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We show that the heavy-fermion compound CeCuzSiz undergoes a transition between two regimes
dominated by different crystal-field states. At low pressure P and low temperature 7" the Ce 4f
electron resides in the atomic crystal-field ground state, while at high P or T', the electron occupancy
and spectral weight is transferred to an excited crystal-field level that hybridizes more strongly with
itinerant states. These findings result from first-principles dynamical-mean-field-theory calculations.
We predict experimental signatures of this orbital transition in X-ray spectroscopy. The correspond-
ing fluctuations may be responsible for the second high-pressure superconducting dome observed in

this and similar materials.

PACS numbers:

CeCusSia, the first discovered heavy-fermion supercon-
ductor ﬂ], still generates a lot of interest due to the
peculiar shape of the superconducting (SC) region in
its pressure (P)-temperature (7') phase diagram. Su-
perconductivity in this compound is observed in a wide
range of pressures from 0 to 7 GPa with the SC criti-
cal temperature T, featuring two maxima: T, ~ 0.6 K
at P,=0.45 GPa, and T, ~ 2 K at P ~4.5 GPa [23-
B] This double-dome shape of the SC region has also
been observed in iso-electronic CeCugGes ﬂﬁ] and differs
from the SC phases in other Ce ‘122’-type compounds
(CePdySis[d], CeRhySiy|§]), which exhibit a single-dome
SC phase in a much narrower range of pressures around
an antiferromagnetic (AFM) quantum critical point. By
substituting 10% of Si with Ge one may completely sep-
arate the two SC domes in CeCusySis MQ], thus suggesting
that the SC domain in pure CeCugSis is actually a merge
of two SC phases with different origins.

The maximum of the low-pressure SC dome has been
unambiguously related to an AFM quantum critical point
located at P,. Indeed, specific heat measurements under
small applied pressures in an external magnetic field m]
reveal that small deviations from the nominal stoichiome-
try stabilize either the AFM or SC phases at zero pressure
ﬂﬁj] The SC transition is accompanied by a lowering of
the magnetic exchange energyﬂﬂ]. It is widely accepted,
based on these observations, that the low-pressure SC
phase is due to spin-fluctuation mediated pairing, simi-
lar to the single-dome SC in CePdsSis and CeRhsSis.

In contrast, no consensual picture has emerged up to
date for the pairing mechanism in the high-pressure SC
phase. The AFM order is already suppressed at pres-
sures significantly below P, ruling out spin-fluctuation
driven SC. For P 2 P}, the effective mass estimated
from the AC specific heat is significantly reduced ]

The normal-state resistivity around P} is described by

p = po+ AT™, with a large enhancement of py and a
non-Fermi liquid exponent n ~ 1 M] Recent multiprobe
transport measurements clearly revealed the proximity of
a critical point close to P M, B] It has been proposed
] that P is associated with the critical end-point of a
first-order valence transition (VT), and that the associ-
ated critical fluctuations may provide the pairing mech-
anism in the high-pressure SC phase HE] Such a VT, at
which the Ce-4f orbital occupancy ny jumps discontin-
uously, has been obtained within a single-band periodic
Anderson model (PAM) in which an additional repulsion
between the conduction electron band and the f-orbital is
introduced ﬂﬁ] However, recent X-ray absorption mea-
surements in a wide pressure range from 0 to 7.8 GPa
detected only a smooth and weak decrease of ny as a
function of pressure, without any marked feature around
Pr ﬂﬂ] These results are in clear contradiction with
the proposed valence transition and valence-fluctuation
mechanism for SC.

In this letter, we provide theoretical evidence that
P is actually associated with an orbital transition be-
tween two different crystal-field levels. This conclusion
is reached by performing first-principles calculations of
CeCusSis which combine electronic structure methods
(density functional theory in the local density approxi-
mation - LDA) with a many-body treatment of the strong
correlations in the Ce-4 f shell (dynamical mean-field the-
ory - DMFT). We investigated the evolution of the elec-
tronic structure of the normal paramagnetic state as a
function of applied pressure and temperature in the range
0 < P <8GPa, 7<T <58 K. Our calculations reveal
that while ny remains close to unity within the whole
range, the occupancies of different crystal-field (CF) lev-
els within the Ce 4 f' multiplet change drastically as func-
tion of P and/or T. At low pressure and temperature
the 4f electron is mostly located at the ground-state
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FIG. 1: (Color online) (a,b). The CeCuzSiz crystal structure.
The pink, white, and yellow spheres are Ce, Cu, and Si sites,
respectively. (b) At the central Ce site, wavefunctions of the
two CF levels are shown (|0) in (a) and |2) in (b)). (¢) Imagi-
nary part of the DMFT hybridization functions A of states |0)
(red solid line) and |2) (blue dashed line) on the real energy
axis at P =0 GPa.

level of the atomic Hamiltonian, while with increasing
P (and T) the electron weight is transferred to an ex-
cited level, which hybridizes more strongly with itinerant
bands. The transition as a function of pressure becomes
more drastic at low temperature, hinting at a quantum
critical point at P /2.5 GPa, in rather close proximity to
the maximum of the second SC dome. We show that the
low-energy electronic structure is affected by this orbital
transition, with the main Kondo resonance changing its
orbital character. Finally, we predict distinctive signa-
tures of this orbital transition in non-resonant inelastic
X-ray scattering (NIXS) experiments.

We use a fully charge self-consistent LDA+DMEFT
method [18, [19] which combines a full-potential band-
structure technique [20] with the DMFT [21] treatment of
the on-site Coulomb repulsion between Ce 4 f states. The
DMFT quantum impurity problem was solved with the
numerically exact hybridization-expansion continuous-
time quantum Monte-Carlo (CT-QMC) method [22], as
implemented in the TRIQS ] package [24)].

We calculated CeCusSiz in its experimental body-
centered tetragonal ThCrsSis-type structure (Fig.[Il) and
at the measured values of the lattice parameters vs. P
reported in Ref. ﬂﬁ, @] In a tetragonal crystal field
the 2F /5 ground-state multiplet of the Ce®* ion is split
into three doublets: |0) = a| +5/2) + V1 — a?| F 3/2),
[1) =|+1/2), and |2) = V1 —a?| +£5/2) —a| F3/2). As
one sees in Fig[lla and b, the CF states |0) and |2) differ by
their orientation in the (001) plane: while the lobes of |2)
point along [110] towards the nearest neighbor Si sites,
the lobes of |0) point towards the neighboring Ce sites
within the (001) plane. This difference in the spatial ori-
entation leads to a stronger hybridization of |2) compared
to |0), see Fig. k. When hybridization to the itinerant
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FIG. 2: (Color online) Occupancies ng (red circles) and ns
(blue squares) of the CF states |0) and |2), as a function of
pressure and temperature. The large, medium, and small
symbols denote the occupancies at 58, 14, and 7 K, respec-
tively. The curves are linear interpolations between the cor-
responding points. Inset: the (7, P) map of the ng/ns2 ra-
tio. The dots indicate the values of T" and P for which the
LDA+DMFT calculations were performed. The dashed line
is the no = n2 boundary between the two regions, see text.

bands is neglected (e.g. in the Hubbard-I approxima-
tion), the splitting of CF levels exhibits a rather weak
pressure dependence with |0) being the ground state, |2)
the highest excited doublet and the total width of about
7 meV. This ‘bare’ CF splitting is significantly smaller
than the measured one of 30-37 meV , underlining
the importance of hybridization effects in this compound.

When the hybridization between Ce 4f and itinerant
electrons is fully included in the LDA+DMFT calcula-
tions using CT-QMC, the occupancies of the CF states
|0) and |2) (designated by ng and na, respectively) de-
velop a strong dependence on P and 7', which is dis-
played in Fig. @] As shown there, at the highest
T =58 K the strongly-hybridized state |2) dominates over
the whole range of pressure. With lowering 7' the occu-
pancy ng increases for P <52 GPa at the expense of na,
while at higher P the occupancies exhibit almost no tem-
perature dependence. As a result, at the lowest tempera-
ture T' =7 K that we reached, the state |0) dominates at
ambient and negative P and its occupancy drops sharply
between 0 and 2 GPa. In the inset of Fig. 2] we map
the ratio ng/n2 as a function of P and T. The resulting
‘phase diagram’ can be divided into two domains: the low
P-low T region with the Ce 4 f mostly in the state |0) and
the rest, where the state |2) dominates. The boundary
ng = n2 between these two domains (dashed line in in-
set of Fig. 2] extrapolated to T' =0 gives P.,. ~2.5 GPa.
Recent g-dependent NIXS measurements ﬂﬁ] found Ce
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FIG. 3: (Color online). (a,b) The LDA+DMFT partial densities of states of |0), |1) and |2) states in the vicinity of the Fermi
level as function of pressure at constant 7' =7 K (a) and as function of temperature at zero P (b). The orbital character of the
main Kondo peak changes as P or T increases. (c) The mass enhancements m¢g, mo and mz for the most-occupied, |0), and
|2) states, respectively, as well as the average one mj, as function of P at T' =7 K.

4f in the state |2) at ambient pressure and T =20 K, in
agreement with our calculations. In contrast to the or-
bital occupancies, the total calculated occupancy of Ce
4f shell shows modest dependence on pressure

At a qualitative level, this orbital transition can be
captured by a periodic Anderson model consisting of two
localized levels split by a CF field A.¢, and such that
the hybridization of the lowest level (]0)) with itinerant
bands is (approximately twice) smaller than that of the
excited level (|2)), as introduced in Ref. [31]. The re-
sulting orbital occupancy vs. (V,T) map [32] for this
model at low to moderate T is remarkably similar to the
one of CeCusSiy shown in Fig. 2l We note that the crit-
ical strength of hybridization V. for the transition in
the two-level PAM can be estimated from the condition
Acp = Tk ex— Tk gs = Tk ex, Where Tk cx(gs) is the single-
impurity Kondo scale for the excited (resp. ground-state)
level and T ex > Tk gs due to exponential dependence
of Tk on the hybridization strength.

The low-energy electronic structure of CeCusSis is also
affected by the orbital transition. In Fig. Bla we display
the partial densities of states (PDOS, or orbital-resolved
spectral functions) of the |0), |1) and |2) orbitals in the
vicinity of the Fermi level Er at T' =7 K as a function of
P. One sees that the Kondo peak due to the Ce 4 f quasi-
particle states located at Er changes its orbital charac-
ter from |0) to |2) as the system undergoes the orbital
transition between 0 and 2 GPa. After the transition its
weight rapidly increases with P due to enhancement of
the Kondo scale. The occupied spin-orbit and CF peaks
at ambient P are located at -0.2 eV and -35 meV, respec-
tively, in agreement with recent photo-emission measure-
ments [29]. They are shifted to lower energies and change
their orbital character as P increases. The prominent CF
satellite peaks above Er in Fig. Bla are due to empty (or
weakly occupied) CF states, their positions with respect

to Fermi level define the renormalized CF splitting. The
calculated zero-pressure CF splitting of about 40 meV
(the experimental value is 30-37 meV[27-129]) exhibits a
moderate increase with P, with the orbital character of
the second CF peak switching across the transition.

The low-energy PDOS at ambient pressure and high
T =58 K features a hump in the vicinity of Er due to the
state |2). One may also notice there a small dip located
exactly at Fr (Fig. Bb), showing that a heavy-fermion
Fermi-liquid state is not yet formed at this temperature.
With decreasing T the system moves to the phase where
|0) dominates (inset of Fig. [2), which is signaled by the
formation of a Kondo peak of the corresponding char-
acter at Er and by a shift of the spectral weight of |2)
away from Ef to higher energies. The main Kondo peak
appears to be fully formed only at the lowest T" of 7 K,
in agreement with experimental estimates Tx ~10 K for
CeCusSiy at ambient P [27].

We extracted the orbital-resolved mass enhancements
mi from the corresponding self-energies ¥pr(iw) on
the Matsubara grid as 1 — [dImXrr(iw)/dw|,_,,], then
the average mass enhancement m} was computed as
ZF mF‘NF(EF)/ ZI‘ NF(EF), where NF(EF) is the cor-
responding PDOS at the Fermi level. As shown on
Fig. Ble, the orbital transition [0) — |2) is accompa-
nied by a significant reduction of the mass enhancement
m¢,g of the most occupied orbital (with |GS) = |0) for
P < 0 GPa and = |2) for P > 2 GPa), while m¢g ex-
hibits a rather slow linear decay away from the transition
region. The evolution of the average mass enhancement
m}, is generally the same as that of mgg, apart from
P =0 GPa, where the system at T' =7 K seems to be still
in an intermediate state and is expected to move to the
|0)-dominated phase at lower T’s (see inset in Fig. [I).
This calculated mass enhancement vs. P evolution is in
good agreement with experimentﬂﬂ]. Hence, one may
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FIG. 4: (Color online). Simulation of NIXS crossections. In
the top panel we show the spectral functions the momentum
transfer dependent spectra (solid/dashed thin black line) and
the difference sprectrum (thick red line). In the middle and
bottom panels we display the NIXS difference spectrum upon
increasing pressure at constant T=7 K and increasing temper-
ature at ambient pressure, respectively. One may notice that
the NIXS difference sprectrum undergoes structural changes
due to the predicted orbital transition.

conclude that the system in a ‘heavy’ Fermi-liquid state
at low P transforms into a ‘lighter’ Fermi liquid through
the orbital transition, at which the dominating CF state
changes.

Finally, we discuss spectroscopic signatures of the or-
bital transition, providing a direct experimental test of
our theoretical predictions in future experiments. In the
past years it has been established that linear dichroism
at the cerium M-edge of XAS (dipole transitions from 3d
core- to 4f valence states)[33, [34] or, even richer in in-
formation, g-dependence (momentum-transfer) in NIXS
(dipole, octopole, and triakontadipole from 4d core- to
4f valence states) @, @] directly reflect the symmetry
of the local Ce wavefunction.

Hence, using full multiplet cluster calculations, we have
simulated XAS and NIXS signals following from our the-

4

ory ﬂﬂ] While the XAS spectra can only probe the
ground state composition by means of absolute contribu-
tions of |J, = 5/2 > and |J, = 3/2 > respectively, NIXS
is capable of probing also their relative sign, i.e. the ori-
entation of the wavefunction in the ab-plane, and hence
distinguish states |0) and |2). We thus refer to the sup-
plementary material for the XAS spectra and focus here
on the more informative momentum-transfer dependent
NIXS signal which we report in Figldl The upper panel
displays, at P = 0 and T = 7K, the spectral function
for two different directions of momentum transfer (solid:
q/|(0,0,1), dashed: q||(1,0,0)) at a fixed absolute value

of |q| = 9.3A7". Also plotted in red/dark grey is the dif-
ference spectrum A(w)qi(0,0,1) — A(W)q||(1,0,0)- The cen-
tral panel displays the evolution of this difference spec-
trum at fixed temperature (7K) upon increasing pressure
from 0GPa to 6GPa. While at 0GPa the ground state is
dominated by state |0 > (red spectrum) the switch to a
state |2 > dominated ground state (light blue spectrum)
already at 2GPa is clearly visible, e.g. in the respective
amplitude of the first two peaks between 3 eV and 5 eV,
or in the increase between 7 ¢V and 10 eV. We find the
same clear-cut fingerprint of the orbital transition for the
evolution at ambient pressure upon increasing tempera-
ture to ~ 50K (bottom panel). Also here the change of
the ground state wavefunction is signaled by a change
of the difference spectrum. While this change is qualita-
tively similar to the evolution with pressure, the absolute
spectra differ due to the (slightly) different absolute val-
ues of the |J, =5/2 > and |J, = 3/2 > coefficients.

In conclusion, our first-principles LDA+DMFT cal-
culations predict the existence of a pressure- and
temperature- induced orbital transition in CeCusSiy. At
this transition, the 4 f electron weight is transferred from
CF state |0) (the atomic ground-state for vanishing hy-
bridization) to the excited level |2), because the latter
hybridizes more strongly with conduction electrons. Our
results lead to clear-cut predictions for spectroscopic ex-
periments like NIXS, where the fingerprint of the orbital
transition can be detected in momentum-transfer depen-
dent scattering cross sections. A similar ”"meta-orbital”
transition between two CF levels with different hybridiza-
tions has been recently discussed in the context of a two-
band periodical Anderson model ﬂ3__l|] However, it has
not been, to our knowledge, demonstrated from ab ini-
tio simulations of any real heavy-fermion material. It is
tempting to speculate that the critical fluctuations asso-
ciated with this orbital transition are responsible for the
pairing in the high-pressure SC dome of CeCusSiy and
iso-electronic CeCusGes. Indeed, the calculated critical
pressure of 2.5 GPa at zero temperature is rather close
to the experimental maximum of this dome. Similar or-
bital transitions between CF levels may also explain the
superconductivity away from magnetic quantum points
in other HF compounds. It will be interesting to investi-



gate whether such orbital transitions are always related
to a double-dome SC or whether they can as well occur in
single-dome and non-SC HF compounds (e.g. CePdsSia,
CeAly). We finally note that ‘composite pairing’ SC has
been proposed theoretically ﬂﬁ] to arise at the bound-
ary between two distinct HF liquids originating in two
orthogonal CF levels.
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Supplementary Information

METHOD

Our LDA+DMFT HE, @] combines a full-potential
linear augmented plain-wave electronic structure method
[20] with the dynamical mean-field theory (DMFT) [21]
treatment of the on-site Coulomb repulsion between
Ce 4f states. To solve the DMFT quantum impu-
rity problem (QIP) we employed the numerically ex-
act hybridization-expansion continuous-time quantum
Monte-Carlo (CT-QMC) method [22] as implemented
in the TRIQS [23] package. The Wannier orbitals
representing Ce 4f states were constructed from the
Kohn-Sham states within the energy range from -12.4
to 5.4 eV using the projective approach of Ref. HE]
The local Coulomb interaction between Ce 4f electrons
was approximated by a spherically-symmetric density-
density form parametrized by the Slater parameter
Fy=U=6.36 eV obtained by a constrain LDA method
and Hund’s rule coupling J=0.7 eV. The fully-localized-
limit form of the double-counting correction term was
employed throught. We used the eigenstates |T") of Ce3™
obtained by diagonalizing the ab initio crystal-field and
spin-orbit Hamiltonian as a basis in CT-QMC. Rather
small off-diagonal elements of the DMFT hybridization
function in the {T'} basis were neglected. This approx-
imation allowed us to treat the full Ce 4f shell and to
access low temperatures using the fast ”segment picture”
algorithm of CT-QMC [22]. The DMFT QIP was solved
using up to 3x 10 CT-QMC moves with a measurement
performed after each 200 moves. The analytical continu-
ation of imaginary-frequency self-energies to the real axis
was carried out with a stochastic version of the Maximum
Entropy method[39].

TWO-BAND PERIODIC ANDERSON MODEL

In order to understand better the origin of the orbital
transition in CeCusSiz we have solved a two-band pe-
riodic Anderson model (PAM) introduced in Ref. [31]
within DMFT and using the CT-QMC method to treat
the quantum impurity problem. The model reads
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where c;-fa (¢io) and fjrg( fire) are the creation (annihila-

tion) operators on the lattice site ¢ for conduction and lo-
calized states, respectively. Two localized states I' = 1, 2
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on each lattice site have the bare level position er and
hybridize with the strength V1 with the conduction band
Heond = Y yy ekcLUckg. The last two terms in () are
the intra and inter-orbital on-site Coulomb repulsions, re-
spectively. In this model we neglect Hund’s rule coupling,
assuming it to be not important for the case of the local-
ized band occupancy close to 1 and a small hybridization.
We consider the case when the exited crystal-field (CF)
level |2) hybridizes stronger with the conduction band
(e1 < g9 and V; > V4) and, hence, hybridization (Kondo
screening) effects compete with the CF splitting.

The corresponding local Green’s functions (GF) (omit-
ting the spin index) for the localilzed levels the Matsub-
ara grid read

where the conduction electrons’ local GF' is
Ge(iwn) = D(iw, + p — V281 — VESs). (3)

Here D(E) = [~ 1}3(_52 de is the Hilbert transform of the
conduction-electron density of states, Sr = (iw,+pu—er—
Yr(wn)) ™!, Br(wy,) is the DMFET self-energy for level T,
1 is the chemical potential fixing the total occupancy of
conduction and localized states to 2 electrons per site. As
usual, the DMFT self-consitency condition is Gp = G,
where the local GF of the lattice problem is given by (2))
and the G1"” is obtained by solving the corresponding
DMFT quantum impurity problem (in our case, with the
CT-QMC method).

We chose a particle-hole symmetric semi-cilcular den-
sity of states of half-bandwidth D =1 for the conduction
band as well as the position of the lowest local level 1 =-
2.5, the splitting between the levels Ao = g5 —e1 =0.007
and U =6.0. As one may notice, the local-levels’ pa-
rameters were chosen as to mimic the two competing CF
states in CeCusSis. We varied the hybridization strenght
to simulate the effect of pressure, while keeping the ratio
of the hybridization matrix elements V5 /V; = 2.

Results

In Fig. we display the evolution of the occupancy
ny of the lowest level as function of the corresponding
hybridization strenght V; for several values of the tem-
perature kT/D. As one may notice, at high T the oc-
cupancy ni decays slowly and smoothly with increasing
V1, while at low T it exhibits a sharp drop from the val-
ues close to 1.0 to about 0.1 near the critical hybridiza-
tion strenght V,°"=0.21 at kT'/D =1000 (we obtained the
value of Vi from the maximum of |dni/dVi]). Asin the
case of CeCusSis, the total occupancy of the local levels
n1 + no features a rather weak decrease as function of V
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FIG. S1: The occupancy of the lowest level n; vs. the hy-
bridization V7 in the two-band PAM.

even at low T (it decreases by about 2% from V;=0.05
to V1=0.30 at 8 =1000).

The critical value of hybridization can be obtained
from a simple comparison of the energy gain due to
the single-impurity Kondo screening with the value for
the bare level splitting. We used for the single-impurity
Kondo scale of the level T' the standard expression [40]

1
Ticr = D(2Jrp)" exp <_2er> ’

where Jp = Iffrl‘l/fir[irlf\’ D =1 and p = 1 are the half-

bandwidth and the density of states at the Fermi level,
respectively, for the conduction states. One may notice
that for our range of parameters To > Tk1. Then at
the critical hybridization strenght V| the gain in energy
due to the Kondo screening Txo — Tx1 = T2 should be
equal to the level splitting Aj5. Solving Txo = Ajs with
our parameters gives V" = 0.207, in very good agree-
ment with the value obtianed in the full DMFT PAM
calculations.

In Fig. we display the resulting map of the occu-
pancy np as function of 7" and V. To facilitate the com-
parison with the actual CeCusSiy case the temperature
in Fig.[S2is plotted in Kelvins assuming the rest of model
parameters in eV. As in CeCusSis the low-temperature
part can be divided in two regions with a rather sharp
transition in between. In the first low-hybridization one
the localized electron is at the lowest level 1 and in the
second large-V region the electron is at the exited level
2. The part of the diagram highlighted in Fig. with
the black rectangle is qualitatevely very similar to the
corresponding (T,P) map for CeCuySiy plotted in in-
set of Fig. 2 of the main text, with a n; region located
in the low-T/low-V coner and both hybridization and
temperature-induced ny — no transitions possible. One
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FIG. S2: The map occupancy of the lowest level n; as function
of (T,V1). The black dots indicate (7,V1) for which DMFT
calculations have been performed. The black rectangle in the
upper left conner hihglights the region resembling the (7',P)
map for CeCuzSiz plotted in inset of Fig. 2 of the main text.

may also notice that at high temperatures the orbital
transition is smeared away.

CALCULATIONS OF X-RAY SPECTRA

The importance of a reliable experimental determina-
tion of the symmetry of the CF ground state (by means
of its J, composition) in heavy fermion compounds has
been realized some time ago. First studies employed neu-
tron scattering with great success in determining crys-
tal field splittings with inelastic scattering. However,
phonon scattering and magnetic excitations which oc-
cur in the same energy window prohibit a unambiguous
determination of the exact ground state wave function.
Other attempts with fitting anisotropic magnetic suscep-
tibility turned out to yield ambiguous results due to the
sensitivity to non-local couplings. It turned out, however,
that certain core level x-ray spectroscopy techniques, as
a consequence of their intrinsic local nature, are able to
yield the informations we seek (for further reading on
this topic we refer to Refs. ﬂﬁ, @, @] and references
therein). Hence, In order to test our hypothesis also ex-
perimentally, we have performed simulations of polariza-
tion dependent soft x-ray absorption spectroscopy (XAS)
and momentum transfer dependent non-resonant x-ray
scattering (NIXS).

The simulations have been performed by means of well
established full Multiplet cluster calculations on a config-
uration interaction basis using the code of Ref. ﬂﬁ] The
most relevant excitations for both techniques which ex-
cite a (3d in XAS M-edge; 4d in NIXS) core electron have
to be considered as very localized many body excitons.



While linear dichroism is able to determine the J.-
composition by means of absolute values the sesitivity to
the orientation of the orbital in the tetragonal ab-plane.
It is only higher order transitions than dipole as measured
in NIXS can distinguish between state |0 > and |2 >.
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Below we give comprehensive "maps” of XAS and NIXS
spectra as a function of temperature and pressure which
should significantly simplify comparison of our results to
experimental data.
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FIG. S3: (Color online). Simulation of x-ray absorption spectra and linear dichroism as a function of temperature and pressure.
Plotted in black solid/dashed lines are the spectra for linear polarized light L ¢/||c. The linear dichroism (LD) is plotted as
red/blue curve for a [0 > / |2 > ground state.
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FIG. S4: (Color online). Simulation of non resonant inelastic x-ray scattering (NIXS) and its momentum transfer dependence

as a function of temperature and pressure.

la| = 9.3A in direction §|

Plotted in black solid/dashed lines are the spectra for momentum transfer of

001)/4[|(100). The difference spectrum is plotted as red/blue curve for a [0 > / |2 > ground state.
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