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Revealing local lattice distortions in physical systems is nontrivial, largely because such structural features
often are not necessarily amenable to traditional crystallographic investigations. This poses limits to our
understanding of the underlying physics, particularly in the case of strongly correlated systems where structural,
electronic, and magnetic degrees of freedom are intertwined. Using resonant total x-ray scattering coupled to
differential pair distribution function analysis, we reveal the presence of pronounced local lattice distortions
in the square net Pt planes in the prototypical strongly correlated APt2X2 intermetallics (A = U, Ce, or La and
X = Si or Ge). The distortions are present before charge density wave, magnetic, Kondo lattice coherence, and/or
superconducting orders emerge in these materials and, as density functional calculations suggest, are likely to
affect them. Our study sheds light on the poorly known interactions between electronic orders and structural
disorder in strongly correlated systems. It also demonstrates an advanced experimental approach to determine
them that is relevant to any physical system showing deviations from perfect crystallinity.
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I. INTRODUCTION

Competing interactions in strongly correlated systems are
known to lead to the emergence of collectively ordered elec-
tronic states such as unconventional superconductivity (SC),
charge density waves (CDWs), complex magnetic order, ne-
matic order, and Kondo lattice coherence [1–12], to name
a few. The orders appear intertwined in intricate phase di-
agrams [13–29] and are often coupled to lattice degrees of
freedom, including local lattice distortions. Local lattice dis-
tortions are, however, nontrivial to reveal using traditional
crystallographic techniques, rendering it difficult to assess
their effect on the emerging electronic orders. Here we show
that the problem may be addressed by using resonant total x-
ray scattering coupled to differential pair distribution function
(PDF) analysis. We apply the technique to five “122-type”
APt2X2 intermetallics (A = U, Ce, or La, and X = Si or Ge)
with the CaBe2Ge2 variant of the ThCr2Si2-type structure,
where A atoms are located between {Pt2X2} layers featuring
square planes of Pt atoms. This structure is known as the
“perovskite” of intermetallics and is adopted by many strongly
correlated systems, including the topical 122-type AT2Pn2

pnictide superconductors (A = alkaline or rare earth, T =
transition metal, and Pn = As, Sb, or P) [30–38]. The Pt-
based analogs exhibit a variety of electronic orders and similar
lattice distortions, allowing us to study their relationship on
a common structural basis. In particular, they all exhibit
CDW order involving the Pt species [21,30–33]. In addition,
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those containing f -electron free La species are SCs while
the ones containing Ce and U species, which have partially
filled f -electron shells, exhibit Kondo lattice phenomena [30].
Furthermore, UPt2Si2 develops antiferromagnetic order at low
temperature [34,35]. We find that the intermetallics exhibit
local lattice distortions that are manifested as a displacement
of half of the Pt atoms from their position in the undistorted
crystal lattice. The displacement exists at room temperature,
i.e., well above the temperature of the emergence of collective
CDW order at TCDW, Kondo lattice coherence at TKL, super-
conductivity at TSC, and/or antiferromagnetic (AFM) order
at TN in the respective intermetallic. That is, the electronic
orders in APt2X2 intermetallics appear to emerge from an
environment that includes preexisting lattice distortions and,
as our density functional theory (DFT) calculations indicate,
are likely to be influenced by them. Our results shed light on
the genesis of CDW order in topical “112-type” intermetallics
and call for more studies on the poorly known interactions
between lattice distortions and emergent electronic orders
in strongly correlated systems. These studies will benefit
from the advanced experimental approach demonstrated here,
which can be applied to any physical system exhibiting devi-
ations from perfect crystallinity.

II. EXPERIMENT

A. Samples preparation and characterization

Polycrystalline samples of the studied intermetallics were
synthesized by arc melting the constituent elements (99.99%
pure, lump form) in the respective A:Pt:X molar ratios. In
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FIG. 1. (a) Crystal structure of APt2X2 intermetallics (A = U,
La, or Ce; X = Si or Ge) featuring a sequence of alternating
Pt(2)-X(1)-Pt(2) and X(2)-Pt(1)-X(2) layers and A atoms (in blue)
positioned between them. Platinum atoms are in black and X atoms
are brown. (b) Synchrotron XRD patterns and (c) experimental total
PDFs G(r) for the intermetallics, each in a different color. Experi-
mental Pt-differential PDFs (black) are also shown in (c).

line with the findings of prior studies [30–36], in-house x-
ray diffraction (XRD) showed that while the as-synthesized
UPt2Si2, CePt2Si2, LaPt2Si2, and LaPt1.85Si2.15 possess
a CaBe2Ge2 type structure, space group (S.G.) P4/nmm,
LaPt1.95Si2.05 adopts a monoclinically distorted variation of
it (S.G. P21/c). This structure type [see Fig. 1(a)] features a
sequence of alternating Pt(2)-X(1)-Pt(2) and X(2)-Pt(1)-X(2)
layers, where Pt atoms form square planes, and the A atoms
are positioned between the layers. To illustrate the emergent
electronic orders, the temperature evolution of the magnetic
properties of the intermetallics is shown in Supplemental
Material Fig. S1 [39].

B. Synchrotron x-ray radiation experiments

Resonant total x-ray scattering experiments were con-
ducted at beamline 1-ID-E at the Advanced Photon Source,
Argonne. First, we collected data using x rays with energy of
77.870 keV (wavelength λ = 0.1590 Å), which, for reasons
discussed below, is 525 eV below the K absorption edge of
Pt [see Fig. 2(b)]. The samples were packed in thin Kapton
tubes and scattered intensities were recorded with a single-
photon-counting Pilatus3 X CdTe 2M detector, allowing us to
collect high-quality data to a wave vector qmax of 24 Å−1 for
less than 15 min per sample. The experimental XRD patterns
are shown in Fig. 1(b). Atomic PDFs G(r) derived from the
patterns are shown in Fig. 1(c). They are seen to exhibit a
series of well-defined peaks, each reflecting frequently occur-
ring atomic pair distances. As such, atomic PDFs have proven
sensitive to both the average crystal lattice and its distortions,
including atomic displacements accompanying the formation
of CDWs [40–44]. However, despite being very informative,
a PDF resulting from a single diffraction experiment, usually

FIG. 2. Computed (a) total (black) and (b) Pt-differential atomic
pair correlation functions (PCFs) g(r) for CePt2Si2. The individual
partial PCFs contributing to the total and Ce-differential PDFs are
also shown in (a) and (b), each in a different color. (c) Energy depen-
dence of the dispersion corrections f ′ and f ′′ to the x-ray scattering
factor for Pt. The two energies below the K edge of Pt whereat XRD
data were collected are marked with arrows. Values of f ′ and f ′′ for
these energies are also given. (d) XRD patterns for CePt2Si2 taken at
25 eV (red) and 525 eV (black) below the K edge of Pt (78.395 keV).
Their difference, �I (blue), is also given. (e) Experimental total
(black) and Pt-differential structure factors derived from the data
in (d).

referred to as a total PDF G(r), may not necessarily clearly
reveal all details in the atomic arrangement in multicomponent
materials. This is because, as demonstrated in Fig. 2(a) using
CePt2Si2 as an example, PDF peaks reflecting chemically
distinct atomic pairs may overlap significantly, rendering their
interpretation ambiguous. To resolve this problem and obtain
structure data with enhanced sensitivity to the arrangement
of Pt atoms, we made use of the fact that the x-ray atomic
scattering factor is a function both of the wave vector and of
the x-ray energy. In particular, following the protocol of reso-
nant (anomalous) x-ray scattering [45–49] and using the same
setup (Fig. S2 in [39]), we conducted a second experiment us-
ing x rays with energy of 78.370 keV (λ = 0.1580 Å), which
is 25 eV below the K edge of Pt. As an example, the XRD
patterns for CePt2Si2 collected at 78.370 and 77.870 keV are
shown in Figs. 2(d) and S3 [39]. The intensity difference
between the data sets is significant and comes entirely from
differences in the atomic scattering factors of Pt atoms for
the two energies, which largely arise from differences in
the so-called dispersion corrections f ′ and f ′′ to the factors
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FIG. 3. Small unit cell fits (red line) to (a) XRD and (c) total PDF
data (symbols) for CePt2Si2 based on a S.G. P4/nmm model. RMC
fits (red line) to total (b) and Pt-differential (d) PDFs (symbols). The
goodness-of-fit indicators Rwp for the small-size unit cell models in
(a) and (c) are 8% and 16%, respectively. Those for the RMC fits are
5%, indicating their improved quality in comparison to the fit in (c).
For clarity, the residual difference (green) is shifted by subtracting a
constant. Vertical blue bars in (a) indicate Bragg peaks.

[Fig. 2(c)]. It was reduced to the so-called Pt-differential
structure factor, which, when Fourier transformed, produces
the so-called Pt-differential PDF. The total and Pt-differential
structure factors for CePt2Si2 are compared in Fig. 2(e). The
derived from them total and Pt-differential PDFs are com-
pared in Figs. 1(c) and S4 [39]. The Pt-differential PDFs for
the other four intermetallics are also shown in Fig. 1(e). As
can be seen in the figures, the intensity difference between the
respective total and differential Pt PDFs is significant because,
contrary to the former, the latter reflect only atomic correla-
tions involving Pt atoms, i.e., only Pt-Pt, Pt-X, and Pt-A atomic
correlations, while the atomic correlations not involving Pt,
i.e., X-X, X-A, and A-A correlations, which contribute to the
total PDFs, are missing [Fig. 2(a)]. Thus, by using resonant
total x-ray scattering, Pt-involved atomic correlations that are
of a particular interest to our study were “highlighted” at the
expense of the rest. More detailed descriptions of resonant
total x-ray scattering can be found in Refs. [45–54]. Details
of our experiment can be found in the Supplemental Material
[39].

III. STRUCTURE MODELING

To assess the average crystal structure in more detail, the
synchrotron XRD data were subjected to Rietveld analysis
[55]. As an example, Rietveld results for CePt2Si2 are shown
in Fig. 3(a). Those for the other alloys are shown in Fig. S5
[39]. The refined lattice parameters are summarized in Supple-
mental Material Table S2. In line with prior studies [30–36],
the fits confirmed that UPt2Si2, CePt2Si2, LaPt2Si2, and
LaPt1.85Ge2.15 exhibit a tetragonal- (S.G. P4/nmm) type struc-
ture, while LaPt1.95Ge2.05 is monoclinic (S.G. P21/c). No
evidence for local lattice distortions was found. Then, the
same models were subjected to usual PDF analysis [56]. As

an example, the total PDF fit results for CePt2Si2 are shown
in Fig. 3(c). Those for the other intermetallics are shown in
Fig. S6 [48]. Lattice parameters that resulted from the fits are
summarized in Supplemental Material Table S3 [52]. In line
with the results of our recent study [42], the PDF analysis
of total PDFs indicated the presence of lattice distortions in
UPt2Si2, where the Pt(1) atoms appear displaced from their
positions in the, on average, tetragonal lattice. The results
for the other intermetallics were, however, inconclusive. In
addition, though at an acceptable level, the quality of all fits
to total PDFs appeared limited. Therefore, we carried out
reverse Monte Carlo (RMC) simulations where large size
models were simultaneously refined against both total and
Pt-differential PDF data. The initial atomic configurations fea-
tured about 25 000-atom, 80 Å × 80 Å × 80 Å model boxes
with the respective lattice symmetry. For UPt2Si2, CePt2Si2,
LaPt2Si2, and LaPt1.85Ge2.15, the atoms in the boxes were
arranged according to the rules of S.G. P4/nmm symmetry.
For LaPt1.95Ge2.05, the atoms in the model box were arranged
according to the rules of S.G. P21/c symmetry. The large
model boxes allowed us to explore lattice distortion patterns
with a length scale larger than the crystallographic unit cell
while maintaining the average crystallographic symmetry in-
tact. To ensure correct stoichiometry, a respective fraction of
Pt atoms in the initial LaPt1.85Ge2.15 and LaPt1.95Ge2.05 model
configurations was replaced by Ge atoms, taking into account
the fact that Pt and Ge positions in APt2X2 intermetallics are
alike. This is not possible to achieve in traditional Rietveld

FIG. 4. Distorted Pt square plane in the (X)-Pt(1)-(X) layers
in (a) UPt2Si2, CePt2Si2, LaPt2Si2, and LaPt1.85Ge2.15, and (b)
LaPt1.95Ge2.05. The Pt square planes in the Pt(2)-X(1)-Pt(2) layers
in all intermetallics appear undistorted, as shown in (c). Distances
between Pt atoms in the planes and their values are given in different
colors. The distances correspond to peaks (arrows in respective col-
ors) in the partial Pt-Pt PCF shown in (d). The PCFs are computed
from RMC refined models. (e) Temperature of the emergence of SC,
TSC (red symbols), and percentage contribution of Pt(1) atoms to the
total DOS at Ef (black symbols) vs the difference, �(Pt-Pt), between
near neighbor Pt-Pt distances in the distorted Pt square planes in
LaPt1.95Ge2.05 (green), LaPtSi2 (magenta), and LaPt1.85Ge2.15 (red).
Literature data for SrPt2As2 [65,66] are also shown (black).
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FIG. 5. Total (black) and partial (respective color) electronic density of states (DOS) for a formula unit of the studied intermetallics
obtained by DFT+U calculations based on RMC refined structure models. Expanded view of the partial DOS is shown in Fig. S9 [39].

and PDF fits employing a single crystallographic unit cell.
The simulations were carried out with the help of the software
FULLRMC [57]. Representative RMC fits to the total and Pt-
differential PDFs for CePt2Si2 are shown in Figs. 3(b) and
3(d). The RMC results for the other alloys are summarized
in Figs. S7 and S8 [39]. As can be seen in the figures, the
RMC simulations produce structure models that fit both the
total and the Pt-differential PDFs in very fine detail. Partial
Pt-Pt PDFs, reflecting the mutual arrangement of Pt atoms in
the studied intermetallics, are shown in Fig. 4, as computed
from the RMC refined models. Here it is to be added that,
unless Pt-differential PDFs, where both the sensitivity to Pt-
involving correlations is enhanced significantly (see Table S1)
and Pt-involving correlations are removed, are included in the
RMC modeling, the models would not converge to the results
shown in Fig. 4.

IV. DISCUSSION

To understand the interaction between the lattice distor-
tions and collective electronic orders in the studied APt2X2

intermetallics, we concentrate on the data in Figs. 4(a), 4(b),
and 4(d). As can be seen in the figures, at room temperature,
Pt atoms in the X(2)-Pt(1)-X(2) layers are already displaced
from their high-symmetry positions, leading to the emergence
of two first neighbor Pt-Pt distances at about 2.9 and 3.15 Å. In
a hypothetical undistorted lattice, a single first neighbor Pt-Pt
distance at about 3.05 Å would be observed. By contrast, Pt
atoms in Pt(2)-X(1)-Pt(2) layers are not displaced from their
high-symmetry position [Fig. 4(c)] and appear 3.9 Å apart.
Evidently, regardless of their different chemical composition,
the crystal lattice in all studied intermetallics appears unstable
with respect to Pt(1) displacements at temperatures above the
emergence of collectively ordered electronic states, that is,
above TKL in the case of UPt2Si2 and CePt2Si2 [36,43,58,59],
and above TCDW and TSC in the case of La-containing inter-
metallics [33,60,61]. In this respect the latter appear similar
to the canonical CDW system 2H-TaSe2 where the periodic

lattice distortions observed below TCDW also emerge from
well-defined local lattice distortions that exist well above
TCDW [62].

The magnitude of the lattice instability in the La-
containing intermetallics, as measured by the difference
between the spilt first neighbor Pt-Pt distances, �(Pt-Pt), is
plotted vs TSC in Fig. 4(e). Literature data for the SrPt2As2

pnictide superconductor [63–66], which adopts a CaBe2Ge2

type structure, are also shown in Fig. 4(e). As can be seen
in the figure, TSC scales with the magnitude of the lattice
instability, indicating that the two are related. A clue about
the origin of the relationship comes from DFT calculations
based on the experimental structure data, as described in the
Supplemental Material [39]. As can be seen in Figs. 5 and S9
[39], the density of states (DOS) at the Fermi level (Ef ) in the
f -electron free La- and Sr-based intermetallics appears to be
dominated by the 5d electrons of Pt atoms, where the contri-
bution of the Pt(1) atoms forming distorted square planes is
larger than that of the Pt(2) atoms forming undistorted square
planes. Moreover, it scales with �(Pt-Pt) [see Fig. 4(e)].
This result suggests that carrier conduction mainly occurs
in Pt planes, where, as discussed in Ref. [65], the distorted
planes would be more susceptible to emergent SC order in
comparison to the undistorted ones. Then, it is tempting to
speculate that, most likely due to gap-edge singularities with
diverging DOS near the boundary between the ungapped and
partially gapped regions of the Fermi surface emerging below
TCDW [24,63,64,67–69], lattice instabilities involving Pt atoms
would not only give rise to periodic lattice distortions below
TCDW but also contribute to the emergence of SC order in the
La-containing alloys. This model view is consistent with the
recently put forward concept of “intertwined SC and CDW or-
ders,” where the same features of the microscopic physics, in
particular local lattice distortions, produce multiple ordering
tendencies with similar energy and temperature scales [70].
This far-reaching concept deserves further investigations. In-
terestingly, for all intermetallics studied here, �(Pt-Pt) also
appears to scale with the atomic volume, that is, a larger
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atomic volume appears to harbor larger lattice instabilities
(Fig. S10). Then, it may be contemplated that, in the search for
APt2X2 SCs with increased TSC, it would be worth systemati-
cally increasing the atomic volume and, hence, the distortion
in X(2)-Pt(1)-X(2) planes beyond the values shown in Fig. 4(e)
through, e.g., appropriate chemical substitution.

On the other hand, DOS at Ef in CePt2Si2 and UPt2Si2

appears dominated by the 4 f and 5 f electrons of Ce and U
atoms, respectively. Not surprisingly, both alloys are heavy
fermion systems. Nevertheless, at least in the case of UPt2Si2,
the periodic distortion of Pt(1) planes emerging below TCDW

is found to modulate both the electronic properties and the
AFM order [43,71], indicating that, in these systems, lattice
distortions involving Pt atoms and electronic orders are also
intertwined.

V. CONCLUSION

Efforts to understand the interaction between collective
electronic states and the crystal structure, including local lat-
tice distortions, benefit from the development of improved
experimental techniques. Recent developments in synchrotron
instrumentation greatly facilitate resonant total x-ray scat-
tering experiments, opening the door to a wide use of the
technique. It combines the advantages of extended x-ray
absorption fine-structure spectroscopy in terms of chemical
specificity and total x-ray scattering in terms of the ability
to assess both short- and long-range interatomic correlations,
providing an element-specific view of the crystal structure
with subangstrom resolution. When combined with structure
modeling, it allows one to reveal lattice distortions that would
remain “hidden” in XRD patterns and total PDFs. In addition,

it provides a firm structural basis for electronic properties
calculations.

By applying the technique, we find that the crystal lattice
of APt2X2 intermetallics is locally unstable with respect to
distortions in one of Pt planes, leading to the presence of
two first neighbor Pt-Pt distances at room temperature that
locally break the crystal symmetry. The distortions scale with
the atomic volume and, as found by DFT calculations, im-
pact the DOS at Ef significantly. Thus, they would couple
with collective electronic states whose emergence involves
a reconstruction of the Fermi surface and eventually affect
them, and vice versa. This picture may be pertinent to many
strongly correlated physical systems where the lattice degrees
of freedom include prominent local lattice distortions leading
to CDW-like modulation of the electronic properties, render-
ing element-specific PDFs a convenient local structure probe
to study both [79].
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