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Electronic and crystal structures of (Na;_,Ca,)Cr,04 with anomalous colossal magnetoresistance

Hitoshi Yamaoka®,"" Eike F. Schwier,>>" Yoshiya Yamamoto,** Masashi Nakatake,>* Masahiro Sawada,” Hiroya Sakurai,*
Naohito Tsujii,? Masashi Arita,” Hideaki Iwasawa,!| Munetaka Taguchi,® Kenya Shimada,” and Jun’ichiro Mizuki?
'RIKEN SPring-8 Center, Sayo, Hyogo 679-5148, Japan
2Hiroshima Synchrotron Radiation Center, Hiroshima University, Higashi-Hiroshima, Hiroshima 739-0046, Japan
3Graduate School of Science and Technology, Kwansei Gakuin University, Sanda, Hyogo 669-1337, Japan
4National Institute for Materials Science, 1-1 Namiki, Tsukuba, Ibaraki 305-0044, Japan
3International Center for Materials Nanoarchitectonics, National Institute for Materials Science, Sengen 1-2-1, Tsukuba 305-0047, Japan
Toshiba Nanoanalysis Corporation Kawasaki, Kanagawa 212-8583, Japan

® (Received 9 August 2020; revised 14 November 2020; accepted 7 December 2020; published 23 December 2020)

The electronic and crystal structures of (Na,_,Ca, )Cr,0O4 have been studied in detail by combining photoelec-
tron spectroscopy (PES), x-ray absorption spectroscopy (XAS), and x-ray diffraction (XRD). The PES results
suggest a gap opening at the Fermi level with decreasing temperature and/or increasing the Ca concentration.
The XAS spectra at the O K-absorption edge suggest a slight increase of the O 2p—Cr 3d hybridization at low
temperatures in NaCr,0O,4 and NajgCa,Cr,0,, which corresponds to the appearance of the antiferromagnetic
order. However, XRD showed no corresponding structural transition. The experimental results were compared
with spin-resolved density functional theory (DFT) calculations. In Na,_,Ca,Cr,0y the pre-edge intensity of the
XAS spectra at the O K-absorption edge is strongly suppressed with increasing x, in accordance with the gap
opening by Ca doping. This observation is consistent with the DFT calculation, where the density of states just
above and below the Fermi level diminishes as the electron is doped into NaCr,Oy.
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I. INTRODUCTION

NaCr,04 shows unconventional colossal magnetoresis-
tance (CMR) below antiferromagnetic (AFM) ordering tem-
perature of Ty = 125 K [1,2]. It has calcium ferrite type
structure, where one-dimensional electronic correlations and
geometrical frustrations can coexist [1]. Electrical resistivity
of NaCr,0,4 diverges with decreasing temperature without
magnetic field, indicating insulating behavior. While the re-
sistivity is largely decreased under magnetic field, the CMR
effect is progressively enhanced with decreasing temperature
with no thermal or field hysteresis. The conventional CMR ef-
fect appears only around ferromagnetic transition temperature
and has been considered to be originated by the suppres-
sion of thermal fluctuation of the ferromagnetic moment by
magnetic field. Therefore, CMR becomes smaller normally
with decreasing temperature and the resistivity is significantly
low at low temperatures even without magnetic field. Another
interesting feature is that NaCr,O4 does not show hysteresis
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induced by temperature or magnetic field. Thus, the CMR of
NaCr,0y4 is anomalous.

NaCr, 04 does not show the structural transition associated
with the metal-to-insulator transition (MIT) as seen in VO,
[3-5], V,03 [4], KxCrgOye [6,7]. A sister compound, vana-
dium oxide NaV,0y, takes a quasi-one-dimensional metallic
ground state even at low temperatures [8], which is different
from NaCr, Oy, while the valence band spectra of NaV,04 [9]
are very similar to those of NaCr,O4. NaV,0;, is a mixed-
valent V3 (3d') compound consisting of double chains of
edge-sharing VOg.

Usually, early transition metal oxides with low valence
state belong to the insulator of Mott-Hubbard type. As the
valence of the transition metal increased and/or the d level
is lowered, the system may enter to the regime of small or
negative A. Nuclear magnetic resonance (NMR) study for
NaCr,04 showed no charge ordering of Cr** and Cr**, but
the mixed valence state of Cr>> [10]. In (Na;_,Ca,)Cr,O4
recent x-ray absorption spectroscopy (XAS) study at the O
K-absorption edge showed the holes on the oxygen ions and
mixed valence state of NaCr,Oy4 [11,12]. Taguchi et al. sug-
gested an unusual coexistence of negative and positive charge
transfer in mixed valent Na,Ca;_,Cr,O4 [12]. Ca substitution
to the Na site changed the Cr valence from 3.5 for NaCr,04
to 3 for CaCr,04. In (Na;_,Ca,)Cr,Oy4, Ty rapidly decreased
with increase of Ca content from x = 0 to % [2]. Spin-glass
behavior has been observed for 0.4 < x < 0.9. Zero-field
uSR spectra suggested the incommensurate AF order be-
low Ty in B-CaCr;0Oy4 [13]. The Cr moments in each zigzag
chain are aligned ferromagnetically along the ¢ axis, whereas
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antiferromagnetically along the a axis between the adjacent
zigzag chains [14,15]. Unusual temperature dependence of
the spin-flop transition field in magnetic phase diagram of
NaCr,0,4 suggested the existence of spin frustrations [14].
Thus, NaCr,04 showed very different physical properties
compared to other 3d oxide compounds.

The electronic structure plays an important role for the
unusual physical properties in NaCr,Oy4, but no systematic
measurement has been reported so far except the chemical
composition dependence of XAS spectra at room temperature
[11,12]. In this paper, we show a systematic study of the
temperature and chemical composition dependencies of the
electronic and crystal structures of (Na;_,Ca,)Cr,O4 with
photoelectron spectroscopy (PES), XAS, and x-ray diffraction
(XRD). We also performed the XAS study of the temperature
dependencies of the electronic structure under the magnetic
field. The purpose of the paper is to clarify the correlation
between the electronic and crystal structures and the trans-
port properties such as the resistivity and magnetic order
as a function of temperature, Ca doping, and magnetic-field
dependencies. The electron doping with the Ca substitution
causes large change in the electronic structure above the Fermi
level, while the temperature induces a slight change in the
electronic structure of the valence and conduction bands. No
temperature-induced structural transition was observed for
the compounds measured. Spin-resolved density functional
theory (DFT) calculation study was performed for NaCr,O4
and CaCr,0,. Possible origins to open the gap are discussed.
The present experimental and theoretical results suggest that
the mechanism of the gap opening with the Ca substitution is
different from that with the temperature.

II. METHODS AND MATERIAL PROPERTIES
A. Experiments

NaCr,04 was synthesized using a high-pressure and high-
temperature technique [1]. NaCr,O4 has CaFe,O4-type or-
thorhombic structure with a space group Pnma (No. 62, Dég),
in which Cr,O4 double chains, i.e., zigzag chains formed on
the bc plane by a network of edge-sharing CrOg octahedra
align along the b axis. In the zigzag chain, spin frustration
of Cr atoms may occur. 8-CaCr,O4 has the same crystal
structure as NaCr,O4 and identical fractional atomic coor-
dinates, but the slightly different space group (Pbnm No.
62cab, D)%). A powder sample of NaCr,O, was synthesized
at 7 GPa pressure from a stoichiometric mixture of NaCrO,,
Cr,03, and CrO3. NaCrO, was prepared from a stoichiometric
mixture of Na,CO3 and Cr,03 at 850°C in flowing Ar gas.
The dense polycrystalline NaCr,O4 sample was compressed
under a pressure of 7 GPa using a belt-type press, and then
kept at 1300 °C for 6 h. After quenching to room temperature,
the pressure was gradually reduced to ambient.

The temperature dependence of the resistivity shows that
NaCr,04 has an anomaly at 7y = 125 K [1]. The fit to the
Arrhenius plot in the temperature range from 200 to 300 K in
(Na;_,Ca,)Cr,;04 shows clearly that the Ca substitution also
makes the energy gap larger and compounds insulators [16].
The magnetic susceptibility takes maximum around 15%-—
20% Ca substitution at low temperatures [2]. The magnetic

transition is not observed at 40%-90% Ca substitution, but
CaCr,04 shows incommensurate AF order at Ty = 21 K [13].

The temperature dependence of the lattice constants was
measured down to 10 K using a Rigaku RINT2000 x-ray
diffractometer at RIKEN. Vacuum ultraviolet (VUV) PES was
performed at the beamline BL-7, the Hiroshima Synchrotron
Radiation Center (HiSOR), equipped with a hemispherical
electron-energy analyzer (Gammadata-Scienta SES-2002). In
the VUV PES the energy resolution (AE) was set to 40—
50 meV around kv = 40 eV under the vacuum pressure below
10~% Pa. Samples were fractured in vacuum just before the
measurements. It is noted that the pre-edge intensity of the
XAS spectra at the O K-absorption edge in the fractured
surface was enhanced compare to that in the nonfractured sur-
face. The energy resolution and the Fermi level are determined
with a fit of the Fermi edge of Au using a convolution of a
Gaussian and a Fermi-Dirac functions. Charge up of the sam-
ples was checked by the shift of the core-level spectra. XAS
were performed at BL-14 at HiSOR with the total electron
yield mode on the fresh sample surface obtained by fracturing
in the vacuum [17]. AE was set to be on the order of less
than 0.1 eV around hv = 540 eV. XAS under the magnetic
field of 1.1 T using a pair of the permanent magnets were also
performed.

B. Density functional theory calculations

DFT calculations for NaCr,O4 and B-CaCr,0,4 were per-
formed using the ELK code, [18] which is based on an
all-electron full-potential linear augmented plane wave (FP-
LAPW) method. Exchange and correlation energies were
described by the revised PBE functional introduced by Zhang
and Yang [19] and a 4x12x4 k mesh centered around the
I" point was employed to sample the Brillouin zone resulting
in 54 nonequivalent k points. The muffin-tin radii were set
as follows: Na and Ca (rn, = rca = 2.2ag), Cr (rer = 2.4ay),
and O (ro = 2.0ap). The muffin-tin radii of Ca and O were
modified from the standard values (rc, = 2.4a9 and ro =
1.8ay, respectively) to allow a direct comparison between the
Na and Ca calculation and to reduce the mismatch between
the Cr and O muffin-tin radii. Due to the short bond length
between Cr and O atoms their muffin-tin radii where further
reduced automatically by the DFT code (r¢: & 1.95a¢ and
ro ~ 1.62ay, respectively). The cutoff parameter rgkmax was
set to 6.5. Onsite electron correlations were simulated within
the DFT + U scheme as implemented in the ELK code [20,21].
Double counting was accounted for by self-consistently inter-
polating between the fully localized limit (FFL) and around
mean field (AMF) [22]. No distinction was made between the
different crystallographic sites in applying onsite energies Uy
(Cr 3d). In the beginning of the self-consistent cycle, local
noncollinear magnetic fields were applied at the Cr sites with
dominant components along the ¢ and four times weaker fields
along the a axis in order to break spin symmetry and allow
possible canted antiferromagnetic ground states to emerge.
This alignment of spin favors a spin structure as predicted by
muon spin relaxation [15] but does not enforce it. Spin density
waves predicted to be present in B-CaCr,O4 by Sugiyama
et al. [14] were not considered for the calculation. Experi-
mental low-temperature lattice constants extracted from the
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FIG. 1. Temperature dependence of x-ray diffraction patterns for
(Na;_,Ca,)Cr,04. (a) Schematic view of the crystal structure [2,24].
(b) Ca-doping dependence of the XRD patterns of NaCr,04: ex-
panded view of the XRD patterns in the angle range from 33° to 38°.
(c) Temperature dependence of the lattice constants for NaCr,Oy.

present XRD data of both compounds were used to calculate
the density of states. Fractional coordinates for both com-
pounds are identical and the positions of NaCr,O4 according
to Sakurai et al. [1] were used in the calculation.

III. EXPERIMENTAL RESULTS
A. X-ray diffraction

Temperature dependence of x-ray diffraction (XRD) pat-
terns were measured for (Na;_,Ca,)Cr,04 (x = 0, 0.25, 0.5,
0.75, and 1.0) in the the 26-angle range from 30° to 80° [16].
Examples of the expanded view in the angle range from 33°
to 38° of the XRD patterns are shown in Fig. 1(b). Figure 1(c)
shows the temperature dependence of the lattice constants and
volume for NaCr,Ojy.

The structure was analyzed with RIETAN-FP and example
fits are shown in the Supplemental Material [23]. We success-
fully plotted the all data of the temperature dependence of the
XRD patterns of NaCr,O4 with the same crystal symmetry of
Pnma. The XRD shows a monotonic decrease of the unit-cell
volume as shown in Fig. 1(c) while decreasing temperature
down to 10 K with a total volume reduction of about 0.46%
between 300 and 10 K. Our present results agree with the
previous measurements by Sugiyama et al. for NaCr,0O4 at
1.7 K and for Cag 15Nag g5CryO4 at 1.6 K [14]. Interestingly,
the lattice constant along the a axis increases down to about
200 K and decreases gradually below 200 K; that along the b
axis increases down to 70-80 K and the change in the lattice
constant of b is little below 70 K; while that along the ¢ axis
decreases monotonically. The results show that the compress-
ibility along the ¢ axis is larger than that of the ab plane.
The temperature-induced changes of the lattice constants of

NaCr,0y4 are in contrast to those of NaV,04 [9]. In NaV,04
the a and b axes decreased monotonically with decreasing
the temperature and the change in the lattice constant of ¢ is
small and slightly increased at low temperature [25]. Thus,
in NaCr, 0Oy the crystal is compressed along the ¢ axis, while
the compressibility becomes small below around 7y. In both
NaCr,04 and NaV,0; the gap becomes wider with decreasing
the temperature. On the other hand, in NaCr,0,, Ca substitu-
tion induced the increase of the lattice parameters, indicating
negative pressure effect.

The diffraction of NaCr,0, seemingly develops an addi-
tional peak 34.6° with decreasing temperature [see Fig. S2(b)
in the Supplemental Material [16]]. The additional peak is
located on the higher-angle side of the main peak at 34.3°. We
assign the additional peak to the (302) reflection and the main
peak to the (004) reflection. Due to the unusual temperature
dependence of the lattice constants, the peaks are merged at
higher temperatures and split at lower temperatures. Model
curves based on the Rietvelt analysis are added to the plot
to demonstrate the validity of the peak assignment. Simi-
lar temperature-induced peak splittings are observed around
higher angles of 51°, 61.5°, and 63.5° at lower temperature
[Fig. S2(a) [16]]. A similar peak separation can be observed
in Nag 75Cag 25CryO4 below 40 K [Fig. S2(c) [16]]. The lattice
constants of a and b change inversely to that of ¢ and thus
above peak separation occur at low temperatures at x = 0 and
0.25 samples. Corresponding peaks for the x = 0.5, 0.75, and
1.0 samples are observed already at room temperature. At
x < 0.25 the lattice constants change as shown in Fig. 1(c),
while at x > 0.5 the lattice constants of a, b, and ¢ decrease
monotonically with decreasing the temperature and those of a
and b increase at low temperatures [26].

The Ca substitution causes an increase of the lattice con-
stants as shown in Fig. 1(c): the change in the ¢ axis was on
the order of 0.2 A at 300 K which was much larger compared
to those of the order of 0.06 A for the a axis and 0.02 A for the
b axis at the Ca-end compound [1]. The order of these changes
at 10 K was the same as those at 300 K, while the lattice
constant along the ¢ axis at 10 K did not show a remarkable
x dependence. Thus, the Ca substitution mainly caused the
elongation along the ¢ axis.

No temperature-induced structural transition was observed.
Also, Ca substitution changes only the lattice parameters, and
not the fractional coordinates of the atoms. Thus, the large
changes in electronic properties induced by the Ca substitu-
tion are more likely related to the electron doping effect than
structural triggers.

B. Photoelectron spectroscopy: Temperature dependence

Figure 2(a) shows Ca-concentration dependence of the va-
lence band spectra at hv = 40 eV and 300 K. The intensity
is normalized by the area measured. We also measured the
core-level spectra of Na 2p and confirmed that there is no
charge up of the samples [16].

In Fig. 2(b), an expanded view of Fig. 2(a) near Ep is
shown. The intensity at the binding energy of E, = 1.5 and
~4 eV increases at hv = 85 eV (not shown here), where E),
is the electron binding energy. The ionization cross section of
Cr 3d is much higher than that of O 2p at hv = 85 eV [27].
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FIG. 2. (a) Ca-concentration dependence of the valence band
spectra for (Na;_,Ca,)Cr;0,4. (b) Expanded view of the valence
band spectra near the Fermi edge. (c) The valence band spectra near
the Fermi level in a log-log scale for NaCr,0Oy4. (d) Temperature
dependencies of the exponents for (Na;_,Ca,)Cr,0,4, assuming a
power-law behavior of the intensity of the valence band spectra near
the Fermi level.

Therefore, the increase of the intensity of £, = 1.5 and ~4 eV
at hv = 85 eV is likely originated from Cr 3d. We found the
opening of the gap at the Fermi level (Ef) and the increase of
the Cr 3d DOS with increasing the Ca concentration as shown
in Fig. 2(b).

Figure 2(c) shows the valence band spectra near Ef in a
log-log scale for NaCr,O4. The data show a good power-law
behavior in the energy range at £, < 0.5 eV. We approximate
the intensity with an exponent function to discuss the the gap
around Ef through the change in the exponent «, assuming
a power-law behavior I ~ E,“ for simplicity, where I and E,
are the intensity and the electron binding energy, respectively
[9,28]. As the exponent is larger, the spectral weight at Ep
becomes smaller. We assume that the reduction of the spectral
weight at Er corresponds to the enhanced electrical resistivity.
Figure 2(d) shows the temperature dependence of the expo-
nents (). The results indicate that both the Ca substitution
and the decrease of the temperature lead to an insulating state.
The electronic structure of NaCr,O,4 near the Fermi level is
very similar to that of NaV,0,4 [9]. However, NaV,0,4 showed
metallic character down to 40 mK. The main difference be-
tween NaCr,O4 and NaV,0y4 is observed in the exponent
described above; in NaV,0y it ranges from 0.65 to 0.9, while
in NaCr, Oy it ranges from 1.5 to 1.8. A larger exponent makes
NaCr, 04 more insulatorlike at low temperatures.

The resistivity obeyed Arrhenius-type temperature depen-
dence with the energy gap of 115 meV above Ty and 47 meV
below Ty [1,29,30]. The energy gap estimated from the re-
sistivity indeed drops significantly when magnetic field is
applied [1,29]. On the other hand, the actual electrical resis-
tivity keeps increasing with decreasing the temperature even
under magnetic field. This is simply due to the decrease of
the number of thermally activated carrier electrons at low
temperatures. In our PES the gap at Eg is not clear because
the DOS near Ef decreases constantly with decreasing Ej, as
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FIG. 3. (a)—~(f) Ca concentration and temperature dependence
of the x-ray absorption spectra at the O K-absorption edge for
(Na,_,Ca,)Cr,0, without magnetic field. The intensity is normal-
ized by the intensity at 533 eV.

described above. However, the relative change in the values
of the exponent in Fig. 2(d) as a function of x correspond well
to the slope of the logarithm of the resistivity [16]. This in-
dicates that the spectral intensity at the Fermi level decreases
with decreasing temperature, corresponding to the increase of
the electrical resistivity as temperature decreases [see Figs.
S1(a) and S1(b) [16]]. We should note that NaCr,O4 showed
thermally activated conductivity with changing the energy
gap at Ty while NagsCagsCr,O4 showed two-dimensional
variable range hopping [29,30]. It seems that the exponent for
NaCr,04 changes its temperature dependence around 7y in
Fig. 2(d).

On the other hand, as the Ca concentration increases the
electrical resistivity increases [see Figs. S1(a) and S1(b) [16]],
corresponding to the increase of the actual energy gap at the
Fermi level as described below. This is consistent with sup-
pressed spectral intensity near the Fermi level [Fig. 2(d)] and
larger exponent [Fig. 2(d)] as the Ca concentration increases.

C. X-ray absorption spectroscopy

We performed the XAS study with total electron yield
mode at the O K- and Cr Lj-absorption edges [16]. Ca-
concentration dependence of the spectra at the O K-absorption
edges are shown in Figs. 3(a)-3(f), where the main peaks are
labeled from A to D without magnetic field. The intensity is
normalized by the intensity at 533 eV. Note that we also show
a case when the intensity is normalized by the area in the en-
ergy range from 527 to 535 eV for comparison in the Supple-
mental Material [16]. The spectra at the O K-absorption edge
show that there are little temperature dependencies. Those
at the Cr Ljz-absorption edge show nearly no temperature
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dependence [16]. These spectra are very similar to those mea-
sured by Okamoto et al. at room temperature [11].

The band calculations also showed that the first peak A is
attributed to the unoccupied part of the Cr 3d t,¢y band and the
second prominent peak including B, C, and D to remaining
unoccupied Cr 3d ty,, g4, and e, bands [24]. The Anderson
impurity model calculations showed that NaCr,0Oy is in the
mixed valence state of Cr*™ and Cr** and the charge state of
Cr in CaCr,0O4 may be in the Cr’t state, where Cr 3d states
mix strongly with the O 2p state [12]. The theory also sug-
gested that the peaks A and B correspond to the components
of Cr** and the peak C dose the that of Cr’*.

Figures 3(a) and 3(b) show a slight increase of the intensity
of the peaks A and B in NaCr,O4 and Naj gCag,Cr,O4 at low
temperatures. In CaCr, 0Oy, in Fig. 3(f) we observe the increase
of the peak intensity around 531.5 eV and that at the energy
less than 529 eV. The peak A also shows a slight shift of
the peak to lower energy at 110 K in NaCr,0j, and this is
more clearly observed in (NaggCag,)Cr,O4. The Arrhenius
plot of the temperature dependence of the resistivity indicates
a smaller gap below Ty and the resistivity increases at low
temperatures. The decrease of the thermally excited carriers
at low temperatures may enhance the unoccupied f;, and e,
states, leading to the slight increase of the peaks A and B in the
absorption spectra. It is also likely that the thermal broadening
is reduced at low temperatures. On the other hand, the theory
suggested that the peaks A and B correspond to the compo-
nents of Cr** and the ground state of Cr** mainly consists
of 3d3L, where L is the ligand hole of oxygen [12]. The O
1s electron exited to the ligand state in the O K-absorption
spectra. Therefore, the increase of the intensity of the peaks A
and B also indicates the increase of the oxygen holes at low
temperatures.

Figures 3(c)-3(f) do not show significant temperature de-
pendence for the samples with the Ca content more than 40%.
The transport properties indicate antiferromagnetic order in
NaCr,04 and NajgCa,Cr,Oy4, while the other samples do
not show such magnetic order except CaCr, 04 [1,16,26]. The
increase of the hybridization at low temperatures in NaCr,O4
and Nag gCa,Cr,O4 corresponds to the magnetic order and
thus this temperature-induced change in the electronic struc-
ture may correlate to the magnetic order. This observation
suggests that the evolution of long-range magnetic order in
Na;_,Ca,Cr,0O4 enhances the p-d hybridization. This is likely
to be relevant to the decrease of the gap below Ty, suggested
from the transport measurements [29,30]. Detailed study of
the temperature dependence of the electronic structure with
high-resolution angle-resolved PES remains as a future chal-
lenge to understand the correlation between the electronic
structure and the long-range magnetic order.

On the other hand, the Ca substitution causes remarkable
changes in the both O K- and Cr Ls-absorption spectra. The
intensity of the peaks A and B decreases gradually. These
peaks correspond to the hybridizations between O 2p and
Cr 3d. Thus, the Ca substitution decreases the hybridization
between O 2p and Cr 3d and increases that between O 2p and
Na 3p and that between O 2p and Cr 4s, 4p, making the sys-
tem insulator. The Cr spectra show the spin-orbit splitting of
2p1» and 235> and complex structure [31,32]. The electronic
structure of Cr in the Ca 100% sample is very similar to that of
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FIG. 4. X-ray absorption spectra at the O K-absorption edge for
NaCr,0y. (a) The spectra at 0 and 1.1 T at 300 K. (b) The spectra at
0O and 1.1 T at 110 K. (c) The spectra at 110 and 300 K at O T. The
data in (c) are the same as those in Fig. 3(a). (d) The spectra at 110
and 300K at 1.1 T.

Cr,05 [16], indicating the Cr3* charge state of the Ca 100%
sample [31].

Nuclear magnetic resonance study of NaCr,O4 showed a
single peak at the frequency between the CrO, and Cr;0s3,
also indicating the mixed Cr valence [10]. But, it is noted that
the Cr electronic state of CrO, is under debate [33,34]. The
NMR spectra of CrO, always showed two peaks. One possible
origin is the electronic phase separation which may be induced
in the double-exchange systems [33], another is the charge
fluctuation of Cr™#£1/3, which is a likely origin of the metallic
ferromagnetism in CrO, [34]. Korotin ef al. theoretically con-
sidered that CrO, is a negative charge transfer gap material
and both localized and itinerant d electrons exist, resulting in
the ferromagnetic order due to the double exchange [35,36].
This situation of CrO, is very similar to those of NaCr;O4
suggested by the DFT calculations [24]. In CrO; they showed
that O 2p band extended over to Ep, hybridized with Cr
3d, and crossed Ef around the I' point, making CrO, metal-
lic. This could be described with the Zaanen-Sawatzky-Allen
(ZSA) diagram [37].

We also measured the XAS spectra of the Ca 0%, 15%, and
40% samples at the O K-absorption edge under the magnetic
field of 1.1 T at 300 and 110 K [16]. Both temperature and
magnetic field did not show significant effect for the Ca 15%
and 40% samples [16]. The results of the Ca 0% sample are
shown in Figs. 4(a)—4(d). In NaCr, Oy there is almost no effect
of the magnetic field at 300 and 100 K as shown in Figs. 4(a)
and 4(b), while the temperature enhances the intensity of the
peaks A and B at 110 K slightly as shown in Figs. 4(c) and
4(d). Contrastingly, the Ca substitution causes the significant
decrease of the absolute intensity of peaks A and B and the
system becomes insulator. These changes in the electronic
structures induced by the Ca substitution correspond well to
the results of the resistivity measurements.
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FIG. 5. Comparison the density of states of the low-temperature
phases of NaCr,O4 (top) and CaCr,0,4 (bottom). Valence and con-
duction bands are divided into two (VB1 and VB2) and five parts
(CB1-CBS5) for convenience, respectively.

The energy levels of #,, and e, states may change under
the magnetic field, resulting in the broadening of the width
of the spectra. On the other hand, theory suggested that the
thermal effects broaden the #,, and e, states with the final-state
vibrational broadening [38]. Thus, the thermal or vibrational
effect could compensate the magnetic field effect at low tem-
peratures. Another possible reason is the insensitivity to the
magnetic field of the spectra that the magnetic field of 1 T is
too weak to observe the broadening of the spectra with the
present spectral resolution.

Finally, we add a fact that magnet polarization dependence
of the XAS spectra at O K edge at 300 K did not show any
difference because this system is in the paramagnetic state
[16]. This indicates the reliability of the XAS measurements.

IV. DFT CALCULATIONS

We performed DFT calculations for NaCr,O4 and
CaCr,04 to compare with our experimental results. The cal-
culated density of states (DOS) of NaCr,04 with a Cr onsite
energy U; = 4 eV is shown in the upper part of Fig. 5. The
valence band is divided into two main contributions we will
refer to as VB2 with O 2p dominance and VB1 closer to the
Fermi level with Cr 3d derived states dominating, but still
significant O 2p contribution. The conduction band hosts a
number of localized bands. CB1 just above the Fermi level
with a similar ratio of Cr 3d and O 2p states as VB1. CB2
at around 1.5 eV above the Fermi level with almost pure
Cr 3d character followed by a quasicontinuum of states:
CB3 at 2 eV, CB4 around 3 eV, and CB5 at 4.5 eV, each
with increasing O 2p contribution. At even higher energies,
a low-density continuum of states exists with Na, Cr, and
O character. Compared to previous published calculations of
NaCr;0O4 using Uy = 3 eV within the fully localized limit
[24], the present DOS exhibits a clear gap at the Fermi level
and a well-separated CB2 located closer to the Fermi level.

It should be noted that DFT is not able to reproduce the
effects of the charge transfer energy A as proposed in the
ZSA scheme [37]. The charge transfer is linked to the hy-

TABLE I. Gap size of NaCr,0O,4 in eV as a function of onsite
energies U,. Negative values indicate a band overlap at the Fermi
level.

U, =0¢eV 2eV 4 eV

Gap (eV) —0.02 0.06 0.20

bridization between Cr d and O p orbitals so we chose to
include an analysis of O p onsite energies U, on the electronic
properties in conjunction with the application of Cr d energies
U,. However, no significant changes to the electronic nor the
magnetic structure were induced by varying U, and, hence,
further discussion of its effects was omitted from this paper
[16].

A. Onsite energy U, in NaCr,0y4

In NaCr, 0Oy a transition from a semimetallic (or zero-gap)
to a semiconducting state is triggered by the addition of onsite
energies at the Cr sites (Uy). The gap size as a function of
this parameter was estimated from the leading edge of the
calculated DOS and is shown in Table I. A negative gap value
indicates a semimetallic state, i.e., an overlap of conduction
band minimum and valence band maximum. In tendency,
adding U, indeed decreases the band overlap and can trigger
a gap opening at the Fermi level between the heavily Cr d and
O p hybridized VB1 and CB1. This result diverges from the
predicted phase diagram of U, vs A by Taguchi et al. [12] as
the present DFT predicts an MIT as a function of U, alone
without the need to incorporate A. The DFT calculations
predict the presence of spin disproportionation between Crl
and Cr2 (shown in Table II). A low- and high-spin site exist
in the magnetic ground state for all choices of onsite energies.
In order to highlight the difference in moment between the Cr
sites, the table shows the total magnetic moment of the low-
spin site and the difference in moment between the low- and
high-spin sites. Interestingly, the increase of U, leads to a state
of increased spin disproportionation. While in its semimetallic
state (U; = 0 eV), the moment of both Cr sites differs by
less than 3% of their total magnitude. The disproportionation
increases to 18% for U; = 4 eV. This is mainly due to the re-
duction of the moment on the low-spin site (—0.28 ug/4 V),
while the moment at the high-spin site only slightly increases
(+0.06 up/4 eV). Nozaki et al. determined the magnetic mo-
ment of Cr in NaCr,O4 as u = 2.39 + 0.10 up using p-spin
rotation [15]. The authors mention, however, that a detailed
determination of the spin structure is not possible due to the
single lattice site which is theoretically predicted to be the
only place probed by the muons. The spin disproportionation

TABLE II. Magnetic moment on the low-spin Cr site/difference
in magnetic moment (spin disproportionation) to the high-spin Cr
site of NaCr,0, in pup as a function of onsite energies U,;.

U;=0eV 2eV 4 eV

Moment (ug)/
difference (up)

2.18/40.06 2.07/+0.17 1.90/+0.35
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predicted by the present calculations can therefore not be
validated by such measurements. Finally, the DFT does not
predict any notable charge disproportionation (not shown)
within the muffin-tin radii of the two sites, regardless of onsite
energies. This is in agreement with XAS model analysis [12]
which predicts a single charge state of both Cr sites, with
valence differing only between the Cr in Na and Cr in Ca
based compounds.

Considering the transport properties of NaCr,O4 [16], the
following discussions will use U; = 4 eV as onsite energy,
in order to capture the insulating, i.e., gapped nature of the
material.

B. Comparing NaCr,04 with CaCr,04

Here we compare the two mother compounds NaCr,Oy4
and B-CaCr,0y4 directly with each other. In Fig. 5 we show
the density of states of both materials using the same onsite
energies (U; =4 eV) and their respective low-temperature
lattice constants. The Fermi level of both compounds is lo-
cated inside a band gap, but the level of the Ca compound is
located close to the conduction band minimum [16], leading to
a significant offset between the two DOS. For comparison and
as a guide to the eye, we offset the 8-CaCr,0O4 by —1.5 eV.
This moves the apparent Fermi level from the vicinity of the
conduction band towards the valence band maximum, retain-
ing its position inside the gap. This treatment should allow
for a more straightforward comparison of the conduction band
states with PES and XAS.

Looking at Fig. 5, a couple of differences between both
compounds are visible. The gap in 8-CaCr,0, is with 1.6 eV
much larger, compared to the 0.2 eV in NaCr,O4. Fur-
thermore, the DOS of B-CaCr,04 seems to be missing the
conduction states related to CB1 and CB2 found in the Na
based compound. Finally, the higher-lying conduction states
CB3-CBS are pushed to higher energies (with respect to the
valence band maximum).

Figure 6 shows the electron charge-doped DOS calcula-
tions of NaCr,0O4 with adding a maximum of four electrons
(corresponding to complete substitution of Na with Ca) to
the unit cell [39]. This leads to a fully occupied CB1 and
indeed pushes CB2 towards higher binding energies closer to
the CB3-CB5 continuum. The electron-doped NaCr,O4 DOS
resembles the B-CaCr,O4 DOS strongly. Furthermore, the
spin disproportionation of Crl and Cr2 found in the undoped
system is removed, making the magnetic properties resemble
that of 8-CaCr,Q4 as well.

The electron doping could be the source of the Ca-
concentration-dependent shift of the 1.5-eV peak seen in the
PES of Fig. 2 as additional states are transferred from CBI1
to energies below the Fermi level. CB1 transferring states into
the VB1 would also explain the reduction of peak A’s intensity
in the O K-edge XAS in Fig. 3. Thus, the DFT calculations
show the unoccupied #,, and e, states disappearing upon the
Ca doping in agreement with the O K-edge interpretation.

CB2 moving to higher binding energies would lead to
the transfer of peak B’s weight in the O-edge XAS towards
higher photon energies. Indeed, we may attribute the increased
prominence of peak C in the O-edge XAS to CB2 states being
pushed towards higher binding energies. It should be noted
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FIG. 6. The evolution of the NaCr, 0O, total DOS as a function of
electron doping in the unit cell. The doping predicts a transition from
zero gap to semimetal to insulating behavior.

though that the DOS predicts CB2 to be almost entirely domi-
nated by its Cr 3d character, which should make its sensitivity
to the O-edge XAS much lower compared to the other con-
duction bands. Looking at the Cr-edge XAS the lower photon
energy peaks G and H actually increase in intensity upon Ca
substitution (see the Supplemental Material [16]) giving an
inverted scenario to the O edge. The increase in the Cr-edge
spectra intensity is completely opposed to the DFT calculation
results. As a ground-state calculation, the predictability of
DFT is naturally limited when it comes to final-state domi-
nated XAS spectra like the Cr 2p-3d transition. The O-edge
XAS, on the other hand, is much more dominated by the
ground state than complex final-state satellite structure and
the good match between DOS and O-edge XAS supports this
notion. Note that the 3d orbital in Cr is more localized as
compared with the O 2p state, thus, the many-body picture
is required to describe the Cr 3d state and the electrons in O
2p orbital are delocalized (one-electron picture is valid). The
O 2p XAS spectra may have an excitonic contribution to a cer-
tain degree because the final state has a 1s core hole [40,41].
This effect may be small in the spectra at O K-absorption edge
(compared to Cr L) because of the small number of O 2p holes
[42—44]. This is supported by the fact that XAS calculations
showed that the effect of the O s core hole in transition metal
oxides on the band structure was weak [45,46].

In a previous study [12], the Cr-edge XAS spectra of both
compounds (Na and Ca) were fitted to models using final-state
effects and a good match between theory and experiment was
found. While the energies extracted from such calculations
(like the charge transfer A, for example) cannot be directly
used to feed DFT calculations, one may still investigate the
influence of onsite energies based on ground-state properties
alone and compare NaCr,04 to CaCr,O4 with each other. In
the following, we are going to investigate the overall phase
diagram of onsite energies of CaCr,QOy.

235150-7



HITOSHI YAMAOKA et al.

PHYSICAL REVIEW B 102, 235150 (2020)

TABLE III. Gap size of B-CaCr,04 in eV as a function of onsite
energy U,.

U, =0eV 2eV 4 eV

Gap (eV) 0.73 1.24 1.67

C. Onsite energy U, in CaCr,0,

As with NaCr,O4, we compare the influence of U; on
the electronic and magnetic properties in CaCr,Q4. Table III
summarizes the gap sizes as a function of onsite energies Uy .
B-CaCr,04 has a fully gapped band structure for all onsite
energies.

In Table IV the magnetic moment of the low-spin site and
the difference in moment between low- and high-spin sites
is shown for B-CaCr,O4. The magnetic moment is almost
constant, changing at most 0.08 up across the whole phase
diagram. The two Cr sites are essentially identical in their
spin state, differing at most 1% of their magnetic moment.
The stability of magnetic moment is most likely related to
the fully occupied Cr states (VB1 and CB1 in NaCr,04
becoming VBI in CaCr,04). The higher total moment com-
pared to NaCr,0y is accompanied by a lower Cr valency in
CaCr,04. As compared to NaCr, Oy, the Cr moment within
the muffin-tin sphere is reduced by ~0.1e for the low-spin site
regardless of onsite energies and between ~0.1e (U; = 0 eV)
and ~0.05¢ (U; = 4 eV) for the high-spin site. The presence
of spin degeneracy, as opposed to the spin disproportionation
in NaCr, 04, may be related to the larger spatial extension and
therefore hybridization of the Ca 3p orbitals vs that of the
Na 2p orbitals or the difference in available spin configura-
tions in the valence bands of both compounds. The previous
electron-doped calculations of NaCr,O4, however, suggest
that the electron doping alone is responsible for destroying
the spin disproportionation. Without applying more advanced
analysis of the charge distribution, it is not possible to com-
ment on the absolute valency of either Cr or O based on the
DFT, however, the strong hybridization of Cr and O in both
valence and conduction bands would suggest that a purely
ionic picture is not a suitable description for either system.
This is supported by the strong mixing of the ground-state
configurations (d"L"™) derived from XAS [12] where both Na
and Ca compounds are shown to mix mainly two (albeit differ-
ent) ionic ground-state configurations for a correct theoretical
description of the adsorption spectra. The predicted moment
at the Cr site matches reasonably well the © = 2.39 £ 0.10 up
extracted from p-spin rotation [14], but even though the gap
is well established in the present compound, we caution a

TABLE IV. Magnetic moment on the low-spin Cr site/difference
in magnetic moment (spin disproportionation) to the high-spin Cr
site of 8-CaCr,0, in wp as a function of onsite energy Uj,.

U, =0¢eV 2eV 4 eV

moment (ug)/
difference (up)

250/40.02  246/4001  2.42/+0.01

quantitative comparison without an advanced charge analysis
as mentioned above in the case of the Na-based compound.

V. DISCUSSION

The Ca substitution is the most effective to change the
electronic structure as shown in Fig. 3. The Ca substitution
induced negative pressure effect: the increase of the lattice
parameters especially along the ¢ axis on the order of ~0.2 A
with decreasing the hybridization between Cr d and O 2p [1].
Therefore, it is reasonable to consider that the Ca substitution
also caused the decrease of the O 2p—Cr 3d hybridization
because the increase of the atomic distances. Lattice expan-
sion may cause the narrowing of the bandwidth as observed
in the change in the valence band spectra and thus the system
may have a possibility to be an insulator at the Ca-rich side.
Actually, the Ca substitution caused the narrowing of the 3d
DOS around E, = 1.5 eV and changed the Cr valence from
the mixed valence to 34 as shown in Fig. 2(b), resulting in
the decrease of the p-d hybridization and the band gap at the
Fermi level wider. The conduction band above the Fermi level
(the peaks A and B) were weakened by the Ca substitution as
shown in Fig. 3. The decrease of the DOS of the peak A affects
the DOS at the Fermi level because the tail part of the DOS
above the Fermi level may be extended to the Fermi level,
resulting in the insulating state.

Using the DFT calculations, we investigated the Ca-
substitution effect to the band structure of NaCr,O4 from
the point of the crystal structure change alone. We find that
the DOS of NaCr,0, using the structure of S-CaCr,0y4 is
essentially identical to that of NaCr,Qy,, confirming that the
lattice modification has little to no influence on the electronic
properties upon Ca substitution [16]. Hence, the DFT calcula-
tions suggest that the electron doping by the Ca substitution is
the main driving force to modify the electronic and magnetic
properties of the solid solution and that the influence of the
structural degrees of freedom may be ignored compared to
that of the electron doping. The DFT calculations show that
the Ca substitution weakened the intensity of the conduction
bands of CB1 and CB2 just above the Fermi level as shown
in Fig. 6. Thus, the electron doping into NaCr,O4 can cause a
modification in the band structure, where the hybridized DOS
just above and below Ey are merged into the conduction and
valence bands, respectively, which causes the widening of the
gap, leading the system to more insulating.

On the other hand, in NaCr,O4 the temperature depen-
dence of the crystal structure is not simple; the decrease of
the temperature-induced compression along the ¢ axis on the
order of ~0.1 A and expansion of the ab plane. Toriyama
et al. showed that the peak A of the XAS spectra at the O
K-absorption edge is mainly due to the hybridization between
O(1) 2p; and Crl 3d,,_,, and Cr2 3dy,+., [24]. One can
expect the decrease of the hybridization to open the gap at low
temperatures, while the XAS spectra at the O K-absorption
edge does not show a significant temperature dependence at
zero magnetic field. Thus, the electronic structure above the
Fermi level is insensitive to the change in the temperature. Ex-
perimentally, temperature dependence of the 3d DOS around
E, =1.5 eV is small, but the decrease of the temperature
induced the larger exponent as shown in Fig. 2, resulting in the
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wider gap. This can be attributed to the temperature-induced
shrink of the lattice constant along the c¢ axis. The most
striking difference of the electronic structure is that the full
substitution of Ca resulted in a loss of the conduction band
just above the Fermi level (the peak A of the XAS spectra at
the O K-absorption edge), which may affect the DOS at the
Fermi level. Thus, the mechanism of the gap opening with
the Ca substitution is different from that with the temperature.
Temperature induces only a slight change in the electronic
structure of the valence and conduction bands in NaCr,Oj.

The Cr 3d band hybridized strongly with the O 2p band
and thus the ligand hole states are possibly formed in the
O 2p site because it decreases the total energy normally. In
negative-A insulator p-derived DOS should appear near Ep
and p-p gap determined by the p-d hybridization strength
may be formed. The XAS spectra at O K edge showed the
increase of the intensity of the peak A in the Na-rich side,
indicating the stronger p-d hybridization. The Anderson im-
purity model calculations taking into account the negative
charge transfer reproduced well the XAS spectra measured at
the O K-absorption edge as described above [12]. The DFT
calculation indicates the O 2p and Cr 3d bands spread across
the Fermi level as shown in Fig. 5, suggesting a possible p-d
hybridization near Er. The presence of such strong hybridiza-
tion may suggest a need of the O—Cr bonds and not only the
Cr—Cr bonds for a proper description of transport and gap size.
The present DFT calculations reproduce the insulating state of
the material with onsite energies alone, however, it does not
follow that a possible nonzero charge transfer energy may not
also play a role in the description of the system in a scenario
where a smaller U; together with a nonzero A reproduce a
similar gap size.

VI. CONCLUSION

The XRD results indicated no temperature-induced struc-
tural transition and, therefore, the anomaly of the magnetore-
sistivity of NaCr,O, at low temperatures is not originated by

the structural transition. Our PES showed directly that the
decrease of the temperature and the Ca substitution to Na site
induced the gradual gap opening.

The magnetic field of 1.1 T did not show the significant
effect on the XAS spectra of the Ca 0%, 15%, and 40%
samples at the O K-absorption edge, while the temperature
induced slight increase of the the hybridization between the
Cr 3d and O 2p orbitals at low temperatures for the Ca 0%
and 20% samples.

The Ca substitution is the most effective to change the
electronic structure. The XAS spectra showed that the Cr
3d—0 2p hybridized state just above the K edge is suppressed
by Ca doping. Consistently, the DFT calculation suggested
that the electron doping into NaCr,O4 solely can cause a
modification in the band structure, where the hybridized DOS
just above and below Ep are merged into the conduction and
valence bands, respectively, which causes the widening of the
gap, leading the system to more insulating. The mechanism
of the gap opening with the Ca substitution is different from
that with the temperature. DFT further suggests that electron
doping by Ca substitution is the main driving force of the
modification of the electronic and magnetic properties of the
solid solution and that the influence of structural degrees of
freedom may be ignored. The main change in the electronic
structure with the Ca doping is not originated by the change in
the crystal structure. For NaCr,O4 and Nag gCag,Cr; Oy, the
O K-edge absorption spectra suggest the increase in the p-d
hybridization is relevant to the antiferromagnetic ordering.
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