) 408.16(7) Å3 (Z ) 4).
Analysis of reciprocal space reveals weak satellite reflections in

both a* and b* directions. A classical (3 + 2)D processing within
the tetragonal symmetry (I4/mmm), however, does not describe the
true aperiodic structure of the compound. This conclusion was
supported by both the absence of cross term reflections (for example
there were no hklq1q2 1 0 0 1 1 reflections observed) and the
presence of splitting of the Bragg reflections. Instead of a (3 +
2)D model, an orthorhombic (3 + 1)D superspace model with a
simple twin whereby the a and b axes with similar cell constants
exchange can be used to model YCo0.88Ga3Ge. A final data set
merged according to the (mmm, 111) (3 + 1)D point group
consisted of 8036 reflections (5597 observed) yielding an internal
R value of 0.0465 for observed reflections (I g 3σ(I) cutoff,
redundancy of 6.225). The most probable superspace group was
identified as Immm(R00)00s from the systematic absences. Initially,
the main Bragg reflections were used to establish a tetragonal
disordered structure. Upon conversion of the tetragonal structure
to orthorhombic symmetry, the residual R value for the observed
reflections drops from 0.0470 (tetragonal symmetry, 22 parameters,
273 observed reflections) to 0.0255 (orthorhombic symmetry, 33
parameters, 442 observed reflections) with a convergence of the
twin fraction to a 49/51 ratio. Despite the marked improvement on
the residual R value, the atomic displacement parameter for Ga3
did not improve significantly (tetragonal symmetry, Ueq ) 0.029;
orthorhombic symmetry, Ueq ) 0.027). The 3D structure does not
reveal the true nature of the long-range ordering of the partial
occupancies of Co2 and the two Ge sites (when Co2 and Ge2 are
present Ge1 is not) suggested by the presence of satellite reflections.

Classical harmonic functions were added to the positional
displacements of all the atoms as well as the occupational ordering
of the Co2 and Ge sites. The resultant residual R value was 0.0497
for the observed reflections using 67 parameters and 1051 reflec-
tions. Close inspection of the residues around the Ga3 as a function
of the internal t parameter suggested a better model for the thermal
displacement parameters would be achieved with the addition of a
third order Gram-Charlier nonharmonic development of the
Debye-Waller factor for Ga3.16,17 Including the Debye-Waller
factor for Ga3 and introducing a secondary extinction coefficient18

improved the refinement to a final residual value of R ) 0.0418
(Rw ) 0.1176) for 70 parameters. The final model included first
order modulation waves on the positions of all the atoms, restrained
first order modulation waves on the Co2, Ge1, and Ge2 atoms (the
occupational modulation waves for Co2 and Ge2 are complimentary
to that of Ge1), Debye-Waller factor modulation up to the first
order for Ga3, and first order waves on the thermal displacement
parameters of Y1, Co1, Ga1, Ga2, and Ga3. The thermal displace-
ment parameters for Co2, Ge1, and Ge2 were not modulated
because they became nonpositive definites upon convergence of
the refinement.

Although the initial classical harmonic functions model yielded
a reasonable residual R value of 0.0491 for 67 parameters, the final
model including the Debye-Waller factor significantly improved
the refinement to a final residual of R ) 0.0418 for 70 parameters.
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Data collected at 100, 400, and 500 K were modeled and refined
in the same manner as the 273 K data. Crystallographic and
refinement details are listed in Table 1 for data collected at 100,
273, 400, and 500 K. Details for the structure model refined from
data collected at 273 K are presented in Tables 2–6; a complete
set of tables for data sets collected at all temperatures are available
in the Supporting Information. Tables 2–6 list the following:
fractional atomic coordinates, their Fourier series modulation terms,
and equivalent isotropic displacement parameters; occupation factors
and their Fourier series modulation terms; anisotropic displacement
parameters Uij and their Fourier series modulation terms; selected
distances and distance ranges; and Gram-Charlier nonharmonic
Debye-Waller parameters Cijk and their Fourier series modulation
terms, respectively.

Thermopower Measurement. A Seebeck Measurement System
(SMS) from MMR Technologies Inc. equipped with an SB-100
Seebeck controller and a K-20 programmable temperature controller
was employed to measure the thermopower of several handpicked
crystals of YCo0.88Ga3Ge. The SMS uses a comparative method to
determine the thermopower of an unknown material relative to the
thermopower of a known reference material. Here constantan was

used as the reference material. The thermopower for each crystal
was measured over the temperature range of 310 to 500 K.

Conductivity Measurement. A home-built 4-probe high tem-
perature (300-700 K) dc conductivity measurement system was
used to measure the conductivity of single crystals of YCo0.88Ga3Ge
over a temperature range of 300-500 K. The 4-probe conductivity
system is built from an altered Van der Pauw measurement system
from MMR Technologies Inc. with a K-20 programmable temper-
ature controller, a Keithley 2182A nanovoltmeter, a Keithley 6220
precision current source, and computer interface. The system
measures the resulting voltage between two leads with an applied
dc current from -50 to 50 mA at each temperature. The resistance
is then extrapolated from the linear slope of each voltage versus
current measurement. Then the conductivity can be calculated from
the resistance, distance between voltage probes (L), and the cross
sectional area (A). The dimensions, A and L, of each crystal were
measured on a Hitachi S-3400N-II scanning electron microscope.
Crystal 1, L ) 0.0193 cm, A ) 0.00106 cm2; Crystal 2, L ) 0.0391
cm, A ) 0.00458 cm2.
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Table 1. Crystal Data and Structure Refinement for YCo0.88Ga3Ge at 100, 293, 400, and 500 K
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Results and Discussion

Synthesis. YCo0.88Ga3Ge was synthesized using the gal-
lium flux method at 1273 K. Large silver metallic crystals
were obtained in 60-80 wt % yields. In an attempt to
synthesize the other YCo1-xGa3Ge stoichiometries, several
different ratios of Y/Co were used. Reactions with larger
Co amounts resulted in products of the off stoichiometric
YCo0.88Ga3Ge and excess CoGa3. Reactions with higher Y
content only showed higher yields of YCo0.88Ga3Ge with
respect to the Co content. No gallium flux reactions yielded
crystals whose stoichiometry deviated significantly from
YCo0.88(3)Ga3Ge.

Structure. Using conventional X-ray diffraction methods
the entire RECo0.86(4)Ga3Ge (RE ) Y, Sm, Gd, and Er) series
appears to be isotypic, crystallizing in the tetragonal space
group I4/mmm. Previously single crystal neutron diffraction
studies were performed on YCo1-xGa3Ge to conclusively
determine the Ga and Ge positions,12 the same assignments
were used in the refinements presented here. Looking at the
tetragonal subcell, one finds that there are two significant
problems: (1) there is disorder between the Ge and Co sites

in between the Ga-net layer and the CoGa4 slab (Figure 1),
and (2) there are large thermal parameters on the Ga in the
Ga-net layer. Careful analysis of the X-ray diffraction
experiments indicated that the reciprocal lattice showed two
types of reflections: (1) strong intensity Bragg reflections,
and (2) spots of weaker intensity at locations incommensurate
with the tetragonal lattice. Close inspection of the reflections
revealed that the correct aperiodic structure was orthorhombic
with pseudomerohedral twinning. Using a (3 + 1)D super-
space approach the crystallographic least-squares refinements
converged successfully once the tetragonal “subcell” model
was reduced to orthorhombic symmetry and used as a starting
model.19–22 At 293 K the modulation vector q of
YCo0.88Ga3Ge was 0.3200(4)a*. From the systematic ab-
sences, Immm(R00)00s (no. 71.b) was identified as the
probable superspace group.16,17 A classical model with
harmonic functions was employed to describe the modulation
of the site occupancies of the Co/Ge disorder as well as the
CDWs modulation in the Ga nets.

A fragment of the YCo0.88Ga3Ge as viewed down the [010]
is shown in Figure 2A. An ordering of the site occupancies
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Table 2. Fractional Atomic Coordinates, Their Fourier Series
Modulation Termsa, and Equivalent Isotropic Displacement Parameters
(Å2) for YCo0.88Ga3Ge Measured at 293 K

atom wave x y z Ueq

Y1 0 0 0 0.14879(3) 0.0097(2)
s,1 0 0 0.00009(4)
c,1 0.0321(3) 0 0

Ga1 0 0 0.5 0.05476(5) 0.0113(3)
s,1 0 0 -0.00262(5)
c,1 -0.0169(3) 0 0

Ga2 0 -0.5 0 0.05456(5) 0.0108(3)
s,1 0 0 -0.00504(7)
c,1 0.0094(2) 0 0

Ga3 0 0 0.5 0.24673(15) 0.0206(4)
s,1 0 0 0.00467(14)
c,1 -0.0455(8) 0 0

Co1 0 0 0 0 0.0080(5)
s,1 0 0 -0.00372(8)
c,1 0 0 0

Co2 0 0 0 0.2779(6) 0.0108(6)
s,1 0 0 -0.0023(8)
c,1 0.0098(7) 0 0

Ge1 0 0 0 0.35625(15) 0.0140(4)
s,1 0 0 -0.0013(2)
c,1 -0.0190(4) 0 0

Ge2 0 0 0 0.3737(5) 0.0085(5)
s,1 0 0 -0.0046(7)
c,1 -0.0079(6) 0 0

a The modulation for parameter λ of an atom ν is classically written as
Uλ

ν(xj4) ) Uλ,0
ν + ∑n ) l

k Uλ,s,n
ν sin(2πxj4) + ∑n ) l

k Uλ,c,n
ν cos(2πxj4).

Table 3. Occupation Factors and Their Fourier Series Modulation
Termsa for YCo0.88Ga3Ge Measured at 293 K

atom wave occupation

Co2 0 0.3768(3)
s,1 -0.466(6)
c,1 0

Ge1 0 0.6232(3)
s,1 0.466(6)
c,1 0

Ge2 0 0.3768(3)
s,1 -0.466(6)
c,1 0

a The modulation for parameter λ of an atom ν is classically written as
Uλ

ν(xj4) ) Uλ,0
ν + ∑n ) l

k Uλ,s,n
ν sin(2πxj4) + ∑n ) l

k Uλ,c,n
ν cos(2πxj4).

Table 4. Anisotropic Displacement Parameters Uij a (Å2) and Their
Fourier Series Modulation Termsa for YCo0.88Ga3Ge Measured at 293 K

atom wave U11 U22 U33 U12 U13 U23

Y1 0 0.0146(4) 0.0070(4) 0.0074(3) 0 0 0
s,1 0.0052(3) 0.0002(5) 0.0004(3) 0 0 0
c,1 0 0 0 0 0.0005(3) 0

Ga1 0 0.0181(6) 0.0060(5) 0.0099(5) 0 0 0
s,1 0.0007(4) -0.0001(7) -0.0008(4) 0 0 0
c,1 0 0 0 0 0.0006(3) 0

Ga2 0 0.0097(6) 0.0111(6) 0.0117(5) 0 0 0
s,1 -0.0002(3) -0.0007(7) 0.0024(5) 0 0 0
c,1 0 0 0 0 0.0004(3) 0

Ga3 0 0.0291(7) 0.0153(8) 0.0175(5) 0 0 0
s,1 0.0113(8) 0.0006(10) 0.0013(8) 0 0 0
c,1 0 0 0 0 -0.0068(7) 0

Co1 0 0.0084(10) 0.0057(10) 0.0099(5) 0 0 0
s,1 0 0 0 0 0 0
c,1 0 0 0 0 0.0002(5) 0

Co2 0 0.0122(9) 0.0130(12) 0.0072(8) 0 0 0
Ge1 0 0.0129(6) 0.0077(8) 0.0214(8) 0 0 0
Ge2 0 0.0112(6) 0.0051(8) 0.0092(9) 0 0 0

a The modulation for parameter λ of an atom ν is classically written as
Uλ

ν(xj4) ) Uλ,0
ν + ∑n ) l

k Uλ,s,n
ν sin(2πxj4) + ∑n ) l

k Uλ,c,n
ν cos(2πxj4).

Table 5. Gram-Charlier Non-Harmonic Debye-Waller Parameters
Cijka and Their Fourier Series Modulation Termsb for YCo0.88Ga3Ge
Measured at 293 K

atom wave C111 C112 C113 C122 C123

Ga3 0 0 0 -0.0058(5) 0 0
s,1 0 0 -0.0071(7) 0 0
c,1 0.079(10) 0 0 -0.015(4) 0

atom wave C133 C222 C223 C233 C333

Ga3 0 0 0 0.0017(5) 0 0.00006(3)
s,1 0 0 -0.0007(7) 0 0.00004(3)
c,1 0.00009(13) 0 0 0 0

a Cijk coefficients are multiplied 103. b The modulation for parameter λ
of an atom ν is classically written as Uλ

ν(xj4) ) Uλ,0
ν + ∑n ) l

k Uλ,s,n
ν sin(2πxj4)

+ ∑n ) l
k Uλ,c,n

ν cos(2πxj4).
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of the Co2-Ge2 and Ge1 positions can now be seen. The
modulation of the CDW in the Ga net is shown in Figure
2B. For YCo0.88Ga3Ge the modulation is manifested as
infinite 1-D polygallide units. Rows of single atoms, zigzag
chains, and ribbons run perpendicular to the a-axis creating
an approximate 25-fold superstructure. The pattern of chains
and ribbons in YCo0.88Ga3Ge differs markedly from the
pattern seen in GdCo0.86Ga3Ge when using a cutoff of 2.93
Å for bond representations (Figures 2B and 2C, respectively).
The CDW in YCo0.88Ga3Ge consists of groups of ribbons
separated by long segments of alternating chains and rows
of single atoms, whereas in GdCo0.86Ga3Ge it consists of
single ribbons separated by segments of alternating zigzag
chains and rows of single atoms. The divergence in patterns
suggests that the electronic structure of the environment of
the Ga-net plays a significant role in defining the CDW. In
the substructure of YCo0.88Ga3Ge, the Ga-Ga distance is
weakly nonbonding with the distance of about 2.94 Å in a
perfect square net. The modulated structure, on the other
hand, has Ga-Ga distances from 2.720(2)-3.198(3) Å for
YCo0.88Ga3Ge. This is not nearly as drastic a deviation as
seen in the Gd analogue. For GdCo0.86Ga3Ge the Ga-Ga
bonds were as short as 2.61 Å to approximately 3.2 Å.
Therefore, the Ga-square net in the Y compound is not as
distorted as the one in the Gd compound. One reason for
this could be the smaller size of the Y, which exerts greater
“chemical pressure” on the Ga net opposing the distortion.
Chemical pressure can be understood in terms of distortions

induced by the size of the substituted RE atom. The unit
cell contracts with chemical substitution in the same manner
as if it were mechanically compressed. Because of the greater
chemical pressure in the Y compound, the Ga net is
prevented from distorting as much as it does in the Gd
analogue.

In another comparison between the Y and Gd analogues
the periodicity of the CDW is lengthened from approximately
a 23-fold, a-axis superstructure for the Gd compound to
approximately a 25-fold, a-axis superstructure for the Y
compound. The Y and Gd analogues are isoelectronic;
however, there are small changes in the electronic structure
induced because of size effects.7 There are probably also
small changes in the bonding orbital overlap associated with
the d-orbitals of Y vis-à-vis Gd. Both the metal size and
chemical bonding effects influence the density of states
(DOS) N(εF) at the Fermi level (εF) by affecting band-width.
These effects also influence εF itself. The CDW is highly
dependent upon N(εF). In a simple metal the N(εF) is reduced
when the cell volume decreases under pressure because the
energy bands tend to broaden.

Conductivity and Thermopower. To search for any
transitions in YCo0.88Ga3Ge associated with suppression of
the CDW, temperature dependent studies of its electrical
properties were performed. Electrical conductivity and ther-

Table 6. Main Distances (Å) YCo0.88Ga3Ge Measured at 293 Ka

average minimum maximum ∆ multiplicity

Co1-Ga1 2.4493(9) 2.4353(13) 2.4624(13) 0.0271 × 4
Co1-Ga2 2.4477(11) 2.4092(10) 2.4855(10) 0.0763 × 4
Co2-Ge2 2.30(3) 2.275(19) 2.31(3) 0.035 × 1
Co2-Ga3 2.255(7) 2.235(5) 2.266(10) 0.031 × 2

2.300(6) 2.189(5) 2.349(7) 0.160 × 2
Ge1-Ga1 2.931(3) 2.892(3) 3.011(3) 0.119 × 2
Ge1-Ga2 2.924(3) 2.894(4) 2.973(3) 0.079 × 2
Ge2-Ga1 2.678(10) 2.657(8) 2.700(8) 0.043 × 2
Ge2-Ga2 2.685(11) 2.682(8) 2.687(13) 0.005 × 2

a Calculated on t intervals where atom occupancy is larger than 50%.

Figure 1. (A) Averaged structure of YCo0.88Ga3Ge as viewed down the
[010] (subcell). (B) Averaged coordination around the disordered Co2 and
Ge1/Ge2 atoms and their breakdown of the two ordered environments in
the modulated structure.

Figure 2. (A) Modulated, aperiodic structure of YCo0.88Ga3Ge as viewed
down the [010]. (Y, red; Co, green; Ga, blue; Ge, yellow) (B) CDW pattern
in the Ga-net of YCo0.88Ga3Ge as viewed down the [010]. The pattern is
comprised of groups of rows of single atoms (1), zigzag chains (2), and
ribbons (3). A Ga3-Ga3 distance cutoff of 2.93 Å was used for the bond
representations. (C) CDW pattern in the Ga-net of GdCo0.86Ga3Ge as viewed
down the [010]. A Ga3-Ga3 distance cutoff of 2.93 Å was used for the
bond representations. (D) CDW pattern in the Ga-net of YCo0.88Ga3Ge with
respect to the modulation of the Co2 occupancies. A Ga3-Ga3 distance
cutoff of 2.93 Å was used for the bond representations and a greater than
50% occupancy limit was used to represent the presence of Co2. (data
collected at 293 K).

Site Occupancy WaWe in YCo0.88Ga3Ge
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mopower measurements were made on single crystals from
300-500 K parallel to the direction of the CDW. The
thermopower remained relatively constant with the temper-
ature having an average value of ∼8.0(6) µV/K, indicating
p-type charge transport. The conductivity decreases slowly
from ∼4400 S/cm at 300 K to ∼3900 S/cm at 500 K in an
almost linear fashion, Figure 3A. No transitions were
observed over the measurement’s temperature range. At-
tempts were made to measure the conductivity to higher
temperatures (700 K); however, the YCo0.88Ga3Ge reacts with
the silver paste used to attach the leads to the crystals
between 500 and 600 K resulting in odd electrical behavior.
The magnitude of the conductivity is only moderate for an
intermetallic compound and yet it is high enough to conclude
that there is no full energy gap developed as a result of the
CDW. As in the RETe3 family the CDW distortion appears
to remove a significant fraction of the DOS from the εF, but
not all. This results in a poor metal but not a semiconductor.

Temperature Dependent X-ray Diffraction. To further
probe into the nature of the CDW in YCo0.88Ga3Ge, X-ray
diffraction studies were also performed at 100, 293, 400,
and 500 K. The q-vector does not significantly change over
the large temperature range (q ) 0.3183(4)a*, 0.3200(4)a*,
0.3190(4)a*, and 0.3199(3)a* for 100, 293, 400, and 500 K
respectively). Here, the argument for a decrease in stability
of the CDW with decreasing cell volume does not hold true.
In this range, the subcell volume goes from 407.06(9) to
412.12(5) Å3. The increase in volume would imply that the
CDW, and therefore the q-vector, would increase in stability
and become shorter. The CDW remains unchanged and
appears “locked” into the most thermodynamically stable
state, which is correlated to the site occupancy wave (SOW)
modulation of the disordered Co2 site, Figure 3B. Figure
2D shows that the areas of high ribbon populations also
have high populations of Co2 atoms, and where there are
alternating chains and rows of single Ga atoms, only the rows
of single Ga atoms have Co2 atom populations greater than
50% occupancy. The q-vector acts similarly to that in
LaSeTe2 where there is no change in q-vector length over
the temperature range at which the CDW is present in the
structure.23 The apparent lack of a stoichiometric YCoGa3Ge

phase also suggests that the CDW is highly coupled to the
SOW of Co2 and is essential for the compound formation.
Impurities are known to highly affect CDWs. Here ordered
vacancies act as impurities and pin to the CDW. It is not
known exactly which type of wave is formed first or which
wave pins the other, but we can say that the coupling of the
CDW and SOW is strong enough to prevent changes to the
CDW that would normally be induced by temperature.

Conclusions

Initially YCoGa3Ge and GdCoGa3Ge were reported as
isostructural compounds, but a close inspection of the
modulated structures at 293 K reveals that the nature of the
electropositive element (i.e., RE or Y) drastically changes
the CDW frequency possibly because of bonding and size
effects. As we inspect the modulation waves for
YCo0.88Ga3Ge with temperature, we find that the modulation
frequency is “locked in” and does not significantly change
within the error of the measurement. The CDW in the Ga
square net seems to be sensitive to changes in RE element
but also fixed to the SOW of Co2. To better understand the
complicated mechanism regulating the CDW frequency and
the role the SOW of the transition metal plays in these
intermetallics additional RE analogs will have to be studied.
The structural investigation of YCo0.88Ga3Ge with temper-
ature is essential for enabling and validating ab initio
electronic structure calculations to deduce the causes of
CDWs in these systems.

CDWs are believed to arise from electronic instabilities
created by Fermi surface nesting. While we do not yet know
if this nesting exists in the RECo1-xGa3Ge family, the CDW
is associated with the square net of Ga. If we take into
account that compounds with Te square nets invariably
exhibit CDW behavior,4–6 we may have a general phenom-
enon where any square net of main group atoms is a potential
source of a distortion.24 This notion seems to be supported
theoretically and will have to be verified experimentally by
studying additional compounds with these structural fea-
tures.25
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Figure 3. (A) Electrical conductivity of YCo0.88Ga3Ge with temperature.
(B) Site occupancy wave for Co2/Ge2 and Ge1 (data collected at 293 K).
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