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Superconductivity in binary ruthenium pnictides occurs proximal to and upon suppression of a nonmagnetic
ground state, preceded by a pseudogap phase associated with Fermi surface instability, and its critical temper-
ature, Tc, is maximized around the pseudogap quantum critical point. By analogy with isoelectronic iron-based
counterparts, antiferromagnetic fluctuations became “usual suspects” as putative mediators of superconducting
pairing. Here we report on a high-temperature local symmetry breaking in RuP, the nonsuperconducting parent
of the maximum-Tc branch of these novel superconductors, revealed by combined nanostructure-sensitive
powder and single-crystal x-ray total scattering analyses. Large local distortions of Ru chains associated with
orbital-charge trimerization, further assembled into hexamers, exist above the two-stage electronic transition
in RuP. In the pseudogap regime the precursors order with distortions retaining their strength, whereas they
acquire spin-singlet characteristics which dramatically enhances the distortion as the nonmagnetic ground state
establishes. The precursors enable the nonmagnetic ground state and presumed complex oligomerization, and the
relevance of pseudogap fluctuations for superconductivity emerges as a distinct prospect. As a transition metal
system in which partial d-manifold filling combined with high crystal symmetry promotes electronic instabilities,
this represents a further example of local electronic precursors underpinning the macroscopic collective behavior
of quantum materials.
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I. INTRODUCTION

Spatiotemporal fluctuations of electronic charge, orbital,
and spin are native to the quantum materials realm [1–5],
encompassing phenomena ranging from unconventional su-
perconductivity (SC) [6,7], charge density waves [8,9], and
pseudogaps (PGs) [10] to metal-insulator transitions [11,12],
colossal magnetoresistivity [13], and frustrated magnetism
[14,15]. Elucidating the character and role of electronic short-
range correlations in the emergence of application-relevant
phases [16–25] is challenging as most experimental probes
yield bulk averages [26–28]. When the crystal lattice is in-
volved, the pair distribution function (PDF) approach provides
a unique perspective informing on the presence and nature of
states of local broken symmetry on the nanoscale [29]. This
is exemplified by the recent observation of structural fluctu-
ations appearing alongside ferromagnetic order [30] greatly
above the Verwey transition in magnetite (Fe3O4) [31], which
illuminated a century old mystery of its mechanism [32] by
revealing the essential role of magnetism in formation of
the trimeron ground state [33]. Similarly, the discovery of
structural fluctuations in iridium thiospinel (CuIr2S4) [34]
unmasked an orbital precursor to its metal-insulator transi-
tion [35], amending the orbital-selective mechanism of the
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octamer molecular orbital crystal state formation [36] pro-
posed based on crystallography alone [37].

Metallic orthorhombic (Pnma) ruthenium pnictides RuPn
(Pn = P, As, Sb), isoelectronic with FePn [38], display a
complex electronic phase diagram derived from a nonmag-
netic (NM) ground state [39–41] reached on cooling via a
two-step symmetry breaking transition and intermediate PG
phase [39,42,43]. Doping suppresses the NM state, leading
to a domelike SC in a narrow composition range around the
PG phase quantum critical point (QCP), where superconduct-
ing Tc is maximized. This stereotypical landscape [44,45]
suggests that fluctuations of some order parameter may aid su-
perconductivity in RuPn. Antiferromagnetic fluctuations were
indeed seen in the PG regime, but found to weaken apprecia-
bly on approaching the QCP [43,46]. Surprisingly, orbital and
charge sectors [47] have not been considered in this context
despite anomalous metallicity at high T, where a rather broad
Drude-like component in optical conductivity was observed
[40,48], indicative of strong carrier scattering.

Here we report on combined complementary x-ray total
scattering based powder [49] and single-crystal [50] PDF
analyses for nanoscale atomic structure determination utilized
to explore orbital-charge fingerprints in RuP. This approach
unveils local symmetry breaking Ru trimerization distortions
in the high-temperature metallic state, above the two-stage
electronic phase transition. Robust distortions, observed con-
sistently in powder and crystal measurements, represent a
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local response to the electronic structure instability imposed
by global Pnma symmetry. The instability, embodied in
degenerate narrow flat Ru 4dxy orbital-derived bands and cor-
responding partial density of states (DOS) sharply peaked at
E f [41,51], has thus far been assumed as the root cause of the
two-stage global symmetry breaking transition [52]. The PDF
analysis of RuP discovers that symmetry breaking associated
with this instability in fact occurs already in the metallic
regime, on ∼15 Å length scale. This orbital-charge fluctua-
tion, associated with the PG phase, acts as a precursor to the
NM ground state and may be relevant for superconductivity
in binary ruthenium pnictides. This observation further rein-
forces the notion of ubiquity of nanoscale precursors steering
electronic properties in materials where partial d-manifold
filling combined with high crystal symmetry promotes elec-
tronic instabilities.

The rest of the paper is organized as follows. In the next
section a brief account of the measurements is provided.
The physical properties, crystallographic transitions, and in-
dicators of multiscale structure behavior are established in
Sec. III A. Model-dependent assessment of the broken sym-
metry state and the local structure evolution with temperature
from one-dimensional (1D) PDF are presented in Sec. III B.
This is followed by model-independent characterization of
local distortions in metallic regime using single-crystal diffuse
scattering based three-dimensional (3D) differential PDF in
Sec. III C. The origin of distortions, their character, and im-
plications for the properties are discussed in Sec. IV A and
Sec. IV B.

II. EXPERIMENTAL

RuP crystals were grown from excess Sn [53]. The mag-
netization was measured in a Quantum Design MPMS XL5.
The powder total scattering experiment was carried out on
cooling from 370 K to 10 K in 5 K steps at the 28-ID-1
beamline at the National Synchrotron Light Source II (NSLS
II) at Brookhaven National Laboratory (BNL) in the rapid
acquisition PDF mode [54], with an x-ray energy of 74.47 keV
(λ = 0.1665 Å). Experimental PDFs were obtained follow-
ing standard reduction protocols [55,56]. Structure analysis
utilized well established small box modeling approaches
[57–59]. Single-crystal total scattering data were collected at
350 K at the P21.1 beamline at the Positron Elektron Tandem
Ring Anlage (PETRA III) facility at Deutsches Elektronen-
Synchrotron (DESY), using an x-ray beam of 101.63 keV
energy (λ = 0.1220 Å) sized to 0.5 × 0.5 mm2. The 3D-
�PDF analysis was carried out following procedures detailed
in previous work [60]. Density functional theory (DFT) cal-
culations were done by using the Vienna Ab initio Simulation
Package [61–65]. Technical aspects of the methods are de-
tailed in Supplementary Note 1 [66].

III. RESULTS

A. Average structure and properties

For T > 330 K RuP adopts the MnP-type Pnma structure
[39], featuring RuP6 octahedra with face sharing along the a
axis and edge sharing along the b axis and in the bc plane,
Fig. 1(a), creating 3 nonequivalent Ru-Ru nearest-neighbor

FIG. 1. RuP properties and transitions. (a) Three distinct types
of RuP6 octahedra connectivity: Face sharing along the a axis
(green contacts), and edge sharing along the b and b/c axes (red
and blue contacts, respectively). (b) Magnetic susceptibility (sin-
gle crystal) on cooling and warming, depicting two transitions at
T1 = 330 K (purple dashed line) and T2 = 260 K (red dashed line).
(c) Temperature-dependent powder x-ray diffraction data (narrow 2θ

range), with temperature decreasing from bottom to top, from 370 K
to 10 K in 5 K steps. The diffraction patterns for T1 = 330 K and
T2 = 260 K are shown in purple and red, respectively. Pearson cor-
relation coefficient, computed between distinct temperature points
comparing the PDF signal across (d), (g) 25–60 Å or (e), (h) 0–10 Å,
as well as comparing (f), (i) the powder XRD signal across 1◦–15◦

2θ . Panels (d), (e), (f) show the full Pearson correlation maps, while
panels (g), (h), (i) present line cuts of these maps for T = 10 K, with
T1 and T2 marked by purple and red dashed lines, respectively.

(NN) pairs. Shown in Figs. 2(a) and 2(b), the shortest contacts
(green) constitute zigzag chains along the a axis, whereas
the intermediate (blue) and long (red) contacts form zigzag
ladders in the bc plane composed of straight rails (red) and
zigzag rungs (blue).

Magnetic susceptibility, after subtraction of a low-
temperature Curie tail, is consistent with a NM ground state
showing two electronic phase transitions, Fig. 1, at T1 =
330 K (from metal to PG phase) and T2 = 260 K (from PG
to NM phase) consistent with previous reports [39,40]. Total
scattering powder diffraction data disclose two global symme-
try breaking structural transitions. Formation of new, weak,
Bragg peaks at T1 [Fig. 1(c), purple trace], specifically at
about 2.20◦ and 2.55◦ 2θ , indicates an onset of ordering below
the PG transition. Further changes in the diffraction profile
around T2 [Fig. 1(c), red trace] evidence transition to the NM
ground state. The 370 K Bragg data are consistent with the
Pnma symmetry (Rietveld fit; Supplementary Note 2 [66]).
However, the model yields rather large U22 atomic displace-
ment parameter (ADP) of Ru [0.0168(5) Å2] as compared to
U11 [0.0042(5) Å2] and U33 [0.0054(3) Å2]. This additional
high-temperature anomaly points to structural disorder along
the b axis.

The Pearson correlation coefficient (defined in Supple-
mentary Note 1 [66]) calculated for temperature-dependent
powder PDF data over an r range which includes only the
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FIG. 2. Local structure from powder PDF. Eight unit cells of
the Pnma structure of RuP viewed along the (a) b axis and (b) a
axis. Three distinct Ru-Ru nearest-neighbor pairs are shown as solid
lines: green, blue, and red contacts correspond to the shortest, in-
termediate, and longest pair distances, respectively. (c) A simulated
RuP x-ray PDF, decomposed into the partial pair contributions. The
PDF contributions from the three Pnma symmetry-allowed Ru-Ru
nearest-neighbor pairs shown in (a) and (b) are identified by identi-
cally colored vertical lines. PDF fit of the experimental PDF signal
measured at 370 K utilizing the Pnma model shows (d) a large misfit
at about 3.1 Å, the approximate location of Ru-Ru pairs. The fit
quality over this range is poor, resulting in Rw = 23%. Over (e) a
broader r range, the Pnma model fit is adequate, with Rw = 8%.
PDF fit of the 370 K data utilizing the P21/c constrained model (f)
remedies the misfit at about 3.1 Å, resulting in Rw = 10%. The fit
is adequate (g) up to about 15 Å, with Rw = 8%, but (h) extending
the calculation range reveals inadequacy of local structure model in
describing the longer-range structure (Rw = 34%). (i) Ru-Ru pair
distance vs temperature, extracted from the P21/c fit up to 15 Å,
reveals the primary symmetry breaking on the longest Ru-Ru pairs,
parallel to the Pnma b axis. (j) The magnitude of the Ru-Ru distance
splitting along the Pnma b axis.

long-range structure and excludes the local structure [15 <

r < 60 Å; Figs. 1(d) and 1(g)], shows two distinct regions
of self-similarity, with a single region of strong dissimilar-
ity bounded by T = 260 K, demonstrating that a long-range
structural phase transition at T2 is apparent here. Conversely,
when considering an r range which includes only the local
structure [0 < r < 15 Å; Figs. 1(e) and 1(h)], the region of
dissimilarity at T = 260 K is considerably less pronounced,
with no discernible change at T1. The Pearson correlation
coefficient of the total scattering signal [Figs. 1(f) and 1(i)],
which represents the effects of both the long-range and local
structure, again shows a single region of dissimilarity bounded
by T = 260 K. This dissimilarity is weaker than that ob-
served when considering the long-range PDF [Figs. 1(d), 1(g)]
but stronger than that observed when considering the local
structure PDF [Figs. 1(e) and 1(h)]. This correlation analy-

sis establishes distinct structural manifestations on different
length scales.

B. Local structure from powder PDF

To characterize structural disorder above the PG phase
(T > T1) and its temperature evolution, we use powder PDF
analysis. A fit of the Pnma model to 370 K data over 1.75 <

r < 50 Å is shown in Figs. 2(d) and 2(e). While the model
adequately reproduces the observed PDF for r > 3.9 Å, it fails
for r < 3.9 Å. A large misfit around 3.1 Å, highlighted on the
residual curve in Fig. 2(d), reveals a short-range distortion in-
compatible with average symmetry. The Pnma model, which
is consistent with the majority of the observed PDF signal,
dictates that atom pairs (PDF intensity) should be present at
a larger r than is seen in the experimental data; the observed
intensity is transferred to lower r compared to the model.

Inspection of a simulated PDF, decomposed into atom-pair
specific partial contributions, Fig. 2(c), discloses that the in-
tensity in this region predominately originates from 3 distinct
Ru-Ru NN contributions in the Pnma structure described
above. The high-r portion of this 3.1 Å feature comes from
the longest of these Ru-Ru NN pairs, which form the rails of
the zigzag ladder along the b axis and have edge-sharing RuP6

connectivity, marked in red in Figs. 1(a) and 2(b).
The local distortion was assessed with a model utilizing

monoclinic P21/c constraints [41] (relationship to Pnma is
detailed in Supplementary Note 3 [66]). Fit of this broken
symmetry model to the PDF data at 370 K over the range
1.75 < r < 15 Å, shown in Figs. 2(f) and 2(g), explains the
PDF data well, and remedies the Pnma model misfit at 3.1 Å.
While the P21/c model describes the local structure well, it
poorly fits the data at higher r; if this model is used to compute
the predicted PDF signal for r > 15 Å, there is significant
disagreement between the model and observed PDF at 370 K,
Fig. 2(h). The measured signal in the high-r region is visibly
sharper than the P21/c model signal, consistent with higher
(Pnma) symmetry on longer length scales in this temperature
regime.

The temperature evolution of the local structure was quan-
tified by fitting the PDF data for 10 < T < 370 K with the
P21/c model for 1.75 < r < 15 Å. We have then assigned
each of the pairs in the refined P21/c cell to the associated
pair present in the Pnma cell. This assignment should yield
3 unique groups, each composed of 36 Ru-Ru NN pairs [41].
We however found that the group associated with Ru-Ru NN
pairs parallel to the Pnma b axis [red connections in Fig. 1(a)
and Figs. 2(a) and 2(b)] was bimodal, with 24 Ru-Ru NN pairs
showing a shorter mean pair distance and 12 pairs showing a
longer mean distance, that is, a ratio of 2:1 of short:long pairs.

The pair distance distribution extracted from the P21/c
model fits is presented in Fig. 2(i). Here, the circles represent
the mean of the Ru-Ru pair distance population, whereas the
vertical bars represent the standard deviation of this popula-
tion. The colors are consistent with the Ru-Ru pairs shown
in Fig. 1(a) and Figs. 2(a)–2(c), where the pairs forming rails
along the b axis, red markers in Fig. 2(i), are split into two
subpopulations. At 370 K the splitting, Fig. 2(i), is ≈0.4 Å,
a remarkably large distortion by crystallographic standards.
The magnitude does not change upon entering the PG phase,
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FIG. 3. Local distortions at 370 K. (a) Homogeneous chains with
4dxy t2g Ru orbitals (Pnma average view, top) undergo trimerization
distortions (P21/c local view, bottom). (b) Regular zigzag ladders in
the bc plane (Pnma average view, top) break into hexamer segments
(P21/c local view, bottom). (c) Local hexamer bond angle, α(T ):
symbols represent mean values; vertical bars are standard deviations.
Uniform average (α0, horizontal dashed line, Pnma view), and lo-
cal bimodal distribution of intrahexamer (α < α0) and interhexamer
(α > α0) angles (2:1 relative abundance, P21/c view). (d) Orienta-
tional hexamer fluctuation. (e) Nonhexamer configuration of trimers
on a zigzag ladder.

but increases substantially in the NM phase, reaching 0.6 Å at
100 K.

The undistorted global Pnma structure in the metallic
regime hosts a complex local distortion, revealed by inter-
atomic distances and angles derived from a P21/c model fit.
Crystallographically, the zigzag ladders in the bc planes are
undistorted, featuring uniform distances along the b axis and
bridging rung contacts [Fig. 3(a), top], with identical rung
bond angles, α0 [Fig. 3(b), top]. Locally, the structure ex-
hibits a short-short-long sequence of Ru-Ru distances along
the b axis [Fig. 3(a), bottom]. This portrays nearly linear
Ru trimers, a consequence of bond-charge disproportionation,
suggesting residual covalency and charge localization above
T1. Additionally, the rung bond angles from local P21/c model
form a nonuniform bimodal distribution: 4 adjacent angles are
observably smaller than the crystallographic average, α < α0,
whereas 2 adjacent angles are significantly larger, α > α0

[Fig. 3(b), bottom, and Fig. 3(c)]. This implies that local
Ru trimers arrange into hexamers on the zigzag ladder. In
contrast, the Ru distances constituting uniform zigzag chains
along the Pnma a axis have a rather narrow local distribution
(0.04–0.08 Å), Fig. 2(i), as they do not distort appreciably
at high temperature. The dominant distortion at T > T1 orig-
inates from Ru trimers aligned into hexamers. There is no
discernible out of plane coupling, consistent with a quasi-one-
dimensional disorder implicated by the ADP anisotropy.

The magnitude of local distortions changes marginally on
cooling across T1, whereas its dramatic increase is observed
below T2, as shown in Figs. 2(i) and 2(j), and Fig. 3(c).

C. Local structure from single crystal PDF

The observations garnered from the powder PDF analy-
sis establish the presence of a local structure distortion and
provide insights into its nature. A complementary view of

the distortion, independent of P21/c model, is offered by a
3D-�PDF analysis [50] that probes the difference between
the average and local structures directly [67]. This enables
exploring the distortions in the metallic phase (at 350 K) in
RuP crystal specimen, and their 3D aspects.

The diffuse intensity distribution shows broad, rodlike
signal in the Qz = 0 Å−1 slice, running parallel to the Qy

direction, as shown in Fig. 4(a). The diffuse intensity is not
confined to planes containing Bragg peaks, and also shows
interesting features between Bragg peaks, as can be seen in
Fig. 4(b), implying short-range correlations.

The corresponding 3D-�PDF is highly anisotropic (Sup-
plementary Note 4 [66]), with the strongest features found
in the Z = 0 Å plane, confined to line X = 0 Å, as high-
lighted in Figs. 4(c)–4(e). These features are coincident with
the location of overlapping Ru-Ru and P-P pair vectors.
However, the dominant contribution is from Ru-Ru rather
than P-P pairs, as the former have an order of magnitude
stronger scattering scale [see Fig. 2(c)], and inspection of r
locations where nonoverlapping P-P pair correlation vectors
are expected shows rather weak signal. The locations of the
strongest observed features are exactly those implicated in
the powder PDF analysis, representing Ru-Ru pairs running
parallel to the orthorhombic b axis. As highlighted in Figs. 4(f)
and 4(g), 3D-�PDF correlations are weak in the Z = 0 Å
plane along the X direction and are of the opposite sign
(blue-red-blue, corresponding to negative-positive-negative)
to those observed along the Y direction (red-blue-red), cor-
responding to in-phase correlated thermal vibrations with no
observable displacive component [50].

The signal associated with Ru-Ru correlations in the Z = 0
Å plane along the line X = 0 Å is rather unique. The first fea-
ture at Y = 3.1 Å contains a central negative (blue) lobe, with
two outer positive (red) lobes [see, e.g., Fig. 4(h)], indicating
that Ru-Ru nearest neighbors, marked by red bonds through-
out this work, are displaced off the average pair position,
along the orthorhombic b axis. This is consistent with bimodal
distribution of Ru-Ru interatomic vectors in this direction.
Importantly, the positive lobe closer to the origin is about
twice as strong as the positive lobe farther from the origin,
suggesting that Ru-Ru nearest neighbors in the local structure
adopt a 2:1 ratio of short to long bonds along the orthorhombic
b axis, indicative of a Ru trimer and consistent with powder
PDF observations.

The 3D-�PDF also provides insights on rail-to-rail cor-
relations within the zigzag ladder in the orthorhombic bc
plane. The Z = 2.5 Å plane along the line X = 0 Å shown in
Fig. 5(c) gives information on neighboring Ru chains along
the orthorhombic c axis, as shown in Fig. 5(a). The NN
Ru-Ru pairs along this direction, highlighted in Fig. 5(a)
by blue connections, do not show a distortion off the av-
erage structure site, but show a positive �PDF lobe at the
location of the average structure NN Ru-Ru pair, the sig-
nature of strong bonding. Conversely, Ru-Ru next-NN pairs
along this direction, highlighted in Fig. 5(a) by purple con-
nections, do exhibit a displacive distortion off the average
structure site. This indicates existence of shorter and longer
next-NN inter-rail pairs and supports the powder PDF obser-
vation of a hexamer-like association of local trimers on the
ladder.
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FIG. 4. Single-crystal view of the local state at high temperature. Slices of the diffuse intensity distribution measured from a RuP single
crystal at 350 K at (a) Qz = 0 Å−1 (containing Bragg peaks) and at (b) Qz = 12.44 Å−1 (between Bragg peaks). The lower right quadrants in
(a) and (b) contain the full intensity distribution and are shown over a broad intensity range to highlight Bragg peaks, while other quadrants
are a result of removing all Bragg peaks and shown over a narrower intensity range. Features of interest are shown inset on an enlarged scale.
After Fourier transform, the (c) Z = 0 Å cut of the 3D-�PDF shows the most significant features. The full 3D-PDF is shown in the lower right
quadrant of (c) to illustrate the average position of the Ru-Ru pairs in this plane, with the Ru-Ru nearest-neighbor and next-nearest-neighbor
features shown enlarged in the lower and upper left insets, respectively. Line cuts for the � and full PDF at Z = 0 Å along the [(d) and (e),
respectively]Y and [(f) and (g), respectively]X axes are shown, with the position of Ru-Ru pairs highlighted by dotted black lines. Dotted
envelope in (e) illustrates a decay of local correlations. The 3D-�PDF signal along the X = Z = 0 Å is consistent with the presence of trimers
along this direction, as depicted in (h). Strong (blue) negative features in (hII) indicate that Ru-Ru pairs in the local structure are displaced off
the average pair distance, shown along the dashed line and shifted to the right for clarity (hIII). Strong (red) positive features in (hII) indicate
these Ru-Ru pairs are shifted to longer and shorter distances in the local structure, as represented by gray circles and marked by black arrows
along the left-shifted dashed line (hI). The local distortion moving Ru-Ru nearest-neighbor pairs to shorter r is about twice as likely as that
moving these pairs to greater r, as implied by relative intensity of the features, consistent with the presence of two short and one long bond
associated with trimerization.

The Z = 0.5 Å plane, shown in Fig. 5(d), gives information
on Ru-Ru correlations in the orthorhombic ab plane, as shown
in Fig. 5(b). The NN Ru-Ru pairs in this plane, highlighted in
Fig. 5(b) by green connections, do not show a distortion off
the average structure site, but show a positive �PDF lobe at
the location of the average structure NN Ru-Ru pair, reflect-
ing in-phase thermal motion, associated with strong bonding.
Similarly, Ru-Ru next-NN pairs in this plane, highlighted in
Fig. 5(b) by orange connections, also do not show a displacive
distortion off the average structure site. This, taken together
with the P21/c model derived powder PDF observations of
rather small distortions of the green zigzag chains along the
orthorhombic a axis, suggests weak interladder hexamer cor-
relations.

Deviations from the average Pnma structure are not
detected beyond 15 Å in powder PDF analysis, whereas
the signatures of displacive distortions in 3D-�PDF are
highly anisotropic and confined to the orthorhombic bc plane
over a similarly narrow spatial range. This corroborates

quasi-one-dimensional character of fluctuations correlated
over a length scale of about two hexamer units.

IV. DISCUSSION AND CONCLUSIONS

A. Ru6 hexamers: Origin and fluctuations

The driving force behind this peculiar local
oligomer/hexamer built of trimers at high temperature is
the Fermi surface instability imposed by Pnma symmetry
and nominal 4d5 filling, embodied in flat degenerate bands
of Ru 4dxy t2g orbital character and DOS peaked at E f

[41,51,52]. Observed sizable bifurcation distortions result
from simultaneous contraction of adjacent Ru pair distances
sharing central Ru. Due to edge-sharing RuP6 connectivity
along the b axis, Fig. 1(a), the distortions involve precisely
t2g xy orbital overlaps, Fig. 3(a). Large distortions of the
longest of the three distinct NN Ru pair distances necessitate
bond-charge disproportionation and increased covalency of
the short Ru-Ru contacts, pointing to their electronic origin.
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FIG. 5. Local Ru inter-rail correlations. Diagrams depicting Ru
chains running along the Pnma b axis as viewed along the (a) Pnma a
axis and (b) Pnma c axis. The relevant 3D-�PDF slices at Z = 2.5 Å
and Z = 0.5 Å are shown in (c) and (d), respectively. The 3D-�PDF
feature associated with Ru-Ru NN pairs connected by blue lines in
(a) is highlighted in the blue square in (c), while that associated with
Ru-Ru next-NN pairs connected by purple lines in (a) is highlighted
in the purple square in (c). Similarly, Ru-Ru NN and next-NN pairs
are marked by green and orange contacts, respectively, in (b) and
highlighted in squares of matching color in (d). Total 3D-PDF, shown
in the lower right quadrant of (c) and (d), illustrates the average
location of the Ru-Ru pair vectors in these planes.

This picture is further supported by DFT calculations on
fully converged average and local models of the 370 K PDF
data. Calculations using the orthorhombic average structure
reproduce the instability; flat bands are seen in the T-R
(along the Pnma a axis) and R-S (along the Pnma c axis;
Supplementary Note 5 [66]) directions, Fig. 6(b), with peak
in DOS at E f , black trace in Fig. 6(a). In contrast, calculations
using global monoclinic distorted phase based on the local
model show removal of the instability, Fig. 6(c), by opening
a small gap around the T-R-S line and splitting of DOS
at E f [red trace in Fig. 6(a)] thus lifting the degeneracy
of the flat bands, albeit partially. While further theoretical
investigations are necessary to fully comprehend the exact
mechanism behind the monoclinic distortion and metal
to insulator transition, our calculations confirm casuality
between the electronic instability and crystallographic
symmetry breaking. The distortions driven by this instability
could then be considered as a fingerprint of PG fluctuations.
This is further corroborated by the fact that local distortions
retain their magnitude and character upon entering the PG
phase, Figs. 2(i) and 2(j) and Fig. 3(c). It is this nanoscale
temperature invariance of the distortions that qualifies them
as fluctuations of the PG phase.

In this picture the trimerization represents a primary re-
sponse, with the hexamers being, arguably, a consequence
of elastic energy penalty minimization associated with short-
range trimer correlations. To illustrate this, we consider a
nonhexamer arrangement of trimers on a ladder, Fig. 3(e),
where the trimers on the opposite rails are offset by one
Ru position with respect to their hexamer arrangement de-
picted in Fig. 3(b). Here, the central Ru atom of the trimer
on the bottom rail faces the long intertrimer distance on

FIG. 6. Electronic structure and Ru oligomerization. (a) Com-
parison of DOS calculated for the orthorhombic and monoclinic
structures derived from 370 K PDF analysis. Inset: DOS near Ef

reveals ∼100 meV splitting. Unfolded band structure in the Brillouin
zone of the orthorhombic cell for (b) undistorted orthorhombic struc-
ture expressed in the monoclinic setting and (c) distorted monoclinic
structure, where the line intensity reflects spectral weight. In (c),
a small gap opens along the direction of the flat bands (T-R-S),
consistent with the splitting of DOS in (a). (d) Segment of distorted
structure from 15 Å fit to 10 K PDF data. The zigzag chains, undis-
torted in the orthorhombic structure, form triplets composed of two
chain types. The first type, D, features shorter (∼2.79 Å) dimer-like
Ru-Ru contacts (colored red) connecting three Ru6 hexamers on ad-
jacent ladders, and longer Ru-Ru contact (∼2.85 Å on average). The
second type, ND, is less distorted and with no dimer-like contacts.
The triplet consists of two D-type chains and one ND-type chain.
Hexamers organize into higher-order oligomers, implying modified
orbital occupancy at T2 as interladder correlations develop.

the top rail. Compared to the hexamer configuration, this
configuration involves a larger number of energetically ex-
pensive rung bond-stretching distortions, dotted blue lines in
Fig. 3(e). Since the trimer pairing minimizes bond stretching
and engages fewer energetically less expensive bond-bending
distortion modes, hexamer formation is likely favored.

The undistorted structure is retrieved by spatiotemporal
averaging of the distortions. As an energy-integrating method,
PDF does not distinguish static from dynamic distortions.
While purely static distortions, incoherently distributed across
the ladders and randomized by defects, would be consistent
with lack of long-range order, local distortions are more likely
dynamic, brought about by temporal fluctuations of the trimer
bond/charge. Dynamic alternations of hexamer orientations,
illustrated in Fig. 3(d), are expected to be entropically stabi-
lized.

B. Implications for electronic properties

The observed Ru6 fluctuations provide a rationale for poor
metallic conduction of RuP above the two-stage transition,
seen previously in some metallic spinels [34,68]. They further
act as a precursor to the two-stage transition, evident from the

214516-6



FLUCTUATING RU TRIMER PRECURSOR TO A … PHYSICAL REVIEW B 106, 214516 (2022)

evolution of local distortion with temperature, Fig. 2(i) and
Fig. 3(c).

The lack of local structure changes at T1 implies the PG
transition has an order-disorder character (see Supplementary
Note 6 [66]), where hexamer stripes are gradually formed,
governed by an energy scale lower than that of hexamer
formation. This is consistent with reported temperature de-
pendence of the Knight shifts across the metal-PG transition
in RuP [43]. Interhexamer correlations grow in the PG phase
on approaching the NM transition, coincident with antifer-
romagnetic fluctuations seen by nuclear magnetic resonance
[43,46]. The intrahexamer bonding strengthens, reflected in
contraction of blue (rungs) and short red (intratrimer) Ru-Ru
distances, Fig. 2(i), whereas the intraladder interhexamer cou-
pling weakens, seen as relaxation of intertrimer contacts [long
red distances in Fig. 2(i)] and interhexamer angles [top branch
in Fig. 3(c)]. Notably, the distribution of Ru-Ru contacts along
the orthorhombic a axis [zigzag chains; green data in Fig. 2(i)]
broadens, implying development of 3D interhexamer correla-
tions.

Below T2, in the NM phase, the local structure changes
more abruptly, and the bimodal splitting, Fig. 2(j), increases
by 50% as hexamers compact and distance from each other
on the ladders. Such large local distortion enhancements were
found in systems with spin-singlet ground states exhibiting
orbital molecules [34,68,69]. Interestingly, fits of Pnma and
P21/c models to the diffraction data, although both strictly
inadequate, indicate negative thermal expansion of respective
(a, b) and (a, c) axes in the PG phase (Supplementary Note 3
[66]). Similar negative thermal expansion was seen in CrSe2

[70] in association with metal cluster fluctuations, where
Peierls-like instability leads to an orbitally ordered ground
state of linear trimers [71]. While detailed crystallographic
characterization is required to grasp the full complexity of
the ground state, assessment of local structure from 10 K
PDF fit suggests further complex oligomerization such as de-
picted in Fig. 6(d). The structure features two types of zigzag
chains consistent with cell tripling in all three directions (see
Supplementary Note 7 [66]). Two neighboring chains of one
type [D in Fig. 6(d)] are distorted and carry short dimer-like
interhexamer contacts, whereas the third chain constituting
the other type [ND in Fig. 6(d)] does not exhibit such short
contacts. This results in triplets of dimer-bound hexamers.
We recently became aware of a report of the ground state
structure of RuP, confirming the P21/c symmetry and linear
Ru trimerization involving orbital molecules proposed to be
associated with four electron/three center bonding [72]. This
is consistent with the low-temperature local structure retrieved
from the 1D-PDF analysis. We note that the trimers in the NM

phase are likely electronically distinct from those observed
in the PG and metallic regimes. This invites a detailed local
spectroscopic survey of the Ru valence state evolution across
different electronic phases.

In summary, orbital-charge fluctuations of the PG phase,
fingerprints of which are established here, are an important
hitherto overlooked ingredient of the complex phase diagram
of binary RuPn. The electron-doping induced SC state in both
RuP and RuAs derived compositions with a maximum transi-
tion temperature, at the QCP of the PG phase, was attributed to
the conventional single-band weak coupling Bardeen-Cooper-
Schrieffer (BCS) model [73]. Notably, a linear temperature
dependence of the upper critical field, Hc2, persists down to
the lowest temperature with no saturation tendency, a behavior
not expected for an isotropic single-band BCS superconduc-
tor. This observation, as well as dramatically different SC
dome maximum transition temperatures in RuP, RuAs, and
RuSb families [39], raises an important question, in light
of our PDF observations, of the exact role of orbital-charge
fluctuations in SC pairing [74] and/or enhancement of Tc, e.g.,
via tuning of the effective electron-hole interactions [44], near
the PG quantum critical point [75] as well as of the interplay
with reported antiferromagnetic fluctuations in the PG regime.
Systematic mapping of orbital-charge fluctuations across the
complex electronic phase diagram of binary RuPn would be
highly desirable to address this matter.
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