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The dual localized-itinerant character of uranium 5f electrons governs the electronic and magnetic prop-
erties of many actinide materials, yet the microscopic mechanisms controlling their tunable itinerancy remain
incompletely understood. Here we investigate the uranium dipnictides UX; (X = P, As, Sb) using fully charge-
self-consistent density functional theory combined with dynamical mean-field theory including spin—orbit
coupling (SOC) in the paramagnetic (PM) state at T = 300 K. The calculations reveal that the uranium 5f shell
resides in a mixed-valence configuration with occupancies (nsr) ~ 2.6-2.8, dominated by 5f 2513 states.
Momentum-resolved spectra and hybridization functions show that decreasing 5 f-p hybridization along the
P — As— Sb series enhances correlation effects and strengthens 5 f localization, whereas hydrostatic pressure
increases hybridization and quasiparticle (QP) coherence, driving the system toward greater itinerancy. The
Matsubara self-energy indicates coherent Fermi-liquid behavior at 300 K with pronounced spin-orbit-driven
orbital differentiation, where the j = 5/2 manifold is more strongly renormalized than the j = 7/2 states.
Local susceptibilities reveal sizable fluctuating 5 f moments in the PM phase at room temperature, providing a
qualitative—necessarily speculative—connection to magnetic scales inferred from previous static DFT calcula-
tions of the antiferromagnetic ground state. Additional calculations for UP; in its experimentally established
tetragonal I4/mmm phase show that the key features identified in the P4/nmm reference structure—including
the SOC-split 5f manifold, the dominance of j = 5/2 states near the Fermi level, and pressure-enhanced QP
coherence—remain qualitatively preserved, with only moderate quantitative differences arising from the dis-
tinct crystallographic environment. Together these results establish a clear microscopic mechanism: ligand
chemistry sets the baseline uranium-ligand hybridization and degree of 5 f localization, while pressure contin-
uously tunes the same control parameter, providing a unified framework for understanding how correlations,

SOC, and hybridization govern 5f itinerancy in uranium intermetallic compounds.

I. INTRODUCTION

Actinide compounds exhibit a dual localized—-itinerant
character of 5f electrons that gives rise to heavy-fermion
behavior, spin and valence fluctuations, unconventional su-
perconductivity, and complex magnetic ordering [1-7]. The
balance between localization and itinerancy governs mag-
netism and metallicity and can be tuned by chemical envi-
ronment and thermodynamic variables such as temperature
and pressure [8-10]. Ligand substitution is therefore an ef-
fective route to modify orbital hybridization and correlation
strength [8].

Uranium dipnictides UX; (X = P, As, Sb) provide a plat-
form to track the evolution of 5 f—p hybridization with ligand
identity [11-15]. They are generally described by the tetrag-
onal anti-Cu,Sb-type structure (P4/nmm) [16, 17], although
UP; adopts a more complex tetragonal I4/mmm structure
[18]. These compounds order antiferromagnetically at rel-
atively high Néel temperatures, indicating strong exchange
and significant 5f-p mixing [16, 17]. Experiments reveal
strong anisotropy, electron-lattice coupling, surface recon-
structions relevant to spintronics, and pressure- and field-
induced magnetic transitions reflecting the competition be-
tween localization and itinerancy [4, 12, 16, 19-26]. Spec-
troscopy and band-structure studies show that hybridized
5f-p states dominate the low-energy electronic structure
and Fermiology [13, 14, 27-32].
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Despite this progress, the room-temperature paramagnetic
(PM) phase of UX, remains insufficiently characterized. This
regime is essential for revealing the intrinsic itinerant com-
ponent of the 5f states without long-range order and for as-
sessing how ligand identity and compression control metal-
licity and hybridization under technologically relevant con-
ditions. Addressing these questions requires a framework
able to capture thermal fluctuations, local-moment dynam-
ics, and correlation-driven renormalizations with quantita-
tive accuracy.

Static density-functional approaches within LDA or GGA,
even when augmented with onsite corrections, miss key
many-body dynamics and temperature dependence in 5f
shells [33, 34]. Dynamical mean-field theory (DMFT) over-
comes these limitations by treating local temporal fluctua-
tions self-consistently [35, 36]. In the present work, we em-
ploy a fully charge self-consistent density functional the-
ory (DFT) combined with embedded DMFT (DFT+embedded
DMFT) framework to study UX, in the PM state at 300
K including spin—orbit coupling (SOC). Here, “embedded
DMFT” refers to the self-consistent embedding of a local
quantum impurity problem into the DFT electronic struc-
ture following the projector-based implementation of Haule
and co-workers [34, 37, 38], and does not include frequency-
dependent or nonlocal Coulomb interactions as in extended
DMFT (EDMFT) formulations. For conciseness, we refer to
this approach as DFT+DMFT throughout the remainder of
the manuscript. The DFT part is performed using WIEN2k
[39] with the PBE-GGA functional [39-42].

All DFT+DMFT calculations are performed for the
P4/nmm structure commonly used to describe the UX; se-
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ries. As an exception, Appendix B and Supplemental Mate-
rial (SM) [43] also examine UP; in its experimentally reported
tetragonal I4/mmm structure [18] to test the robustness of
the results against crystallographic details. The calculations
are carried out in the PM phase at T = 300 K, above the
Néel temperatures of UP,, UAs,, and USb, [16-18], where
long-range magnetic order is absent, allowing the correlated
metallic state of the uranium 5f electrons to be examined
without symmetry breaking and enabling us to focus on how
ligand substitution and hydrostatic pressure tune the balance
between 5f localization and itinerancy.

Because earlier theoretical works [32, 44] on UX; have pri-
marily focused on the antiferromagnetically ordered ground
state within static DFT, it is useful to emphasize the dis-
tinction between those calculations and the present finite-
temperature treatment. Static antiferromagnetic (AFM) DFT
provides estimates of ordered moments and magnetic ex-
change scales at zero temperature, whereas the present
DFT+DMFT calculations describe fluctuating local moments
in the PM regime. Any comparison between these two de-
scriptions should therefore be regarded as qualitative and
necessarily speculative. Establishing a quantitative con-
nection between the ordered and PM regimes would re-
quire a unified treatment of the AFM phase within the same
DFT+DMFT framework.

This study reveals a concise and unified picture. At ambi-
ent pressure, replacing P with As and Sb does not produce a
rigid shift of the U-5f (j = 5/2) manifold away from the Fermi
level (EF). Instead, the low-energy j = 5/2 quasiparticle (QP)
resonance remains pinned near Er but becomes progressively
narrower and more strongly renormalized across the series.
The spectral weight at the EFr is reduced and redistributed,
signaling enhanced mass renormalization and increased lo-
calization. This evolution reflects a systematic reduction of
effective 5f—p hybridization strength and a corresponding
enhancement of correlation effects from UP; to USb,. Hydro-
static pressure further enhances delocalization and strength-
ens conduction-state mixing, with a material-dependent re-
sponse that is largest in UP, and weaker in UAs; and USb;.
Analysis of the density of states (DOS), the impurity hy-
bridization function J[A(w)], and the momentum-resolved
spectral function A(k, ) shows that ligand substitution is the
primary control knob for itinerancy, while pressure acts as a
precise fine-tuning parameter. The associated redistribution
of 5f valence probabilities clarifies the microscopic origin: at
zero pressure the trend toward enhanced localization corre-
lates with increased 5f° weight across P— As—Sb, whereas
compression reduces 5f° in favor of 5f% and other itiner-
ant configurations, enhancing charge fluctuations within the
mixed-valence regime and strengthening QP coherence.

By establishing how ligand chemistry sets the baseline
5f itinerancy and how pressure refines it in the room-
temperature PM phase, this study closes a key gap in the
understanding of UX, and provides a predictive framework
for tailoring actinide electronic structure for quantum, spin-
tronic, and advanced electronic applications [1-17, 19-42].

II. THEORETICAL FRAMEWORK

A realistic description of uranium 5f electrons requires
methods beyond static mean-field approximations such as
LDA or GGA, which cannot capture dynamical correlations
and local-moment fluctuations [33, 45]. We therefore employ
a fully charge-self-consistent DFT+DMFT framework [34-
36], in which the U 5f shell is treated as a correlated multi-
orbital subspace embedded in the DFT electronic structure,
including finite temperature and SOC.

DFT+DMFT combines DFT with a local dynamical self-
energy obtained from an auxiliary quantum impurity prob-
lem [35, 36]. The formalism has been implemented in several
electronic-structure platforms, including TRIQS-based inter-
faces [46] and RSPt [47].

In this work we use the fully charge—self—consistent im-
plementation developed by Haule and collaborators [34, 38],
interfaced with the WIEN2k all-electron DFT code [39]. The
correlated subspace is constructed using projector-based em-
bedding within a stationary Luttinger-Ward functional for-
mulation, ensuring thermodynamic consistency and self-
consistent feedback between the charge density and the local
self-energy.

The physical conclusions reported here arise from the
DFT+DMFT description of the UX; electronic structure and
are therefore not tied to a specific software implementation,
provided a fully charge-self-consistent multiorbital treat-
ment is used.

A. Multiorbital DMFT formulation

Within DFT+DMFT, the correlated subspace (here the U5f
manifold with SOC) is defined through projectors that map
the lattice Green’s function onto its local counterpart,

Gt (@) = " P (1) Gic(0) Py (1), (1)
k

where m, m’ label the correlated spin—orbital states.
The auxiliary impurity problem is formulated in the same
multiorbital space, with Dyson equation

G () = (0 + I = Eimp — Zimp(0) — A(w),  (2)

where Eipp contains the crystal-field and SOC splittings,
Yimp (@) is the local self-energy, and A(w) describes the dy-
namical coupling to the environment. Although these ex-
pressions are written on the real axis, the CT-QMC solver
operates on the Matsubara grid,  — iw, with w, = (2n +
1)mkpT, following Refs. [37, 48]. Working on the imaginary
axis avoids analytic-continuation uncertainties during impu-
rity solution.

To clarify the role of hybridization, it is useful to distin-
guish a formal non-interacting bath from the self-consistent
DMEFT hybridization. For a true Anderson impurity model,

Bre(@) = Y Vi @412 iy )
k



where HEFT (PBE-GGA here) is the lattice Hamiltonian and
Vi encodes the 5 f-ligand couplings. Equation (3) is therefore
a formal projection of the non-interacting DFT bath onto the
correlated subspace; it provides a convenient measure of the
magnitude and orbital character of the underlying 5 f-ligand
hybridization.

In DMFT, however, the hybridization entering the impu-
rity solver is determined self-consistently from the interact-
ing lattice Green’s function [37, 48, 49]:

A(w) = (@ + )1 = Eimp — Zimp (@) = G (@),  (4)

with G(w) defined in Eq. (2). This self-consistent A(w) is the
actual DMFT embedding function and incorporates the feed-
back of the interacting lattice environment on the 5f shell.

In this manuscript, Eq. (3) is used solely to analyze the bare
orbital structure and strength of 5 f-ligand coupling through
Vi, whereas Eq. (4) defines the effective hybridization enter-
ing the impurity solver. This distinction preserves the mi-
croscopic interpretation of hybridization trends while main-
taining full consistency with the self-consistent DFT+DMFT
framework.

B. Lattice Green’s function and charge self-consistency

The interacting lattice Green’s function is evaluated on the
fermionic Matsubara grid (iw,) as [46]

Gulioon) = [ (on + 1= BT =501 | (9

where HEFT is the DFT Hamiltonian and the embedded self-
energy is

Zemb(iwn) =P (Zimp(iwn) - z:DC) P. (6)

Here Xy, is the impurity self-energy, YXpc the double-
counting correction, and P the projector between Bloch and
correlated subspaces. Real-frequency spectral quantities are
obtained by analytic continuation of the Matsubara data us-
ing the maximum entropy method [50].

Charge self-consistency is achieved by recomputing the
electronic density from the interacting Green’s function, and
the resulting density is fed back into the DFT cycle, closing
the outer charge-self-consistency loop of the fully charge-
self-consistent DFT+DMFT scheme.

C. Spectral Quantities and Their Relation to Valence
Statistics

Experimentally accessible observables are obtained from
the real-frequency Green’s function. Since the CT-QMC
solver provides the self-energy on the Matsubara axis, real-
frequency quantities are obtained via analytic continuation
iw, — w+i0% using the maximum entropy method [50]. The

lattice Green’s function Gi(w + i0%) then yields the spectral
function

Alk ) = —% I Tr Gy (w + i0%), )

and the interacting DOS
1
Alw) = — Ak, w). 8
(©) M;< ) ®)

To relate spectral quantities to CT-QMC valence statistics,
let pr denote the probability of atomic eigenstate I' with 5f
occupancy Nr. The average occupancy and its fluctuation are

np= 2 Nepe o= ) Nfpr-mp, ()
T T

where 5n]2C measures charge fluctuations.
The configurational participation ratio

P=(30) (10)
T

and the impurity entropy
Simp = —kB ZPF In pr (11)
T

characterize multiplet mixing and local many-body degener-
acy.

Within fully charge-self-consistent DFT+DMFT, the im-
purity occupancy equals the lattice occupancy obtained from
the spectral function. Thus ny can equivalently be written as

np = Nik Zk: /_:o do () TrA(k, w), (12)

where f(w) is the Fermi-Dirac distribution.
Correlation effects are quantified by the QP renormaliza-
tion factor

m*

-1
Z=|1-09,Re Z(w)‘ —o] , — =z (13)
w= m

which relates the low-frequency self-energy to mass en-
hancement. In practice, Z is extracted from the Matsubara-
axis self-energy 3[3;(iw,)] for numerical stability, as given
in Eq. (A3) and discussed in Appendix A AV.

Orbital-resolved spectral functions projected onto the cor-
related 5f manifold are defined as

D. Implementation for UX,

In this study the uranium 5f shell (including SOC) defines
the correlated subspace. The multiorbital impurity problem
of Eq. (2) is solved using continuous-time quantum Monte
Carlo (CT-QMC) at T = 300 K within fully charge-self-
consistent calculations. Additional details on projector con-
struction, numerical convergence, and pressure implementa-
tion are given in Sec. IIl and Appendix A.



TABLE I. Comparison of uranium magnetic quantities for PM and AFM phases of UX, (X = P, As, Sb), in units of ug per U atom. The PM

DFT+DMFT values obtained in the present work (marked by *) correspond to the root-mean-square longitudinal local moment pjoc , = v ()
evaluated at T = 300 K. The experimental PM values are effective moments extracted from susceptibility measurements over the indicated
temperature ranges, whereas the AFM values from earlier DFT and experimental studies correspond to static ordered moments. Temperatures

»

(T) are given in Kelvin. The symbol “-~
the row above.

indicates data not available (N/A) or not specified, and blank cells denote repetition of the entry in

System Method Magnetic Phase XC Scheme SOC pu (1B) T (K) Ref.
UP; DFT+DMFT PM PBE-GGA Yes 2.410 300 *
DFT AFM WC-Fock 1.274 0 [32]
PBE-GGA+U (Ue = 0.29 Ry) No 1.76 0 [44]
Exp. PM - 2.50 210-450  [16]
AFM - 2.0 £0.1 - [16]
UAs; DFT+DMFT PM PBE-GGA Yes 2.328 300 *
DFT AFM WC-Fock 1.645 0 [32]
PBE-GGA 0.9 +0.01 - (8]
LDA+U (Uag = 0.15 Ry) No 1.61 0 [44]
Exp. PM - 2.94 300-410  [16]
AFM - 1.61 + 0.1 - [16]
USb, DFT+DMFT PM PBE-GGA Yes 2.263 300 *
DFT AFM WC-Fock 2.223 0 [32]
PBE-GGA 0.7 +0.01 - [8]
LDA+U (Ut = 0.22 Ry) No 1.83 0 [44]
Exp. PM - 3.04 220-400  [16]
AFM - 1.88 + 0.03 - [16]

III. COMPUTATIONAL FRAMEWORK

Fully charge self-consistent DFT+DMFT calculations are
performed for UX; (X = P, As, Sb) in the PM state at T =
300 K. The DFT part is carried out with WIEN2k using the
FP-APW-+lo basis [39-41, 51] and the PBE-GGA exchange—
correlation functional [42]. Local dynamical correlations
on the U-5f shell are treated within embedded DMFT (34,
35, 38], including SOC throughout. Experimental tetragonal
anti-Cu,Sb structures are used as starting geometries [13, 16],
and calculations are performed in the PM state consistent
with room-temperature behavior [16].

Kohn-Sham equations are solved on Monkhorst-Pack
meshes (typically 18 x 18 X 8) with standard WIEN2k conver-
gence parameters [52, 53]. The impurity problem is solved
using CT-QMC within the DFT+DMFT implementation [54—
56], employing nominal double counting [34, 57, 58]. Interac-
tion parameters U = 4 eV and compound-dependent J values
(~ 0.595 eV) are used for the U-5f shell. DOS and A(k, w)
are obtained from analytically continued self-energies using
the maximum entropy method [50]; denser meshes (up to
27 X 27 X 13) are used for final spectra.

Hydrostatic compression is simulated by uniformly scal-
ing the optimized zero-pressure tetragonal unit cell while
keeping its optimized zero-pressure c/a ratio fixed. The
pressure associated with each sampled volume is obtained
by fitting the calculated total-energy—volume data to the
third-order Birch-Murnaghan equation of state [59]. Repre-
sentative EOS-calibrated compression points of 4.427, 5.300,
and 8.721 GPa are considered for UP,, UAs,, and USb,, re-

spectively. These values are EOS-derived pressures associ-
ated with the selected sampled volumes rather than inde-
pendently prescribed target pressures. Additional techni-
cal settings, convergence thresholds, and validation checks
concerning the projectors, embeddings, and charge-self-
consistency cycles are provided in Appendix A.

IV. RESULTS AND DISCUSSIONS
A. Evolution of the local uranium moment across UX»

Table I compares uranium magnetic quantities for UX;, (X
= P, As, Sb) obtained in the present PM DFT+DMFT calcu-
lations with available experimental data and with AFM or-
dered moments reported in earlier DFT studies [32, 44]. This
comparison is intended to place the present PM DFT+DMFT
results on the same overall magnetic scale as experimentally
inferred paramagnetic moments and previously reported or-
dered AFM moments, while keeping clear that these quanti-
ties are not identical observables. The PM DFT+DMFT val-
ues reported here are equal-time local fluctuation amplitudes
evaluated at T = 300 K, the experimental PM values are ef-
fective moments extracted from Curie-Weiss fits over finite
temperature windows, and the AFM entries correspond to
static ordered moments in symmetry-broken states, typically
at or near zero temperature.

In the paramagnetic phase, the thermally averaged on-site
magnetization vanishes, (,) = 0, but this does not imply
the absence of local magnetism. In a correlated uranium



5f shell, sizable instantaneous moments remain present and
manifest themselves through finite local fluctuations. Within
DFT+DMFT, these fluctuations are obtained from the impu-
rity density matrix p generated by the CT-QMC solver. The
statistical weight of a local many-body eigenstate |i) is

pi = (ilpli), (14)

where the states |i) are eigenstates of the local impurity
Hamiltonian including the Coulomb interaction, Hund’s cou-
pling, tetragonal crystal-field splitting, and spin-orbit cou-
pling (SOC). Because SOC is treated fully relativistically,
these states are generally not pure atomic |LS]) multiplets,
but contain mixtures of different LS terms and different 5f
occupancies. The PM impurity ensemble is therefore a sta-
tistical mixture of many-body configurations with mixed
atomic character rather than a single multiplet with a unique
Landé factor.

For reference, one may characterize local angular-
momentum fluctuations through

Joe = (G = \/Tr(pJZ) - \/Zpi<i|j2|i>, (15)

with J = L +§. In tetragonal symmetry this fluctuation may
be decomposed as

G = G+ G5+ oy = Gy +205. (16)

where ]AH = J, is the component along the crystallographic
¢ axis. However, the magnetic moment listed in Table I is
not obtained by converting Ji,. into a moment through an
assumed effective Landé factor. For an isolated atomic |LS])
multiplet one has the identity

L+2S=gjj, (17)

with g; given by the standard Landé formula, as recalled in
the Supplemental Material of Ref. [60]. In the present DMFT
impurity problem, by contrast, the density matrix samples a
many-body ensemble with different occupancies and mixed
atomic character, so no unique multiplet-specific g; can be
assigned to the full ensemble.

For this reason, and in direct response to the question of
how the PM moment is evaluated, the local magnetic mo-
ment in the paramagnetic phase is measured directly from
the magnetic-moment operator itself,

i, = —pp(L; +25.), (18)

in the local coordinate frame aligned with the crystallo-
graphic axes. The fluctuating longitudinal local moment re-
ported in Table I is then defined as

fioc, = V(1i2) = \[Tx(p hZ) = .UB\/ZPI' <i ((L} + 2§z)2| i>.

(19)
Accordingly, the PM DFT+DMFT entries in Table I are not ob-
tained from a measured value of (J) or from Jj,. by postulat-
ing a fixed g;. Instead, they represent the root-mean-square

longitudinal on-site magnetic-moment fluctuation of the cor-
related uranium 5f shell. This definition preserves the oper-
ator content of Eq. (17) where appropriate, while avoiding
the unjustified reduction of the full relativistic many-body
ensemble to a single effective atomic multiplet.

This distinction is essential for the interpretation of Ta-
ble I. The calculated PM DFT+DMFT moments, fjoc , = 2.410,
2.328, and 2.263 up for UP,, UAs,, and USb;, respectively, are
of the same overall magnetic scale as the experimental para-
magnetic effective moments, but they do not reproduce the
same monotonic trend across the UX; series. This is not an
inconsistency, because the experimental PM values are in-
ferred from thermodynamic susceptibility fits over finite tem-
perature ranges, whereas Eq. (19) defines an equal-time lo-
cal impurity observable evaluated at fixed temperature. The
two quantities probe related local magnetic physics, but they
are not identical observables and are not expected to coincide
quantitatively on a compound-by-compound basis.

The evolution of e, across UX; must therefore be in-
terpreted together with the broader set of DFT+DMFT in-
dicators of itinerancy, screening, and localization. Table II
summarizes two complementary local quantities in the PM
phase, namely the average 5f occupancy (nsy) and the local
magnetic susceptibility yjo.. Within DMFT, the local suscep-
tibility yjoc defined in Eq. (20) measures the strength of dy-
namical local-moment fluctuations on the uranium site. All
three compounds lie in an intermediate-valence regime, with
(nsg) = 2.64-2.82, consistent with the mixed 5f%/5f> char-
acter discussed in Sec. IIC. At ambient pressure, (nss) in-
creases from 2.67 in UP; to 2.73 in UAs; and 2.82 in USb,, in-
dicating a progressive shift toward a more localized 5 f3-like
state. The trend in yjo. is even more pronounced, rising from
61.88 to 86.36 and then to 125.99 across the same sequence.
This demonstrates that ligand substitution affects dynamical
screening more strongly than it changes the average occu-
pancy itself.

These local trends are fully consistent with the one-
particle spectral and hybridization data. As discussed in
Sec. IV C, the low-energy hybridization is progressively re-
duced from P to As to Sb, as seen in Fig. 2. The total
and projected spectral functions in Fig. 1 show that the U-
5f weight near Er becomes more narrowly concentrated
and less strongly hybridized with ligand states along the se-
ries, while the momentum-resolved spectra in Fig. 3 display
less dispersive low-energy quasiparticle features from UP; to
USb;. These trends all point to weaker bath coupling and
more localized uranium-5 f character as the ligand is changed
from P to Sb.

The same conclusion follows from the self-energy and
valence-state diagnostics. The Matsubara self-energies in
Fig. 4 show a systematic increase in the low-frequency slope
of 3[2;(iwn,)], particularly in the j = 5/2 sector that domi-
nates the low-energy physics. Through Eq. (A3), this implies
a reduced quasiparticle weight and stronger mass renormal-
ization from UP, to UAs, to USb,. At the same time, the
valence-state probabilities in Fig. 5 show an increasing statis-
tical weight of the dominant 5 configuration across the se-
ries, again indicating a gradual shift toward a more correlated



and localized uranium configuration. Taken together, the re-
duced hybridization, enhanced self-energy renormalization,
larger yioc, larger (nsy), and increasing 55> weight establish
a coherent and internally consistent picture of stronger cor-
relation and localization from P to As to Sb.

Within this broader context, the slight decrease of the lon-
gitudinal fluctuation amplitude g, from UP, to UAs; to
USb; should not be interpreted as contradicting the localiza-
tion trends extracted from the other observables. In a rela-
tivistic tetragonal many-body system, pioc . is a component-
resolved equal-time fluctuation amplitude rather than a
unique scalar measure of correlation strength. Its value can
be affected by the redistribution of statistical weight among
SOC- and crystal-field-entangled many-body configurations,
as well as by changes in the balance between longitudi-
nal and transverse fluctuation channels [cf. Eq. (16)], even
while the overall electronic state becomes more localized.
Thus, stronger correlations do not require that every indi-
vidual fluctuation component increase monotonically. In the
present case, the weak monotonic reduction of pyq . is best
understood as a subtle reorganization of the local fluctua-
tion channels within the correlated PM state, not as evidence
against the robust localization trend established collectively
by Table II and Figs. 1-5.

Hydrostatic pressure produces the opposite tendency
within each compound and therefore provides a useful in-
ternal consistency check. As shown in Table II, the 5f occu-
pancy decreases slightly under compression, by about 0.02-
0.03, while y1o. is reduced more substantially, by 12.3% in UP,,
13.1% in UAs;, and 7.0% in USb,. The modest change in (nss)
shows that pressure does not alter the overall intermediate-
valence character, but the stronger suppression of yjo. in-
dicates enhanced screening and weaker local-moment fluc-
tuations. This is consistent with the pressure evolution of
the hybridization function in Fig. 2, the sharpening of low-
energy spectral features in Fig. 3, and the reduction of the
low-frequency self-energy slope in Fig. 4, all of which point
to stronger quasiparticle coherence and a more itinerant low-
energy state under compression.

It is equally important to distinguish the PM fluctuation
moment discussed above from the AFM ordered moments
listed in Table I. The AFM values from earlier DFT cal-
culations and experiment characterize static ordered mo-
ments in symmetry-broken magnetic states, whereas the PM
DFT+DMFT values and experimental Curie-Weiss moments
describe fluctuating local moments in a correlated paramag-
netic regime. These quantities are therefore distinct observ-
ables. They may be compared at the level of overall magnetic
scale and systematic trends, but they are not expected to co-
incide quantitatively. In particular, the fact that AFM ordered
moments are often smaller than PM effective or PM fluctua-
tion moments should not be interpreted as a consequence of
suppressing dynamical fluctuations in a way that directly in-
creases or decreases the static moment. Rather, it reflects the
comparison of different magnetic quantities defined in differ-
ent physical regimes and extracted by different theoretical or
experimental procedures.

Accordingly, the most robust conclusion from the present

DFT+DMFT analysis is not a one-to-one numerical corre-
spondence between all PM and AFM entries in Table I, but
a coherent physical picture of how uranium 5f magnetism
evolves across the UX, series. Ligand substitution from P
to As to Sb progressively weakens low-energy hybridization,
enhances self-energy renormalization, increases joc, shifts
the valence distribution toward stronger 5f° character, and
thereby drives the uranium 5 f shell toward a more correlated
and localized regime. Within that same relativistic many-
body state, the directly measured longitudinal RMS fluctu-
ation moment py,. . shows a slight decrease, reflecting a re-
distribution of fluctuation channels rather than a reduction
of overall correlation strength. A fully self-consistent AFM
DFT+DMFT treatment would be required to track, on the
same theoretical footing, the evolution from the PM fluctuat-
ing local-moment regime to the symmetry-broken AFM or-
dered state, which lies beyond the scope of the present work.

Details of the paramagnetic local-moment calculation are
given in Sec. SMVI and summarized in the flowchart pre-
sented in Fig. SM4 of the SM.

B. Electronic duality and tunable itinerancy in
SOC-resolved U-5f states of UX; (X = P, As, Sb)

Figure 1 shows the total and projected DOSs of UX; in
the PM phase at T = 300 K obtained from fully charge self-
consistent DFT+DMFT including SOC. All compounds ex-
hibit finite spectral weight at the Ep, consistent with metallic
behavior.

The low-energy window around Ef is dominated by U-
5f states, whereas ligand-p and U-6d states mainly occupy
deeper bonding energies (approximately —6 to —0.5 eV for
UP,, —6 to —0.7 eV for UAs,, and —6 to —1.5 eV for USb,).
Transport and low-energy magnetic properties are therefore
primarily governed by the 5f manifold, with p and d states
providing hybridization channels.

SOC splits the U-5f shell into j = 5/2 and j = 7/2 sub-
levels [panels (as—as, b1)]. The j = 5/2 component forms
a narrow resonance at Er and controls coherent transport,
while the broader j = 7/2 weight lies at higher energy. At
ambient pressure, a clear chemical trend is observed: along
P—As—Sb the low-energy j = 5/2 spectral weight decreases
and the QP peak becomes less pronounced. This behavior is
consistent with increasing U-X bond length across the series
and reduced effective p—f hybridization, leading to enhanced
5f localization toward USb,.

Hydrostatic compression (4.43 GPa for UP,, 5.3 GPa for
UAs,, and 8.72 GPa for USby; Sec. A AIl) enhances the DOS
at E in all compounds [panels (b2-b4)]. The dominant peaks
adjacent to Ep shift toward the EF, and spectral weight is re-
distributed into the low-energy j = 5/2 resonance. The pres-
sure response is strongest in UP; and weakest in USby, re-
flecting the larger hybridization change in the more itinerant
member of the series.

Orbital-resolved DOSs show that pressure mainly reshapes
the U-5f states within a few hundred meV of Er, while
deeper ligand-p and U-6d features are only moderately af-
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FIG. 1. Total and projected DOSs for UX, (X = P, As, Sb) calculated within fully charge self-consistent DFT+DMFT including SOC. Panels
(a1—as3) show total and orbital-resolved DOSs at ambient pressure. Panels (a4—as, b1) resolve the U-5f manifold into j = 5/2 and j = 7/2
components. Panels (ba—bs) compare total DOS at ambient pressure (black) and under applied pressure (orange). Panels (bs, c1—c2) and
(c3—c5) show pressure-dependent X—p and U-d projected DOSs. Panels (d;-d3) display the pressure evolution of the U-5f spectral weight.
Vertical dashed—dotted lines denote EF; insets magnify the low-energy region.

fected. The j = 5/2 sublevel is more pressure-sensitive
than j = 7/2, reinforcing its central role in conduction. At
higher energies (1-6 eV), compression redistributes unoccu-
pied spectral weight within the conduction region, further
modifying the coupling between conduction states and the

5f manifold.

Overall, ligand substitution from P to As to Sb reduces
the effective 5f—p hybridization and increases localization,
whereas hydrostatic pressure enhances hybridization and
itinerancy within each compound. In all cases, the low-
energy electronic structure is governed by the j = 5/2 sub-
manifold and by the redistribution of spectral weight near
Er.

These trends are quantified below through the imaginary
part of the hybridization function, 3[A(w)], which directly
measures the coupling between U-5f states and the itinerant

bath within DFT+DMFT.

C. Pressure evolution of the U-5f hybridization channels

Figure 2 shows the imaginary part of the symmetry-
reduced U-5f hybridization channels, —J[A%®(w)], for the
SOC-resolved j = 5/2 and j = 7/2 manifolds. These quanti-
ties are obtained from the matrix-valued impurity hybridiza-
tion function A(w) by grouping symmetry-equivalent com-
ponents and averaging them within each channel, as de-
scribed in Sec. SMV and illustrated in the flowchart presented
in Fig. SM3 of the SM. The curves shown in Fig. 2 therefore
do not represent the full hybridization matrix itself, but re-
duced channel-resolved measures of the dynamical coupling
between the correlated U-5f shell and the itinerant bath.
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FIG. 2. Imaginary part of the symmetry-reduced impurity hybridization channels, -3 [AZVg(a))], for U-5f states in UXz (X = P, As, Sb)
from fully charge-self-consistent DFT+DMFT including SOC. Panels (a1)-(a3) show the j = 5/2 channels, and panels (b;)—(b3) the j = 7/2
channels. The plotted quantities are channel-resolved averages derived from the matrix-valued hybridization function A(w), as defined in
Sec. SMV of the SM. Black curves denote ambient pressure, and orange curves denote hydrostatic compression (4.427, 5.3, and 8.721 GPa for

UP2, UAsy, and USby, respectively).

For all three compounds, hydrostatic compression in-
creases the hybridization channels over substantial parts of
the energy range, including the low-energy region around
Er and parts of the occupied manifold below Ep. This over-
all enhancement indicates stronger 5f-ligand coupling un-
der compression and is consistent with the expected increase
in orbital overlap as the lattice volume is reduced.

The detailed pressure response, however, is not uniform
across compounds or across the two relativistic manifolds.
In the j = 5/2 sector [Figs. 2(a;)—(as)], the pressure-induced
changes are clearly energy dependent, and the visual separa-
tion between the ambient- and high-pressure curves is not
simply ordered as UP; > UAs, > USb; over the full spec-
tral range. In particular, USb, shows a pronounced pressure-
induced increase over broad positive energies in the j = 5/2
channel, whereas UP;, exhibits strong modifications concen-
trated more strongly in the vicinity of the central spectral
structures. The same caution applies to the j = 7/2 sec-
tor [Figs. 2(b1)-(bs)], where all three compounds respond to
compression, but with different line-shape changes and dif-
ferent energy windows of strongest enhancement.

Accordingly, Fig. 2 supports a robust qualitative conclu-
sion rather than a simple compound-by-compound scalar
ranking: pressure strengthens the U-5f hybridization chan-
nels throughout the UXj series, but the magnitude and spec-
tral distribution of this enhancement are manifold dependent
and material specific. For this reason, we avoid assigning a

universal hierarchy of pressure response directly from Fig. 2,
especially because the applied pressures differ among UP;,
UAs;, and USb,.

Because the impurity hybridization function enters di-
rectly into the impurity Dyson equation [Eq. (2)], the
pressure-induced enhancement of —J[AL®(w)] implies
stronger dynamical coupling between the correlated shell
and its electronic environment. This trend is consistent
with the broader pressure evolution found elsewhere in our
DFT+DMFT results, including enhanced quasiparticle coher-
ence, increased Z [Eqs. (13) and (A3)], reduced effective mass
m*/m = Z~!, reduced impurity entropy Simp [Eq. (11)], and
increased charge fluctuations (Sn]zc [Eq. (9)].

We therefore interpret Fig. 2 as direct evidence that hydro-
static compression reinforces the dynamical U-5f-bath cou-
pling in all three UX; compounds, while the spectral form of
the response remains dependent on both the material and the
relativistic manifold.

D. Pressure- and ligand-dependent evolution of the
momentum-resolved spectral function

Figure 3 presents the momentum-resolved spectral func-
tion A(k,w) obtained from the lattice Green’s function
[Eq. (5)]. These spectra provide the k-resolved counter-
part to the local quantities discussed previously, including
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—J[A(w)] (Fig. 2) and the valence-state probabilities (Fig. 5).

At ambient pressure [Figs. 3(a—c)], all compounds display
dispersive bands crossing Er, confirming their metallic char-
acter. The low-energy intensity is dominated by U-5f states
split by SOC into j = % and j = % components. The j = %
manifold forms the coherent features near Er, whereas the
j= % weight appears at higher binding energies and is less
dispersive. Across the series P—As—Sb, the near-Er bands
become progressively narrower and more strongly renormal-
ized, consistent with the reduction of 5f-p hybridization
identified in Sec. IV C. UP; exhibits the most dispersive low-
energy bands, while USb, shows the strongest renormaliza-

tion.

The spectra correspond to the PM DFT+DMFT solution at
T = 300 K. The linewidth near Er therefore reflects both
coherent QP weight and finite-temperature scattering, and
should not be interpreted directly as a zero-temperature ef-
fective mass. The hybridization function discussed above
provides a more direct measure of the underlying 5f-ligand
coupling strength.

Under hydrostatic compression [Figs. 3(d-f)], the near-
Er features sharpen and gain spectral weight in all com-
pounds, indicating enhanced QP coherence. The effect is
strongest in UP,, moderate in UAs;, and weakest in USb,,
consistent with the compound-dependent enhancement of
—J[A(w)] (Fig. 2). The pressure-induced redistribution of
spectral weight toward coherent low-energy bands is also
consistent with the increase of Z and the enhanced charge

fluctuations discussed above.

The momentum dependence further highlights the orbital
selectivity of this crossover: the increased coherence under
pressure primarily involves the j = % manifold, while the
Jj = % component remains comparatively incoherent. En-
hanced dispersive intensity along I'-M and I'-Z reflects an
effective bandwidth increase of the 5f-dominated bands un-
der compression.

In summary, ligand substitution from P to As to Sb reduces
the baseline 5f itinerancy, whereas hydrostatic pressure en-
hances QP coherence within each compound. The k-resolved
spectra provide direct evidence that the same hybridization
trends identified in the local observables manifest as system-
atic changes in band renormalization and coherence across
the UX; series.

E. Valence and local-moment diagnostics from
DFT+DMFT: (ns¢) and xioc

Table II summarizes two complementary DMFT indicators
of U-5f localization in the PM phase: the average occu-
pancy (ns) and the local magnetic susceptibility yi,.. Within
DMFT,

1 B
Xloc = B ‘/() dr <SZ(T)SZ(0)>3 (20)
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FIG. 4. Imaginary part of the uranium 5f self-energy (3[2;(iwn)]) for UXz (X = P, As, Sb) obtained from fully charge-self-consistent

DFT+DMFT calculations with PBE-GGA including SOC. Panels a; and a3 show 3[Zs; (iwn)] of UP2; by and by show I [3s55 (iwn)] of UAsy;
and c; and c3 show J[35/5(iwn)] of USbz. Panels az and ag show J[Z7/; (iwn)] of UPy; bz and by show 337/, (iwn)] of UAsz; and ¢z and
cq show J [27/2(im,,)] of USby. Panels aj, az, by, by, c1, and ¢z correspond to ambient pressure (P = 0), while panels a3, a4, bs, by, c3, and
cy4 correspond to hydrostatic compression at P = 4.427, 5.3, and 8.721 GPa for UPy, UAsy, and USby, respectively. The inset panels enlarge
the low-frequency region near w, — 0. The red circles indicate the slope of I3[2;(iwy)] in the Fermi-liquid regime, from which the QP
renormalization factor Z is extracted according to Eq. (A3). The corresponding effective mass enhancement follows from Eq. (13).

TABLE II. Average 5f occupancy (nss) and local magnetic suscep-
tibility yjo. for PM UXj (X = P, As, Sb) from the fully charge self-
consistent DFT+DMFT framework using the PBE-GGA functional
with SOC.

Compound P (GPa) (nsr) Xloc
UP; 0 2.67 61.88
4.427 2.64 54.26
UAs; 0 2.73 86.36
5.300 2.71 75.06
USb, 0 2.82 125.99
8.721 2.79 117.22

SO Xloc measures the strength of dynamical local-moment
(spin) fluctuations on the uranium site.

All three compounds lie in an intermediate-valence
regime, with (n5f) = 2.64-2.82, i.e., close to but below the
nominal 513 configuration. This is consistent with the mixed
5f2/5f3 character obtained from the valence-state probabili-
ties in Sec. IIC. Across the ligand series at ambient pressure,
(nsf) increases from UP; to UAs; to USb,, indicating a pro-
gressive shift toward a more localized 5f3-like state.

The trend in Yo is considerably stronger: it rises from
61.88 in UP, to 86.36 in UAs, and 125.99 in USb,. This shows
that ligand substitution affects dynamical screening more
strongly than the average occupancy itself. The increase in
Xloc across P—As—Sb is consistent with the reduction of
low-energy hybridization discussed above, which suppresses
screening, lowers the QP weight, and enhances local-moment
character.

Hydrostatic pressure produces the opposite trend within
each compound. The occupancy decreases slightly under
compression, by about 0.02-0.03, while Y. is reduced more
substantially: by 12.3% in UPj, 13.1% in UAs,, and 7.0% in
USb,. The small change in (ns¢) indicates that pressure does
not alter the overall valence regime, but the stronger suppres-
sion of yjoc shows that it enhances dynamical screening and
weakens local-moment fluctuations.

This behavior is consistent with the pressure dependence
of the hybridization function and self-energy. Stronger 5f-
ligand coupling under compression increases screening, en-
hances the QP weight Z [Eq. (A3)], and reduces the low-
frequency slope of J[X(iwp)] in Fig. 4. Together, (nss) and
Xloc Show that ligand substitution mainly controls the degree



of localization across the series, while pressure moderately
shifts each compound toward a more coherent and itinerant
state.

F. Matsubara self-energy and QP renormalization in UX;

The imaginary part of the Matsubara self-energy shown in
Fig. 4 provides direct access to the QP renormalization factor
through Eq. (A3), consistent with the real-frequency defini-
tion of the mass enhancement in Eq. (13). The approximately
linear approach of J[2(iw,)] toward zero at low Matsub-
ara frequencies confirms that all UX, compounds remain in
a Fermi-liquid (FL) regime at T = 300 K. The slope in this
region determines the QP weight Z, while small finite inter-
cepts arise from the finite simulation temperature and statis-
tical noise of the CT-QMC solver.

At ambient pressure, clear orbital differentiation appears
between the spin—orbit-split j = % and j = % manifolds.
For the j = % states, the QP weights decrease systematically
across the series, with Z ~ 0.54 for UP,, 0.47 for UAs,, and
0.37 for USb,, corresponding to effective mass enhancements
m*/m =~ 1.8, 2.1, and 2.7, respectively. This trend indicates
increasing correlation strength from P to As to Sb. In con-
trast, the j = % states remain much less renormalized, with
Z ~ 0.89, 0.84, and 0.76 for UP,, UAs,, and USb,, respectively,
reflecting their more itinerant character. The coexistence of a
strongly renormalized j = % channel and a weakly renormal-

ized j = % channel demonstrates spin—orbit—driven orbital
selectivity in the uranium 5f shell.

The frequency dependence beyond the linear regime is
also consistent with this picture. The larger magnitude and
steeper slope of J[Z(iw,)] for the j = % manifold, particu-
larly in USb,, indicate stronger dynamical scattering and re-
duced QP coherence. By contrast, the flatter behavior of the
Jj = % component reflects weaker many-body renormaliza-
tion. No signatures of divergent self-energy behavior associ-
ated with a Mott transition are observed, confirming that all
compounds remain correlated metals.

Hydrostatic pressure produces a systematic reduction of
the low-frequency slope of J[2(iwy,)] for both manifolds.
Consequently, the QP weights increase and the mass en-
hancements decrease under compression. This effect is most
pronounced in USb,, where Zs/, increases from approxi-
mately 0.37 to 0.41. The pressure dependence therefore
indicates enhanced QP coherence driven by stronger 5f-
ligand hybridization, consistent with the pressure evolution
of the hybridization function and spectral properties dis-

cussed above.

G. Uranium 5f valence fluctuations in UX; (X = P, As, Sb)

Figure 5 shows the configuration probabilities pr of the
uranium 5f shell obtained from the CT-QMC impurity solver
within the fully charge-self-consistent DFT+DMFT frame-
work. These probabilities quantify the statistical weights
of atomic 5V states and determine the average occupancy
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(nsf) and charge fluctuations through Eq. (9). The resulting
valence histograms therefore provide a microscopic view of
the dynamical valence fluctuations underlying the spectral
properties discussed above.

At ambient pressure [Figs. 5(a—c)], all UX; compounds dis-
play clear mixed-valence behavior dominated by the 5f2 and
5f3 configurations. In UP,, the two configurations carry
comparable weights (~ 47% and ~ 36%, respectively), indi-
cating strong configuration mixing. Across the ligand se-
ries P»As—Sb, the probability distribution shifts toward
the 5f3 configuration while the 5f% contribution decreases.
This systematic redistribution signals a reduction of valence-
state mixing and reflects progressively weaker 5 f -ligand hy-
bridization across the series. The trend is consistent with
the narrowing of low-energy bands and the reduction of QP
weight identified in the spectral and self-energy analyses.

Hydrostatic compression produces the opposite evolution
[Figs. 5(d—f)]. Increasing pressure transfers statistical weight
from the localized 5f° configuration toward the more itiner-
ant 5f2 state. This redistribution indicates enhanced charge
fluctuations and stronger dynamical screening, consistent
with the pressure-induced increase of QP coherence and hy-
bridization discussed in the previous sections. The small but
finite probabilities of 51, 511, and 5f* configurations further
confirm that the uranium 5f shell remains an open quantum
subsystem coupled to an itinerant bath.

Taken together, these results show that ligand substitution
and hydrostatic pressure tune the 5f valence distribution in
opposite directions. Substituting P with heavier pnictogens
progressively enhances localization by stabilizing the 5f°
configuration, whereas hydrostatic compression strengthens
hybridization and increases the weight of the more itiner-
ant 512 state. The ligand-induced redistribution of configu-
ration probabilities is substantially larger than the pressure-
driven changes within each compound, indicating that chem-
ical substitution is the dominant control parameter for tuning
5f itinerancy in the UXj series. The evolution of the config-
uration histogram therefore provides a microscopic explana-
tion for the corresponding trends observed in the DOS, hy-
bridization function, and QP renormalization.

V. CONCLUSIONS

Fully charge-self—consistent DFT+DMFT calculations in-
cluding SOC reveal the correlated electronic structure of ura-
nium dipnictides UX, (X = P, As, Sb) and provide a unified
microscopic description of the dual itinerant-localized char-
acter of uranium 5f electrons across the series. The calcu-
lations primarily consider the experimentally relevant anti-
Cu,Sb (P4/nmm) structure in the PM phase at T = 300 K.

A comparison with previously reported static AFM DFT
calculations provides useful context for the magnetic re-
sponse of these materials. Earlier zero-temperature DFT
studies of the ordered AFM state yield uranium moments of
about 1.6-1.9 pp, consistent with experimentally observed
ordered moments. In contrast, the present finite-temperature
DFT+DMFT calculations describe the PM regime and pro-
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FIG. 5. Visualization of uranium 5f atomic-state distributions in UX3 (X = P, As, Sb) obtained from charge-self-consistent DFT+DMFT
calculations including SOC. The bar plots show the statistical probabilities of atomic 5fN configurations (N = 0-4) sampled by the CT-QMC
impurity solver, while the inset pie charts summarize the corresponding fractional weights for each compound. Panels (a—c) correspond to
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The dominant 5f2 and 5f> configurations highlight the mixed-valence nature of uranium in all compounds, while pressure increases the
5f2 weight and reduces the 5f> contribution, indicating enhanced itinerancy. The negligible 5f> contribution is omitted for clarity.

duce larger fluctuating local moments of approximately 2.26—-
2.41 pg, arising from thermal fluctuations of the correlated
5f shell. The relation between these two regimes can there-
fore only be discussed qualitatively. It is plausible that the
establishment of long-range magnetic order partially sup-
presses dynamical fluctuations and enhances QP coherence
relative to the fluctuation-dominated PM state. A quantita-
tive comparison, however, would require treating the AFM
phase within the same DFT+DMFT framework used here for
the PM phase so that both regimes are described on an equiv-

alent footing. Within the PM phase studied here, the cal-
culated local moment decreases from UP, to USb,, indicat-
ing a systematic evolution of the correlated uranium 5f state
across the series.

The correlated uranium 5f shell exhibits clear signatures
of intermediate valence. The calculated occupancies (ns¢) ~
2.6-2.8 indicate mixed 5f%-5f> character throughout the
UX; series. While the occupancy varies only weakly along
the ligand sequence P—As—Sb, the local magnetic suscep-
tibility increases substantially, demonstrating that chemical



substitution primarily weakens hybridization-driven screen-
ing rather than simply transferring charge between atomic
configurations. Hydrostatic pressure produces the opposite
trend by slightly reducing (nsr), enhancing charge fluctua-
tions, and suppressing yioc, reflecting stronger 5 f-ligand hy-
bridization.

Analysis of the Matsubara self-energy shows that all UX,
compounds remain coherent FLs at T = 300 K while dis-
playing pronounced spin-orbit-driven orbital differentia-
tion. The j = 5/2 manifold is substantially more renor-
malized than the j = 7/2 states, yielding a hierarchy of QP
weights Zs/; < Zy/,, with the renormalization strengthen-
ing systematically from UP; to USb,. Hydrostatic compres-
sion reduces the slope of the self-energy and increases the
QP weight, indicating enhanced itinerancy under pressure.
These results demonstrate that electronic correlations in UX,
are concentrated primarily in the spin—orbit-lowered j = 5/2
sector.

These results demonstrate that ligand substitution and
hydrostatic compression act as complementary tuning pa-
rameters that control a common microscopic quantity—the
uranium-ligand hybridization amplitude. Chemical substi-
tution from P to Sb weakens this hybridization and promotes
greater 5f localization, whereas external pressure enhances
hybridization and drives the system toward increased QP
coherence. Despite these changes, the UX; compounds re-
main metallic and evolve continuously within a correlated
FL regime in which the balance between Coulomb interac-
tions, SOC, and hybridization determines the degree of 5f
itinerancy.

To assess the structural robustness of this picture, we addi-
tionally performed charge—self-consistent DFT+DMFT cal-
culations for UP; in its experimentally established tetrag-
onal [4/mmm structure, which contains three inequivalent
uranium sites and pronounced crystallographic anisotropy.
Although the detailed band dispersions and hybridization
strengths differ from those of the simplified P4/nmm descrip-
tion, the essential correlated electronic features remain un-
changed. In particular, the low-energy spectrum remains
dominated by a spin-orbit-split 5f manifold with a strong
Jj = 5/2 QP resonance at the Er, a renormalization hierar-
chy Zs;, < Zj/,, and significant mixed-valence fluctuations
between 5f2 and 5f° configurations. The response to hy-
drostatic pressure likewise preserves the trend toward en-
hanced QP coherence, demonstrating that the hybridization-
controlled mechanism governing the localized-itinerant du-
ality of uranium 5f electrons is robust with respect to realis-
tic crystallographic refinements.

Overall, these results establish a coherent microscopic pic-
ture of the UX, series in which chemical substitution and
hydrostatic pressure control the balance between localized
and itinerant uranium 5f states through modifications of the
5f-ligand hybridization. The UX, family therefore provides
a representative platform for studying how SOC, electronic
correlations, and hybridization cooperate to shape the elec-
tronic structure of uranium-based intermetallic compounds.
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APPENDIX A: Computational Details

This appendix summarizes the technical implementation
of the fully charge self-consistent DFT+DMFT calculations
used to study UX; (X = P, As, Sb). The following subsections
detail the DFT setup, the DMFT impurity treatment, and the
procedure for simulating hydrostatic pressure.

Al DFT Setup

The DFT calculations were performed using the full-
potential augmented plane-wave plus local orbitals (FP-
APW-+lo) method as implemented in the WIEN2k code [39].
The exchange—-correlation functional was treated within the
generalized gradient approximation (PBE-GGA) [42]. SOC
was included self-consistently in all calculations.

The experimental lattice parameters reported for UX; were
used as the initial structural inputs [13, 16, 62]. The initial
parameters were a = 7.200 Bohr and ¢ = 14.674 Bohr for
UP,, a = 7.473 Bohr and ¢ = 15.337 Bohr for UAs,, and
a = 8.069 Bohr and ¢ = 16.599 Bohr for USb,. Starting from
these experimental structures, the zero-pressure equilibrium
structures were determined using the 2Doptimize util-
ity in WIEN2k. The optimized lattice parameters and corre-
sponding equilibrium volumes are summarized in Table A1l
of Appendix A AIL

The basis expansion employed lyax = 10 and RyrKmax = 7,
with charge density cutoff G,y = 14. Brillouin-zone integra-
tions used an 18 X 18 X 8 Monkhorst-Pack grid [52], ensuring
total-energy convergence better than 1 meV per atom.

AIL.  Simulation of Hydrostatic Pressure

Hydrostatic compression was simulated starting from the
optimized zero-pressure structures described in Sec. A Al For
each compound, a set of compressed volumes was gener-
ated by uniformly scaling the optimized tetragonal unit cell
while keeping its zero-pressure c/a ratio fixed. The pressure—
volume relation was determined from total-energy calcula-
tions combined with an equation-of-state (EOS) analysis. The
resulting compressed structures were subsequently used in
the paramagnetic DFT+DMFT calculations at T = 300 K.
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FIG. Al. Atomic-state probability distributions of the uranium 5f shell at zero pressure obtained from fully charge-self-consistent
DFT+DMFT calculations including SOC for (a) UP,, (b) UAsz, and (c) USby. The color-coded bars represent the statistical weights of 5fN
configurations (N = 0-5) sampled by the CT-QMC impurity solver. The dominant 5f2-5f3 occupancies reflect the intermediate-valence
nature of uranium, while the gradual enhancement of the 53 weight from UP; to USb; indicates increasing 5f localization and reduced
itinerancy with heavier ligands.
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FIG. A2. Convergence of the charge-self-consistent DFT+DMFT calculations using PBE-GGA including SOC at P = 0 for UPy, UAsy, and
USby crystallized in P4/nmm space group. Panels (aj)-(as) show the evolution of the chemical potential i and the relative total energy
Etot — Ep as functions of the outer DFT+DMFT iteration number, where Ey denotes the final converged total energy. Panels (as)—(bs) display
the corresponding convergence behavior of i and Eiot — Eo within the inner DMFT impurity loop evaluated during the maximum outer
iteration (N = 12). The results demonstrate that the global charge-self-consistent cycle converges after about 8-10 iterations within the
adopted total-energy threshold of 107> Ry, while the embedded impurity loop stabilizes rapidly within only a few iterations.

TABLE A1l. EOS-calibrated hydrostatic-pressure points used in the DFT+DMFT calculations for UX; (X = P, As, Sb). Here, V} is the zero-
pressure volume for the indicated method, while V is the sampled volume at pressure P. For the DFT data, the pressure corresponding to
each sampled volume was obtained from the Birch-Murnaghan EOS fit, as expressed in Eq. (A1). The relative volume change is defined as
AV [Vo = (V = Vo) /Vy. The finite-pressure lattice parameters were reconstructed by keeping the zero-pressure tetragonal ratio c/a fixed.
The DFT calculations were performed using the PBE-GGA exchange-correlation functional including SOC. An asterisk denotes the present
calculations.

Compound Method P (GPa) Vo (Bohr?) V (Bohr?) AV [V (%) a (Bohr) ¢ (Bohr) Ref.
UP, DFT 0.000 747.038 747.038 0.000 7.176 14.507 *
4.427 747.038 722.621 -3.269 7.097 14.347 *

Exp. 0.000 760.700 760.700 0.000 7.200 14.674 [16]
UAs, DFT 0.000 850.280 850.280 0.000 7.503 15.104 *
5.300 850.280 813.452 —-4.331 7.393 14.883 *

Exp. 0.000 856.506 856.506 0.000 7.473 15.337 [16]
USb, DFT 0.000 1079.634 1079.634 0.000 8.145 16.274 *
8.721 1079.634 983.895 —8.868 7.897 15.777 *

Exp. 0.000 1080.740 1080.740 0.000 8.069 16.599 [13]




The calculated total-energy—volume data were fitted to the
third-order Birch-Murnaghan equation of state, from which
the pressure at each sampled volume was obtained as

P= gBO (r]7—r]5) 1+Z(Bg-4) (q2—1)], (A1)

where By is the zero-pressure bulk modulus, By = (dB/dP)p=g
is its pressure derivative, n = (Vo/V)'/3, and V, is the calcu-
lated zero-pressure equilibrium volume.

The calculated equilibrium and compressed volumes, EOS-
derived pressures, reconstructed lattice parameters, and
available experimental zero-pressure structural data are sum-
marized in Table Al.

In the computational procedure, a set of compressed vol-
umes was first sampled for each compound, and the corre-
sponding pressures were subsequently determined from the
Birch-Murnaghan EOS fit. The pressure values used in the
DFT+DMFT calculations are therefore EOS-derived values
associated with the sampled volumes rather than indepen-
dently prescribed target pressures. Their apparently numeri-
cal precision results directly from evaluating the fitted EOS at
the sampled volumes. The selected points are 4.427 GPa for
UP,, 5.300 GPa for UAs,, and 8.721 GPa for USb,, as tabulated
in Table Al.

The pressure points were selected according to the com-
pression required to produce clearly discernible changes in
the electronic structure of each compound. For UP; and
UAsg, the first sampled positive-pressure points already pro-
duced identifiable electronic modifications and were there-
fore retained. In contrast, the more localized U-5f states in
USb; exhibited a weaker response at the lower sampled com-
pressions, requiring the higher-pressure point of 8.721 GPa
to produce comparably discernible changes. The selected
points correspond to relative volume changes of —3.269%,
—4.331%, and —8.868% for UP,, UAs,, and USb,, respectively.
Thus, they represent neither a common applied pressure nor
an identical relative volume contraction. The comparison
is intended to characterize the compound-dependent elec-
tronic response at representative EOS-calibrated compres-
sion points rather than to provide a quantitative comparison
at identical pressure or strain.

As can be seen from Table Al, the relative deviations of
the calculated equilibrium volumes from the corresponding
experimental values are approximately —1.80%, —0.73%, and
—0.10% for UP;, UAs,, and USb,, respectively. The negative
signs indicate that the calculated equilibrium volumes are
slightly smaller than the corresponding experimental values.
This close agreement supports the reliability of the optimized
zero-pressure structures used as reference states in the EOS
analysis.

For each sampled volume, the lattice parameters were re-
constructed from V = a’c = a3(c/a) using the optimized
zero-pressure c/a ratio. The resulting lattice parameters were
used as structural inputs for the corresponding DFT+DMFT
calculations.
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AIIl. DMFT Implementation, CT-QMC solver, and

impurity-basis approximation

The DFT+DMFT calculations were performed using
the embedded charge-self-consistent implementation of
Refs. [34, 38], interfaced with WIEN2k. The formalism is
based on the stationary Luttinger-Ward functional [37] and
ensures full charge self-consistency between the DFT and im-
purity subsystems.

All calculations were carried out at T = 300 K in the
PM state, corresponding to f = 38.68 eV~!. The quan-
tum impurity problem was solved using the continuous-time
hybridization-expansion CT-QMC method [54-56], with 20x
10® Monte Carlo steps per DMFT iteration after 3 x 10° ther-
malization steps.

The local uranium 5f shell was treated in the relativistic
|j,m;) basis by setting qsplit=4. This choice separates
the one-electron 5f correlated subspace into the j = 5/2
and j = 7/2 sectors and is appropriate for uranium com-
pounds in the strong spin—orbit-coupling regime. The dis-
tinction between the many-electron atomic term symbol,
such as °Lg, and the one-electron relativistic 5f/, and 5f;/5
subspaces used in the DFT+DMFT implementation is dis-
cussed in Sec. SMIX of the Supplementary Material. The hier-
archy Asoc > Acr and the corresponding one-electron split-
ting of the 14-dimensional 5f shell into 6+8 relativistic states
are summarized there explicitly.

This relativistic basis also specifies the approximation used
in the CT-QMC impurity calculation to control the fermionic
sign problem. Instead of solving the impurity problem in a
fully unrestricted local-orbital matrix representation, the hy-
bridization function was represented in a symmetry-reduced,
relativistic block-structured channel basis. In this represen-
tation the dominant spin-orbit structure is incorporated at
the level of the correlated subspace, and the independent hy-
bridization channels are organized according to the j = 5/2
and j = 7/2 sectors. The complete construction of these
channels, including the reduction from the matrix-valued
DFT+DMFT hybridization to the solver input, is documented
in Sec. SMV of the Supplementary Material. In particu-
lar, the averaging procedure, the plotted hybridization quan-
tity, and the computational chain connecting case.d1t1,
sjoin.py, Delta.imp, ctgmc.py, Delta.inp,
and ctqmc. cc are given explicitly there.

Thus, the approximation used here is not an uncontrolled
deletion of all off-diagonal matrix elements in an arbitrary
orbital basis. Rather, the impurity problem is formulated in a
symmetry-adapted relativistic basis in which the hybridiza-
tion is reduced to independent block-structured channels be-
fore being passed to the CT-QMC solver. This is the standard
practical strategy used to avoid severe sign instabilities in
spin-orbit-coupled multiorbital impurity problems. For the
converged calculations reported in this work, the resulting
CT-QMC simulations showed an average Monte Carlo sign
equal to unity, confirming that the adopted relativistic block-
structured representation was numerically stable.

The local Coulomb interaction was set to U = 4 eV, with
Hund’s exchange parameters /] = 0.594, 0.595, and 0.596 eV



for UP,, UAs,, and USb,, respectively. The nominal double-
counting correction [34, 57, 58] was employed, with nominal
uranium occupancy fixed at n;)c =3.0.

Atomic-state probabilities of the uranium 5f shell were di-
rectly sampled from the CT-QMC impurity solver and are
shown in Fig. Al. These probabilities correspond to the sta-
tistical weights of the 5f configurations (N = 0-5) con-
tributing to the local many-body density matrix.

Convergence of the charge-self-consistent DFT+DMFT
cycleisillustrated in Fig. A2. The outer DFT+DMFT loop con-
verges within 8—10 iterations using a total-energy threshold
of 107° Ry, while the inner impurity loop stabilizes within a
few iterations. The converged self-energy was stable to ap-
proximately 107 eV.

After convergence, analytical continuation of the self-
energy to the real-frequency axis was performed using the
maximum entropy method [50]. The Matsubara-axis hy-
bridization channels were continued in the same manner.
More precisely, MEM reconstructs the corresponding real-
frequency spectral density by numerically inverting the spec-
tral integral relation given in the Supplementary Material; it
is therefore not equivalent to directly replacing iw, by w+i0*.
Spectral functions were evaluated on a 27 X 27 X 13 k-point
mesh.

AIV. Convergence of the Charge-Self—-Consistent
DFT+DMFT Calculations

Charge-self-consistent DFT+DMFT involves two nested
self-consistency cycles: (i) an outer loop updating the lattice
charge density and Kohn-Sham potential, and (ii) an inner
loop solving the embedded quantum impurity problem to ob-
tain the self-energy > (w) (see Secs. SMII and SMIII of the
SM [43]).

Figure A2 summarizes the convergence behavior for UX,
(X = P, As, Sb) at zero pressure. The outer DFT+DMFT
loop shows smooth stabilization of the chemical potential y
and the relative total energy Eit — Eo, reaching convergence
within approximately 8-10 iterations. Residual energy vari-
ations fall below the adopted threshold of 107> Ry.

The convergence of the inner impurity loop is evaluated
during the final outer iteration (N = 12). Both p and
Eiot — Ey stabilize within a few impurity iterations, indicat-
ing rapid convergence of the impurity Green’s function and
self-energy once the lattice charge density is fixed.

Throughout the calculations, convergence criteria of
10~* e for the total charge and 107> Ry for the total energy
were enforced. Self-consistency between the DFT and DMFT
sectors, including charge conservation and projector normal-
ization, was verified at each iteration.

AV. Extraction of the QP weight from the Matsubara
self-energy

The QP renormalization factor Z is obtained from the
low-frequency behavior of the Matsubara self-energy > (iw,,)

16

computed within the CT-QMC impurity solver. For a FL, the
self-energy admits the expansion

Y(iwn) = 2(0) + (1= Z Y i, + O(0?), (A2)
which implies
z=1-a, 30560, _o| (A3)

In practice, Z is extracted from a linear fit of I [ (iw,)]
using the lowest Matsubara frequencies. The fitting window
is restricted to the regime where the self-energy displays lin-
ear behavior, ensuring that higher-order w? contributions re-
main negligible. The stability of the extracted Z values is ver-
ified by slightly varying the fitting interval.

APPENDIX B: Electronic Structure of UP; in the
Experimental I4/mmm Phase

The UX; compounds are often described within the tetrag-
onal anti-Cu,Sb (P4/nmm) structure, which provides a con-
venient common crystallographic reference for analyzing
electronic trends across the series [16, 17, 63]. However,
single—crystal diffraction measurements have shown that
UP, crystallizes in a more complex tetragonal structure with
space group I4/mmm, containing three inequivalent uranium
sites and enlarged lattice parameters [18].

To assess the effect of this structural refinement, we recal-
culated the electronic structure of UP; in the experimental
I4/mmm phase using the same fully charge-self-consistent
PBE-GGA+DMFT framework described in Sec. II. The fol-
lowing subsections present the corresponding spin—orbit—
resolved DOS, hybridization function —J[A(w)], Matsubara
self-energies (Fig. B1), momentum-resolved spectral function
A(k, w), and CT-QMC valence statistics (Fig. B2).

The results show that the main electronic features iden-
tified in the P4/nmm calculations—SOC splitting of the 5f
states, dominance of the j = 5/2 manifold near Ep, and
pressure-enhanced QP coherence—remain robust in the ex-
perimental I4/mmm structure.

BL. Spectral Structure, Spin—-Orbit Hybridization, and QP
Coherence in in UP; (I4/mmm) under Pressure

Figure B1 summarizes the correlated electronic structure
of UP; in the tetragonal I4/mmm phase obtained from fully
charge-self-consistent DFT+DMFT calculations including
SOC. The interacting DOS derived from the lattice Green’s
function shows that the low-energy electronic structure is
dominated by uranium 5f states, while the phosphorus p or-
bitals occupy mainly the deeper valence region between ap-
proximately —4 and —0.5 eV [Fig. B1(a;)]. The SOC-resolved
spectrum [Fig. B1(ay)] separates the 5f shell into j = 5/2 and
Jj = 7/2 manifolds, with the j = 5/2 component providing
the dominant spectral weight near the Er.

Hydrostatic compression (P = 4.427 GPa) produces a
moderate redistribution of spectral weight around Er while
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FIG. B1. Correlated electronic structure of UP; in the I4/mmm phase obtained from DFT+DMFT using PBE-GGA and including SOC. The
interacting DOS is computed from the lattice Green’s function [Eq. (5)] and A(k, ) [Eq. (7)]. (a1) Total and orbital-resolved DOS at ambient

pressure. (az) SOC-resolved U 5f states showing the j =

5/2 and j = 7/2 manifolds. (a3z) Total DOS at P = 0 and under hydrostatic

compression (P = 4.427 GPa). (a4) Pressure evolution of ligand p states. (b;) Projected DOS of U d orbitals. (by) Pressure-dependent
redistribution of spectral weight in the U 5 f manifold, resolving the j = 5/2 and j = 7/2 components (inset highlights the low-energy region
near the Efr). (b3)-(bs) Hybridization spectra —J[A(w)] for the j = 5/2 and j = 7/2 5f states, defined from the impurity Dyson equation
[Eq. (2)] and embedding relation [Eq. (4)]. Black and orange curves correspond to P = 0 and P = 4.427 GPa. (c1)—(c4) Imaginary part of the
Matsubara self-energy 3[2;(iwp)] for the j = 5/2 and j = 7/2 manifolds at P = 0 and P = 4.427 GPa. Insets enlarge the low-frequency
region near w, — 0. Red circles indicate the linear FL regime used to extract the QP weight Z via Eq. (A3) [see also Eq. (13)]. The vertical

dash-dotted line marks the Ef.

preserving the overall metallic character of the system
[Fig. B1(as)]. A small increase of ligand p spectral weight
near the Ep [Fig. B1(as)] indicates enhanced 5f—p hybridiza-
tion as the U-P bond length decreases under pressure. The
projected spectra in Figs. B1(by)—(b;) further show that the
low-energy QP feature originates primarily from the j = 5/2
manifold, whereas the j = 7/2 states remain mostly at higher
excitation energies.

The hybridization spectra —J[A(w)] [Figs. B1(bs)—(b4)]
reveal that the j = 5/2 channel couples more strongly to the
conduction bath near the Er. Under compression the overall
hybridization amplitude increases for both spin-orbit com-
ponents, reflecting enhanced orbital overlap between ura-
nium and ligand states.

Dynamical correlation effects are illustrated by the Mat-
subara self-energies 3[2;(iw,)] in Figs. B1(c1)—(cs). Both
spin—orbit manifolds display a linear low-frequency behav-
ior characteristic of a FL. The extracted QP weights are Zs, ~
0.52 and Zy/, =~ 0.70 at ambient pressure, corresponding to
moderate mass renormalizations. Under hydrostatic com-
pression these values increase slightly (Zs;, = 0.54, Z7/, =

0.83), indicating enhanced QP coherence driven by stronger
hybridization.

Overall, the calculations confirm that UP; in the experi-
mental 14/mmm structure remains a moderately correlated
spin-orbit-selective FL. The low-energy electronic structure
is governed by the j = 5/2 manifold, and hydrostatic pressure
primarily enhances hybridization and QP coherence without
altering the fundamental SOC-induced hierarchy of the 5f
states.

BII. QP coherence, mixed-valence fluctuations, and

dynamical local moments in UP; (I4/mmm)

Figure B2 shows the momentum-resolved spectral func-
tion A(k, w) and the CT-QMC valence histograms for UP,
in the tetragonal I4/mmm phase obtained from fully charge-
self-consistent PBE-GGA+DMFT calculations including SOC.

The spectral function at ambient pressure [Fig. B2(a)] ex-
hibits several dispersive bands crossing the Er along I'-X-
M-T-Z-R-A-M-T, confirming the metallic character of the
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FIG. B2. (a,b) Momentum-resolved spectral function A(k, ) of UP; in the tetragonal I4/mmm phase from the interacting lattice Green’s
function [Eq. (5)] using Eq. (7) at (a) P = 0 and (b) P = 4.427 GPa. Spectra are shown along I'-X-M-T'-Z-R-A-M-T; the dashed line marks
Efr. SOC splits the U 5f manifold into j = % and j = % states, with j = % dominating near Ep. (c,d) CT-QMC valence histograms for the
U 5f shell at (c) P = 0 and (d) P = 4.427 GPa within charge-self-consistent PBE-GGA+DMFT including SOC. Bars show probabilities pr of
5fN configurations (N = 0-4), determining occupancy and charge fluctuations via Eq. (9). Dominant 5f2 and 5f3 weights indicate mixed

valence.

system. The low-energy spectral weight is dominated by ura-
nium 5f states forming narrow QP bands near Ep. Strong
SOC splits the 5f manifold into j = % and j = % components,
with the j = % states providing the dominant contribution

to the QP bands while the j = % states appear mainly at
higher excitation energies. Under hydrostatic compression
(P = 4.427 GPa) the near-Er bands become slightly sharper
and more dispersive [Fig. B2(b)], indicating enhanced QP co-
herence and stronger 5f-ligand hybridization.

The CT-QMC valence histograms shown in Figs. B2(c,d) re-
veal a clear intermediate-valence character dominated by 5 f2
and 5f° configurations. At ambient pressure the correspond-
ing probabilities are approximately 38.5% (5f%) and 46.6%
(5f%), while smaller 5f* and 5f* contributions reflect residual
charge fluctuations between the 5f shell and the conduction
bath. Under compression the relative weights change only
slightly, indicating that pressure mainly affects hybridization
and QP coherence rather than the overall valence state.

Additional thermodynamic diagnostics are summarized in
Table B1. At ambient pressure the average occupancy (nss) =
2.62 and the local susceptibility yjoc = 65.19 confirm an
intermediate-valence regime with sizable dynamical local-
moment fluctuations. These values are very close to those
obtained for the P4/nmm structure, demonstrating that the
balance between localized and itinerant 5f behavior is only
weakly affected by the structural description.

Under hydrostatic compression the occupancy increases

TABLE B1. Average 5f occupancy (nss) and local magnetic suscep-
tibility yjoc for PM UP; in the tetragonal [4/mmm structure obtained
from fully charge self-consistent DFT+DMFT calculations using the
PBE-GGA functional including SOC.

Compound P (GPa) (nsr) Xloc
UP, 0 2.62 65.19
4.427 2.71 52.75

slightly to (nsg) = 2.71, whereas the local susceptibility de-
creases to yjoc = 52.75. The stronger pressure dependence
of yoc reflects enhanced dynamical screening of the uranium
5f moments due to increased hybridization with conduction
states. Consistently, the fluctuating local moment is calcu-
lated to be py = 2.361pup, in close agreement with both
the P4/nmm DFT+DMFT result and the experimental Curie—
Weiss value py~2.50 g [16].

Overall, the spectral, statistical, and thermodynamic di-
agnostics consistently show that UP; in the experimen-
tal I4/mmm structure remains a moderately correlated
intermediate-valence system. The low-energy electronic
structure is governed by the SOC-split uranium 5f mani-
fold, with the j = % states dominating the QP bands. Hy-
drostatic pressure primarily enhances 5f-ligand hybridiza-
tion, increases QP coherence, and suppresses dynamical
local-moment fluctuations without qualitatively changing
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the mixed-valence character of the 5f shell.
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