Role of local Ru hexamers in superconductivity of ruthenium phosphide
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Note 1: Global structure of metallic state

Sample used in this study exhibits MnP-type Pnma
structure in its metallic phase above T1=330 K, Fig. S1,
consistent with previous reports [1]. The model yields
enlarged Uss of Ru 3 times larger than Uy, and Usg, im-
plying quasi-one-dimensional disorder along the b-axis in
this temperature regime. The origin of this is the for-
mation of hexamer fluctuations discussed in Main Text,
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FIG. S1. Average structure of RuP in metallic regime.
(top) Rietveld fit of the orthorhombic Pnma model to 370 K
powder data. (bottom) Structure parameters extracted from
the fit. Small (<5% level by volume) contamination of 5-Sn
from residual flux is present, evident as a weak reflection at
ca. 4.3 degrees 26.

* bozin@bnl.gov

Pdiﬁ P
Z =0.00 A 0.100 [10.030
157
P 0.075
L0.025
104
0.050
1 L0.020
3 0.025
< o 0.000 J}0.015
>—
-0.025
=3 : L0.010
-0.050
10 L 0.005
-0.075
-15 T . .
-10 0 10 -0.100 L 0.000

X (R)

FIG. S2. Z=0 slice of RuP 3D-APDF at 350 K. Highly
anisotropic response in differential 3D-APDF; signal decays
by 15 A. Total 3D-PDF is shown in the upper right quadrant.

which are unaccounted for in the Pnma model and hence
results in observed enlarged Ru ADP components of the
principal disorder direction.

Note 2: Local correlations from 3D-APDF

Representative Z=0 slices of 3D-PDF and 3D-APDF
are shown in figure Fig. S2. Dominant signal originates
from Ru sublattice. As discussed in Main Text, the differ-
ential signal is highly anisotropic, reflecting short range
structure along the orthorhombic b-axis that is differ-
ent from the global Pnma strucure. The extent of local
structure correlations is limited to a length-scale of about
15 A, in agreement with powder derived results.

Note 3: On thermal evolution of RuP lattice

Qualitative assessment of the RuP lattice evolution with
temperature is obtained from Rietveld fits of Pnma and
P2, /c models to the diffraction data. Although both
models are strictly inadequate descriptions of the global
structure, Pnma below 330 K and P2;/c over the en-
tire temperature range, they reveal negative thermal ex-
pansion (NTE) features of respective (a, b) and (a, c)
axes in the PG phase, Fig. S3. Similar negative thermal
expansion was observed in CrSep [2] and attributed to
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FIG. S 3. Qualitative T-evolution of the RuP lattice.
(a) Pnma view from Rietveld refinements. (b) P21/c view
from Rietveld refinements. Bottom panels show structure
models with axes color coded to match the colors of the tem-
perature trends shown in (a) and (b). Gray spheres represent
Ru atoms, while orange spheres mark P.

fluctuations of metallic clusters. In analogy, we take this
NTE as an indicator consistent with complex clustering
in the PG regime of RuP. Observed Rug hexamers are
presumably the basic building blocks of these clusters.

Note 4: On character of the two transitions

Thermal evolution of experimental PDFs provides useful
insights into the character of structural changes at the
PG & NM transitions occurring at T; and Ts, respec-
tively, on different length-scales. In Fig. S4(a) and (b)
we show a stack of data corresponding to the measured
temperature range. The data are grouped by color to em-
phasize the regime they belong to: red (metallic), blue
(pseudogap), and cyan (nonmetallic).

Notably, in Fig. S4(b) red PDFs belonging to metal-
lic regime display the sharpest features, with broadening
at T7 and more dramatic redistribution with new peaks
appearing below Ts. In the absence of global symmetry
changes, PDF features normally broaden on warming ac-
companied by simultaneous intensity reduction, reflect-
ing enhanced thermal vibrations. Observation of PDF
features narrowing and sharpening for T > T; then indi-
cates global symmetry increase (Pnma) as the long range
hexamer order is removed, or, conversely, broadening for
T < T; and redistribution for T < Ty with new PDF
peaks occurring in the NM phase signifies global symme-
try reductions at both transitions. In contrast, features
describing the very short range structure, Fig. S4(a),
exhibit canonical thermal behavior where the features
gradually sharpen on cooling across T1, and more abrupt
changes across Ts.

In Fig. S4(c) three experimental PDFs representative
of three temperature regimes are shown over a narrow
r-range, with their differences underneath. The change
between 370 K and 300 K (bracing T;, data are 70 K
apart) is small and thermal in character, with no evidence

—r— —— .
b 10 K — 260 K 41

& - &
<, 265K-330K 4 X
O] O]
w e
[a) ([
o a
L0 o
£ IS
S V 2
< | | Mwsk=apokV ] ssk-sok 4 <
2 4 6 8 10 20 22 24 26 28 30
Interatomic distance, r (A)
—~ R —_
¥ 2 1 & 1 1 x
< g~ d <
) 1o3 [U22%! ! f
w = ".,\ | =
o <. [uss | [
Q 0 5=2 |Usz : S _5
Lo | 4y [ 1 8
g = 2 I‘M : -, ;
-2 conntl SRR L A N
250 300 350 250 300 350

Interatomic distance, r (A) Temperature (K)

FIG. S4. T-evolution of experimental PDFs. (a) Stack
of data, collected on cooling, on sub-nanometer length-scale
depicting local structure evolution. (b) The same stack of
data over longer length-scale exhibiting global structure be-
havior. Distinct temperature ranges corresponding to dif-
ferent phases are color coded, as indicated. (c) Compari-
son of representative PDFs belonging to metallic (red), pseu-
dogap (blue), and nonmagnetic (cyan) regimes, with their
differences shown offset for clarity. Corresponding temper-
atures are as indicated. Arrows mark features addressed in
text. (d) Evolution of Pnma anisotropic ADPs of Ru over
a selected temperature range. (e) Fit residual for Pnma
model fit (15 < 7 < 50 A range) over a selected temperature
range. Vertical lines mark transitions observed in diffraction
described in Main Text.

of change in the local symmetry. On the other hand, the
change between 300 K and 230 K (bracing T5, data are
70 K apart) is substantial. In addition to sharpening that
is expected on cooling, the change involves dramatic in-
tensity redistribution involving distinct features around
ca. 3 A which are consistent with hexamer stabilization
and further local distortions in the NM phase, as dis-
cussed in Main Text. While the symmetry of the global
structure changes at both transitions, lack of local struc-
ture change across T; implies an order-disorder compo-
nent of the PG transition where at least partial ordering
of hexamers is established, with local symmetry changing
only across Ts and in the NM phase and consistent with
further complex oligomerization discussed in Main Text.
Evolution of anisotropic ADPs of Ru and the Pnma fit
residual, Fig. S4(d), (e), support this picture.

Note 5: Single crystal diffraction considerations

Selected reciprocal space slices of single crystal diffrac-
tion data are shown in Fig. S5. In the metallic phase
at 350 K pronounced arcs (Fig. S5(a)), and butterfly &
oval features (Fig. S5(b)) can be seen, constituting a rich
diffuse scattering signal associated with short range hex-
amer precursors discussed in Main Text. In the pseudo-
gap phase at 300 K superlattice reflections appear (Fig.
S5(c), (d)), while the diffuse scattering signal evolves.
In the nonmagnetic phase at 10 K new superlattice re-
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FIG. S 5. Crystal diffuse scattering: broad Q-range.
Selected slices of reciprocal space data: Q,=5.97 A~ (left)
and Q,=2.20 A~! (right) at 350 K, (a) and (b), 300 K, (c)
and (d), and 10 K, (e) and (f).

flections are observed, with no apparent diffuse signal
observable (Fig. S5(e), (f)).

Additional single crystal scattering data collected on
cooling over a narrower portion of reciprocal space
around (200) g7 reflection in Pnma notation show ap-
pearance of different superlattice reflections, similar to
these from the original report [1]. Below Ty, in the PG
phase, 1/4 and 1/5 superlattice reflections are observed
(Fig. S6) and persist down to the lowest measured tem-
perature. They coexist with 1/3 peaks associated with
the NM phase, addressed next, that appear below T, as
can be observed at the lower left panel of Fig. S6. The
spurious peaks observed at high temperature result from
crystal twinning and are still present along new super-
structure peaks in the PG phase. In addition, a strong
diagonal diffuse scattering is also present.

Below T4, 1/3 reflections appear in all three directions,
Fig. S7. The two peaks for h = 3 and 1 very close to 2/3
and 4/3, are not related to these superstructure peaks,
but are most probably derived from the diffuse scatter-
ing at observed at integer h values. The diffuse scatter-
ing observed in metallic and pseudogap regimes would
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FIG. S 6. Bragg scattering scan around (200)g7. Top
row of panels is k=1/4 slice at 222 K (left), 270 K (middle)
and 343 K (right). Bottom row of panels is h = 20/4 slice at
222 K (left), 270 K (middle) and 343 K (right).
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FIG. S 7. Bragg scattering scan around (200)z7r. Top
row of panels is k=1/3 slice at 222 K (left), 270 K (middle)
and 343 K (right). Bottom row of panels is h = 14/3 slice at
222 K (left), 270 K (middle) and 343 K (right).

suggest that it is a precursor for the NM structural tran-
sition. However, more likely scenario is that the ordering
of hexamers does not complete by the time temperature
at which non-magnetic phase sets in is reached. The
preference for the latter interpretation stems from the
observation of diffuse scattering appearing in relation to
1/4 rather than 1/3 reflections. This supports scenario
discussed in Main Text, according to which hexamer fluc-
tuations are precursors to pseudogap phase, which order
at the T; transition. Observation of 1/3 reflections below
the T transition is fully consistent with dimerization ob-
served in the local structure model along the orthorhom-
bic a-axis, as well as further complex oligomerization of
hexamers reflecting stripe-like lamellar ordering details
of which require full crystallographic structure solution.
We note here that the observed superlattice peaks occur
slightly off of their nominal positions, which could im-
ply that the underlying structure is incommensurate. In



FIG. S 8. Reciprocal space details. (a) The Brillouin
zone of the orthorhombic cell showing reciprocal lattice vec-
tors and high symmetry points. (b) Calculated Fermi surface
corresponding to the orthorhombic Pnma phase.

this case locally commensurate structure domains sep-
arated by discommensuration domain walls is a distinct
scenario. Notably, the length-scale probed by the powder
PDF is sufficiently small as to represent the intra-domain
structure.

Note 6: Reciprocal space details

The directions discussed in Main Text that connect high
symmetry points in the Brillouin zone of the orthorhom-
bic Pnma structure are shown in Fig. S8(a). Notably,
calculated Fermi surface for the global structure at 370 K
features flat sheets at the Brillouin zone edge, whose nor-
mal vector is parallel to the b* axis of the reciprocal
space, as seen in Fig. S8(b).
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