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This Supplemental Material (SM) accompanies the main article, “Microscopic Mechanisms and Dual Path-
ways of 5f Electron Itinerancy Tuned by Ligand Chemistry and Pressure in Paramagnetic Uranium Dipnictides”,
and provides additional methodological details and extended analyses that support the results presented in the
main manuscript. Because the main article necessarily presents many aspects of the study in a compact and
integrated form through representative figures and concise discussions, the SM expands on selected topics by
examining specific results in greater detail and by providing supporting data that could not be included in the
primary text due to space limitations. In particular, the SM extends the discussion of numerical convergence
presented in Appendix A AIV of the main paper by providing additional diagnostics for the charge—self-
consistent DFT+DMFT calculations. Furthermore, it presents a comprehensive analysis of the uranium 5f
electronic structure of UP; in its experimentally determined I4/mmm crystal structure, corresponding to the
full content of Appendix B of the main manuscript. This includes detailed spectral functions, densities of states,
valence-state histograms, and thermodynamic observables under both ambient and compressed conditions. In
addition, the SM provides a self-contained clarification of the uranium atomic-term hierarchy, explicitly dis-
tinguishing the many-electron °Lg atomic ground multiplet from the one-electron relativistic 5f basis used
in the DFT+DMFT implementation. In this computational basis, the 14-dimensional 5 f shell is organized into
Jj=5/2and j = 7/2 sectors and, in the strong-SOC tetragonal limit, into seven Kramers doublets. The SM also
documents the symmetry reduction and solver-input construction of the hybridization function, tracing the
workflow from case.d1lt1 through sjoin.pyandDelta.imptoDelta. inp, and further presents
the operator-based procedure used to extract paramagnetic local moments from CT-QMC probability distri-
butions. By expanding these specific components and presenting more detailed analyses, the SM provides a
deeper technical and physical foundation for the hybridization-controlled picture of 5f itinerancy developed

in the main article.
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SMI. INTRODUCTION

This document constitutes the Supplemental Material (SM)
for the main article entitled “Microscopic Mechanisms and
Dual Pathways of 5f Electron Itinerancy Tuned by Ligand
Chemistry and Pressure in Paramagnetic Uranium Dipnic-
tides”. The main manuscript presents a unified investigation
of the electronic structure of UX; (X = P, As, Sb), demonstrat-
ing how uranium-ligand hybridization governs the degree of
itinerancy of the U 5 f electrons and how this behavior can be
tuned through two complementary mechanisms: ligand sub-
stitution and hydrostatic pressure. To emphasize the central
physical picture, the main article presents many aspects of
the results in a compact and integrated form using represen-
tative figures and concise discussions.

Because of the limited space available in the main
manuscript, several technical details and extended analyses
are necessarily summarized there. The purpose of this Sup-
plemental Material (SM) is therefore to provide a more de-
tailed presentation of selected aspects of the study and to
supply additional supporting results that reinforce the con-
clusions of the main work.

First, the SM expands upon part of the convergence analy-
sis introduced in Appendix A AIV of the main paper. In par-
ticular, we provide a more detailed examination of the nu-
merical stability of the charge—self-consistent DFT+DMFT
calculations by presenting diagnostics of both the outer
charge-self-consistent cycle and the inner DMFT impurity
loop. These results demonstrate the robustness of the compu-
tational procedure and confirm that the electronic structures
reported in the main manuscript are obtained from fully con-
verged paramagnetic solutions at T = 300 K.

Second, the SM contains a comprehensive presentation
of the results associated with Appendix B in the main pa-
per, including Apendices B BI and B BII of the main paper,
which concerns the electronic structure of UP; in its exper-
imentally determined I4/mmm crystal structure. While the
main manuscript primarily employs the unified P4/nmm ref-
erence structure to facilitate systematic comparisons across
the UXj; series, the analysis presented here examines the
I4/mmm phase in detail. We present extended momentum-
resolved spectral functions, spin-orbit-resolved densities of
states, valence-state histograms, and thermodynamic diag-

nostics including the average 5f occupancy (nss), the local
magnetic susceptibility yioc, and the dynamical local moment
v, both at ambient pressure and under hydrostatic compres-
sion.

Third, the SM clarifies the hierarchy of descriptions rele-
vant to the uranium 5f shell. At the many-electron atomic
level, the free-ion ground term is >Le, whereas in the relativis-
tic one-electron basis used in DFT+DMFT the 14-dimensional
5f shell separates into j = 5/2 and j = 7/2 sectors with di-
mensions six and eight, respectively. Under tetragonal sym-
metry in the strong-SOC limit, these relativistic sectors fur-
ther split into seven Kramers doublets. This distinction is
important for connecting the atomic discussion to the corre-
lated basis actually used in the calculations.

Fourth, the SM documents the construction and use of
the hybridization function in explicit workflow form. Sec-
tion SMV shows how the matrix-valued hybridization output
of the DFT+DMFT cycle is reduced into symmetry-resolved
channels through sjoin. py, stored in Delta. imp, re-
formatted by ctqmce. py into Delta. inp, and then re-
constructed internally within the CT-QMC solver. This
makes precise the provenance of the hybridization quantities
analyzed in the main text and clarifies that they represent
symmetry-reduced channels rather than the unreduced full
hybridization matrix.

Finally, the SM provides an explicit operator-based work-
flow for evaluating the paramagnetic local moment from
the CT-QMC impurity solution. This includes the activa-
tion of the corresponding sampling mode, the accumulation
of impurity-state probabilities, and the post-processing pro-
cedure used to obtain the reported root-mean-square longi-
tudinal moment from the impurity density matrix, as docu-
mented in Sec. SMVL

By providing a more comprehensive analysis of the
I4/mmm phase of UP; and additional convergence diag-
nostics for the DFT+DMFT calculations, the SM comple-
ments the compact presentation of the main manuscript.
These methodological additions also strengthen the trans-
parency and reproducibility of the computational workflow
and make more explicit the connection between the atomic,
hybridization-resolved, and impurity-solver levels of descrip-
tion. These extended results further substantiate the central
conclusion of the study: that uranium-ligand hybridization
plays the dominant role in controlling the degree of 5 f itiner-
ancy in UX,, while external pressure provides an additional
pathway for tuning the hybridization strength and the result-
ing electronic correlations.

SMII. NUMERICAL CONVERGENCE AND STABILITY OF
THE OUTER CHARGE-SELF-CONSISTENT DFT+DMFT
CYCLE

The charge-self-consistent DFT+DMFT calculations are
performed through a hierarchical iterative procedure con-
sisting of two nested self-consistent loops. The first level is
the outer DFT+DMFT cycle, which updates the lattice charge
density and the Kohn-Sham electronic structure. Embedded
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FIG. SM1. Convergence of the outer (global) charge-self-consistent DFT+DMFT loop including SOC at zero pressure for UPz, UAsy, and
USb;. The evolution of the chemical potential i and the total energy relative to the final converged value, Eiot — Eo, is shown as a function
of the outer DFT+DMFT iteration number, where Eq denotes the total energy at the final outer iteration. Panel (a) displays the behavior of
pt during the full charge—self-consistent cycle, while panels (b—d) present the corresponding relative total energies Etot — Eq for the three
compounds. In all materials, y and Eot — Eg exhibit an initial transient regime and subsequently approach a well-defined plateau by iterations
~8-10, indicating convergence of the full charge-self-consistent DFT+DMFT cycle, with the remaining energy variations lying within the
adopted total-energy convergence threshold of 107> Ry (see Sec. SMIV).

within this cycle is a second, faster inner DMFT loop that de-
termines the correlated impurity self-energy for the current
electronic environment. The two loops operate on different
levels of the calculation and therefore exhibit distinct conver-
gence behavior.

Figure SM1 characterizes the convergence of the outer
charge-self-consistent DFT+DMFT loop. In this global cy-
cle the DFT electronic structure (through the LAPW steps)
and the DMFT impurity solution are repeatedly coupled un-
til a stable electronic charge density and interacting Fermi
level are obtained. The chemical potential y and the total en-
ergy relative to the final converged value, Eot — Eo, provide
sensitive indicators of this global convergence because they
reflect the combined effect of the Kohn-Sham potential, the
correlated DMFT self-energy, and the charge redistribution
between successive iterations.

Figure SM1(a) shows the evolution of the chemical poten-
tial as a function of the outer iteration number for UP,, UAs,,
and USb,. In all three systems p evolves smoothly during the
first few iterations and subsequently approaches a stationary
value. After approximately 8-10 iterations the changes in y
become negligible, indicating that the interacting Fermi level
and the charge density have reached a stable self-consistent
solution.

A similar behavior is observed for the relative total en-
ergy Eiot — Eo shown in Figs. SM1(b)-SM1(d). The initial it-
erations correspond to a transient regime in which the elec-
tronic charge density and the correlated self-energy adjust
to one another. As the calculation proceeds, the total energy
gradually stabilizes and forms a clear plateau. The simulta-
neous saturation of y and Ey,; — Eg demonstrates that the full
DFT+DMFT charge-self-consistent cycle has converged.

The converged chemical potential extracted from this
plateau defines the Fermi level used to set the zero of energy
when constructing the momentum-resolved spectral func-
tions of the UX; compounds in the P4/nmm phase at zero
pressure, shown in Figs. 3(a)—(c) of the main paper. The same
procedure, not shown here, was also applied for the spectra in
the P4/nmm phase under pressure [Figs. 3(d)—(f) of the main
paper], as well as for the UP; compound in the I4/mmm phase

at zero pressure [Fig. B2(a)] and at P = 4.427 GPa [Fig. B2(b)
of the main paper]. Consequently, the Fermi-level alignment
in all spectra follows directly from the fully self-consistent
DFT+DMFT solution.

All calculations were performed in the PM regime at T =
300 K, well above the Néel temperatures of UP,, UAs,, and
USb; [1-3]. The plateau behavior observed in Fig. SM1 there-
fore confirms that the spectral features discussed in this work
originate from a numerically stable DFT+DMFT solution.

SMIII. NUMERICAL CONVERGENCE AND STABILITY OF

THE INNER DMFT IMPURITY LOOP

While Fig. SM1 monitors the convergence of the global
DFT+DMFT cycle, Fig. SM2 focuses on the convergence of
the inner DMFT loop. This inner cycle represents the itera-
tive solution of the quantum impurity problem.

In this stage the local lattice Green’s function obtained
from the DFT electronic structure is used to construct the
hybridization function of the impurity model. The impurity
solver then produces a correlated self-energy > (w), which is
fed back into the lattice Green’s function and the DMFT equa-
tions. This procedure is repeated until the impurity Green’s
function and the self-energy become internally consistent.
Importantly, the calculation proceeds to the next step of the
outer DFT+DMEFT cycle only after this inner DMFT loop has
reached convergence.

Figure SM2 shows the evolution of i [panels (a-c)] and the
relative total energy Eiot — Eo [panels (d—f)] as a function of
the inner DMFT iteration number during the final outer cycle
(N = 12), where E, corresponds to the converged total energy
of this outer iteration. In contrast to the slower convergence
of the global charge-self-consistent loop, the quantities in
the inner DMFT iteration stabilize rapidly after only a few
iterations.

This rapid stabilization demonstrates that the impurity
self-energy and the lattice Green’s function reach mutual
consistency within only a few iterations once the lattice
charge density is fixed. Consequently, the slower conver-
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FIG. SM2. Convergence of the inner (embedded) DMFT impurity loop within the outer charge—self-consistent DFT+DMFT cycle including
SOC at zero pressure for UPy, UAsy, and USb;. The results are evaluated during the final outer iteration (N = 12). The chemical potential y
and the relative total energy Eiot — Eo are plotted as functions of the inner DMFT iteration number, where Ej denotes the converged total
energy of the final outer iteration. Panels (a—c) show the evolution of y for UPy, UAsy, and USbg, respectively, while panels (d-f) display the
corresponding relative energies Etot — Eg, demonstrating the rapid stabilization of the inner DMFT loop.

gence observed in Fig. SM1 is governed primarily by the
global charge-self—consistent cycle rather than by the im-
purity solver itself.

Taken together, Figs. SM1 and
two complementary levels of convergence in the
DFT+DMFT framework: the slower convergence of the
outer charge—self-consistent electronic structure and the
much faster convergence of the inner DMFT impurity
problem embedded within each outer iteration.

SM2 illustrate the

SMIV. CONVERGENCE AND VALIDATION

The convergence behavior of the outer charge-self-
consistent DFT+DMFT cycle and the inner DMFT impurity
loop is illustrated in the previous sections. In the present
calculations, the outer loop was considered converged when
the change in total charge between successive iterations was
smaller than 10~*e per formula unit and the total energy
variation was below 107> Ry.

Within each outer iteration, the impurity problem was
solved self-consistently until the change in impurity oc-
cupancy between successive inner iterations was less than
1073 and the Matsubara Green’s functions and self-energies
became stable within the statistical accuracy of the solver.
These criteria ensure that both the Kohn-Sham charge den-
sity and the DMFT self-energy are numerically converged.

Additional consistency checks were performed to verify

the stability of the projector construction and the embed-
ding procedure. These tests confirmed that the calculated
electronic and magnetic properties are robust with respect
to small numerical variations, ensuring the reliability of the
reported results.

SMV. HYBRIDIZATION-FUNCTION CONSTRUCTION
AND SOLVER-INPUT WORKFLOW

To clarify the provenance, matrix structure, reduction, and
computational use of the hybridization functions analyzed
in Fig. 2, we summarize in Fig. SM3 the complete work-
flow connecting the DFT+DMFT output to the final CT-QMC
impurity-solver input. This clarification is important because
the quantity plotted in Fig. 2 is not the unreduced matrix-
valued hybridization itself, but a symmetry-reduced channel
quantity derived from it.

The starting point of the workflow is the DFT+DMFT
stage, which generates the intermediate file case.dl1t1.
This file stores the Matsubara-frequency hybridization data
in terms of independent complex components. In the cor-
related subspace, however, the hybridization function is
matrix-valued, and its interpretation therefore requires struc-
tural information specifying how the independent compo-
nents are organized.

This  structural information is  provided by
case.indmfl, which defines the local correlated
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FIG. SM3. Workflow used to construct the hybridization functions discussed in Fig. 2. The DFT+DMFT stage generates the intermediate
file case.d1lt1, which stores Matsubara-frequency hybridization data in terms of independent complex components. The correlated sub-
space is defined by case. indmf 1, which provides the block- and symmetry-resolved structure used in the reduction stage. The script
sjoin.pyreads case.dlt1, groups symmetry-equivalent components, and constructs reduced hybridization channels by component-
wise arithmetic averaging, AS'®(wp,) = N%l 2pe&, Dp(wn). The resulting reduced channels are written to Delta. imp, then processed by
ctgmc. py into the impurity-solver input file Delta . inp. In the CT-QMC solver, implemented in ctgmc . cc, these independent chan-
nels are assigned through internal flavor-index mappings and used to reconstruct the matrix-valued impurity hybridization. Accordingly,
the curves shown in Fig. 2 represent the imaginary part of the symmetry-reduced hybridization function, JA}"®(w), or, when presented in
block-resolved form, the corresponding j-resolved channels. These plotted quantities are symmetry-reduced channel functions and should
not, in general, be interpreted as the trace of the full hybridization matrix.

subspace together with its block and symmetry organi-
zation. In practical usage, this file is read and processed
through the DMFT interface tools by constructing an
Indmfl object and invoking its read () method. The
internal organization of the correlated subspace is governed
by the parameter qsplit, whose allowed conventions
are documented in indmffile.py. In the present
calculation, case.indmf1l sets qsplit=4 for the cor-
related uranium sites. In the indmffile. py convention,
gsplit=4 denotes the relativistic |j,m;) representation,
retaining the two spin-orbit split subspaces j = [ — 1/2
and j = [ + 1/2 as separate manifolds. For the uranium f
shell, these correspond to the two total-angular-momentum
sectors j = l—% = 5/2and j = l+% = 7/2, which are
explicitly identified as separate blocks in case.indmf1.

Therefore, the independent hybridization data are organized
in a form consistent with separate j = 5/2 and j = 7/2
channels, rather than as a single undifferentiated 14 x 14
object.

The next step is the symmetry reduction of the in-
dependent hybridization components. As implemented
in sjoin.py, the code reads the hybridization file
case.dlt1 and writes the reduced output Delta. imp.
In this step, symmetry-equivalent components are accumu-
lated with multiplicity normalization, as seen explicitly from
the update rules used for the real and imaginary parts. For
a given symmetry class a, we therefore define the reduced



hybridization channel as

A (on) = 1 > Aplon), (sm1)

a pe&a

where &, denotes the set of independent components as-
signed to symmetry class a, and N, = |&E,]| is its multiplicity.
Equation (SM1) is the explicit reduction by which the matrix-
valued hybridization is converted into the channel-resolved
quantity used for analysis.

The quantities displayed in Fig. 2 are based on these re-
duced channels. Specifically, the plotted curves correspond
to

IJNTE(w), (SM2)
or, equivalently, to manifold-resolved symmetry-averaged
hybridization channels associated with a given relativistic
sector. Thus, although A(w) is formally a matrix quantity,
the data shown in Fig. 2 are channel-resolved quantities ob-
tained from that matrix through the averaging operation in
Eq. (SM1). In general, this symmetry-averaged channel is
not identical to the normalized trace of the corresponding
hybridization block; the two coincide only if the averaging
set exhausts the complete set of diagonal components enter-
ing that block with equal weight. In this sense, Fig. 2 does
not display the full j = 5/2 or j = 7/2 hybridization block
directly, but rather the imaginary part of the corresponding
symmetry-reduced channel derived from it.

This reduction step is physically motivated and not merely
a graphical simplification. In a relativistic correlated-orbital
problem, the raw hybridization output may contain several
entries that are symmetry-equivalent but separately listed
because of basis indexing and internal matrix representa-
tion. The averaging defined in Eq. (SM1) removes this re-
dundancy and yields a compact set of channels that can be
compared directly across different thermodynamic or struc-
tural conditions. The resulting reduced channels are written
toDelta. imp, which therefore serves as the first analysis-
oriented output of the workflow.

After the reduced hybridization channels have been con-
structed, the workflow proceeds to the solver-input prepa-
ration stage. The script ctgmc. py defines Delta. inp
as the solver hybridization input and writes that file in the
impurity-solver directory. This step is computationally im-
portant because the representation most suitable for anal-
ysis is not necessarily identical to the representation re-
quired by the solver. The file Delta. imp is convenient for
symmetry-resolved interpretation, whereas Delta. inp is
designed for efficient parsing and channel assignment within
the impurity solver. The role of ctgmc. py is therefore to
translate the reduced hybridization data from an analysis-
oriented form into a solver-oriented form without changing
their physical content.

The next stage is the CT-QMC solver itself, represented
in Fig. SM3 by ctqmc. cc. This code reads the hybridiza-
tion input and internally assigns the independent channels
through flavor-index maps. In particular, the mappings
tfl_index and bf1_index are explicitly defined and

used to connect the independent bath channels to the ma-
trix elements required in the impurity calculation. The solver
therefore operates on a matrix-valued hybridization function
even though the user-facing input is supplied in terms of re-
duced independent channels. These channels are thus not the
final form in which the impurity problem is evaluated; rather,
they are mapped internally into the orbital/flavor structure of
the correlated subspace and used to reconstruct the matrix-
valued impurity hybridization entering the many-body cal-
culation.
From the perspective of reproducibility, the sequence

case.dltl — sjoin.py — Delta.imp

— ctgmec.py —» Delta.inp (SM3)

— ctgme.cc

provides a transparent computational chain linking the
DFT+DMFT output to the impurity-solver execution. In this
chain, case.dlt1 stores the raw frequency-dependent
hybridization components; sjoin.py performs the sym-
metry reduction according to Eq. (SM1); Delta. imp stores
the reduced channels; ctgmc . py reformats these channels
into the solver-input file Delta.inp; and ctqmc.cc
reads this compact input and reconstructs the matrix-valued
hybridization internally.

The physical interpretation of Fig. 2 should therefore be
understood in light of the complete workflow summarized
above. The curves shown there are not unreduced matrix el-
ements taken directly from case.d1lt1; rather, they are
symmetry-reduced, manifold-resolved hybridization chan-
nels obtained from the matrix-valued DFT+DMFT hybridiza-
tion through Eq. (SM1), visualized through Eq. (SM2), and
subsequently passed in compact form through the chain
given in Eq. (SM3) to the CT-QMC solver, where they are re-
assembled into the matrix-valued hybridization used in the
many-body treatment. Figure SM3 therefore serves not only
as a technical flowchart, but also as a methodological bridge
between the formal matrix-valued hybridization of the DMFT
impurity problem and the reduced channel quantities used in
Fig. 2 to analyze the strength and structure of f-electron itin-
erancy.

SMVI. COMPUTATIONAL WORKFLOW FOR
PARAMAGNETIC LOCAL MOMENTS

As summarized schematically in Fig. SM4, the paramag-
netic local moment is extracted from the DMFT impurity so-
lution in a fully reproducible, operator-based manner. The
central quantity is the longitudinal local-moment operator

thy, = —pup(L, +25,), (SM4)

whose fluctuations are evaluated from the impurity density
matrix generated by the CT-QMC solver. In the workflow
shown in Fig. SM4, the impurity problem is defined by the
hybridization function Ag(iw,). As specified in Eq. (SM2)
and illustrated in Fig. 2, this function accounts for the rel-
ativistic j = 5/2 (k = 1) and j = 7/2 (k = 2) sectors, with the
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FIG. SM4.

Flowchart of the reproducible evaluation of the paramagnetic local moment from the DMFT impurity calculation. The pro-

cedure starts from the Matsubara-frequency hybridization input, activates paramagnetic operator-based sampling in the impurity solver,
accumulates impurity-state probabilities internally through AProb, writes the averaged probability distribution to Probability.dat,
and finally combines these probabilities with the longitudinal operator eigenvalues extracted from the impurity basis file to compute (1),

(|mz]), and v <ﬁ‘l§> The latter is reported as the paramagnetic local moment .

corresponding symmetry-index reduction and hybridization
usage illustrated in Fig. SM3. This function enters as discrete
Matsubara-frequency input from the DMFT self-consistency
cycle, thereby determining the dynamical environment sam-
pled by the impurity solver.

The paramagnetic local moment reported in Table I of the
main manuscript is defined, as indicated in Fig. SM4, by the
root-mean-square fluctuation of the longitudinal operator,

Hioc,z = V (rf’lﬁ),

where (...) denotes the impurity-ensemble expectation
value obtained from CT-QMC sampling, see Sec. IV A of the
main text. As emphasized by the flowchart in Fig. SM4, this
definition avoids isolated-atom moment formulas and instead
evaluates the fluctuating moment directly from the embed-
ded impurity states.

(SM5)

To reproduce the operator-based sampling mode high-
lighted in Fig. SM4, the impurity-solver driver ctqmc. py
must be modified so that the atomic-solver argument string
atom_arg includes the paramagnetic flag

> >

-pm
This step, shown in the upper-left branch of Fig. SM4, acti-
vates sampling of longitudinal magnetic fluctuations in the
impurity ensemble.

The corresponding impurity execution path is also given
in Fig. SM4. In the parameter file PARAMS . dat, the flags

Finish 1
UpdateAtom

atom_arg +=

1

are used to enforce a single-cycle impurity run with updated
atomic information. The workflow is then executed through



run_dmft.py

which, as shown in Fig. SM4, generates the converged
impurity-state probability distribution used in the moment
analysis.

The CT-QMC solver accumulates the statistical informa-
tion internally through the object AProb, which is explicitly
indicated in Fig. SM4. This object is declared in ctqmc. cc
and initialized to zero. During Monte Carlo sampling, the
instantaneous probability distribution Prob is accumulated
via

AProb.AddPart (Prob, trusign);

as shown in the internal accumulation stage of Fig. SM4. Af-
ter convergence, the averaged probabilities are written to
Probability.dat, which is the output file used in the
post-processing branch of Fig. SM4.

The final moment analysis, shown in the lower half of
Fig. SM4, is performed by calc_local_moment.py
[4]. The function parse_probability_file reads
the probability weights p; from Probability.dat,
while parse_cix_file extracts the corresponding
operator eigenvalues from the impurity basis file. Al-
though the implementation labels these quantities as J,,
Fig. SM4 shows that they are used operationally as the
longitudinal magnetic eigenvalues entering Eq. (SM5). In
the distributed source code, the quantity J, is accessed
through Jz(int state) in atomh.cc, defined as
double Jz(int state) const { return
Lz(state)+Sz(state);}. The conversion between
J. values and internal integer indices is implemented by
give_iJz(double Jz) and give_Jz(int 1iJz)
in the same file.

Consistent with the analysis block in Fig. SM4, the ensem-
ble averages are computed as

(he) = P2t (SM6)
(il = S22 (sM7)
and
g \12
Vam- (B

where m;; is the longitudinal eigenvalue associated with im-
purity state i. As indicated in Fig. SM4, these quantities are
the direct outputs of the probability-weighted evaluation.

Reproducibility of the full procedure is obtained by run-
ning

python3 calc_local_moment.py
actgmc_pm.cix Probability.dat

in the directory containing the converged DMFT outputs, ex-
actly as represented in the lower workflow block of Fig. SM4.

The validation criteria shown at the bottom of Fig. SM4 are
then applied. The probability distribution satisfies };; p; = 1
within numerical precision. In the paramagnetic regime,
(m;) ~ 0, consistent with the absence of static symmetry

breaking, whereas {|r1,|) and +/{(/#2) remain finite, demon-
strating genuine dynamical local-moment fluctuations. Ac-
cordingly, the paramagnetic local moment reported in this
work is identified with the RMS quantity in Eq. (SM8), match-
ing the final interpretation block of Fig. SM4 and providing a
direct operator-based measure extracted from the DMFT im-
purity density matrix.

SMVII. ELECTRONIC STRUCTURE OF UP; IN THE
EXPERIMENTALLY ESTABLISHED I4/MMM PHASE

Early studies of the uranium dipnictides UX; reported that
these compounds crystallize in the tetragonal anti-Cu,Sb
(PbFCl)-type structure with space group P4/nmm [1, 2]. In
this structural description all uranium atoms are crystallo-
graphically equivalent and the pnictogen atoms occupy two
inequivalent sites, leading to a layered tetragonal framework
that naturally promotes strong electronic anisotropy [1, 2].

Subsequent high-resolution single-crystal x-ray diffrac-
tion measurements by Wisniewski et al. [3] revealed that
UP, does not crystallize in the simple anti-Cu,Sb-type
structure originally proposed for the uranium dipnictide se-
ries. Instead, it adopts a more complex tetragonal struc-
ture with space group I4/mmm. In the present work, how-
ever, we employ the P4/nmm structure as a common crys-
tallographic reference for the UXj series in order to analyze
correlation-driven trends on an equal structural footing.

Subsequent high-resolution single-crystal x-ray diffrac-
tion measurements by Wisniewski et al. [3] revealed that UP,
adopts a more complex tetragonal structure with space group
I4/mmm, rather than the simpler anti-Cu,Sb—type structure
originally proposed for the uranium dipnictide series. This
refined crystallography is characterized by enlarged lattice
parameters and, importantly, by the presence of three crys-
tallographically inequivalent uranium sites. The breaking of
uranium site equivalence introduces subtle variations in the
local 5f coordination environments and in the hybridization
pathways with surrounding ligand p orbitals. Despite these
distinctions, the overall diffraction signatures of the [4/mmm
and anti—Cu,Sb (P4/nmm) structures are remarkably similar
because the fundamental stacking sequence of uranium and
pnictogen layers and their local coordination geometries re-
main essentially related.

Owing to this close structural resemblance, and for the
sake of cross-comparative analysis, many experimental and
theoretical works have continued to employ the simpler
P4/nmm structural description even after the refinement of
Wisniewski et al. For example, Tsutsui et al. [5] analyzed
238U Mossbauer spectra and extracted electric-field gradi-
ents (EFGs) across the UXj; series within the P4/nmm crys-
tallographic framework, explicitly noting that UP; had later
been reassigned to the I4/mmm space group but that the cal-
culated diffraction intensities and hyperfine parameters ob-
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FIG. SM5. Total and atomic-orbital-resolved densities of states (DOS) for UP; in the tetragonal I4/mmm structure at zero pressure. The
vertical dashed-dotted lines denote the Fermi level. All results are obtained from fully charge-self-consistent DFT+DMFT calculations

including SOC.

tained within either description were nearly indistinguish-
able. This pragmatic choice has led to widespread use of the
P4/nmm model as a unified structural reference for uranium
dipnictides, allowing correlation-driven and chemical trends
to be isolated from purely structural effects.

First-principles studies have largely followed this conven-
tion. In particular, our previous hybrid-functional investiga-
tion [6] reproduced the experimentally observed evolution
of EFGs across the UX; (X = P, As, Sb, Bi) series using the
P4/nmm structure. That work obtained finite EFG values for
UP;, UAs,, and USb, and an almost negligible one for UBij,
fully consistent with the nuclear quadrupole resonance data
reported by Tsutsui ef al. [5]. The analysis demonstrated that
the striking contrast in EFG magnitude within the series pri-
marily reflects differences in magnetic ordering, rather than
lattice distortions or changes in the degree of f—p hybridiza-
tion.

More recent first-principles investigations of structural
stability, elastic coefficients, and thermodynamic properties
in UX; compounds have also adopted the anti-Cu,Sb frame-
work as a consistent reference model to facilitate systematic
comparisons across different ligand species [7]. In a simi-

lar vein, symmetry-based tabulations of magnetic materials,
such as Table I of the Supplementary Material of Ref. [8],
likewise classify UP, under the tetragonal P4/nmm group to
maintain uniformity within the broader UX; family.

For these reasons, the main paper—apart from Appendix B,
where the experimentally refined structure is explicitly
analyzed—uses the P4/nmm structure as a unified crystallo-
graphic platform to characterize the correlation-driven and
chemical trends across the UX, series without introduc-
ing additional structural variables. Nevertheless, it is im-
portant to emphasize that the experimentally established
ground-state structure of UP; is indeed tetragonal I4/mmm,
featuring three nonequivalent uranium sublattices with dis-
tinct local coordination environments around each U site [3].

To quantitatively assess the influence of this structural re-
finement on the correlated uranium 5f electronic states, we
have therefore recalculated the full electronic structure of
UP; within its experimentally determined I4/mmm phase us-
ing the same fully charge-self-consistent DFT+DMFT frame-
work described in Sec. II of the main paper. The following
subappendices present a detailed analysis of the correlated
electronic structure, spectral functions, and thermodynamic



diagnostics of UP; in the I4/mmm structure, and they provide
a direct one-to-one comparison with the results obtained for
the P4/nmm reference configuration.

SMI1. Spin-Orbit-Resolved DOS and Pressure-Tuned
Hybridization

Figure SM5 [Fig. Bl(a;) of the main paper] presents the
total and orbital-resolved densities of states (DOS) of UP,
in its experimentally reported tetragonal I4/mmm structure
at zero pressure, obtained from fully charge-self-consistent
DFT+DMFT calculations including spin-orbit coupling. The
spectral decomposition offers a microscopic view of the con-
tributions from different atomic orbitals and reveals the char-
acteristic features that govern the correlated metallic nature
of this phase.

The most pronounced peak in the vicinity of the Fermi
level (Ep), marked by the vertical dashed-dotted line in
Fig. SM5, originates predominantly from uranium 5f states.
The presence of a sharp quasiparticle resonance around Er
indicates the formation of coherent many-body excitations
from strongly correlated 5f electrons. This feature signi-
fies that the 5f electrons are neither fully localized nor com-
pletely itinerant, but rather participate in partially itinerant
quasiparticle states where electronic correlations lead to sub-
stantial renormalization of the spectral weight. The low-
energy part of the spectrum is therefore governed by the
uranium 5f manifold, whose correlated nature defines the
intrinsic metallic character of UP,.

Outside the immediate neighborhood of the Fermi energy,
the DOS is dominated by ligand-derived states. The phos-
phorus 3p orbitals occupy the valence region predominantly
between —6 and approximately —0.5 eV, forming broad dis-
persive bands that represent typical ligand-p behavior. Their
spectral weight diminishes sharply as the energy approaches
EF, yet a weak tail of 3p character remains near the Fermi
level, illustrating finite hybridization with uranium 5f or-
bitals. This hybridization channel plays a critical role in me-
diating the partial itinerancy of the correlated 5f electrons.
Meanwhile, the uranium 6d states contribute only modestly
throughout the studied energy range and do not exhibit dis-
tinct features near Ep, underscoring their secondary role in
shaping the low-energy electronic structure.

Above the Fermi level, the conduction region is character-
ized by relatively broad spectral weight extending over sev-
eral electronvolts. In this energy range the DOS reflects con-
tributions from uranium-derived states, including 5f and 6d
components, together with residual phosphorus 3p charac-
ter. Compared with the sharp quasiparticle feature at Er, the
spectral weight above the Fermi level is more extended and
less structured, indicating more dispersive electronic states
that participate in the unoccupied conduction bands. The
coexistence of uranium and ligand character in this region
reflects continued f-p hybridization beyond the immediate
vicinity of the Fermi level, which facilitates charge fluctua-
tions between uranium and the surrounding phosphorus en-
vironment. Such hybridized conduction states therefore pro-
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vide an important channel for the partial delocalization of the
correlated 5f electrons.

These observations reveal a clear orbital hierarchy in UP;:
the low-energy excitations are dominated by uranium 5f
states, while the deeper valence region is primarily composed
of phosphorus 3p orbitals.

Establishing this global orbital distribution is essential for
interpreting the finer internal structure of the 5f manifold
itself. In particular, once spin—orbit coupling is explicitly re-
solved, the uranium 5f states split into distinct total-angular-
momentum multiplets whose spectral weights distribute dif-
ferently across the low-energy region. The next panel there-
fore focuses on resolving the 5f spectral weight into its
spin-orbit-split j = 5/2 and j = 7/2 components to clar-
ify which manifold primarily governs the quasiparticle states
near the Fermi level and how the correlated 5f electrons or-
ganize within the spin—orbit-coupled electronic structure of
UP;.

Figure SM6 [Fig. B1(a;) of the main paper] directly builds
upon the well-established global orbital hierarchy depicted
in Fig. SM5 by explicitly resolving the uranium 5f spectral
weight into its spin—orbit—-coupled components. In actinide
systems such as UP,, the strong atomic spin—orbit interaction
dramatically lifts the degeneracy of the 5f shell, resulting in
well-separated j = 5/2 and j = 7/2 manifolds. The relative
positioning and spectral distribution of these manifolds are
crucial in dictating the degree of f electron itinerancy, their
hybridization with ligand states, and the nature of the many-
body low-energy excitations.

In this case, the DMFT spectral function exhibits stark sep-
aration: the j = 5/2 states form a narrow, coherent quasipar-
ticle peak sharply pinned at the Fermi level, indicating the
presence of strongly renormalized, partially itinerant f elec-
trons that govern the metallic behavior of UP,. Conversely,
the j = 7/2 manifold is predominantly situated above the
Fermi energy, extending into the unoccupied spectral region,
and displays a broad, incoherent profile. The inset magni-
fies the j = 5/2 resonance, revealing an asymmetric, nar-
row peak characteristic of mass renormalization and coher-
ent low-energy quasiparticles.

This pronounced dominance of the j = 5/2 states at Ep
demonstrates that the low-energy excitations responsible for
the metallic properties originate almost exclusively within
this manifold. Despite the considerable spectral weight of
the higher j = 7/2 states, these occupy a largely unoccupied,
higher-energy region, reflecting the internal redistribution of
5f spectral weight driven by strong spin—orbit coupling com-
bined with electron-electron correlations. Such a splitting
is a hallmark of uranium-based heavy-fermion and mixed-
valence compounds, where the subtle interplay between SOC
and correlations critically shapes the emergence of quasipar-
ticles, hybridization effects, and valence fluctuations.

Furthermore, the clear separation between the j = 5/2
and j = 7/2 manifolds provides a valuable foundation for
future investigations: it enables us to analyze how external
parameters—pressure, hybridization strength, or lattice dis-
tortions—may selectively modify these channels and influ-
ence the building blocks of the low-energy physics. This
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FIG. SM6. Spin-orbit-coupling (SOC) resolved U 5f states, illustrating the splitting into j = 5/2 and j = 7/2 manifolds for UP; in the
tetragonal I4/mmm structure at zero pressure. The vertical dashed—dotted lines denote the Fermi level. All results are obtained from fully
charge-self-consistent DFT+DMFT calculations using PBE-GGA and including SOC.

sets a crucial stage for understanding how such micro-
scopic changes translate into macroscopic phenomena, in-
cluding hybridization gaps, mass enhancement, or potential
magnetic/spin—orbit-driven phase transitions.

Finally, this internal spin-orbit-resolved structure of the
5f manifold prepares us for subsequent analyses of the SOC
effects in the full electronic structure, emphasizing the im-
portance of the j = 5/2 states in the emergent correlated
metallic state of UP;, and how they evolve under external
perturbations.

Figure SM7 [Fig. Bli(as) of the main paper] illustrates
the response of the correlated electronic structure of UP,
to hydrostatic compression by comparing the total density
of states at ambient pressure with that obtained at P =
4.427 GPa. Because pressure primarily reduces interatomic
separations, it modifies the overlap between uranium and
ligand orbitals and thus directly influences the hybridiza-
tion processes that control the itinerancy of the 5f electrons.
The comparison therefore provides a direct view of how the
correlated spectral landscape reorganizes when the lattice is
compressed.

Globally, the overall structure of the DOS remains largely

preserved under pressure. The broad valence region extend-
ing from approximately —6 to —1 eV shows only modest
changes, indicating that the deeper ligand-dominated states
remain relatively insensitive to the moderate compression
considered here. The most visible differences emerge in the
vicinity of the Fermi level, where the correlated f-derived
quasiparticle structure resides. In both pressure conditions
the system maintains a finite density of states at Er, confirm-
ing that UP, remains metallic. However, the detailed spectral
profile around the Fermi level undergoes measurable modifi-
cations that reflect subtle changes in quasiparticle coherence
and hybridization strength.

The most pronounced evolution occurs in the narrow spec-
tral feature just above the Fermi energy, highlighted by the
dashed ellipse in Fig. SM7. Under compression, this peak be-
comes sharper and its maximum increases significantly in in-
tensity. At the same time, the shallow dip located almost ex-
actly at Er becomes slightly deeper. The inset, which zooms
into the energy window between —0.5 and 0.5 eV, clearly
resolves these changes: the near-Er peak grows more pro-
nounced and shifts marginally in energy, while the spec-
tral weight immediately at the Fermi level is redistributed.
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FIG. SM7. Comparison of the total DOS at ambient pressure (black) and under hydrostatic compression P = 4.427 GPa (orange), highlighting
the evolution of electronic states near the Fermi energy for UP; in the tetragonal I4/mmm structure. The vertical dashed-dotted lines denote
the Fermi level. All results are obtained from fully charge-self-consistent DFT+DMFT calculations using PBE-GGA and including SOC.

This behavior indicates that pressure modifies the balance
between coherent quasiparticle states and the surrounding
background of broader excitations.

From a microscopic perspective, these changes are consis-
tent with an increase in hybridization strength induced by
lattice compression. As the U-P distances decrease, the over-
lap between uranium 5f orbitals and phosphorus-derived
states becomes stronger, enhancing the effective hybridiza-
tion channels that couple localized and itinerant electronic
degrees of freedom. Within the DFT+DMFT framework, such
enhanced hybridization typically promotes greater quasipar-
ticle coherence by broadening the correlated bands and re-
distributing spectral weight toward low-energy excitations.
The sharpening of the peak just above Ep can therefore be
interpreted as an indication that the correlated quasiparticle
states become slightly more coherent under pressure.

The pressure dependence also affects the unoccupied con-
duction region. Above the Fermi level, the spectral struc-
ture between roughly 0.5 and 2 eV exhibits noticeable re-
shaping: the dominant peak in this region shifts and becomes
more intense under compression. This indicates that pressure
modifies the distribution of available conduction states, likely

reflecting changes in the hybridized uranium-derived bands
that form the low-energy conduction manifold. Such mod-
ifications influence the phase space available for electronic
excitations and charge fluctuations, which are essential in-
gredients of the mixed-valence physics discussed in the main
text.

Despite these spectral rearrangements, the overall magni-
tude of the changes remains moderate. The correlated elec-
tronic structure retains the same qualitative form across the
two pressures, indicating that the 5f electrons in UP; already
occupy an intermediate regime between localized and itiner-
ant limits at ambient conditions. Rather than inducing a dras-
tic electronic reconstruction, hydrostatic compression gradu-
ally reinforces the hybridized metallic state by subtly increas-
ing quasiparticle coherence and modifying the low-energy
conduction spectrum.

Importantly, this pressure evolution is consistent with the
spin—orbit-resolved picture discussed in Fig. SM6, where the
quasiparticles near the Fermi level were shown to originate
predominantly from the j = 5/2 component of the uranium
5f manifold. The enhanced sharpness of the near-Er struc-
ture therefore likely reflects pressure-driven changes in the



coherence and hybridization of these j = 5/2-derived states.

While the total DOS provides a global view of the pres-
sure response, it does not yet reveal which orbital channels
are primarily responsible for the observed spectral redistribu-
tion. To clarify the microscopic origin of these changes, the
following analysis resolves the DOS into its orbital contribu-
tions, allowing us to track how the ligand p states and their
hybridization with uranium 5f orbitals evolve under com-
pression in UP;.

To elucidate the microscopic mechanism underlying the
pressure-induced spectral evolution seen in the total DOS
(Fig. SM7), Fig. SM8 [Fig. B1(a4) of the main paper] presents
the pressure-dependent projected density of states for the
phosphorus p orbitals. These ligand p states play a crucial
role in shaping the hybridization landscape of UP;: the cor-
related uranium 5f electrons responsible for the metallic be-
havior couple strongly to these extended ligand bands, which
act as the conduction bath in the DMFT description. Exam-
ining how these ligand-derived states evolve under compres-
sion thus gives direct insight into how the hybridization en-
vironment and screening processes surrounding the 5f shell
change with pressure.

At ambient pressure, the phosphorus p states form a broad
composite valence band spanning approximately from —6 eV
up to about —0.5 eV. The spectral intensity increases steadily
from the deep valence region and reaches a pronounced max-
imum near —2 eV, corresponding to strongly bonding p states
within the U-P network. This peak represents the main
ligand-derived contribution to the occupied bandwidth and
reflects substantial covalent interaction within the frame-
work. The p spectral weight declines steeply as the Fermi
level is approached, leaving only a weak tail extending to-
ward Ep. This diminishing weight emphasizes that, at ambi-
ent pressure, the p orbitals act primarily as a hybridization
partner for the uranium 5f states rather than as an active
participant in low-energy metallic conduction.

Under hydrostatic pressure (P = 4.427 GPa), the general
shape of the p-projected DOS remains qualitatively intact,
revealing the robustness of the ligand electronic backbone
against moderate lattice compression. However, several sub-
tle quantitative modifications carry relevant physical mean-
ing. First, the overall valence band broadens slightly, with its
spectral features becoming smoother and extending further
toward lower energy. This band broadening indicates en-
hanced inter-site orbital overlap—an expected consequence
of reduced bond lengths—which increases the bandwidth of
the ligand states. Second, the region between —3 and —1 €V,
where the phosphorus p orbitals overlap with the hybridiza-
tion tails of uranium 5f states, displays a notable redistribu-
tion of spectral intensity. The corresponding enhancement
in spectral weight under pressure implies increased orbital
mixing between p and f channels.

Most importantly, a faint but distinct increase in ligand
spectral weight can be observed in the near-Fermi energy re-
gion. While the overall p contribution at Er remains small,
its subtle strengthening under pressure signals a more effec-
tive p—f mixing. This effect reflects an enhanced hybridiza-
tion function in DMFT terms—pressure leads to stronger cou-
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pling between the correlated uranium impurity problem and
its surrounding bath of ligand-derived conduction states. The
increase of hybridization strength directly supports the emer-
gence of sharper, more coherent quasiparticle resonance at
Er observed in Fig. SM7. The ligand p orbitals, therefore,
serve as a sensitive probe of how structural compression pro-
motes itinerancy: pressure amplifies their electronic partici-
pation in forming the conduction channel that stabilizes co-
herent 5f quasiparticles.

Beyond the low-energy regime, the pressure also subtly
reshapes the unoccupied side of the spectrum, introducing
a slight extension of p weight above the Fermi level. This
reflects a shift in hybridization balance where ligand states
begin to overlap more effectively with higher-energy 5f con-
duction bands, expanding the energy range of p—f coupling.
Consequently, the hybridization matrix that links uranium
and phosphorus orbitals becomes more delocalized, enabling
smoother charge transfer and promoting metallic coherence.

Overall, these results reveal that the pressure response of
UP, is driven not by isolated changes in the uranium 5 f man-
ifold, but by a cooperative evolution of both correlated and
ligand subspaces. The phosphorus p orbitals act as an elec-
tronic bridge: they modulate the bandwidth and coherence
of the 5f states by adjusting the degree of hybridization and
charge transfer under compression. Even a relatively mod-
erate pressure thus fine-tunes the delicate balance between
localized f character and itinerant hybridized conduction, re-
inforcing the system’s intermediate-valence nature.

Rather than turning immediately to the internal restruc-
turing of the uranium 5f manifold, it is instructive to ex-
amine first how the broader uranium-derived electronic en-
vironment responds to compression. In particular, the ura-
nium d orbitals occupy an intermediate position between the
extended ligand p states and the highly correlated 5f shell.
Their pressure dependence offers a valuable perspective on
how the overall hybridization framework surrounding the 5f
electrons is modified. By analyzing the U d-projected DOS,
we can assess how changes in orbital overlap, bandwidth,
and hybridization pathways propagate through the uranium
electronic channels before isolating the specific many-body
effects within the 5f sector itself.

Figure SM9 [Fig. B1(b;) of the main paper] examines
the pressure dependence of the uranium d-orbital spec-
tral weight, providing an additional perspective on how
the electronic environment surrounding the correlated 5f
shell evolves under compression. Although the low-energy
physics of UP; is dominated by the uranium 5f manifold,
the more extended 6d orbitals form an important part of the
broader hybridization network. Because of their larger spa-
tial extent, these orbitals act as an intermediate channel that
mediates coupling between the localized 5f electrons and the
surrounding ligand p states. Tracking their spectral evolu-
tion therefore helps clarify how the uranium-centered con-
duction framework reorganizes as the lattice volume is re-
duced.

At ambient pressure, the U d-projected DOS exhibits a
broad and relatively smooth distribution extending across the
entire energy window from approximately —6 to 6 eV. The oc-
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FIG. SM8. The pressure-dependent projected DOS of the ligand p orbitals for UPy in the tetragonal I4/mmm structure. The verti-
cal dashed-dotted lines denote the Fermi level. All results are obtained from fully charge-self-consistent DFT+DMFT calculations using

PBE-GGA and including SOC.

cupied region displays a moderate enhancement of spectral
weight centered around —2 eV, where the d states overlap
with the upper portion of the ligand p valence band. This
overlap reflects the hybridized nature of the U-P bonding
network in the tetragonal I4/mmm structure. The overall
amplitude of the d DOS remains significantly smaller than
that of the uranium 5f states discussed previously, empha-
sizing that the d orbitals do not dominate the low-energy
quasiparticle formation. Near the Fermi level, the d contri-
bution is characterized by a shallow minimum, confirming
that the Fermi-surface states are primarily 5f-derived with
only a minor admixture of d character.

Applying hydrostatic pressure introduces systematic yet
moderate modifications to this spectral profile. The most ev-
ident effect is an overall amplification of the d-derived spec-
tral weight across both the occupied and unoccupied en-
ergy ranges. In the valence region between roughly —4 and
—1 eV, the compressed lattice leads to a noticeable increase in
DOS amplitude together with a mild smoothing of the spec-
tral features. This behavior reflects enhanced orbital over-
lap as the U-P and U-U interatomic distances decrease. Be-
cause the radial extent of the 6d orbitals is larger than that of

the 5f states, they respond particularly sensitively to struc-
tural compression, broadening and redistributing their spec-
tral weight across the hybridized valence band.

The unoccupied region above the Fermi level shows an
even more pronounced response. Between approximately 1
and 5 eV, the pressure-enhanced spectrum develops a higher
overall intensity and a slightly more structured profile. This
increase in unoccupied d weight signals a strengthening of
the itinerant conduction channels that couple to the corre-
lated 5f electrons. In a DMFT framework, such changes ef-
fectively modify the electronic bath that hybridizes with the
5f impurity orbitals, thereby influencing the screening envi-
ronment that governs many-body renormalization processes.

Despite these global changes, the spectral behavior in the
immediate vicinity of the Fermi level remains relatively sta-
ble. The d-projected DOS continues to exhibit a shallow min-
imum at Ef, indicating that the uranium 6d orbitals do not
themselves generate the coherent quasiparticle peak. Nev-
ertheless, a slight upward shift of the d spectral intensity
near Er can be discerned under compression. This subtle en-
hancement suggests a modest increase in d participation in
the hybridized conduction network, reinforcing the overall
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FIG. SM9. The projected DOS of the U d states at ambient pressure (black) and under hydrostatic compression P = 4.427 GPa (orange)
for UP; in the tetragonal I4/mmm structure. The vertical dashed-dotted lines denote the Fermi level. All results are obtained from fully
charge-self-consistent DFT+DMFT calculations using PBE-GGA and including SOC.

electronic connectivity among the p, d, and 5f sectors.

When considered alongside the previously discussed lig-
and p DOS (Fig. SM8) and the total spectral evolution
(Fig. SM7), the d-orbital response fits naturally into a broader
picture of pressure-induced electronic restructuring in UP;.
Rather than dramatically altering any single orbital chan-
nel, hydrostatic compression gradually strengthens the hy-
bridization pathways linking the ligand, uranium d, and
uranium 5f states. The extended 6d orbitals, by virtue of
their spatial reach and energetic proximity to the conduction
bands, act as a bridge that facilitates this enhanced coupling.
As the hybridization network becomes more effective, the
correlated 5f electrons experience stronger screening and
develop a more coherent quasiparticle character at low en-
ergy.

This cooperative evolution highlights a key characteris-
tic of actinide systems: the emergent electronic behavior
arises from the interplay of multiple orbital sectors rather
than from isolated changes within the correlated 5f shell
alone. The ligand p states provide the primary conduction
bath, the uranium d orbitals mediate and broaden the hy-
bridization landscape, and the uranium 5f electrons supply

the strongly correlated degrees of freedom that shape the
low-energy physics.

With this broader hybridization framework established,
the next step is to examine the uranium 5f manifold it-
self in greater detail. By resolving the 5f spectral func-
tion into its spin—orbit-split j = 5/2 and j = 7/2 compo-
nents under pressure, we can directly identify how the inter-
nal structure of the correlated 5f states evolves and deter-
mine whether the enhanced quasiparticle coherence arises
from redistribution of spectral weight, shifts of multiplet fea-
tures, or deeper many-body renormalization effects within
the spin-orbit-coupled 5f shell.

Figure SM10 [Fig. B1(b;) of the main paper] presents the
spin—orbit-resolved uranium 5f spectral functions at ambi-
ent pressure and under compression, offering a direct view
of how hydrostatic pressure modifies the correlated 5f elec-
tronic structure in UP,. Since the uranium 5f states domi-
nate the low-energy electronic structure of actinide systems,
monitoring the evolution of the j = 5/2 and j = 7/2 compo-
nents provides important insight into how compression al-
ters quasiparticle coherence and redistributes spectral weight
within the SOC-split 5 f manifold.
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FIG. SM10. Pressure-induced redistribution of spectral weight within the U 5f manifold of UP; in the tetragonal I4/mmm structure. The
spin-orbit-resolved components j = 5/2 and j = 7/2 are shown for ambient pressure (P = 0) and under compression (P = 4.427 GPa).
The inset magnifies the low-energy region around the Fermi level to highlight changes in the quasiparticle resonance. The vertical dashed-
dotted line indicates the Fermi level. All results are obtained from fully charge-self-consistent DFT+DMFT calculations using PBE-GGA

with spin—orbit coupling included.

At ambient pressure (P = 0), the j = 5/2 compo-
nent (black) dominates the spectral weight in the vicinity of
the Fermi level. A pronounced quasiparticle peak emerges
slightly below EF, indicating that the low-energy electronic
states are primarily derived from the j = 5/2 manifold. This
sharp resonance reflects the correlated metallic nature of
the system, where the 5f electrons retain substantial itiner-
ancy while still experiencing strong many-body renormal-
ization. In contrast, the j = 7/2 states (magenta) appear
mainly at higher energies above the Fermi level and display
a broader distribution of spectral weight. This separation
reflects the strong spin-orbit splitting characteristic of ura-
nium 5f shells, which energetically stabilizes the j = 5/2
states relative to the j = 7/2 manifold.

Applying hydrostatic pressure (P = 4.427 GPa) leads to a
clear restructuring of the 5f spectral distribution. The j =
5/2 quasiparticle peak (orange) becomes more intense and
slightly sharper near the Fermi level, indicating enhanced
quasiparticle coherence. This behavior signals an increase
in effective hybridization between the uranium 5f states and

the surrounding conduction electrons, which strengthens
the many-body screening processes captured within DMFT.
The enhanced low-energy coherence is consistent with the
pressure-induced strengthening of the uranium-ligand hy-
bridization network discussed earlier for the ligand p and
uranium d states.

The j = 7/2 component (blue) also exhibits noticeable
modifications under compression. Its spectral weight be-
comes more pronounced in the unoccupied region around
1-1.5 eV and shows a modest shift toward lower energies.
Although these states remain largely above the Fermi level
and therefore do not directly participate in the quasiparti-
cle peak, their increased intensity indicates stronger partici-
pation in hybridization processes. This redistribution effec-
tively broadens the energy window over which the 5f shell
interacts with the conduction bath.

The inset highlights the immediate vicinity of the Fermi
level, where the most important correlation effects occur.
The comparison clearly shows that pressure amplifies the
J = 5/2 quasiparticle resonance while leaving only a very



small j = 7/2 contribution near Ep. This reinforces the pic-
ture that the low-energy electronic properties of UP; remain
dominated by the j = 5/2 manifold, while the j = 7/2 states
primarily influence higher-energy excitations.

Overall, the figure illustrates that hydrostatic compres-
sion does not qualitatively alter the SOC-split structure of
the uranium 5f shell, but it significantly redistributes spec-
tral weight and enhances quasiparticle coherence within the
dominant j = 5/2 channel. The combined effect is a pressure-
driven strengthening of the hybridization between the 5f
electrons and the conduction environment, pushing the sys-
tem toward a more coherent itinerant regime.

Having established how pressure reshapes the internal
structure of the 5f spectral weight, we next analyze the im-
purity hybridization function A(w), which directly quantifies
the dynamical coupling between the correlated 5f shell and
the surrounding conduction bath. This quantity provides a
microscopic explanation for the enhanced quasiparticle co-
herence observed in the spectral functions.

SMIIL. Spin-Orbit-Selective Hybridization and Bath

Coupling of the Uranium 5f Shell

Figure SM11 [Fig. B1(bs) of the main paper] displays the
impurity hybridization spectrum —J[A(w)] for the j = 5/2
component of the uranium 5f shell, which provides a direct
measure of the dynamical coupling between the correlated
5f electrons and the itinerant electronic bath of the lattice.
Within the DMFT impurity framework defined by Egs. (2)
and (4), as expressed in the main paper, the hybridization
function A(w) encodes how the correlated impurity orbital
exchanges electrons with the surrounding conduction states.
Its imaginary part therefore represents the energy-resolved
hybridization spectral density governing charge fluctuations
between the localized 5f orbitals and the itinerant bands,
which in the present system arise predominantly from ura-
nium d and phosphorus p states. The magnitude and fre-
quency dependence of —J[A(w)] thus provide a microscopic
view of how the correlated uranium 5f shell is embedded
within the surrounding electronic environment.

At ambient pressure (P = 0), the hybridization spectrum
exhibits a highly structured profile extending across the en-
tire energy window from approximately —6 to +6 eV. In
the deep valence region the hybridization amplitude is rel-
atively small but steadily increases as the energy approaches
the main valence band complex. Between roughly —4 and
—1 eV the spectrum develops a sequence of pronounced peaks
and shoulders, indicating strong mixing between uranium 5 f
states and the ligand-dominated valence bands. This region
corresponds closely to the energy range where the projected
density of states shows significant phosphorus p character,
confirming that the hybridization features originate primar-
ily from 5f-p bonding interactions. The gradual rise of the
hybridization strength toward the Fermi level reflects the in-
creasing overlap between the uranium orbitals and the itin-
erant states forming the top of the valence band.

Near the Fermi level the hybridization function remains
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clearly finite and reaches one of its largest values. This strong
low-energy coupling is a central feature of the electronic
structure because it allows the j = 5/2 states to communicate
efficiently with the conduction bath. In the DMFT descrip-
tion, such finite hybridization at w ~ 0 provides the dynamical
channel required for screening of the local Coulomb interac-
tion and for the formation of coherent quasiparticle excita-
tions. The sizable value of —3[A(w)] in this region therefore
explains why the j = 5/2 manifold dominates the low-energy
spectral weight and forms the quasiparticle peak observed in
the density of states around Er. The structured dip appearing
very close to w = 0 reflects the detailed band structure of the
itinerant states that form the effective bath, rather than a sup-
pression of coupling, and arises from the specific distribution
of conduction bands intersecting the Fermi level.

In the unoccupied region above the Fermi level the hy-
bridization spectrum again increases and develops broad
maxima extending up to about 6 eV. These structures orig-
inate primarily from coupling between the 5f orbitals and
higher-energy conduction states containing significant ura-
nium d character, together with antibonding combinations
involving ligand orbitals. The persistence of substantial hy-
bridization over such a wide energy range highlights the ex-
tended spatial character of the uranium 5 f orbitals, which en-
ables them to overlap efficiently with both valence and con-
duction states of the surrounding lattice. Consequently, the
Jj = 5/2 manifold interacts with a broad spectrum of bath
states, producing the rich frequency dependence observed in
the hybridization function.

Applying hydrostatic pressure (P = 4.427 GPa) produces
a systematic enhancement of the hybridization amplitude
throughout nearly the entire spectrum. The orange curve
consistently lies above the ambient-pressure result, indicat-
ing that the dynamical coupling between the uranium 5f
orbitals and the conduction bath becomes stronger under
lattice compression. The enhancement is most pronounced
in the occupied region below the Fermi level, particularly
within the multi-peak structure between approximately —3
and —1 eV, where the hybridization features become sharper
and larger in magnitude. This behavior directly reflects the
increase of orbital overlap between uranium and phospho-
rus atoms as the lattice parameters contract, strengthening
the 5f—p hopping processes that dominate the bonding states
of the valence band. A comparable amplification is also ob-
served in the unoccupied energy range above Ef, indicating
that the coupling between 5f orbitals and higher-energy con-
duction states is likewise reinforced by compression.

Although the overall spectral shape of the hybridization
function remains essentially unchanged, the global increase
in magnitude signifies a stronger embedding of the corre-
lated 5f electrons into the itinerant electronic environment.
Even the modest enhancement visible close to the Fermi level
is physically significant because the low-energy hybridiza-
tion directly controls the efficiency of dynamical screening in
DMFT. Increased hybridization therefore promotes stronger
quasiparticle coherence and reduces the degree of effective
localization of the 5f electrons. This trend is fully consistent
with the pressure evolution observed in the density of states,
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FIG. SM11. Impurity hybridization spectrum —3[A(w)] for the uranium 5f j = 5/2 manifold in UPy, evaluated within the DMFT impurity
mapping defined by the Dyson equation [Eq. (2) of the main paper] and the hybridization embedding relation [Eq. (4) of the main paper]. The
black curve shows the ambient-pressure result (P = 0), while the orange curve corresponds to hydrostatic compression at P = 4.427 GPa. The
spectrum exhibits rich structure extending across the valence and conduction energy ranges, reflecting the frequency-dependent coupling
between the correlated U 5f orbitals and the itinerant bath composed primarily of U d and P p states. Compression systematically enhances
the hybridization amplitude over a broad energy window—most notably within the occupied region below the Fermi level—indicating in-
creased U-P orbital overlap and stronger embedding of the 5f electrons into the conduction environment. All data are obtained from fully
charge-self-consistent DFT+DMFT calculations using PBE-GGA and including spin—-orbit coupling.

where the quasiparticle peak associated with the j = 5/2
manifold becomes sharper and slightly more intense as the
lattice is compressed.

In conclusion, the results shown in Fig. SM11 demonstrate
that hydrostatic pressure primarily acts to strengthen the
coupling between uranium 5f orbitals and the surrounding
conduction states without qualitatively altering the struc-
ture of the hybridization spectrum. The j = 5/2 manifold
therefore remains the dominant low-energy channel through
which the correlated uranium electrons interact with the itin-
erant bath, and its enhanced hybridization under pressure
drives the gradual evolution toward a more itinerant elec-
tronic regime in UP;.

While the j = 5/2 manifold dominates the low-energy
quasiparticle dynamics, the j = 7/2 component represents
the “excited” sector of the spin-orbit-split 5f shell, typi-
cally residing at higher energies. The following analysis

of the j = 7/2 hybridization function —J[A;=7/5(w)] re-
veals a distinct spectral profile characterized by a shift in
weight toward unoccupied states and a different sensitivity
to lattice compression. By comparing the two SOC-resolved
channels, we can identify how pressure differentially affects
the bonding and antibonding environments of the uranium
ion, ultimately dictating the orbital-selective nature of the
itinerancy-localization crossover in UP;.

The hybridization spectrum for the j = 7/2 manifold
shown in Fig. SM12 [Fig. B1(by) of the main paper] provides
further insight into how the excited spin-orbit sector of the
uranium 5f shell interacts dynamically with the surrounding
itinerant electronic environment in UP,. Within the DMFT
impurity formulation, the hybridization function A(w) char-
acterizes the frequency-dependent coupling between the cor-
related impurity orbitals and the conduction bath generated
by the lattice. Its imaginary part, —J[A(w)], therefore rep-
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FIG. SM12. Energy dependence of the impurity hybridization function —J[A(w)] for the uranium 5f j = 7/2 manifold in UP; crystallizing in
the tetragonal I4/mmm structure. The hybridization function is obtained from the DMFT impurity mapping defined by the impurity Dyson
equation [Eq. (2) of the main paper] and its embedding relation [Eq. (4) of the main paper]. Black and orange curves correspond to ambient
pressure (P = 0) and hydrostatic compression at P = 4.427 GPa, respectively. The spectrum exhibits pronounced energy-dependent structures
extending from the valence region below the Fermi level to several electronvolts above it, reflecting the dynamical coupling between uranium
5f states and the surrounding conduction bath dominated by U d and P p orbitals. Under compression the overall magnitude of —=J[A(w)]
increases across a broad energy window, indicating enhanced hybridization between the correlated 5f shell and the itinerant environment
due to reduced U-P bond distances. All results are obtained from fully charge-self-consistent DFT+DMFT calculations using PBE-GGA and

including spin-orbit coupling.

resents the hybridization spectral density that governs the
probability for electrons to fluctuate between the localized
5f orbitals and the itinerant states. The detailed structure
of this function reflects the distribution of bath states avail-
able for hybridization and thus provides direct microscopic
information about how the correlated uranium orbitals are
embedded within the broader electronic structure composed
primarily of U d and ligand P p bands.

The hybridization spectrum associated with the j = 7/2
manifold extends across a wide energy window from approx-
imately —6 eV in the deep valence region to about 6 €V in the
unoccupied conduction states. The spectrum exhibits a pro-
nounced and highly structured profile with multiple peaks
and shoulders distributed across both occupied and unoccu-
pied energies. In the valence region the hybridization am-
plitude increases steadily from the deep binding energies to-
ward the upper valence band, reaching a strong maximum

in the interval between roughly —2 and —0.5 eV. This behav-
ior mirrors the increasing density of ligand-dominated va-
lence states in this energy range and indicates significant hy-
bridization between uranium 5f orbitals and the phosphorus
p bands that participate in bonding. The pronounced peak
structure in this region therefore reflects the strong 5f-p
mixing responsible for the formation of bonding states in the
compound.

Approaching the Fermi level the hybridization function
displays a sharp suppression followed by a narrow dip near
w =~ 0, which reflects the detailed structure of the conduc-
tion bath around the Fermi energy. Although the hybridiza-
tion remains finite in this region, its magnitude is noticeably
smaller than in the nearby valence peaks and also somewhat
weaker than the corresponding value for the j = 5/2 man-
ifold. This difference originates from the spin-orbit split-
ting of the uranium 5f shell. Because the j = 7/2 multiplet



lies energetically above the j = 5/2 states, its overlap with
the low-energy conduction states that form the quasiparticle
band is reduced. As a result, the j = 7/2 orbitals partici-
pate less strongly in the formation of coherent low-energy
quasiparticle excitations, while the j = 5/2 states remain the
dominant channel governing the electronic properties in the
immediate vicinity of the Fermi level.

In the unoccupied region above Ef, the hybridization spec-
trum again increases substantially and develops broad max-
ima between approximately 3 and 5 eV. These features arise
primarily from coupling between the uranium 5f orbitals
and higher-energy conduction states containing strong U d
character, together with antibonding combinations involv-
ing ligand orbitals. The presence of significant hybridization
in this energy range highlights the extended spatial charac-
ter of uranium 5f orbitals, which enables them to interact
with a wide variety of conduction states across a large en-
ergy interval. Consequently, the j = 7/2 manifold exhibits
a hybridization profile that is broadly distributed in energy,
reflecting its interaction with both valence and high-energy
conduction bands.

Applying hydrostatic pressure (P = 4.427 GPa) produces a
clear and systematic enhancement of the hybridization am-
plitude across almost the entire energy range. The orange
curve consistently lies above the ambient-pressure spectrum,
demonstrating that the dynamical coupling between the ura-
nium 5f shell and the conduction bath becomes stronger
when the lattice is compressed. This enhancement is par-
ticularly visible in the prominent valence peaks around —2 to
—1eV as well as in the conduction-band structures above 3 eV,
where the hybridization maxima increase noticeably in mag-
nitude. Microscopically, this behavior reflects the reduction
of U-P bond distances under compression, which increases
the overlap between uranium 5 f orbitals and the surrounding
ligand orbitals. The strengthened orbital overlap enhances
the effective hopping processes that mediate hybridization
between the impurity and the bath, thereby embedding the
correlated 5f states more strongly within the itinerant elec-
tronic environment.

Despite the overall increase in hybridization strength, the
qualitative structure of the spectrum remains largely pre-
served under pressure. The positions of the dominant peaks
and the overall distribution of spectral weight change only
moderately, indicating that compression primarily ampli-
fies the existing hybridization channels rather than gener-
ating new ones. Importantly, the relative hierarchy between
the two spin-orbit manifolds remains essentially unchanged.
Even though the j = 7/2 hybridization increases in magni-
tude, its coupling near the Fermi level remains weaker than
that of the j = 5/2 states. This persistent difference under-
scores the spin—orbit—controlled orbital selectivity of the ura-
nium 5f shell, where the j = 5/2 manifold continues to domi-
nate the low-energy quasiparticle dynamics while the j = 7/2
sector contributes mainly to higher-energy excitations.

In essence, with the hybridization spectrum of the j = 5/2
manifold discussed previously, these results reveal a coher-
ent picture of how the uranium 5f shell is dynamically em-
bedded within the multiorbital conduction environment of
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UP;. The strongly structured hybridization functions reflect
the complex interplay between uranium 5f, uranium d, and
ligand p states that collectively form the electronic bath. Hy-
drostatic pressure enhances the coupling between these sub-
systems by strengthening orbital overlap, thereby promoting
a more itinerant electronic regime while preserving the in-
trinsic spin-orbit hierarchy within the 5f shell. Once the
frequency-dependent embedding of the correlated orbitals
has been characterized, the next step is to examine the re-
sulting many-body self-energy, which directly determines
quasiparticle renormalization, electronic coherence, and the
strength of correlation effects within the DMFT description
of UP2

SMVIII. MATSUBARA SELF-ENERGY, QUASIPARTICLE
RENORMALIZATION, AND FERMI-LIQUID COHERENCE

Figure SM13 [Fig. B1(c;) of the main paper] displays the
imaginary part of the Matsubara self-energy, I[2s/,(iwn)],
for the uranium 5f j = 5/2 manifold of UP, at ambient
pressure (P = 0), obtained from fully charge-self-consistent
DFT+DMFT calculations including spin-orbit coupling. The
Matsubara self-energy provides a direct measure of the dy-
namical many-body effects acting on the correlated 5f elec-
trons and therefore serves as a key quantity for characteriz-
ing the strength of electronic correlations and the coherence
of low-energy quasiparticles.

The main panel of Fig. SM13 shows the Matsubara-
frequency dependence of the matrix-valued impurity self-
energy I [Simp,mm (iwn)] within the j = % manifold. In the
main manuscript the Green’s functions and related quan-
tities are written as functions of the real frequency w. In
the present discussion, however, we work on the imaginary-
frequency (Matsubara) axis used in the CT-QMC impurity
solver, where v — iw, with fermionic Matsubara frequen-
cies w, = (2n+ 1)xT at temperature T (with kg = 1). At
low frequencies the imaginary part reaches its largest mag-
nitude, reflecting strong quasiparticle renormalization near
the Fermi level. With increasing «, all components decrease
smoothly and follow the characteristic 1/w, decay expected
for the dynamical part of the self-energy. Importantly, the
full self-energy does not vanish at large frequencies; instead
it approaches a finite static matrix X while only its imag-
inary part tends to zero. In multiorbital DMFT, this static
limit X, represents the high-frequency (instantaneous) in-
teraction contribution generated by the local Coulomb tensor
Umm'm”m and depends on the orbital occupancies, Hund’s
coupling, and the chosen spin-orbit-coupled basis. Con-
sequently, X is generally finite and need not be diago-
nal unless enforced by symmetry; it vanishes only in the
non-interacting limit (U, J = 0) or in special mean-subtracted
interaction schemes not used in modern DFT+DMFT.

The origin of this behavior follows directly from the
high-frequency structure of the local impurity Green’s func-
tion introduced in Sec. II A of the main manuscript. The in-
teracting Green’s function G (iw,) admits the spectral repre-



21

S[Zj(ion)] (V)

5[Zs)3 (i )] =-0.162- 0917
n
7 =1/[1-(-0.917)] ~0.522
*
msplmsy =2

]5/2P 0

1 ~1.917

100

150 200 250 300

Wy (eV)

FIG. SM13. The imaginary part of the uranium 5f Matsubara self-energy (J[>s, (iwn)]) at ambient pressure (P = 0). The curve displays the
frequency dependence of the self-energy for the j = 5/2 manifold, obtained from fully charge-self-consistent DFT+DMFT calculations using
PBE-GGA and including SOC. The inset magnifies the low-frequency region near w, — 0, highlighting the linear behavior characteristic
of a Fermi liquid. The red circles indicate the linear fit used to extract the quasiparticle renormalization factor Z via its relation to the slope
at wp, — 0, as defined in Eq. (A3) of the main paper and consistent with the general definition in Eq. (13) of the main paper. The extracted
values are J[Z5; (iwn)] = =0.162 — 0.917wp, yielding Z ~ 0.522 and a mass enhancement mg/z/mo =Z"1~1917.
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Inserting Eq. (SM12) into the multiorbital impurity Dyson
equation introduced in the main text [Eq. (2)], requires the
corresponding high-frequency behavior of the hybridization
function A(w) defined in Eq. (4) of the main paper. From that
expression one can expand the resolvent of the bath propa-

gator. Expanding (iw, — &) ~! = ﬁ o ¥ yields
AV A
Aliwy) = — (lwz)z (SM13)

Using Eq. (SM12), the inverse Green’s function can be ex-



panded as
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Substituting this result together with the hybridization ex-
pansion into Eq. (2), as expressed in the main paper, and solv-
ing order by order in 1/iw, gives the large-frequency expan-
sion of the impurity self-energy

) . (SM14)
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where
S0 = il = Eimp + M. (SM16)
Since 1/(iwyp) = —i/wy, the leading dynamical correction
is purely imaginary and therefore
, 1
S[Zimp,mm’(lc‘)n)] & w_ (wn - Oo) (SM17)
n

Consequently, the imaginary part of the self-energy de-
cays as 1/wp, while the full self-energy approaches the fi-
nite constant matrix X, consistent with the universal high-
frequency asymptotics of the multiorbital DMFT self-energy
and with the numerical behavior shown in Fig. SM13.

The most physically relevant information, however, is con-
tained in the low-frequency regime highlighted in the in-
set of Fig. SM13. In this region the self-energy exhibits a
well-defined linear dependence on the Matsubara frequency.
Such linear behavior is the hallmark of a Fermi-liquid state,
where the electronic excitations can be described in terms of
long-lived quasiparticles whose properties are renormalized
by electronic interactions. In this limit the self-energy can
be expanded around w, — 0, and the slope of J[Z(iw,)]
directly determines the quasiparticle renormalization factor
through the relation given in Eq. (A3) of the main paper.

To quantify the renormalization strength, the lowest Mat-
subara points—marked by the red circles in the inset—are fit-
ted with a linear function,

I[Ss/2(iwn)] = =0.162 = 0.917 w,. (SM18)
The intercept of the fit corresponds to the residual imaginary
self-energy at the first Matsubara frequency, while the slope
reflects the dynamical renormalization of the quasiparticle
dispersion. From this slope the quasiparticle weight is ob-
tained as Z ~ 0.522, corresponding to a mass enhancement
m’s‘/z/mo = Z7! = 1.917. This result indicates that the low-
energy quasiparticles associated with the j = 5/2 manifold
possess an effective mass roughly twice the corresponding
noninteracting band mass.

The magnitude of this renormalization places UP; in the
regime of moderately correlated 5f systems. The quasipar-
ticles remain well defined, as evidenced by the clear linear
behavior of the self-energy at low frequency, yet their dy-
namics are substantially renormalized by electronic interac-
tions. Microscopically, this behavior arises from the interplay

22

between on-site Coulomb interactions within the uranium
5f shell and hybridization with surrounding itinerant states,
primarily derived from uranium d and ligand phosphorus p
orbitals. These hybridization processes allow the correlated
5f electrons to fluctuate dynamically between localized and
itinerant configurations, producing the renormalized quasi-
particle excitations captured by the DMFT self-energy.

An important aspect of the present result is that the j = 5/2
manifold exhibits the dominant correlation effects in the sys-
tem. Because spin—orbit coupling splits the uranium 5f shell
into j = 5/2 and j = 7/2 components, and because the
J = 5/2 states lie closest to the Fermi level, they contribute
most strongly to the low-energy electronic structure. The
substantial mass enhancement extracted from the Matsubara
self-energy therefore confirms that the correlated quasiparti-
cle states near Ef originate primarily from the j = 5/2 sector.

These dynamical results are fully consistent with the
orbital-resolved density-of-states and hybridization analy-
ses discussed previously. In those quantities the j = 5/2
states were shown to dominate the spectral weight around
the Fermi level and to exhibit strong hybridization with sur-
rounding ligand states. The Matsubara self-energy provides
a complementary and more direct measure of the many-
body renormalization associated with these hybridization
processes. Together, the results establish that at ambient
pressure UP, forms a coherent correlated metallic state in
which the j = 5/2 electrons behave as moderately heavy
quasiparticles. This baseline characterization provides the
reference point for evaluating how hydrostatic compression
modifies the strength of dynamical correlations and the co-
herence of the quasiparticle excitations in the subsequent
analysis.

After discussing the quasiparticle renormalization and
Fermi-liquid coherence of the j = 5/2 manifold at ambi-
ent pressure, we now extend the analysis to the remain-
ing spin-orbit component and to the pressure-dependent
evolution of the self-energy. In particular, we first exam-
ine the Matsubara self-energy for the j = 7/2 manifold
at P = 0, which provides insight into how the higher-
energy spin—orbit sector contributes to the correlated elec-
tronic structure. We then analyze the corresponding self-
energies for both j = 5/2 and j = 7/2 manifolds under hydro-
static compression at P = 4.427 GPa. This sequential compar-
ison allows us to track how pressure modifies the quasiparti-
cle renormalization, effective mass, and coherence properties
of the uranium 5f electrons, and thereby clarifies the role of
spin—orbit-resolved correlations in the pressure-induced evo-
lution of the electronic structure of UP,.

Figure SM14 [Fig. B1(cz) of the main paper] presents the
imaginary part of the Matsubara self-energy, I[27/,(iwn)],
for the uranium 5f j = 7/2 manifold of UP, at ambient
pressure (P = 0), obtained from fully charge-self-consistent
DFT+DMFT calculations including spin—orbit coupling. In
contrast to the previously discussed j = 5/2 sector—which
dominates the low-energy electronic structure—the j =
7/2 manifold corresponds to the higher-energy spin-orbit
component of the uranium 5f shell. Examining its self-
energy therefore provides a complementary perspective on
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FIG. SM14. The imaginary part of the uranium 5 f Matsubara self-energy, 3%/, (iwn)], for the j = 7/2 manifold of UP; at ambient pressure
(P = 0). The main panel shows the full Matsubara-frequency dependence obtained from fully charge-self-consistent DFT+DMFT calculations
using PBE-GGA and including SOC. The inset magnifies the low-frequency region near w, — 0, where the self-energy exhibits a linear
behavior characteristic of a Fermi-liquid regime. The red circles indicate the linear slope in the Fermi-liquid regime used to extract the
quasiparticle renormalization factor Z according to Eq. (A3), consistent with the formal definition in Eq. (13). All results are obtained from
fully charge-self-consistent DFT+DMFT calculations using PBE-GGA and including SOC.

how electronic correlations are distributed between the two
spin-orbit channels and clarifies the degree to which the
higher-energy sector participates in the correlated quasipar-
ticle dynamics.

The main panel displays the Matsubara-frequency depen-
dence of 3[X27/2(iwp)]. Similar to the j = 5/2 manifold, the
self-energy exhibits its largest magnitude at the lowest Mat-
subara frequencies and gradually decreases toward zero as
the frequency increases. This behavior reflects the generic
structure of correlated metallic systems within DMFT, where
low-energy quasiparticle excitations are strongly renormal-
ized while higher-energy excitations progressively recover a
more weakly interacting character. However, a clear distinc-
tion emerges when the overall magnitude of the self-energy
is compared with that of the j = 5/2 manifold: throughout
the entire frequency range, 3[3;/,(iw,)] remains noticeably
smaller in magnitude. This difference indicates that the dy-
namical correlations acting on the j = 7/2 states are signifi-

cantly weaker than those affecting the j = 5/2 sector.

The inset of Fig. SM14 highlights the low-frequency re-
gion, where the most relevant information about quasiparti-
cle properties is contained. As in the j = 5/2 case, the self-
energy displays a well-defined linear dependence on Mat-
subara frequency, confirming that the j = 7/2 states also
obey Fermi-liquid behavior at low energies. The red circles
mark the lowest Matsubara-frequency points used to perform
the linear fit within this regime. Expanding the self-energy
around w, — 0 yields

I[37/2(iwn)] = =0.130 — 0.422 0, (SM19)

From the slope of this fit, the quasiparticle renormalization
factor is obtained as Z = 0.703, corresponding to a mass en-
hancement m;/z/m7/2 =71~ 1422

A direct comparison with the j = 5/2 manifold reveals the
spin-orbit-selective nature of the correlation effects in UPs.

While the j = 5/2 states exhibit a significantly larger slope



in J[2(iw,)] and a stronger mass enhancement (m*/m =
1.917), the j = 7/2 sector shows a noticeably weaker renor-
malization. The larger quasiparticle weight obtained for the
j = 7/2 states therefore indicates that these electrons retain
a more itinerant character and experience less pronounced
many-body scattering.

This hierarchy can be understood from the relative ener-
getic positions of the two spin-orbit manifolds. The j =
5/2 states lie closest to the Fermi level and therefore dom-
inate the low-energy hybridization with surrounding con-
duction bands, leading to stronger dynamical renormaliza-
tion. In contrast, the j = 7/2 states are located at some-
what higher energies and contribute less directly to the
low-energy electronic structure. As a result, they experi-
ence weaker hybridization-driven correlation effects and dis-
play a smaller self-energy magnitude across the Matsubara-
frequency range.

These observations are consistent with the orbital-
resolved density-of-states and hybridization analyses pre-
sented earlier, where the j = 5/2 states were shown to pro-
vide the dominant spectral weight near the Fermi level while
the j = 7/2 contributions appear mainly at higher ener-
gies. The Matsubara self-energy analysis thus reinforces the
picture of spin-orbit-selective correlations in UP,: the low-
energy correlated quasiparticles originate primarily from the
J = 5/2 manifold, whereas the j = 7/2 sector plays a more
secondary role and remains comparatively weakly renormal-
ized.

Considering this contrast between the two spin—orbit com-
ponents at ambient pressure provides an essential reference
point for analyzing the pressure dependence of the self-
energy. Subsequently, we examine how hydrostatic com-
pression modifies the quasiparticle renormalization and dy-
namical correlations of both the j = 5/2 and j = 7/2
manifolds, thereby revealing the pressure-driven evolution
of spin—orbit-resolved correlation effects in UP;.

Figure SM15 [Fig. Bi(c3) of the main paper] shows the
imaginary part of the Matsubara self-energy, I[3s;,(iwn)],
for the uranium 5f j = 5/2 manifold of UP, under hydro-
static compression at P = 4.427 GPa. This analysis extends
the ambient-pressure results and allows a direct assessment
of how external pressure modifies the dynamical many-body
renormalization of the dominant spin-orbit channel. Since
the j = 5/2 states form the principal low-energy sector of
the uranium 5f shell, their self-energy behavior provides the
most direct measure of the pressure evolution of quasiparti-
cle coherence in the system.

The main panel presents the full Matsubara-frequency de-
pendence of I[3s5/,(iwn)]. As in the ambient-pressure case,
the self-energy exhibits its largest magnitude at the lowest
Matsubara frequencies and gradually decreases toward zero
with increasing frequency. This trend reflects the typical be-
havior of correlated metallic systems within DMFT: strong
dynamical renormalization governs the low-energy quasi-
particle regime, whereas high-frequency excitations progres-
sively recover a more weakly interacting character. Impor-
tantly, the overall structure of the curve remains smooth and
continuous, indicating that hydrostatic compression does not
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disrupt the coherent metallic state but instead modifies the
strength of the dynamical correlations.

A comparison with the ambient-pressure result reveals
that the magnitude of J[5),(iw,)] at low frequencies be-
comes slightly less negative under compression. Physically,
this change signals a modest reduction of the effective many-
body scattering rate experienced by the j = 5/2 quasiparti-
cles. Such behavior is consistent with the pressure-induced
enhancement of orbital overlap and hybridization between
uranium 5f states and surrounding ligand orbitals. As com-
pression reduces the interatomic distances, the hybridization
strength increases, which promotes more efficient dynamical
screening of the local Coulomb interaction and consequently
weakens the effective correlation strength acting on the low-
energy quasiparticles.

The inset of Fig. SM15 magnifies the low-frequency re-
gion near w, — 0. In this regime the self-energy exhibits
a clear linear dependence on Matsubara frequency, which is
the defining signature of a Fermi-liquid state. The preser-
vation of this linear behavior under compression indicates
that the fundamental quasiparticle picture remains valid at
P = 4.427 GPa. The red circles mark the lowest Matsubara
frequencies used to perform the linear fit within the Fermi-
liquid regime. Applying the standard expansion of the self-
energy around zero frequency yields

I[Ss/2(i0n)] = —0.122 — 0.841 wp, (SM20)
from which the quasiparticle renormalization factor is ob-
tained as Z ~ 0.543. The corresponding effective mass en-
hancement is therefore m;/z/ms/z =771~ 1.841.

When compared with the ambient-pressure value (Z =
0.522, m*/m =~ 1.917), the present result indicates a modest
increase in the quasiparticle weight accompanied by a slight
reduction of the effective mass. This quantitative change
confirms that hydrostatic compression weakens the degree
of correlation-induced renormalization within the j = 5/2
manifold. In other words, the 5f electrons acquire a some-
what more itinerant character as pressure enhances their hy-
bridization with the surrounding conduction states.

These findings are fully consistent with the broader
electronic-structure trends identified in the density-of-states
and hybridization analyses. There, pressure was shown to
strengthen the 5f-ligand coupling and broaden the conduc-
tion environment surrounding the correlated uranium or-
bitals. The corresponding reduction of the self-energy slope
observed here represents the dynamical counterpart of this
increased hybridization: stronger coupling to the itinerant
bath enhances electronic screening and stabilizes more co-
herent quasiparticle excitations.

Overall, the Matsubara self-energy analysis demonstrates
that the correlated metallic state of UP, remains robust under
hydrostatic compression while gradually evolving toward a
more coherent regime. The j = 5/2 quasiparticles, which
dominate the low-energy electronic structure, experience a
moderate reduction in correlation strength and a correspond-
ing increase in itinerancy. This behavior establishes an im-
portant reference point for evaluating the pressure response
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FIG. SM15. The imaginary part of the uranium 5f Matsubara self-energy, J[3s,;(iwn)], under hydrostatic compression at P = 4.427 GPa.
The curve is obtained from fully charge-self-consistent DFT+DMFT calculations using PBE-GGA and including SOC. The inset enlarges
the low-frequency region near w, = 0, where the self-energy displays a linear Fermi-liquid dependence. Red circles mark the Matsubara
frequencies used for the linear fit, yielding 3[25,, (iwn)] = —0.122 — 0.841 wy,. The quasiparticle weight Z is extracted according to Eq. (A3)
of the main paper, consistent with the formal definition introduced in the main paper [Eq. (A2) of the main paper]. The resulting values are

Z~0543and my , [ms; = Z 1 ~ 1.841.

of the higher-energy j = 7/2 manifold, whose dynamical evo-
lution is examined in the following figure.

Figure SM16 [Fig. Bi(cq) of the main paper] completes
the Matsubara self-energy analysis by presenting the pres-
sure evolution of the uranium 5f j = 7/2 manifold at P =
4.427 GPa. Together with the preceding panels, this figure
allows a direct comparison between the two spin—orbit—split
sectors of the 5f shell and reveals how hydrostatic compres-
sion affects the dynamical correlation strength in the higher-
energy j = 7/2 states. The overall Matsubara-frequency de-
pendence of J[37/5(iw,)] remains smooth and monotonic at
intermediate frequencies, while the low-frequency limit ex-
hibits a clear linear regime characteristic of a well-defined
Fermi-liquid state. This behavior indicates that even under
compression the j = 7/2 electrons remain part of the coher-
ent metallic state rather than forming localized excitations.
The inset highlights the first Matsubara points used to deter-
mine the linear slope in the Fermi-liquid regime, from which

the quasiparticle renormalization factor is extracted using
Eq. (A3) of the main paper and the formal definition provided
in Eq. (A2) of the main text. The linear fit yields

I[27/2(iwn)] = =0.194 — 0.204 o, (SM21)
corresponding to a quasiparticle weight Z ~ 0.831 and a
mass enhancement m;/z/m7/2 ~ 1.204. These values con-
firm that the j = 7/2 sector experiences significantly weaker
dynamical renormalization than the j = 5/2 manifold dis-
cussed in the previous panels, consistent with the fact that
the j = 7/2 states lie predominantly away from the Fermi
level and therefore couple less strongly to the low-energy
quasiparticle resonance. Comparing the compressed and
ambient-pressure cases reveals that the j = 7/2 renormaliza-
tion is only modestly affected by pressure, reflecting the more
itinerant character of these states and their reduced sensi-
tivity to the hybridization-driven coherence effects that pri-
marily control the j = 5/2 channel. When viewed together
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FIG. SM16. The imaginary part of the uranium 5f Matsubara self-energy, J[%7/;(iwn)], under hydrostatic compression at P = 4.427 GPa
obtained from fully charge-self-consistent DFT+DMFT calculations using PBE-GGA and including spin—orbit coupling. The inset enlarges
the low-frequency region near w, — 0 where the self-energy exhibits a linear Fermi-liquid dependence. The red circles denote the Matsubara
points used for the linear fit, yielding J[>7/, (i@n)] = —0.194~0.204 wy,. The quasiparticle renormalization factor is extracted using Eq. (A3)
of the main paper, consistent with the formal definition given in Eq. (A2) of the main text. The resulting quasiparticle parameters are

Z ~0831and my , /my/; = Z71 ~1.204.

with the pressure evolution of the hybridization functions
and the density of states, the Matsubara analysis establishes a
coherent physical picture in which hydrostatic compression
mainly strengthens quasiparticle coherence in the j = 5/2
sector while leaving the already weakly correlated j = 7/2
manifold comparatively unchanged. The hierarchy of quasi-
particle renormalization therefore persists across pressure,
confirming that the low-energy electronic structure of UP,
is governed by a spin-orbit-selective correlation mechanism
in which the j = 5/2 states dominate the correlated quasipar-
ticle dynamics.

Building on the pressure evolution of the local dynami-
cal correlations through the Matsubara self-energy and the
corresponding quasiparticle renormalization factors, we now
turn to the momentum-resolved electronic structure of UP,.
While the self-energy analysis provides a direct measure
of the strength of electronic correlations in each spin-orbit
channel, the momentum-resolved spectral function A(k, w)

reveals how these local many-body effects reshape the dis-
persive quasiparticle bands throughout the Brillouin zone. In
particular, the spectral function allows us to visualize the for-
mation of coherent quasiparticle states near the Fermi level,
the redistribution of spectral weight between the j = % and
j= % manifolds, and the evolution of band dispersions under
hydrostatic compression. The following subsection therefore
examines the pressure dependence of A(k, w) in the tetrag-
onal I4/mmm phase in order to directly connect the pre-
viously extracted quasiparticle renormalization factors with
the emergence of pressure-enhanced quasiparticle coherence
in the interacting band structure.
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FIG. SM17. Momentum-resolved spectral function A(k, w) for UP; in the tetragonal I4/mmm phase at ambient pressure (P = 0). The spectral
intensity is computed from the interacting lattice Green’s function [Eq. (5) of the main paper] through the spectral representation [Eq. (7)
of the main paper], incorporating the full dynamical self-energy from the charge-self-consistent DFT+DMFT framework. The color map
illustrates the quasiparticle spectral weight along the high-symmetry path T-X-M-I'-Z-R-A-M-T. The horizontal dashed line denotes
the Fermi level (Er = 0). Spin-orbit coupling (SOC) splits the uranium 5 f manifold into j = 5/2 and j = 7/2 submanifolds; the j = 5/2 states
contribute the sharp, dispersive bands crossing the Fermi level, while the j = 7/2 states are shifted to higher energies (visible as the diffuse
weight around 0.2-0.4 eV). All calculations were performed using charge-self-consistent DFT+DMFT using PBE-GGA and including SOC.

SM1 Momentum-Resolved Spectral Function and
Pressure-Enhanced Quasiparticle Coherence

Figure SM17[Fig. B2(a) of the main paper] displays the
momentum-resolved spectral function A(k, ) of UP; in the
tetragonal I4/mmm phase at ambient pressure (P = 0).
Because the spectral intensity is obtained from the inter-
acting lattice Green’s function [Eq. (5) of the main paper]
through the spectral representation [Eq. (7) of the main pa-
per], the resulting spectrum incorporates the full dynami-
cal self-energy generated within the charge—self-consistent
DFT+DMFT framework. Consequently, the figure directly vi-
sualizes how electronic correlations reshape the quasiparti-
cle band structure across the Brillouin zone along the high-
symmetry path T-X-M-T'-Z-R-A-M-T.

A prominent feature of the spectrum is the presence of
several dispersive bands crossing the Fermi level (horizontal
dashed line), demonstrating that the I4/mmm phase of UP; is
metallic. The quasiparticle bands remain well defined across

the Brillouin zone, which is consistent with the Fermi-liquid
behavior inferred from the Matsubara self-energy analysis
and the linear behavior of the self-energy at low frequen-
cies as described by Eq. (A2) of the main paper. At the same
time, the finite linewidths and moderate narrowing of the
bands relative to typical DFT dispersions indicate the pres-
ence of appreciable many-body renormalization arising from
the uranium 5f electrons. This coexistence of coherent band
dispersion and correlation-induced renormalization is a hall-
mark of correlated itinerant f-electron systems.

The spectral weight near the Fermi level is dominated by
uranium 5f states. When spin-orbit coupling is included,
the 5f manifold splits into the j = 5/2 and j = 7/2 subman-
ifolds, producing a clear hierarchy in the low-energy elec-
tronic structure. The narrow quasiparticle features concen-
trated around Er originate predominantly from the j = 5/2
states, which form a coherent resonance extending through-
out momentum space. In contrast, the j = 7/2 states appear
primarily at somewhat higher energies (above 0.2 eV) and



contribute less spectral intensity at the Fermi level. This or-
bital hierarchy mirrors the behavior observed in the orbital-
resolved density of states and is consistent with the self-
energy analysis, where the j = 5/2 channel exhibits stronger
correlation effects and larger quasiparticle mass enhance-
ment.

The dispersive character of the bands below the Fermi level
further indicates substantial hybridization between the ura-
nium 5f orbitals and surrounding conduction states. This
hybridization produces itinerant quasiparticle bands rather
than localized atomic-like excitations and leads to the for-
mation of a coherent low-energy electronic structure. The
narrow spectral ridge centered near Er can therefore be in-
terpreted as the momentum-resolved manifestation of the
many-body quasiparticle peak that appears in the local den-
sity of states, reflecting the emergence of correlated heavy
quasiparticles within the DMFT description.

Overall, the spectral function at ambient pressure reveals
that UP, in the I4/mmm structure resides in a correlated
metallic regime characterized by coherent quasiparticles de-
rived primarily from the spin—orbit-split uranium 5f mani-
fold. The dominance of the j = 5/2 states at low energy es-
tablishes the microscopic origin of the metallic Fermi surface,
while the finite linewidths and moderate renormalization en-
code the influence of electronic correlations. This ambient-
pressure spectrum therefore provides the reference elec-
tronic structure against which the pressure-induced modifi-
cations of quasiparticle coherence and band dispersion, ex-
amined in the following panel, can be directly compared.

Figure SM18 [Fig. B2(b) of the main paper] presents the
momentum-resolved spectral function A(k, w) of UP; at P =
4.427 GPa, corresponding to the same [4/mmm structure as
in Fig. SM17 but under finite hydrostatic compression. The
band dispersions now reveal several qualitative and quan-
titative departures from the ambient-pressure case that di-
rectly trace the pressure evolution of the correlated uranium
5f electrons.

Compared with the P = 0 spectrum, the quasiparticle
bands near the Fermi level have become noticeably narrower
and more dispersive at the same time, leading to higher cur-
vature and finer definition of the low-energy features across
the T'-M and Z-R segments. This change reflects the dual ef-
fect of pressure: (i) an increase in the effective hybridization
between uranium 5f and ligand states, and (ii) a reduction of
the quasiparticle scattering rate, manifested by the smaller
imaginary component of the self-energy. These combined
effects transform the electronic structure from a moderately
renormalized itinerant metal into a distinctly more coherent
Fermi liquid.

A second major modification is the redistribution of spec-
tral weight between the spin-orbit components. The j = 5/2
manifold, which dominates the low-energy electronic struc-
ture, displays enhanced intensity directly at the Fermi level
and a visibly extended momentum spread of its quasiparti-
cle ridge. This indicates that a larger portion of the f spec-
tral weight participates in coherent hybridization with con-
duction bands upon compression. The associated increase
in low-energy f spectral density is consistent with the rise

28

in the quasiparticle residue Z extracted from the self-energy
analysis. By contrast, the spectral weight associated with
the j = 7/2 manifold, centered around 0.2-0.3 €V, shifts
slightly downward in energy and becomes more sharply
defined, showing that pressure weakens the effective spin-
orbit-induced energy separation between the two manifolds.
This slight narrowing of the j = 7/2-j = 5/2 gap implies that
compression enhances inter-manifold hybridization, leading
to partial mixing of their spectral characters in regions near
the top of the valence band.

Furthermore, the quasiparticle dispersions below Er (seen
most clearly along T'-X-M-T') gain additional curvature un-
der pressure, particularly in the strongly hybridized seg-
ments where the 5f states intersect the ligand-derived bands.
This increased curvature implies a reduction in the effective
mass of the low-energy carriers, in excellent agreement with
the moderate decrease of m*/m obtained from the Matsub-
ara fits. The reduction of the effective mass also contributes
to the enhanced spectral sharpness around Ep, strengthen-
ing the interpretation of pressure as a tuning parameter that
promotes itinerant 5f behavior.

Importantly, the pressure-induced evolution is not purely
uniform across momentum space. The enhancement of
coherence is most pronounced along paths that involve
substantial f-ligand overlap (e.g., along I'-M and Z-R),
while at high-symmetry points with limited hybridization,
such as near X and A, the spectral width remains rela-
tively unchanged. This momentum selectivity highlights the
anisotropic nature of the hybridization processes that drive
coherence in tetragonal UP; under compression. Such se-
lective enhancement provides a microscopic explanation for
the persistence of correlation-induced spectral broadening in
some momentum sectors even when overall itinerancy in-
creases.

Together, these pressure-driven changes reveal a con-
tinuous evolution rather than an abrupt transition. The
compressed phase retains the spin-orbit-split 5f character
of the ambient system but exhibits substantially stronger
hybridization-driven coherence. The j = % manifold gains
greater spectral dominance near Ep, while the j = % sec-
tor becomes slightly more itinerant due to hybridization-
mediated energy shifts. Thus, hydrostatic pressure in UP,
primarily enhances bandwidth and coherence, modestly
renormalizes the SOC splitting, and redistributes spectral in-
tensity toward low energies, all of which collectively signify
a pressure-induced suppression of electronic localization.

Beyond mapping the quasiparticle dispersions, the
momentum-resolved spectrum also encapsulates the un-
derlying evolution of local many-body interactions within
the uranium 5f shell. In particular, the coherency gain
observed in Fig. SM18 originates from changes in the
statistical weighting of atomic configurations within the
DMFT impurity problem. The following section therefore
complements the spectral analysis by examining these
configuration probabilities from the CT-QMC solver, linking
them quantitatively to the pressure evolution of charge
fluctuations and hybridization strength that stabilize the
correlated metallic state of UP;.
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FIG. SM18. Momentum-resolved spectral function A(k,w) of UPy in the tetragonal I4/mmm phase under hydrostatic compression at
P = 4.427 GPa. The spectral intensity is computed from the interacting lattice Green’s function [Eq. (5) of the main paper] using the spec-
tral representation [Eq. (7) of the main paper], fully incorporating the dynamical self-energy obtained within the charge-self-consistent
DFT+DMFT framework using PBE-GGA and including SOC. The color map shows the evolution of the quasiparticle spectral weight along
the high-symmetry path T'-X-M-TI'-Z-R-A-M-T. The horizontal dashed line marks the Fermi level. Under pressure, the uranium 5f man-
ifold remains split into the j = % and j = % submanifolds; however, the j = %—derived states become markedly more coherent and extended
in momentum space, signaling enhanced itinerancy induced by compression.

SMII. Valence-State Statistics and Hybridization-Driven

Charge Fluctuations

Figure SM19 [Fig. B2(c) of the main paper] provides a mi-
croscopic view of the uranium 5f configuration space in the
tetragonal I4/mmm phase of UP; at ambient pressure. Within
DMFT, the CT-QMC impurity solver samples the entire man-
ifold of atomic many-body states, and the resulting distribu-
tion of probabilities pr encodes the strength of charge fluctu-
ations, hybridization, and the degree of mixed valence. This
figure therefore constitutes the statistical foundation under-
lying the single-particle spectra, quasiparticle masses, and
hybridization effects discussed in the main text.

The probability histogram reveals that the uranium ion in
UP; does not reside in a narrowly defined atomic configura-
tion but instead fluctuates broadly among several 5N sec-
tors. The dominant contributions arise from the 5% and 513
configurations, which together account for more than 85% of
the total weight, as summarized in the inset pie chart. This

bimodal distribution indicates a clear intermediate-valence
regime: the uranium 5f shell is neither strictly localized (as
in a purely 5f? configuration) nor fully itinerant (as would
be reflected in a sharply peaked 5f° distribution). Instead,
the DMFT solution identifies a dynamic admixture of these
charge sectors, consistent with substantial 5f-ligand hy-
bridization and the presence of a coherent quasiparticle res-
onance at the Fermi level.

In addition to the dominant 5f% and 5f° sectors, the fig-
ure shows finite occupation of the 5f! and 5f* configura-
tions. Although these contributions are smaller in magni-
tude, their existence is significant: they represent residual
charge-transfer fluctuations, reflecting the continuous ex-
change of electrons between the 5f shell and the surround-
ing conduction states. Such higher- and lower-valence ex-
cursions contribute appreciably to the variance of the 5f oc-
cupancy, 5n]2” and therefore to the renormalized low-energy

physics. The near absence of 5f° and 5> components (omit-
ted from the histogram for clarity) confirms that these fluctu-
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FIG. SM19. Valence-state histogram of the uranium 5f shell in UP, (I4/mmm) at ambient pressure (P = 0), obtained from the CT-QMC
impurity solver within the fully charge-self-consistent DFT+DMFT framework including spin-orbit coupling (SOC). The bar plots show the
statistical probabilities pr of the atomic 5V configurations (N = 0-4), which determine the average 5f occupancy and the charge-fluctuation
amplitude according to Eq. (9) of the main paper. The inset pie chart displays the integrated probability weight of each 5N sector. The
dominant 5f2 and 5f> contributions (38.47% and 46.64%, respectively) reveal the mixed-valence character of uranium in this phase, while
the finite 5 (4.87%) and 5f* (9.40%) components reflect residual charge-transfer fluctuations. The 5f° contribution is negligible (0.11%)
and the 5f° sector is omitted due to vanishing weight. Bars are color-coded according to the total-angular-momentum j character of the
associated many-body states, highlighting the SOC-resolved multiplet structure of the correlated 5f manifold.

ations remain within a physically meaningful and chemically
realistic valence window.

Another important feature of Fig. SM19 is the color-coded
internal structure within each 5f N sector, which distin-
guishes the contributions of individual many-body states
grouped by their total angular momentum j. This SOC-
resolved multiplet decomposition highlights the central role
of spin-orbit coupling in shaping the correlated 5f manifold.
Rather than collapsing onto a single dominant multiplet, the
probability weight is distributed among several j-resolved
states, underscoring the multiorbital, strongly entangled na-
ture of the uranium impurity problem. The system samples
a wide manifold of SOC-entangled multiplets, reflecting the
fact that the uranium ion in UP, behaves as an open quan-
tum subsystem that dynamically explores a high-dimensional
correlated state space.

Altogether, the valence statistics at P = 0 paint a consistent
microscopic picture of UP, as a mixed-valent 5f system with
substantial dynamical charge fluctuations and strong SOC-

driven multiplet entanglement. These fluctuations enhance
hybridization, stabilize the coherent metallic state, and set
the stage for the pressure evolution analyzed in Fig. SM20.
The ambient-pressure configuration histogram thus provides
a crucial baseline for understanding how compression mod-
ifies the charge dynamics and reshapes the 5f manifold of
UP;.

Figure SM20 [Fig. B2(d) of the main paper] illustrates how
hydrostatic compression modifies the many-body configura-
tion landscape of the uranium 5f shell. Compared with the
ambient-pressure distribution shown in Fig. SM19, the prob-
ability histogram reveals a systematic redistribution of statis-
tical weight among the 5 sectors, reflecting the pressure-
enhanced hybridization between uranium 5f states and the
surrounding conduction bands.

The most prominent change is the reduction of the 5f2
contribution from about 38.5% at ambient pressure to 34.1%
at P = 4.427 GPa, accompanied by a simultaneous increase
of the 5f* sector from roughly 9.4% to 12.8%. In contrast,
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FIG. SM20. Valence-state histogram of the uranium 5f shell in UP (I4/mmm) under hydrostatic compression at P = 4.427 GPa, obtained
from the CT-QMC impurity solver within the fully charge-self-consistent DFT+DMFT framework including spin-orbit coupling (SOC).
The bar plots show the statistical probabilities pr of atomic 5N configurations (N = 0-4), which determine the average 5f occupancy and
the amplitude of charge fluctuations according to Eq. (9) of the main paper. The inset pie chart summarizes the integrated probability weight
of each 5fN sector. The 5f3 configuration remains dominant (47.53%), while the 52 contribution decreases to 34.14%. Finite 51 (4.40%)
and enhanced 5f* (12.83%) weights indicate strengthened charge-transfer fluctuations under compression, whereas the 5f° contribution is
negligible (0.11%) and the 5f° sector is omitted due to vanishing probability. Bars are color-coded according to the total angular-momentum
Jj character of the many-body states, highlighting the SOC-resolved multiplet structure of the correlated 5f shell.

the 513 configuration remains the dominant component and
even slightly increases its statistical weight, reaching approx-
imately 47.5%. The persistence of a strong 5f° component
confirms that the uranium ion continues to fluctuate primar-
ily between the 5f% and 5f° charge sectors. However, the
enhanced population of the higher-valence 5f* configuration
clearly signals an increased tendency toward electron delo-
calization under compression.

This redistribution of configuration weights is a direct
manifestation of pressure-driven hybridization effects. As
the lattice contracts, the overlap between uranium 5 f orbitals
and ligand p states increases, strengthening the hybridization
function that enters the DMFT impurity problem. The en-
hanced hybridization promotes dynamical charge exchange
between the correlated 5f shell and the itinerant electronic
bath, thereby expanding the range of accessible charge con-
figurations. The increase of the 5f* probability provides a
clear statistical signature of this process, indicating that the

correlated shell explores higher electron-count sectors more
frequently as the hybridization strength grows.

The persistence of finite 5! weight, together with the in-
creased 5f* probability, implies that the distribution of con-
figurations becomes slightly broader in configuration space
under compression. This broadening reflects stronger charge
fluctuations and is consistent with the pressure evolution of
the average 5f occupancy and its variance discussed in the
main text. Importantly, the 5f° component remains negli-
gible and the 5f° sector continues to carry essentially zero
probability, confirming that the valence fluctuations remain
confined to a physically reasonable window centered around
the 5£273 manifold.

The internal color-coded structure within each 5V sector
again highlights the role of spin—orbit coupling in organiz-
ing the many-body multiplet landscape. Even under com-
pression, the probability weight is distributed among several
SOC-resolved multiplets rather than collapsing onto a single



atomic state. This behavior emphasizes that the uranium ion
remains a strongly correlated multiorbital impurity whose
low-energy physics arises from the collective contribution of
many SOC-entangled configurations.

Taken together, Fig. SM20 demonstrates that hydrostatic
compression does not eliminate the mixed-valence character
of UP,, but instead slightly shifts the balance of charge con-
figurations toward higher electron counts while preserving
the dominant 5f2-5f° fluctuation channel. This pressure-
induced redistribution of configuration weights provides a
microscopic explanation for the enhanced itinerancy and
strengthened quasiparticle coherence observed in the spec-
tral and hybridization functions discussed earlier. The va-
lence histogram therefore establishes a direct link between
structural compression and the evolution of electronic corre-
lations in UP,.

While the valence histograms in Figs. SM19 and SM20 pro-
vide a statistical view of the configuration space explored
by the uranium 5f shell, complementary information about
the correlated state can be obtained from thermodynamic ob-
servables extracted from the DMFT impurity problem. In par-
ticular, the average 5f occupancy (ns¢) characterizes the ef-
fective valence of the uranium ion, whereas the local mag-
netic susceptibility o probes the persistence of dynami-
cal local-moment fluctuations through the imaginary-time
spin-spin correlation function. Together, these quantities
provide a compact diagnostic of how mixed valence, charge
fluctuations, and magnetic screening evolve under pressure.
The corresponding DFT+DMFT results for paramagnetic UP;
in the tetragonal [4/mmm structure are summarized in Ta-
ble SM1.

SMIII. Thermodynamic Diagnostics of Pressure-Driven
Hybridization and Dynamical 5f Fluctuations in UP;

The thermodynamic observables summarized in Ta-
ble SM1 provide an additional microscopic diagnostic of the
correlated 5f electronic state in UP, within its experimen-
tally established tetragonal I4/mmm structure. Within the
DFT+DMFT framework, these quantities offer complemen-
tary information about the charge and spin dynamics of
the correlated uranium shell. The average 5f occupancy
(nsr) characterizes the effective valence state of uranium and
quantifies charge fluctuations between different atomic con-
figurations, while the local magnetic susceptibility yjo. mea-
sures the strength and temporal persistence of dynamical
spin fluctuations encoded in the imaginary-time spin—spin
correlation function (Eq. (20) of the main text). Together,
these quantities provide a thermodynamic probe of the bal-
ance between electronic correlations and hybridization that
governs the intermediate-valence behavior of the uranium 5 f
subsystem.

At ambient pressure (P = 0 GPa), the [4/mmm calculations
yield (nsf) = 2.62 and yj,c = 65.19. These values closely
resemble those obtained for UP, within the P4/nmm struc-
tural framework discussed in the main text ((nss) = 2.67 and
Xloc = 61.88; see Table II). The differences between the two
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structural descriptions are therefore small: the change in oc-
cupancy amounts to only Ansy = 2.67 — 2.62 = 0.05, cor-
responding to a relative variation of less than 2%, while the
local susceptibility differs by approximately 5%. Such small
variations demonstrate that the correlated electronic state
of UP; is largely insensitive to the subtle crystallographic
differences between the two tetragonal structures. In both
cases the uranium 5f shell resides in the same intermediate-
valence regime dominated by mixed 5f? and 5f° configura-
tions, consistent with the configuration histograms discussed
in Sec. II C of the main text. The persistence of comparable
Xloc Values further confirms that the characteristic dynamical
moment fluctuations originate from intrinsic many-body cor-
relations within the uranium 5f manifold rather than from
minor structural variations.

Application of hydrostatic pressure produces systematic
changes in both thermodynamic indicators. In the I4/mmm
structure the average 5f occupancy increases slightly from
2.62 to 2.71 upon compression to 4.427 GPa. The absolute
increase Ansy = 2.71 — 2.62 = 0.09 corresponds to a rel-
ative change of roughly 3.4%, indicating only a modest re-
distribution of charge within the correlated shell. In con-
trast, the local magnetic susceptibility decreases substantially
from yjoc = 65.19 to 52.75, corresponding to a reduction of
Axioc = 12.44, or approximately 19%. This pronounced de-
crease in ). signals a significant suppression of dynami-
cal local-moment fluctuations under compression. A similar
pressure response is obtained in the P4/nmm calculations of
the main text, where yjo. decreases from 61.88 to 54.26 at the
same pressure. The consistency of these trends across struc-
tural models confirms that the dominant effect of pressure is
not a large change in valence but rather a modification of the
dynamical screening of the uranium moment.

Within the DFT+DMFT formalism, this suppression of yjoc
can be directly attributed to the pressure-induced enhance-
ment of 5f-ligand hybridization. Compression reduces in-
teratomic distances and increases orbital overlap between
uranium 5f states and ligand p orbitals. In the DMFT im-
purity problem this effect appears as an increase in the hy-
bridization function —Im A(w) entering the impurity Dyson
equation, which strengthens the dynamical coupling be-
tween the correlated 5f shell and the itinerant electronic
bath. Enhanced hybridization promotes dynamical screen-
ing of the local moment, shortens the lifetime of spin fluctu-
ations on the DMFT time scale, and drives the system toward
a more coherent quasiparticle regime. This interpretation is
consistent with the pressure-induced reduction of the imagi-
nary part of the self-energy J[3(iw,)] and the sharpening of
the low-energy j = % quasiparticle features observed in the
spectral functions discussed in the main text.

A complementary characterization of the fluctuating mag-
netism is provided by the finite-temperature dynamical local
moment. For the I4/mmm structure at ambient pressure we
obtain piy = 2.361 pg. This value agrees closely with the cor-
responding DFT+DMFT result obtained within the P4/nmm
structural framework for UP,, py = 2.410 pg (Table I of the
main manuscript). The absolute difference, Ay = 0.049 ug,
corresponds to a relative variation of approximately 2.0%, in-
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TABLE SM1. Average 5f occupancy (nss) and local magnetic susceptibility xo. for paramagnetic (PM) UP; in the tetragonal 14/mmm
structure obtained from fully charge self-consistent DFT+DMFT calculations using the PBE-GGA functional with SOC.

Compound P (GPa) (ns¢) Xloc
UP2 0 2.62 65.19
4.427 2.71 52.75

dicating that the magnitude of the fluctuating uranium mo-
ment is only weakly sensitive to the specific tetragonal struc-
tural realization employed in the calculation. Moreover, the
value obtained for I4/mmm-UP; lies within the range de-
fined by the UXj series in Table I, 2.263 < puy < 2.410 pp.

It is important to emphasize that the PM moment obtained
within DFT+DMFT represents a dynamical moment rather
than a static ordered one. Because the DMFT impurity prob-
lem explicitly incorporates temporal spin and charge fluctua-
tions, the corresponding angular-momentum fluctuations of
the uranium 5f shell reflect the instantaneous amplitude of
spin-orbit-entangled local moments. Consequently, the PM
moment should be interpreted as a measure of fluctuating
local-moment correlations above the magnetic ordering tem-
perature rather than as a symmetry-breaking order parame-
ter.

This distinction becomes evident when comparing the
present results with the static AFM DFT moments sum-
marized in Table I of the main text. Conventional DFT
calculations yield ordered uranium moments in the range
1.27-1.76 pg for UP,, depending on the exchange-correlation
functional and treatment of correlations. These smaller
values arise because long-range magnetic order partially
quenches the dynamical fluctuations that contribute to
the instantaneous moment in the PM state. In contrast,
DFT+DMFT retains these temporal fluctuations and there-
fore yields larger effective moments that agree closely with
the experimental Curie-Weiss value py =~ 2.50 pp reported for
UP; above the ordering temperature [1].

Taken together, the thermodynamic diagnostics presented
here establish a coherent microscopic picture of the corre-
lated state in UP;. At ambient pressure the uranium 5f
shell forms a robust fluctuating moment of approximately
2.6 ug embedded within an intermediate-valence environ-
ment characterized by (ns¢) ~ 2.6 and strong imaginary-
time spin correlations. Hydrostatic compression enhances
5f-ligand hybridization and thereby suppresses the persis-
tence of these fluctuations, as reflected in the nearly 19% re-
duction of yj.. Importantly, the close quantitative agree-
ment between the I4/mmm and P4/nmm calculations demon-
strates that the essential dynamical properties of the uranium
5f shell are remarkably robust with respect to structural de-
tails. Instead, they are governed primarily by the competi-
tion between SOC-entangled atomic multiplet physics and
hybridization-driven dynamical screening. Within this uni-
fied picture, ligand substitution across the UX; series sets the
baseline localization scale by tuning the intrinsic 5f-ligand
hybridization strength, while hydrostatic pressure provides
a complementary tuning parameter that enhances hybridiza-
tion and drives the system toward a more coherent itinerant

regime.

SMIX. APPENDIX: ATOMIC TERM SYMBOL,
DEGENERACY, SPIN-ORBIT SPLITTING, AND
TETRAGONAL CRYSTAL-FIELD SPLITTING OF URANIUM
IN THE STRONG-SOC LIMIT

In this section we present a self-contained discussion of the
term symbol, degeneracy, spin—orbit splitting, and tetrago-
nal crystal-field splitting of uranium. Since several distinct
but related descriptions are often mixed in the literature, it
is important to separate them carefully. We shall distinguish
three levels of description: first, the free uranium atom in the
absence of both spin-orbit coupling and crystal field; second,
the free uranium atom in the presence of spin—orbit coupling
but still in the absence of crystal field; and third, uranium in
a tetragonal crystal environment of symmetry I4/mmm, as-
suming that spin-orbit coupling is stronger than the crystal
field. The last assumption means that the hierarchy of energy
scales is

Asoc > Acr, (SM22)

where Asoc denotes the spin—orbit coupling strength and Acg
denotes the crystal-field splitting scale. Under the condition
expressed in Eq. (SM22), the physically appropriate proce-
dure is to form the atomic spin-orbit-coupled multiplets first
and then split them by the lower-symmetry crystal field.

SM1. General definition of the atomic term symbol

For an atom or ion in Russell-Saunders coupling, the spec-
troscopic term symbol is written as

B (SM23)

where S is the total spin quantum number, L is the total or-
bital angular momentum quantum number, and J is the total
angular momentum quantum number obtained from vector

coupling of L and S. The spin multiplicity is therefore
25 +1, (SM24)

while the orbital quantum number L is encoded spectroscop-
ically by the letter sequence

S,P,D, F,G H LKL, ... (SM25)
which corresponds to
L=0,1,2 345678, .... (SM26)



It is crucial to emphasize that the letter “L” appearing as
a spectroscopic symbol in °Lg is not itself the numerical
value of the orbital angular momentum,; rather, according to
Eq. (SM26), the spectroscopic letter L corresponds to orbital
quantum number L = 8.

For the uranium free-atom ground term, the standard spec-
troscopic assignment is

*Lg. (SM27)
Using Eqgs. (SM23)-(SM26), one identifies

2S+1=5 L=8  J=6, (SM28)

and therefore

S=2. (SM29)
The free neutral uranium atom has the spectroscopic ground
term °Ls. This free-atom term is used here only as an
atomic reference for clarifying angular-momentum notation.
It should not be interpreted as a fixed ionic configuration of
uranium in UX,, where the DFT+DMFT impurity solution ex-
hibits mixed 5f2-5f* valence fluctuations. By contrast, in the
one-electron relativistic picture relevant to DFT+DMFT, the
5f shell is split in the strong-SOC limit into the j = 5/2 and
Jj =7/2 sectors.

SMII. Free uranium atom without spin-orbit coupling and

without crystal field

We begin from the idealized free atom in the simultaneous
absence of spin—orbit coupling and crystal field. In this limit,
the Hamiltonian is rotationally invariant in orbital space and
spin space separately, so the good quantum numbers are L, S,
and their projections My and Ms. Because there is no spin-
orbit interaction, states with different J values belonging to
the same LS term are not yet split. Therefore the relevant
classification is simply by the LS term

2541y, (SM30)
For uranium, this is the unsplit term
SL. (SM31)

The degeneracy of an LS term in the absence of spin—orbit
coupling is the product of the spin degeneracy and orbital
degeneracy:

gis = (2S+ 1) (2L +1). (SM32)

For uranium, substitution of S = 2 and L = 8 from Eqs. (SM28)
and (SM29) gives

gis=(2x2+1)(2X8+1) =5x 17 = 85. (SM33)

Hence, in the free atom and in the absence of both spin-orbit
coupling and crystal field, the uranium ground term °L is 85-
fold degenerate.
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This result may also be understood by counting the al-
lowed projections explicitly. The spin projections are

Ms=-8,-S+1,...,S, (SM34)

which gives 25 + 1 = 5 possibilities for S = 2, and the orbital
projections are

M, =-L-L+1,...,L (SM35)

which gives 2L + 1 = 17 possibilities for L = 8. Since in the
absence of SOC these degrees of freedom are independent,
the total number of degenerate states is their product, which
is precisely Eq. (SM33).

Therefore, the answer to the question “What is the term
value and how many degenerate levels does uranium have in
its free-atom ground state without spin-orbit coupling and
without crystal field?” is:

3L, g = 85. (SM36)

SMIIL. Free uranium atom in the presence of spin—orbit

coupling but in the absence of crystal field

We now switch on the atomic spin—orbit interaction while
keeping the atom in free space, so that no crystal field is
present. The coupling of orbital and spin angular momenta
is described by

J=L+S. (SM37)

In quantum mechanics, Eq. (SM37) does not imply that J must
equal L + S only. Rather, the allowed values are

J=I|L-S|, |[L-S|+1, ..., L+S. (SM38)
For uranium, using L = 8 and S = 2, one obtains
J =6,7,8,9,10. (SM39)

Thus the unsplit LS term >L is resolved by spin—orbit coupling
into the fine-structure multiplets

*Lg, °Ly, °Ls, *Lo, *Lio. (SM40)
Each J multiplet in the free atom has degeneracy
gy =2]+1. (SM41)

Therefore, the degeneracies of the five fine-structure multi-

plets in Eq. (SM40) are

gj=0 =19, gj=10 = 21.
(SM42)

As a consistency check, the sum of these degeneracies must

equal the original LS degeneracy, and indeed

9gj=¢ =13, gj=7 =15, g¢gj=5 =17,

13+ 15+ 17+ 19 + 21 = 85, (SM43)

Equation (SM43) shows that spin-orbit coupling only redis-
tributes the original 85 states among different J multiplets; it
does not change the total number of states.



The conventional ground fine-structure level of the free
uranium atom is

L. (SM44)

Hence, once spin—orbit coupling is included, but still without
crystal field, the free-atom ground-state degeneracy becomes

gj=¢ =2X6+1=13. (SM45)
Let us summarize the first two stages below:
SOC
SL — 5L6 (&) 5L7 ® ng ® 5L9 ® 5Ll(). (SM46)

Before SOC, the uranium free-atom ground term is 85-fold
degenerate; after SOC, this degeneracy is split into five fine-
structure multiplets, and the lowest among them is °L¢ with
13-fold degeneracy.

SMI1IV. Important distinction between many-electron
atomic terms and one-electron 5f spinor states

Before proceeding to the crystal case, it is essential to clar-
ify a common source of confusion. There are two different
but related descriptions of uranium 5f states:

First, there is the many-electron atomic-term description
discussed above, in which the free atom is classified by a term
symbol such as L. This is a many-body classification of the
total angular momentum of the atomic ground state.

Second, there is the one-electron relativistic description
of the 5f shell, which is the language commonly used
in electronic-structure methods such as DFT, DFT+U, and
DFT+DMFT. In that one-electron picture, each f electron has
orbital angular momentum

[=3, (SM47)

and, including spin, the dimension of the one-electron f shell

1S
2(21+1) = 2(7) = 14. (SM48)

When one-electron spin-orbit coupling is included, the f
shell splits into two relativistic subspaces with

j=t-r=2 j=tel=l (SM49)
Their dimensions are
2j+1=6 forjzg, 2j+1=28 forj:%, (SM50)
so that
14 =6+ 8. (SM51)

Equation (SM51) describes the splitting of the one-electron
5f shell, not the splitting of the many-electron atomic term
L. Both descriptions are useful, but they answer differ-
ent physical questions. The many-electron term-symbol lan-
guage is appropriate for discussing the atomic ground term
and its fine structure. The one-electron j = 5/2 and j = 7/2
language is the natural basis for relativistic band-structure
and DFT+DMFT calculations, including the practical inter-
pretation of files such as case.indmfl and Trans.dat.

35

SM V. Uranium in a tetragonal crystal of symmetry
I4/mmm with strong spin—orbit coupling

We now consider uranium in a crystal with space group
I4/mmm. The relevant point-group symmetry at a high-
symmetry uranium site is tetragonal

Dap. (SM52)

Under the strong-SOC condition in Eq. (SM22), one should
not begin from the crystal field acting on the unsplit orbital
states. Instead, one first forms spin—orbit-coupled states and
then lets the crystal field split them.

There are again two related viewpoints: the many-electron
crystal-field splitting of the atomic J = 6 multiplet, and the
one-electron splitting of the relativistic 55/, and 5f;,, man-
ifolds. Since the practical computational context involves a
14-dimensional f basis, the one-electron viewpoint is par-
ticularly relevant, but for completeness we first explain the
many-electron logic.

SMI  Many-electron viewpoint: splitting of the atomic°Lg multiplet

From the atomic point of view, the free-ion ground multi-
plet in the presence of SOC is °Ls, with degeneracy
2] +1=13. (SM53)
In a crystal, rotational symmetry is reduced from the full ro-
tation group to the site-symmetry group Dyj,. Therefore the
J = 6 multiplet is split by the tetragonal crystal field into
lower-dimensional irreducible representations of the crystal
symmetry group. Formally, one writes the local Hamiltonian
as

H = Hyom + AL - S + Her, (SM54)
where the tetragonal crystal-field Hamiltonian may be ex-
panded in Stevens operators as

Hcr = BYOY + BSOS + B;0; + BO? + B¢ O%. (SM55)
Here BZ are crystal-field parameters and OZ are Stevens op-
erator equivalents. Diagonalization of Eq. (SM54) within the
J = 6 manifold gives the crystal-field eigenstates and ener-
gies. Since J = 6 is an integer, this is not a Kramers mul-
tiplet, and symmetry does not require all levels to remain
doubly degenerate. Therefore the original 13-fold degener-
acy in Eq. (SM53) is lifted into a set of crystal-field singlets
and, depending on the representation content, possibly non-
Kramers doublets. The representation content is fixed by the
site symmetry and by the value of J, whereas the crystal-field
parameters determine the level energies, ordering, and the
detailed composition of the eigenstates within the symmetry-
allowed subspaces.

Thus, at the many-electron level, the physical picture is

soC 5

CF in Dy,
L 255 -

¢ — crystal-field sublevels. (SM56)



SM L. One-electron viewpoint: splitting of the 5f shell in
relativistic electronic-structure calculations

In relativistic electronic-structure approaches, one typi-
cally works instead with the one-electron 5f shell. In that
case, Eq. (SM48) gives the 14-dimensional local space, and
spin-orbit coupling first produces the two relativistic mani-
folds j =5/2 and j = 7/2 in Eq. (SM49). Under the tetragonal
crystal field of point group Dy, these are further reduced ac-
cording to the double-group irreducible representations.

Because j = 5/2 and j = 7/2 are half-integer angular mo-
menta, time-reversal symmetry guarantees Kramers degen-
eracy. Therefore each resulting crystal-field level is at least
twofold degenerate. The decomposition under the tetragonal
double group is

5
j = E — Fﬁ (&) F7 (&) F7, (SM57)

and

jzg — F669F669F769F7. (SM58)
Equation (SM57) means that the six states of the j = 5/2
manifold split into three Kramers doublets, while Eq. (SM58)
means that the eight states of the j = 7/2 manifold split
into four Kramers doublets. Consequently, the full 14-
dimensional one-electron 5f shell becomes

SOC CF in

Dl
1425 6+8 — 5 2+2+2+42+2+2+2. (SM59)

Thus, in the one-electron relativistic picture appropriate to
DFT+DMFT, the uranium 5f shell in tetragonal symmetry
and in the strong-SOC regime is split into seven Kramers dou-
blets.

This is the natural interpretation of a 14-dimensional cor-
related subspace separated into two SOC sectors labeled j =
5/2 and j = 7/2. In practical computational files such as
case.indmfl and Trans.dat, one indeed encounters this struc-
ture: the correlated shell is the f shell with [ = 3, the spin-
orbit basis separates it into j = 5/2 and j = 7/2, and the
tetragonal environment further splits these subspaces with-
out strong mixing when the hierarchy of Eq. (SM22) applies.

SM VL. Why the strong-SOC hierarchy matters

The assumption of Eq. (SM22) is not merely technical; it de-
termines the correct order of symmetry reduction. If crystal-
field splitting were stronger than spin-orbit coupling, one
would first classify the orbital states under the crystal point
group and only then treat SOC. But in uranium 5f systems
the spin—orbit interaction is typically large, so the physically
relevant order is

Atomic Shell
1 soc
J Multiplets
| cF
Crystal-Field Sublevels

(SM60)
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In the one-electron picture, Eq. (SM60) becomes

soc CF in D
5f —— 5f572@5f72 — ¥, 7 Kramers doublets. (SM61)

In the many-electron atomic-term picture, the corresponding
logic is

SOC 5 CFin Dy,
T 5 ———

L crystal-field sublevels. (SM62)

These two chains are not contradictory. They belong to two
different levels of description of the same uranium physics:
the first is a one-electron relativistic shell picture, and the
second is a many-electron atomic-term picture.

SM VIL. Summary

In short, uranium has an 85-fold degenerate LS ground
term 3L when both spin-orbit coupling and crystal field are
absent. Atomic spin-orbit coupling splits this term into five
fine-structure multiplets, among which the ground level is
>Le with 13-fold degeneracy. In a tetragonal crystal of sym-
metry [4/mmm, with spin-orbit coupling stronger than the
crystal field, the relevant relativistic 5f shell first splits into
the j = 5/2 and j = 7/2 sectors and is then further resolved
by the tetragonal crystal field into a total of seven Kramers
doublets.

CONCLUSION

In this Supplementary Material we established the nu-
merical reliability and physical consistency of our fully
charge self-consistent PBE-GGA+SOC DFT+DMFT calcula-
tions, and we validated that the main conclusions of the
manuscript are robust with respect to both convergence con-
trols and the structural refinement for UP,. The two-level
convergence analysis (outer charge-self-consistent cycle and
inner impurity loop) confirms that the reported spectral, sta-
tistical, and thermodynamic observables correspond to stable
paramagnetic solutions at T = 300 K.

Focusing on the experimentally established tetragonal
I4/mmm structure of UP,, we showed that the low-energy
electronic structure is dominated by a correlated U-5f quasi-
particle resonance with a pronounced spin—orbit hierarchy:
the coherent states at Ep originate predominantly from the
Jj= % manifold, while the j = % weight is largely shifted to
higher energies. The corresponding valence-state statistics
and thermodynamic diagnostics consistently place UP; in an
intermediate-valence regime with mixed 5f2-5f° character.

Hydrostatic pressure primarily acts to enhance 5f-ligand
hybridization and quasiparticle coherence rather than to
drive a valence transition. This is reflected in the weak pres-
sure dependence of the average occupancy, (nsf) = 2.62 —
2.71, contrasted by the marked reduction of the local sus-
ceptibility, yioc = 65.19 — 52.75, in Table SM1. Within
DMFT, the suppression of yjo. indicates enhanced dynami-
cal screening and a shorter lifetime of local-moment fluctu-
ations, consistent with the pressure-induced sharpening of



the j = % quasiparticles and the reduced scattering encoded
in I3[2(iwy)].

Importantly, these conclusions are quantitatively consis-
tent across structural realizations: at ambient pressure the
I4/mmm values of (ns¢) and yjo. closely match those ob-
tained in the unified P4/nmm reference structure of the
main text (Table II of the main paper). Likewise, the
finite-temperature dynamical local moment for I4/mmm UP,,
Hy = 2.361 up, agrees with both the corresponding P4/nmm
DFT+DMFT value and the experimental Curie-Weiss mo-
ment, reinforcing the interpretation emphasized in Sec. IV A
of the main paper: uy and yjo quantify SOC-entangled, tem-
porally fluctuating 5f moments rather than static ordered
moments.

We further clarified the relation between the atomic and
computational descriptions of the uranium 5f shell by dis-
tinguishing the many-electron °L¢ atomic ground term from
the one-electron relativistic basis used in the DFT+DMFT im-
plementation, where the shell is organized into j = 5/2 and
J = 7/2 sectors and further split by tetragonal crystal fields
in the strong-SOC regime. In addition, the complete work-
flow connecting the DFT+DMFT hybridization output to the
CT-QMC solver input was documented explicitly, including
the symmetry reduction into independent channels, the gen-
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eration of Delta. imp, the conversion to Delta. inp,
and the internal reconstruction of the full matrix-valued hy-
bridization used by the impurity solver. We also presented
a reproducible operator-based procedure for extracting the
paramagnetic local moment from CT-QMC probability distri-
butions, making explicit that the reported moments are dy-
namical impurity observables rather than isolated-atom esti-
mates or ordered-state moments.

Overall, the dynamical moment, valence statistics, and
susceptibility diagnostics form a unified physical picture.
UP; hosts a robust, hybridization-controlled intermediate-
valence 5f state whose low-energy properties are gov-
erned by the balance between local multiplet correlations
(SOC-entangled) and hybridization-driven screening. When
viewed together with the main-text UX; trends, these results
further support a coherent materials design principle: lig-
and substitution primarily sets the baseline hybridization/lo-
calization scale across the series, whereas pressure provides
a complementary tuning axis that enhances hybridization
and suppresses the persistence of dynamical local moments
within a given compound. Thus, the correlated 5f phe-
nomenology identified in the P4/nmm model is an intrinsic
and structurally robust characteristic of UP,, also confirmed
explicitly in the experimental [4/mmm phase.
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