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High-pressure and magnetism in the quasi-one-dimensional solid solution Ca;,Na,Cr,04:
A multimodal neutron, muon, and x-ray study
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We investigate the pressure-dependent magnetism of the quasi-one-dimensional solid solution Ca,;.,Na,Cr,O4
using neutron diffraction, Cr K-edge x-ray absorption spectroscopy, and muon spin rotation/relaxation. Na
substitution is known to increase oxygen-ligand hole density (partial Cr** to Cr*" character) and to drive the
evolution from incommensurate order in CaCr, O, to commensurate antiferromagnetism in NaCr,O4, suggesting
a complex interplay between charge doping and structural changes. Here we apply hydrostatic pressure to
tune the lattice without altering the nominal hole count, thereby separating compression effects from ligand-
hole physics. For x = 0 and x = 0.5 the magnetic transition temperature is essentially pressure independent
within our explored range, whereas in NaCr,0, long-range order is progressively suppressed with pressure,
as seen by a decrease of Ty and of the magnetic Bragg intensity. Over the same pressure range, Cr K-edge
x-ray absorption spectroscopy shows no resolvable change in the average Cr valence or coordination, and
the refined corner-sharing Cr—O—Cr geometry remains nearly invariant within uncertainty. Extrapolating the
pressure dependence of the magnetic order parameter suggests a critical pressure P. = 107(8) kbar for complete
suppression of long-range order. These results support ligand-hole density as the primary control parameter
across Ca;_Na,Cr,04, with pressure acting as a secondary electronic tuning knob that weakens ordering in the

Na-rich end member without inducing a new magnetic phase.

DOI: 10.1103/gpc2-txmj

I. INTRODUCTION

The peculiar physical properties of low-dimensional sys-
tems have attracted considerable interest in condensed-matter
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physics for several decades. Indeed, in structurally one-
dimensional (1D) and quasi-one-dimensional (Q1D) metals,
the electron system, described as a Fermi liquid in higher-
dimensional lattices, is better described with a Luttinger-
liquid model, where the low-lying excited states in a 1D
electron gas are expressed in terms of bosons [1-4]. In this
kind of systems unconventional noncollinear magnetic ground
states are often realized due to the spatial constraints of
their low-dimensional lattice and the complex network of
competing magnetic interactions between nearest- and next-
nearest-neighbor spins [5—12]. Beyond the clear fundamental
interest inspired by these materials, they are also pivotal in the
development of quantum devices [13—15] and in the design of

Published by the American Physical Society
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FIG. 1. Crystal structure of Na/CaCr, 04 seen from the ac plane and unit-cell parameters for NaCr, 0,4 [37] and CaCr,O4 [10]. The distorted
hexagonal channel that lodges the Ca®* and Na™ ions is evidenced in yellow.

the next generation battery materials with highly anisotropic
ion diffusion paths [16-21], leading quantum physics into
practical applications.

By virtue of the competitive magnetic couplings that
determine the magnetic order in low—dimensional materi-
als, it is not trivial to predict the ground state that they
will develop. Compounds with similar crystal structures
can, indeed, manifest a very varied magnetic phenomenol-
ogy [22-26]. Pressure-induced structural modifications often
prove to be very effective in driving major changes in
the magnetic landscape of Q1D material [27-29]. Strain is
therefore considered one of the possible tuning parameters
for magnetic exchange interactions, together with chemi-
cal doping. This work presents the results of a systematic
pressure-dependent study on the solid solution between the
Q1D calcium-ferrite type compounds CaCr,O4 and NaCr,Oy,
i.e., Ca;xNa,Cr,Qy, carried out by neutron diffraction (ND),
x-ray absorption spectroscopy (XAS) and muon spin ro-
tation/relaxation (uTSR). The structure of calcium-ferrites,
based on the prototypical compound CaFe,0,, exhibit a pe-
culiar geometrically frustrated lattice, in which a network of
triangular (or zigzag) magnetic ladders form a honeycomb-
like mesh, which lends itself very well to the occurrence of
competing magnetic interactions, resulting in a wide variety
of exotic ground states [30-34].

Ca;_yNa,Cr,04 [35] is isostructural to B-CaCr,0Q4 [x =
0] and NaCr,O4 [x = 1]. Both these compounds have a
calcium-ferrite structure (also called postspinel [36]) with
orthorhombic space group Pnma, in which Cr ions occupy
two distinct crystallographic positions (labelled as “Cr1” and
“Cr2” in Fig. 1). Here double chains of CrOg edge-sharing
octahedra form the aforementioned honeycomb-like network
where Ca’* and Na™ ions are located. The anisotropic
arrangement of these chains defines channel-like cavities,
whose pattern evokes a distorted hexagonal motif, motivating
the classification of these materials as Q1D (Fig. 1).

B-CaCr,0,4 was found to possess an incommensurate S =
3/2 antiferromagnetic structure (transition at 7y = 21 K), in
which the magnetic moments of Cr** ions are arranged in
double cycloidal chains with opposite chirality along the
zigzag ladder. This peculiar spin arrangement is suggested to
be originated from a combination of symmetric and antisym-
metric exchange interaction terms [10].

In NaCr,0y4, the Cr is found in the uncommon mixed
valence state Cr**/Cr** [38], which requires high-pressure
synthesis for structural stabilization, unlike its pure Ca coun-
terpart [39]. This unusual condition is believed to be at
the origin of many of the physical properties of this ma-
terial, namely Cr orbital ordering [40], anomalous colossal
magnetoresistance CMR [39], and atypical coexistence of
positive and negative charge transfer states [38], leading to
a 3d°> L charge ordering configurations for the Cr*t 34>
electronic states [41]. In this configuration, ligand holes are
delocalized over the Cr—O—Cr network, with the hole density
primarily focused at the corner-sharing oxygen sites [40].
Systematic studies across the solid solution Ca;_Na,Cr,Oy4
have shown that increasing Na content enhances the oxygen-
ligand hole density and drives the system deeper into the
negative charge-transfer regime [35,38,42]. This increase in
ligand-hole density has been directly linked to the evolution
of magnetic interactions via double-exchange pathways and to
the emergence of commensurate AFM (C-AFM) order in the
Na-rich compound. In our recent neutron diffraction study, the
magnetic ground state of NaCr,O4 was found to be C-AFM
with FM coupling of the Cr moments in double rutile chains
antiferromagnetically coupled in the honeycomb-like plane
(Ty = 125 K) [37]. The Cr ordered moments were found to
have a canting angle and a magnitude of about 4.3 uB per
Cr, which is significantly larger than expected from a simple
average of Cr** (S = 3/2) and Cr** (S = 1) ions [37]. This
discrepancy reflects the role of ligand holes, which prevent
a static Cr’*/Cr** charge ordering (that would otherwise
be expected) and instead relieve charge frustration through
dynamic hole hopping across Cr—O—Cr bonds [38,41]. The re-
sulting double-exchange—like mechanism stabilizes high-spin
Cr sites with effective Cr**-like d* character (S = 2), thereby
reconciling the large ordered moment with the mixed-valence
electronic configuration. Importantly, the S = 2 description
should be understood as an effective spin state, arising from
ligand-hole stabilization rather than from a literal Cr*>" ionic
species. Recent theoretical calculations further support this
interpretation, predicting spin disproportionation between the
crystallographically distinct Crl and Cr2 sites [42].

Therefore, while in 8-CaCr,O4 the magnetic couplings are
established along the frustrated ladders of Cr, in NaCr,O4 the
magnetic interactions “escape” the Q1D Cr chains and realize

104414-2



HIGH-PRESSURE AND MAGNETISM IN THE QUASI-ONE- ...

PHYSICAL REVIEW B 113, 104414 (2026)

a 2D magnetic structure with alternating arrangement of FM
rutile chains. These two conditions are remarkably divergent
considering the structural similarity of the two materials.

Here the main differences between B-CaCr,O4 and
NaCr,04 are the unit-cell volume, which is bigger for
B-CaCr,04, owing to the larger atomic radius of the Ca el-
ement, and the valence state in which the Cr ions are found
(Cr** in B-CaCr,0, and mixed Cr**/Cr** in NaCr,0,).
Therefore, the tuning parameters that leads the magnetic
ground state in the solid solution Ca; ,Na,Cr,O4 from IC-
AFM, in the [x = 0] member, to C-AFM, in the [x = 1]
member, are either the Cr-Cr distances in the crystal lattice or
the density of the ligand holes in the oxygen sites. Given the
established role of ligand-hole density in tuning magnetism,
the key question addressed in the present study is whether
external pressure—which compresses the lattice but does not
alter the nominal hole count—can induce effects comparable
to Na substitution or whether ligand-hole density remains the
decisive control parameter.

In this work, we show that the hydrostatic compression
affecting Cr-Cr distances in this system induces no significant
changes in the electronic structure of NaCr,O4, as evidenced
by XAS measurements, while it is responsible for suppress-
ing the magnetic order, as observed by neutron diffraction.
Pressure does not seem to affect the other members of the
solid solution with [x = 0] and [x = 0.5] (as for ©*SR mea-
surements), revealing that the hole density of the Cr chains
is the dominant tuning parameter for the determination of
the magnetic order in these materials and that the coupling
mechanisms here established are not sensitive to variations in
the Cr-Cr distances alone.

II. EXPERIMENTAL SETUP

Polycrystalline samples of Cag 5Nag sCr,O4 were prepared
from a stoichiometric mixture of CaO, NaCrO,, Cr,03, and
CrOj at 1300°C under a pressure of 6 GPa, while the NaCr, 04
was prepared under a pressure of 7 GPa.

Samples of §-CaCr,04 were prepared, instead, by a solid-
state reaction of a stoichiometric mixture of CaCOj3; and
Cr,03 at 1300°C, under ambient pressure, for 12 h in an Ar
gas flow. For further details on the synthesis of these samples
refer to Ref. [35].

All samples were confirmed to be predominantly single-
phase with a CaFe,Oq4-type Pnma structure, as determined by
powder x-ray diffraction (XRD) analyses. Minor impurities,
potentially including Cr,O3 may be present but are below the
detection limit and do not affect the reported measurements.

All images involving crystal structure were made with the
VESTA software [43], the temperature- and pressure-dependent
plots and fitting are produced with the software IGORPRO [44]
and the software MATLAB [45].

A. The u*SR experiment

The 1SR spectra at ambient pressure have been acquired,
as a function of temperature, at the multipurpose surface
muon instrument Dolly [46], while the spectra under pressure
(ranging between 10 and 30 kbar) have been acquired, as a
function of temperature, at the general purpose decay channel

spectrometer GPD [47]. Both these beamlines are located at
the Paul Scherrer Institute (PSI) in Switzerland [48].

For the measurements in Dolly, ~200 mg of sample in
powder was encapsulated in a 1 x 1 cm? area aluminum-
coated Mylar tape (0.05 mm thickness) in order to reduce
the background signal. This envelope was attached to a low
background sample holder inserted in a helium exchange
gas cryostat [49] (temperature range 1.6 K to 300 K). To
avoid history-dependent effects, all the measurements were
performed following a zero-field cooling protocol, i.e., the
samples were cooled to the measurement temperature in the
absence of any applied field.

For the GPD measurements the sample was compressed in
a 2-mm thickness, 5.9-mm diameter pellet and pushed into a
piston-cylinder pressure cell (Fig. 2) made of Cu-Be for the
inner wall and of MP35 alloys for the outer wall [50,51].
Daphne oil was used as hydrostatic pressure medium. The
applied pressure was determined using the superconducting
transition temperature of an indium wire placed inside the
cell. A short susceptibility scan was performed once at each
applied pressure point prior to the u SR measurements, after
which the pressure value was assumed stable for the duration
of the run. This procedure, standard at PSI for piston-cylinder
pressure cells, avoids repeated thermal cycling of the sample
during beam time. The cell was screwed on top of a low back-
ground sample holder, inserted in a “He vaporizer cryostat
[52] (temperature range: 2.5 K to 300 K).

Figure 2 displays a pictorial representation of the sample
mounting in the pressure cell. The muon stopping profile in
the sample is Gaussian, so it is not possible to prevent the
muons in the tails of the distribution from being implanted
in the pressure cell. Since the cell is made of Cu-Be (that is
a nonmagnetic alloy) this does not compromise the results,
nevertheless a static Kubo-Toyabe relaxation component in
the muon polarization function will be added to the zero-
field (ZF) spectra, due to the muons stopping in the cell (see
Sec. III). Hence, in order to keep the mean value of the muon
beam distribution in the center of the sample, a muon momen-
tum scan and vertical sample position scans were performed
before each initial sample setup. The utSR data were fitted
using the software package MUSRFIT [53].

B. The neutron diffraction experiment

The neutron diffraction patterns were collected, as a func-
tion of pressure, at the time-of-flight high-flux diffractometer
PEARL, ISIS Neutron and Muon Facility (UK) [54]. About
400 mg of NaCr,04 powder was loaded into a null-scattering
Ti-Zr alloy capsule gasket [55] in a Paris-Edinburgh (P-
E) press. A uniform hydrostatic pressure was applied up
to 43 kbar, in steps of about 6 kbar, through a perdeuter-
ated methanol:ethanol (4:1 by volume) mixture as pressure
medium and maintained by means of a computer-controlled
hydraulic system. Together with the sample, a lead pellet
was also included in the gasket assembly as a pressure cal-
ibrant. The applied pressure was estimated from the refined
lattice parameters of the lead pellet using its well-established
equation of state. We note that, unlike in the u*SR ex-
periment, the superconducting transition of lead was not
used for calibration in this case. The temperature-dependent

104414-3



E. NOCERINO et al.

PHYSICAL REVIEW B 113, 104414 (2026)

PSI Double-walled 1i*SR Pressure Cell

9.2 mm

H=

Ca,,Na,Cr,0, pressed

sample pellet

Muon beam

z scans

MP35N
Alloy

Cu-Be

Section along z

| 1" stopping
"\ profile

momentum scans

FIG. 2. Photograph and schematic representations of the double-walled MP35N and Cu-Be pressure cell used for u*SR measurements at
the GPD beamline. The arrangement of stacked sample pellets is illustrated in cyan. An illustration of muon momentum scans, optimized to
enhance the sample signal and suppress background from the pressure cell, is also shown. Figure adapted with permission from Ref. [27].

measurements were performed in the range [100-300] K by
partially immersing the press in a liquid-nitrogen-filled tank.

The diffracted neutrons were collected in two set of de-
tectors: the transverse bank, normal to the incoming beam
with an angle coverage of 81.2° < 26 < 98.8°, and the lon-
gitudinal bank, accessible by rotating the cell 90° with respect
to the beam, which covers the back-scattering angular range
100° < 26 < 160° and a low angle range 20° < 26 < 60°.
The data from the transverse bank were used mainly for
pressure determination, while the longitudinal bank allowed
the observation of magnetic peaks due to its high-d (low-Q)
range coverage. The data reduction has been performed with
the software MANTID [56].

C. The XAS experiment

The x-ray absorption spectroscopy experiment was car-
ried out at the hard x-ray high-pressure beamline BL39XU
in SPring-8 (Japan) [57]. XAS spectra at the Cr K edge
(x-ray energy range: [5.9-6.5] keV) were collected for the
stoichiometric NaCr,Oy4 (in powder), at T = 300 K, under
pressures between ambient and a maximum of 124 kbar using
a diamond anvil cell (DAC) provided on site [58]. For some
selected pressure points (124, 45, 20, 3) kbar a temperature
scan in the temperature range 10 K to 300 K has also been per-
formed. High pressure was applied with nanopolycrystalline
diamond anvil (NPD) to avoid strong x-ray diffraction from
diamonds [59,60]. In addition, hole-fabricated anvil was used
for one of NPDs to suppress large x-ray absorption of the anvil
at the Cr K edge. Si 220 double-crystal monochromator and
Rh-coated mirror was used for high-energy resolution mea-
surements. A Kirkpatrick and Baez mirror for high-pressure
measurements was also used to focus micro-beam x rays.
Ar fluid was loaded to the DAC as a pressure-transmitting
medium. For low-temperature measurements, a pulse-tube-
type cryostat was used. The data normalization has been
performed using the software ATHENA [61].

III. RESULTS AND DISCUSSION

In the following section, the experimental results with the
related data analysis are collected. In the first subsection the
whSR results at ambient pressure and under applied pressure
for different temperatures are described. The measurements
at ambient pressure were intended to confirm the previous
findings and constitute the reference point for the measure-
ments under pressure. In the second and third subsections the
ND and XAS results under applied pressure are described,
respectively.

A. u*SR results
1. ZF-u*SR results

A ZF utSR experiment has been carried out for different
temperatures, in ambient pressure, on the three members of
the solid solution Ca;.,Na,Cr,O4 with [x = 0, 0.5, 1] in order
to observe the evolution of the implanted muons’ spin po-
larization, which is related to the sample’s internal magnetic
field distribution. The resulting ZF spectra at base temperature
T = 2 K are displayed in Fig. 3, with their respective best fit
curves (shown as continuous lines).

Here the clear oscillations visible in the asymmetries for
all the three samples are linked to the muons spin’s Larmor
precession whose angular frequency (w) that changes accord-
ing to the local magnetic field (of modulus B) detected by
the probe particle allows us to determine the magnetic field
intensity distribution in the sample, through the direct pro-
portionality relation w = y,, B (where ;—7‘; = 13.55342[%] is
the muon gyromagnetic ratio). The time dependence of the
muon spin polarization can be described, for all the spectra
in this plot, by exponentially relaxing oscillating functions.
Specifically, the fit function chosen for CaCr,O4 [x = 0] is

]T¢ (—XAspwt)
AO PZF(I) = ASDwJ() ZJTVSDWI + % . el TAsow

+ Ayt - €T (1)
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FIG. 3. Early-time-domain p*SR spectra in zero field at T =
2 K for CaCr,0O4 (red data), CagsNaysCr,O4 (blue data), and
NaCr, 04 (violet data). For clarity of display, these spectra are shifted
along the y axis. The continuous lines are fits to the functions de-
scribed in the main text.

where Ay is the initial asymmetry, Pzg is the muon spin po-
larization function, Jy(27w vspwt + %) is the Bessel function
of the first kind of order 0, vspw is the frequency of the
Larmor precession, ¢ is the initial phase in degrees (in the
case of this specific data set ¢ = 0), Aspw is an additional
exponential relaxation rate associated to the Bessel function,
and Ay - eha?) is a nonoscillatory exponential tail term
arising from muons experiencing internal magnetic fields that
are aligned (i.e., parallel) with their initial spin polarization.
These parallel components do not induce precession. The fast
relaxing oscillation in the asymmetry of CaCr,O;, reveals the
existence of a wide distribution of intensities for the static
magnetic field at the muon sites. Additionally, the Bessel
function is commonly used to describe the muon spin preces-
sion in a magnetic environment created by a single k-vector
incommensurate spin-density wave [62—64]. This is consistent
with the occurrence of an incommensurate spin ordering, as
expected from previous results obtained by ND [10].

The fit function chosen for the CagsNag 5Cr,O4 [x = 0.5]
is analogous to the one used for CaCr,04 [Eq. (1)].

Here attempts to include additional oscillating components
to the terms already defined for Eq. (1) did not improve the
fit, and therefore they were disregarded. This behavior of the
muon spin polarization suggests that the Na doping up to
[x = 0.5] is not enough to significantly modify the nature of
the magnetic ground state in Ca;,Na,Cr,O4, which remains
in the form of an incommensurate spin-density wave. This
observation contrasts with earlier reports based on bulk mag-
netometry that suggested spin-glass-like behavior in the same
doping range [35].

Our 1+ SR data, sensitive to local static fields, show no ev-
idence for spin-glass freezing within the available sensitivity
and statistics. In particular, the spectra are better described
by critically damped oscillations rather than by nonoscilla-
tory or stretched-exponential relaxation. The weak transverse
field (WTF)-u "SR asymmetry exhibit a recovery across Ty
that is consistent with a second-order transition into long-
range magnetic order within an inhomogeneous local field

environment rather than with the anomalously broad or in-
complete recovery characteristic of glassy freezing. These
observations, together with earlier reports of incommensurate
or commensurate antiferromagnetic order in Ca;,Na,Cr,04
[10,37], support the persistence of coherent magnetic or-
dering. Of course, a more direct proof of the ordering
wave vector and its persistence would require complementary
high-resolution neutron diffraction measurements. Within the
framework of the present study, the most notable difference
between CaCr,04 and Cag 5Nag sCr;Oy4 is the sharp increase
in the muon precession frequency, which goes from 35(1) to
61(6) MHz. Given the relationship of direct proportionality
between the muon spin precession frequency and the intensity
of the local magnetic field at the muon sites, the increase in w
reflects an increase in the mean value of the static internal field
modulus. This is qualitatively consistent with an enhancement
of the value of the Cr magnetic moment, as expected from
previous studies [10,37].

While we attribute the increase in muon preces-
sion frequency from ~35 MHz (CaCr,O4) to ~61 MHz
(CagsNagsCr,O4) primarily to the enhanced ordered Cr mo-
ments, we note that the absolute precession frequency is
determined by the local internal magnetic field at the muon
stopping site. In principle, changes in the muon stopping site
or subtle modifications of the local electrostatic and magnetic
environment could also contribute to the observed frequency
shift. However, all compositions studied here crystallize in
the same orthorhombic structure, and no structural transitions
that would significantly alter the muon stopping positions
are known across the solid solution, as also confirmed by
muon sites calculations [21]. Moreover, the systematic cor-
relation between the higher precession frequencies and the
larger ordered moments determined independently by neutron
diffraction strongly suggests that the dominant factor is the
increase in the ordered Cr moment. We therefore regard the
observed frequency evolution as a reliable indicator of the mo-
ment enhancement, while acknowledging that contributions
from changes in the local muon environment cannot be fully
excluded.

The analysis of the ambient pressure ™SR data for
NaCr,04 [x = 1] is treated in greater detail elsewhere [37].
The muon signal was found to be well modeled by co-
sine functions with two well-defined frequencies: vap; =
41.8(2) MHz and vap; = 60.9(3) MHz:

g
A P7r(t) = Aap cOs (27TUAF1I + %) . 6(7)”“:”)

b/
+ Aar2 cOS (271 Vapat + %) . o(—harat)

+ Agi - €7 Ha), @)

This is consistent with the development of distinct in-
ternal magnetic fields at two inequivalent muon stopping
sites, both originating from the same commensurate canted
AFM spin structure determined by neutron diffraction [37].
In that previous 1™ SR/NPD study, the temperature evolution
of the asymmetries and the absence of any structural or mag-
netic transition demonstrated that vap; and vap arise from
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FIG. 4. Temperature dependencies of the transverse field asym-
metries, extracted from the fit of the wTF ™SR spectra, for the
three samples. The solid lines are fits to the sigmoid function, which
provides their respective transition temperatures. The x axis is rep-
resented in logarithmic scale for clarity of display, given the broad
range of the transition temperatures in these samples.

inequivalent p™ sites within a single long-range ordered
phase, rather than from distinct magnetic phases.

2. wTF-u*SR results

In the wTF geometry an external magnetic field is applied
orthogonal to the initial direction of the muons spin, caus-
ing it to precess in the plane perpendicular to the external
field’s direction. In this configuration, u*SR time spectra
have been acquired for the three samples in the temperature
ranges from 2 K to 30 K for CaCr,04, from 2 K to 40 K
for CagsNagsCr,O4, from 2 K to 145 K for NaCr,Oy4. For
all the samples the applied transverse field has been set to
wTF = 50 G, which is several orders of magnitude smaller
than the internal field at the muon sites.

The fit function for the wTF spectra of the three samples is
the following:

Ao Pre(t) = Azpo - foo(v, t, @)

+A dtvrpt 4 20 ) L o)
TFCOS( JTVTE 180) e

+ Ay - e He?), 3)

Here Ay is the initial asymmetry; Prg(¢) is the muon spin
polarization function; Az - fix) (v, t, @) represents the zero-
field depolarization function specific to each sample, which
also contributes to the early-time signal observed in the TF
spectra; Atg and Ay are the asymmetries of the transverse
field and tail polarization components; vrg is the frequency
of the Larmor precession related to the applied wTF; ¢ is
the initial phase of the oscillating signal; and App and Ay
are the depolarization rates of the transverse field and tail
components. The transition temperature for all the samples
can be determined from the temperature dependence of the
fitting parameter Arg (plotted in Fig. 4). Here an increase
of Arp is observed as T increases, bringing the system from
the magnetically ordered state to the paramagnetic state. The
trend of the asymmetries has been fitted with a sigmoid

function and the transition temperature is defined as the mid-
point of the fitting curve.

A clear compositional dependence is observed for Ty,
which increases dramatically as the sodium content increases,
as also reported in a previous utSR study carried out on the
same system [65]. This shift follows the increase in the density
of the ligand holes, which are the mediators of the double
exchange interactions responsible for the magnetic ordering
[37], as well as the shortening of the Cr-Cr distances. It is
worth noticing that the transition temperatures for CaCr,Oy4
(22.15 K) and CagsNag sCr,O4 (24.70 K) are close, despite
their clear compositional difference. This behavior suggests
that Ty does not display strong sensitivity to the chemical
variable at low Na content and that a threshold ligand-hole
density must be exceeded before double exchange begins to
dominate. As a result, more substantial changes in the tran-
sition temperature are only observed for Na concentrations
above 80% [65].

There is, however, a clear difference in the trend of
the three asymmetries: While CaCr,O4 and NaCr,O4 show
a sharp transition, reaching the saturation abruptly, for
CapsNag 5CryO4 the transition occurs with a lower rate and
the full asymmetry is only recovered well above Ty. This
phenomenon can be probably interpreted in terms of a broad
“phase separation” since, in CagsNag sCr,Oy, half of the Ca
sites are occupied by Na ions. Therefore, the inhomogeneity
in the sample composition, and the large gap between the
transition temperatures of the two well-defined commensurate
and incommensurate phases at the extremes of the solid so-
lution, results in this gradual increase of the TF asymmetry
as different parts of the sample achieve the paramagnetic
state. Previous interpretations for the behavior of the muon
depolarization in CagsNag sCr,O4 suggested the occurrence
of a spin-glass state [65]. Given the aforementioned argu-
ments, along with the occurrence of the long range IC order
observed in the ZF spectra, this possibility should be probably
disregarded (Fig. 3).

3. w*SR results under applied pressure

The chemical substitution not only intensifies the mag-
netic interactions but also alters the lattice volume, effectively
acting as a microscopic “chemical pressure.” However, sub-
stitution also changes other key parameters, such as the
Cr valence state. Applying external hydrostatic pressure
therefore provides a way to disentangle these effects in
Ca;_«Na,Cr,04. Assuming that the chemical pressure is re-
sponsible for the changes in the magnetic structure of the solid
solution, a reasonable expectation is that the application of
an external hydrostatic compression should induce a shift in
T towards higher values and possibly alter the magnetic ex-
change coupling mechanism in this material, hereby causing
the emergence of novel magnetic phase transitions [27].

For each sample different pressures were applied (through
the setup described in Sec. II): approximately. 0, 16,
and 30 kbar for CaCr,Q4; approximately. 0, 14, and 21
kbar for NaCr,04; and approximately. 0, and 20 kbar for
CapsNagsCr,04. A ZF ™SR pressure-dependent experi-
ment has been performed on the three samples at 7 =5 K.
Figure 5 shows a comparison between the muon spectra
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FIG. 5. Early-time-domain ™SR spectra in zero field at base
temperature for CaCr,O4 (red data), CagsNagsCr,Oy4 (blue data),
and NaCr,0, (violet data) with the respective pressures. For clarity
of display, these spectra are shifted along the y axis.

collected in ambient and maximum pressure applied at base
temperature for the three samples. The fit functions for the
spectra in high pressure are the same as the ones chosen for
the ambient pressure data. This suggests that the application
of a physical pressure does not induce novel magnetic phases
in the solid solution, and the dramatic change observed in the
spin structure as a function of the composition is mainly due
to the changes in the ligand hole density.

Small differences between the muon polarization functions
in ambient and high pressure can be found in the value of the
muon precession frequencies for the Na doped samples. Here
CasNag sCr,O4 experiences a slight decrease in vspw as the

pressure increases, i.e., 62(6) MHz — 51(8) MHz. While such
a decrease could suggest a reduction of the magnetic moment,
the change lies within experimental uncertainty and therefore
does not provide conclusive evidence of magnetic moment
suppression in this pressure range.

In NaCr,0y4, the two signals are both well fitted by
cosine functions with two well-defined frequencies, whose
respective values are equal within the error bars, i.e., Vap; =
42.8(3) MHz and vap, = 61.4(3) MHz for the ambient pres-
sure signal, vap; = 43.1(5) MHz and vap;62.5(2) MHz for
the 21 kbar signal. We note that, due to the limited statis-
tics of the base-temperature ZF-utSR spectra, particularly
in the first tens of nanoseconds, small differences between
alternative depolarization functions (such as Bessel-type and
dynamic Lorentzian Kubo-Toyabe forms) cannot be fully re-
solved in a completely model-independent way. Nevertheless,
the use of a zeroth-order Bessel depolarization for x = 0 and
x = 0.5 is motivated by the fact that it is a standard SR re-
sponse expected for an incommensurate spin-density-wave (or
helimagnetic) state, reflecting the corresponding distribution
of quasistatic internal fields at the muon site. This is consistent
with the established incommensurate magnetic structure of
the parent compound (from neutron diffraction) as well as
with the overall quality and stability of the fits across the
series.

While the frequencies themselves remain essentially un-
changed with pressure, the ratio of their asymmetries (ampli-
tudes) changes substantially. In particular, Axp; /Aar ~ 2 in
ambient pressure and Aapr/Aap1 ~ 3.6 under 21 kbar. This
suggests that pressure does not introduce a new internal-
field scale or a distinct magnetic phase within our resolution.
However, the change in relative amplitudes can reflect either
a redistribution of site weighting or a pressure-dependent
change in relaxation/visibility.

The evolution of the amplitude ratio is therefore attributed
to changes in the relative spectral weights of the two os-
cillatory components (e.g., relative site populations and/or
pressure-dependent relaxation/visibility), while the preces-
sion frequencies remain unchanged within uncertainties. In
light of our previous u*SR/NPD study [37], where var; and
vap were shown to arise from inequivalent muon environ-
ments within the same commensurate canted AFM phase,
the pressure dependence of Aapy/Aar; can be interpreted
as a redistribution of two coexisting internal-field compo-
nents within a single long-range ordered state, rather than
as a transition between distinct magnetic phases. Neutron
diffraction shows a continuous reduction of the magnetic
Bragg intensity with pressure, i.e., a progressive weakening
of long-range magnetic order. In ZF-u™SR such weaken-
ing can manifest as a loss of oscillatory visibility of one
component (enhanced damping/dynamics and/or a reduced
ordered fraction associated with that component), producing
a change in Aapy/Aap; even when the characteristic fields
(frequencies) are unchanged. In this qualitative sense, the
pressure-driven redistribution of TSR spectral weight is
consistent with the diffraction evidence for suppression of
magnetic order; however, the present data do not allow a
unique microscopic distinction between changes in muon-
site weighting and changes in relaxation/visibility. Further
high-resolution neutron diffraction under pressure would be
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required to resolve possible subtle changes in canting and/or
ordered volume fraction.

The presence of the nonmagnetic pressure cell introduces
a higher background and an additional static component in
the muon polarization function, which affects the long-time
domain [27]. The trend of the asymmetry in the long-time
domain is therefore well modeled by a static Gaussian Kubo-
Toyabe function, which is commonly used to describe the
muon spin polarization in randomly oriented nuclear dipolar
fields. Indeed, all the ZF spectra in pressure cell have been
fitted with the same functions described in Sec. III A with
the addition of a static Kubo-Toyabe for a Gaussian field
distribution of width A:

AxtGscrr(A, 1), @4

whose explicit expression is as follows:
Loty
Gsokr = 3 + 3[1 — (1)’ ]2, ©)

Here o[us™']is given by 0 = y, A.

A WTF utSR experiment has been performed on the three
samples for different temperatures at each pressure. As dis-
cussed in Sec. IIT A, the wTF spectra have been fitted with
an exponentially relaxing cosine function, the temperature
evolution of the asymmetry has been extracted and fitted with
a sigmoid function to obtain the transition temperatures for
each sample at different pressures. The result of this analysis
is shown in Fig. 6.

As clearly seen in Fig. 6, Ty shows very weak sensitiv-
ity to pressure-induced structural changes, in all the three
samples. In particular, the transition temperature increases
of about 1 K for CaCr,O4 and stays almost constant for
Cags5Nag 5CryO4. Concerning NaCr,Oy, Ty is linearly shift-
ing towards lower values as the applied pressure increases.
This behavior is consistent with an overall suppression of
the magnetic order in NaCr,Qy, suggesting that hydrostatic
pressure primarily weakens the magnetic correlations between
Cr ions. The temperature/pressure phase diagram of the solid
solution Ca;_;Na,Cr,0y is displayed in Fig. 7.

Within the explored pressure range, all these effects are
generally very weak, especially when compared to the effect
of chemical substitution, where the transition temperature
shifts by several tens of kelvin (but only for high Na con-
centrations). This suggests that more pronounced changes
might only emerge under substantially higher applied pres-
sures. At the same time, the fact that the ZF u*SR spectra
could be fitted with the same functions at all pressures indi-
cates that the magnetic phase itself remains robust within the
studied regime. Taken together, these observations show that
the ligand-hole density associated with Na substitution plays
the dominant role in determining the exchange interactions
and magnetic ground state in Ca;,Na,Cr,0,4, whereas lattice
compression provides only a secondary tuning effect.

B. High-pressure neutron diffraction study

The magnetic transition of NaCr,O4 was investigated by
pressure-dependent neutron powder diffraction. The transition
temperature of NaCr, 04 is Ty = 125.4 K at ambient pressure
and, according to the u*SR results, it was expected to de-
crease with higher applied pressures, until the full suppression
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FIG. 6. (a) Weak transverse field u™SR spectra in the long-time
domainat 110 K < T < 145 K for NaCr,O,4 under 21 kbar pressure.
[(b), (c), and (d)] wTF u*SR asymmetries plotted as a function of
temperature and pressure for the three samples, with their respective
transition temperatures.

of the magnetic ordering. In order to follow the magnetic
transition as a function of pressure, the sample temperature
was fixed at 100 K and diffraction patterns for each pressure
point between ambient and 43 kbar were acquired in both
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FIG. 7. Pressure dependence of the transition temperature for the
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display.

the transverse and longitudinal configurations of the PEARL
diffractometer, described in Sec. IIB. The data acquired in
transverse configuration were used to determine the exact
value of the applied pressure by refining the lattice param-
eters of the lead calibrant. Figure 8 shows the diffraction
patterns for NaCr,Oy4 in longitudinal configuration at room
temperature and at 100 K in ambient pressure. The intensity
of the scattered neutrons are displayed as a function of d
spacing. Owing to the unusually large ordered Cr moment
in NaCr;Qy, estimated as 4.30(1) uB [37] and arising from
ligand-hole—stabilized high-spin states in the negative charge-
transfer regime, the magnetic [0 0 —1] reflection gives rise
to a diffraction peak strong enough to be clearly visible in
our accessible temperature range around d ~ 9 A. In this
framework, the ligand holes prevent static Cr**/Cr** charge
ordering and stabilize effective d* (S = 2) configurations,

5 0 Ambient pressure RT
M Ambient pressure 100 K

Intensity (arb. units)

1 2 3 4 5 6 7 8 9 10 11 12
d-spacing (A)

FIG. 8. PEARL ambient pressure diffraction patterns for
NaCr,0; in longitudinal configuration at room temperature (red
curve) and 100 K (blue curve) in d spacing.

which naturally account for the enhanced ordered moment
without invoking orbital contributions.

The evolution of the magnetic order as a function of pres-
sure and temperature is tracked by following the evolution of
the integrated intensity of the strong magnetic Bragg reflec-
tion [0 O —1] displayed in Figs. 9(a) and 9(b). In Fig. 9(c)
the temperature dependence of the integrated intensity of such
magnetic peak under 43 kbar pressure, measured in PEARL-
ISIS, is compared with the data on the same sample in ambient
pressure measured in iMATERIA-J-PARC (from Ref. [37]) in
the temperature range from 100 K to 130 K. The continuous
line is a fit to the power law:

B
ﬂnaO—%>- ©6)

While the onset of the magnetic transition temperature
clearly shifted from iMATERIA’s 130.00(3) K to PEARL’s
120.6(2) K, a good fit for both the curves can be achieved
by fixing the value of the critical exponent 8 to the value
obtained for the iMATERIA data over the full temperature
range (from 5 K to 130 K), g ~ 0.25, which is the fit shown
in Fig. 9(c). When g is instead treated as a free parameter
in the PEARL data, the fit yields 8 = 0.283 £ 0.057, sta-
tistically compatible with the tricritical value of 0.25. The
reduced x2 values of the curves with fixed and unfixed 8 are
roughly of the same order of magnitude, confirming that the
fit quality is essentially unchanged, and the resulting curves
are indistinguishable by eye on the scale of Fig. 9(c). Given
the limited statistics and sparse temperature coverage near
Ty in the pressure data, this agreement should be regarded
as consistency with tricritical behavior rather than a precise
determination of the critical exponent. This behavior suggests
that the antiferromagnetic-paramagnetic phase transition in
NaCr,0y is located at the tricritical point [37] regardless the
pressure conditions, endorsing the hypothesis that the effect
of pressure on NaCr,0y is to merely suppress the magnetic
order.

As established in Ref. [37], NaCr,O4 hosts a commensu-
rate canted AFM component with propagation vector k; =
(101) and a weaker long-period incommensurate component
withk, ~ (00 %). The strong magnetic reflection at d >~ 9 A,
indexed as [0 0 —1], is dominated by the commensurate k;
component carrying the larger ordered moment, whereas the
incommensurate component gives rise to much weaker satel-
lites at larger d and diffuse magnetic scattering. Within the
restricted Q range and background conditions of the high-
pressure setup, these incommensurate satellites cannot be
reliably tracked, so the pressure dependence of the [0 0 —1]
intensity primarily reflects the evolution of the commensurate
C-AFM order parameter.

Figure 9(d) displays the pressure dependence of the mag-
netic structure factor amplitude of the [0 0 —1] reflection F[O
0 —1] (which is proportional to the ordered moment). The
latter decreases linearly as the pressure increases, consistent
with the monotonic reduction of Ty with pressure revealed by
our wTF-u "SR measurements on the same sample (Fig. 6),
i.e., both probes indicate a progressive weakening of the
long-range antiferromagnetic order in NaCr,O4. From the
linear fit to the data it is possible to extrapolate the critical
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FIG. 9. (a) Intensity of the magnetic peak corresponding to the [0 O —1] reflection versus d spacing under 43 kbar pressure as function of
temperature. (b) Intensity of the magnetic peak corresponding to the [0 0 —1] reflection versus d spacing at 100 K temperature as function of
pressure. (c) Structure factor of the magnetic peak corresponding to the [0 0 —1] reflection from PEARL at 43 kbar pressure (red data) and
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the PEARL data on the right. The continuous line is a fit to the power law in Eq. (6). (d) Square root of the integrated intensity of the magnetic
peak corresponding to the [0 O —1] reflection as a function of pressure. The continuous line is a linear fit. (¢) Pressure dependence (bottom left,
green plot) and temperature dependence (top right, red plot) of the magnetic peak position in d spacing. (f) Pressure dependence of the cell

volume in NaCr,O;.

pressure which would completely suppress the magnetic or-
der in NaCr,04: P. = 107(8) kbar. Figure 9(e) shows the
temperature and pressure dependence of the magnetic peak
position, obtained by fitting the magnetic peak to a Gaussian

function. No significant difference is observed as the tem-
perature changes while a major shift towards lower d values
occurs as the pressure increases, due to the reduction in unit-
cell volume [Fig. 9(f)]. The fact that the magnetic peak in
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d ~ 9 A does not undergo any major change (e.g., splitting)
as a function of pressure, is consistent with the absence of
alterations in the magnetic ground state of NaCr,Oy.

To quantify possible pressure-driven changes of the Cr—
O network, we extracted Cr—O distances and Cr—O-Cr

angles from Rietveld-refined Pnma models (transverse bank,
100 K) and propagated the crystallographic uncertainties
from the refinement’s covariance [Fig. 10(a)]. This choice
of bonds/angles targets the two corner-sharing bridges
Cr;—0;—Cr; and Cr;—03—Cr,, which (i) host the ligand holes
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FIG. 11. Pressure- and temperature-dependent XAS spectra for NaCr,O,. The insets show a magnification of the pre-edge in the absorption

near edge structure.

and (ii) set the dominant interchain exchange in NaCr;Oy;
by contrast, the edge-sharing O,/O4 connections along the
b axis contribute little to the exchange balance [37]. The
unit-cell volume contracts linearly by ~% on increasing the
applied load up to 43 kbar. The contraction is essentially
isotropic, as seen from the pressure trends of the individual
lattice parameters, all of them showing reductions of ~1%
[Fig. 10(b)].

Despite these clear trends, the key superexchange angles
Cr;—0;—Cr, and Cr;—03-Cr, show no resolvable evolution
within uncertainties and the four short bonds Cr1-O1, Cr2-O1,
Cr1-03, Cr2-03 are likewise pressure insensitive within the
error [Figs. 10(c) and 10(d)]. This apparent discrepancy is
explained by the framework’s “rigid-unit” response: most of
the compressibility is accommodated by small octahedral tilts
and by contraction of the channel hosting the alkali-ion sublat-
tice, while the corner-sharing Cr—O—Cr geometry that governs
superexchange remains geometrically constrained and thus
nearly invariant. Any residual changes in Cr—O—Cr angles and
Cr-O bond distances are below our detection limits (<0.4°
and <0.02 A over the full range). Thus, within the precision
afforded by these PEARL transverse-bank data (used primar-
ily for in situ load calibration via Pb), the local Cr—O-Cr

geometry governing superexchange is essentially unchanged
under compression.

C. XAS results under applied pressure

The evolution of the local electronic structure for the full
family Ca;.Na,Cr,O4 has been previously studied as a func-
tion of the Na content by XAS in ambient pressure (L edge for
Cr and K edge for O) [38]. Here remarkable changes in the Cr
valence state were observed, due to the partial oxidation of
Cr** to Cr** between CaCr,0, and the Na-doped CaCr,0y.

Our XAS experiment was intended to be an initial step
in the study of the electronic structure of NaCr,O4 by tun-
ing exchange via compression/bandwidth in the CrOg chains,
through the application of an external pressure. For this pur-
pose, we performed a systematic pressure-dependent XAS
study on stoichiometric NaCr,Oy in the pressure range [0—
124] kbar, temperature range [10-300] K and EXAS energy
range [5.9-6.5] keV, and therefore we acquired Cr 1s XAS
spectra in the Cr metal-K edge.

Figure 11 displays our normalized XAS spectra (pre-edge
in the inset), measured at a fixed pressure of 124 kbar for dif-
ferent temperature points (top panel), and measured at a fixed
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temperature of 300 K for different pressure points (bottom
panel).

No change is visible for both the near-edge and extended x-
ray absorption structures, in the low- and high-kinetic-energy
range for the detected photoelectrons, as a function of pressure
and temperature. This indicates that compression does not
change the average Cr valence state or the gross local coordi-
nation within the sensitivity of Cr K-edge XAS. At the same
time, TSR and neutron diffraction show that long-range
order in NaCr, 0Oy is progressively weakened under pressure
(decreasing Ty and magnetic Bragg intensity) while no new
magnetic symmetry emerges. We therefore conclude that the
pressure effect is not associated with a resolvable change of
the average Cr oxidation state but rather with subtler elec-
tronic renormalizations (e.g., bandwidth/hybridization) that
are not captured at the present K-edge resolution. Additional
XAS pressure-dependent experiments focused on the Cr L,
and L3 edges and on the O K edge would be relevant to
test whether pressure modifies the balance between DE and
the AFM correlated-hopping channel in NaCr,O4 (e.g., via
bandwidth enhancement and/or subtle changes in ligand-hole
character), ultimately suppressing long-range C-AFM order at
P. = 107(8) kbar.

D. Discussion

Notably, even though the Cr K-edge XAS and the Ri-
etveld refinements show no resolvable changes in the local
Cr electronic structure or in the corner-sharing Cr—O-Cr
geometry over our pressure range, the magnetic structure
factor amplitude F[0 O —1] decreases linearly with pres-
sure and utSR indicates a redistribution between muon
sites/changes in relaxation/visibility. These apparent incon-
sistencies can be reconciled within the ligand-hole/negative
charge-transfer picture established previously [35,37,41,42].
NaCr,0;, is mixed-valent and negative charge-transfer, host-
ing ligand holes on O (O 2p) that mediate double exchange
(DE) on the corner-sharing Cr—O-Cr bridges. Its magnetism
results from a competition: ferromagnetic DE on Cr1-O3-Cr2
and an AFM correlated-hopping (superexchange-like) chan-
nel on Cr1-O1-Cr2. Specifically, in the commensurate C-AFM
spin structure determined previously [37], the Cr1-O3-Cr2
bonds within the rutile slabs (approximately along the ¢ axis)
support predominantly ferromagnetic double exchange, align-
ing spins ferromagnetically along ¢, while the orthogonal
Cr1-0O1-Cr2 bonds (running mainly along a) couple these
ferromagnetic chains antiferromagnetically. In this sense, the
magnetic ground state arises from coexisting ferromagnetic
exchange on the Cr1-O3—-Cr2 bonds and antiferromagnetic
exchange on the Crl-O1-Cr2 bonds within the same Cr
network.

Motivated by this bandwidth/hybridization tuning, it is use-
ful to recall that the dominant exchange scales in negative
charge-transfer oxides depend primarily on the Cr—O cova-
lency, encoded in the p-d hopping ¢,4, and on the ligand-hole
density, rather than on small geometry changes. Following the
classic treatments of double exchange and superexchange, one
may write schematic scaling relations as:

pd
JDE X tpg Rpole,  JAR X ———. @)

Here npole denotes the density of ligand holes, U the on-site
Coulomb repulsion, and A.¢ the effective charge-transfer en-
ergy. Increasing the Cr-O hybridization ,4, therefore, boosts
both types of exchange, linearly for the FM double exchange
(reflecting the kinetic energy gain) and quadratically for the
AFM superexchange (as a second-order virtual hopping pro-
cess). In this schematic picture, the AFM superexchange scale
depends explicitly on the correlation and charge-transfer en-
ergies (U + A¢sr) and can therefore respond differently to
pressure-induced changes in covalency and screening than
the kinetic (DE-like) scale. Empirically, the Na—Ca doping
study and spectroscopic data support these dependencies: Re-
ducing the hole count or Cr-O covalency (for instance, by
Ca substitution) weakens the FM exchange and eventually
favors localized AF interactions [35]. Conversely, a highly
covalent state with readily formed ligand holes (small Ag) is
a prerequisite for the robust 125 K magnetic order and the un-
usual coexistence of ferromagnetism and antiferromagnetism
in NaCr204.

Within the ligand-hole framework, hydrostatic pressure
primarily acts as an ‘“electronic” tuning parameter: By reduc-
ing interatomic distances it increases the Cr—O overlap and
therefore the effective p-d hopping amplitude 7,4, i.e., the
kinetic-energy scale (bandwidth) of the itinerant Cr—O states.
Such a renormalization can occur without any detectable
change of the average Cr valence or gross local coordination
at the Cr K edge, and without a resolvable evolution of the
Cr-O-Cr geometry within the present diffraction resolution. In
NaCr;,0y, long-range order is established by locking together
exchange interactions that are realized on distinct corner-
sharing bridges (O3- and O;-mediated links) and therefore
depends not only on the overall magnitude of exchange, but on
the relative balance and anisotropy between these channels. A
modest pressure-induced increase of 7,7 can reweight the con-
tributions of these competing exchange channels and enhance
fluctuations/frustration of the canted-AFM state, thereby re-
ducing the temperature at which coherent long-range order
sets in. This provides a natural microscopic context for the
observed suppression of Ty in w*TSR and the monotonic re-
duction of the [0 0 —1] magnetic Bragg intensity with pressure,
despite the absence of resolvable structural distortions.

A convenient way to frame this competition is in terms of
the bandwidth W of the itinerant states. In a simplified picture,
W is set by the product of the hopping strength and the number
of connected neighbors (coordination z), e.g., W ~ 2zt for
a half-filled band [66]. Because the low-energy electronic
states in NaCr,O4 have substantial hybridized Cr 3d-O 2p
character, changes in f,; naturally translate into changes in
the itinerancy (bandwidth) of the ligand-hole network. Hy-
drostatic pressure, by increasing orbital overlap, enhances 7,4
and thus W. In this qualitative sense, increasing itinerancy can
destabilize the commensurate ordered state (via reweighting
of exchange channels and enhanced fluctuations), lowering
Ty even if the underlying exchange scales increase under
pressure, consistent with the observed suppression of Ty and
magnetic Bragg intensity.

The sensitivity of NaCr,O4 to such subtle electronic tuning
is consistent with its magnetic transition being located near
a tricritical point. At such a boundary, where FM and AFM
channels are finely balanced, even a few-percentages increase
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in t,; (and thus W), too small to be resolved at the XAS
K edge, can disproportionately weaken AFM order. This ex-
plains why Ty and the magnetic Bragg intensity decrease with
pressure despite the Cr—O—Cr geometry remaining unchanged
within our structural resolution. Here it is worth to briefly
comment on the possible role of the long-period incommen-
surate component reported in Ref. [37]. Our present ™SR
data under pressure display a single magnetic transition and
no unambiguous additional precession frequency or distinct
relaxation channel that could be clearly assigned to a sepa-
rate incommensurate phase, while the neutron measurements
under pressure are restricted to the main [0 0 —1] reflection
of the commensurate k; structure. We therefore interpret the
observed suppression of 7y and of the [0 O —1] intensity pri-
marily in terms of changes within the commensurate C-AFM
component. Nevertheless, a pressure-induced redistribution of
spectral weight between the commensurate and incommen-
surate components is an appealing scenario. Such a change
could reduce the [0 0 —1] intensity and subtly modify the
local field distribution at the muon sites. Our current dataset
does not allow us to resolve this possibility, high-resolution
neutron diffraction measurements under pressure that can fol-
low both propagation vectors will be required to address it
quantitatively.

It is also relevant that NaCr,O, itself is synthesized
only under very high pressures (~7 GPa). This implies that
the ambient-pressure compound is already in a metastable,
highly covalent state optimized for strong Cr—O overlap and
mixed valence. Additional pressure therefore acts mainly as a
bandwidth-tuning parameter rather than as a driver of struc-
tural reorganization. In this sense, our interpretation that the
pressure effect is electronic rather than structural is well jus-
tified. A similar situation is seen in other mixed-valence Cr
oxides, e.g., K»,CrgOj¢, which undergoes a pressure-induced
bandwidth-driven magnetic transition from a ferromagnetic
metal to an antiferromagnetic insulator [27,67].

Finally, this perspective also clarifies why CaCr,O4 and
CapsNag sCr,Oy4 are essentially insensitive to applied pres-
sure in our TSR data. Pure CaCr,04 hosts no ligand holes,
so its magnetism is governed by localized superexchange
pathways that are robust against modest structural compres-
sion. The half-doped compound has a reduced hole density
compared to NaCr,Oy, placing it in a more localized regime
where bandwidth tuning has little influence on the exchange
balance. Only in the Na-rich end member, where DE and AFM
interactions are finely poised, pressure induced bandwidth
enhancement noticeably destabilizes long-range order.

IV. CONCLUSIONS

The members of the solid solution Ca;_Na,Cr,O4 with
[x =0, 0.5, 1] have been investigated under high pressure
using © "SR, neutron diffraction and x-ray absorption spec-
troscopy. Our study shows that the application of hydrostatic
pressure, aimed at tuning the magnetic exchange interactions
among Cr ions while keeping the ligand hole density fixed in
the CrOg chains, has only a limited influence on the magnetic
ground state. Within the pressure range explored, the magnetic
transition temperature in CaCr,O4 and CagsNagsCryOy4 is
essentially pressure-independent whereas in NaCr, Oy it de-

creases slightly, consistent with a gradual weakening of the
magnetic coupling mechanism and extrapolating to a com-
plete suppression at a critical pressure of P, = 107(8) kbar.

If structural compression were the primary driver of the
magnetic transformations observed in the Na-rich compound,
then one would expect CaCr,O4 under pressure to evolve
toward the NaCr,O4 state or at least to display a similar
pressure trend. Instead, the two systems evolve differently,
demonstrating that lattice compression alone cannot account
for the observed changes. Thus, while ligand-hole density
fixed by Na/Ca substitution is the dominant factor setting
the magnetic ground state, hydrostatic pressure in NaCr,Oy4
provides a secondary tuning knob that weakens long-range
AFM order through bandwidth enhancement. The absence
of a comparable effect in CaCr,O4 confirms that ligand-
hole physics, rather than structural compression, controls the
phase diagram in Ca;.,Na,Cr,Oy4. This finding highlights the
broader importance of negative charge-transfer physics in
high-valence transition-metal oxides. Electronic self-doping
via ligand holes, rather than structural compression, dictates
the balance of exchange interactions and stabilizes unusual
high-spin configurations. In a wider context, this behavior
resonates with recent discoveries in nickelate superconduc-
tors [68], where negative charge-transfer states also play a
decisive role in shaping emergent electronic phases [69].
Our results thus position the chromates as a complemen-
tary platform to explore how ligand-hole physics governs
magnetism and electronic correlations under external tuning
parameters.

Future studies on intermediate compositions (e.g., x =
0.1-0.2) and higher statistics at low temperature, especially
under pressure, would be very valuable to further refine the
distinction between different possible local-field distributions
and to build on the ground work established here.
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