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Local electronic state in the high-valence hollandite-type chromium oxide
K,CrsO, investigated by >*Cr NMR

Hikaru Takeda,' Yasuhiro Shimizu,! Masayuki Itoh,' Masahiko Isobe,? and Yutaka Ueda®
'Department of Physics, Graduate School of Science, Nagoya University, Furo-cho, Chikusa-ku, Nagoya 464-8602, Japan
2Institute for Solid State Physics, University of Tokyo, Kashiwanoha, Kashiwa 277-8581, Japan
(Received 17 July 2013; published 4 October 2013)

We have performed >*Cr NMR measurements to investigate the local electronic state of a hollandite-type
chromium oxide K,CrgO,¢ which undergoes an unusual metal-insulator (MI) transition at Tyy = 95 K in the
ferromagnetic phase. In the ferromagnetic insulating phase, we observed NMR spectra with internal fields
different from each other at the four Cr sites. From an analysis of the hyperfine fields, the difference in the
isotropic internal field is related to the supertransferred hyperfine (STH) field. The slight difference in the
electron occupation of the 3d orbital at the four Cr sites is detected through the different STH field governed
by the different charge-transfer passes. The presence of the STH field shows the strong hybridization of the
chromium 3d orbitals and oxygen 2 p orbital which leads to the characteristic MI transition.
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I. INTRODUCTION

The 3d transition-metal oxides in the charge-transfer (CT)
region have been of great interest due to peculiar phenomena
such as high-temperature superconductivity, colossal magne-
toresistance, and spin-state transition."> The origins of these
phenomena are closely related to electronic states resulting
from strong hybridization between the oxygen 2p orbital
and 3d orbital of the transition-metal ions. Especially in the
high-valence oxides an intriguing electronic state appears due
to the small or negative charge-transfer energy.” Chromium
oxides have recently attracted special attention as one such
system. In these oxides, some Cr 1,, orbitals hybridize with O
2 p orbitals and form dispersive bands with itinerant character,
while the other #,, orbitals form relatively dispersionless
bands.>> Then an orbital selective Mott insulating state is
realized and provides us rich physics.® Indeed, a low-valence
oxide Cr**,03 in the Mott-Hubbard region is a conventional
Mott insulator,” whereas a high-valence oxide Cr*t0; in the
CT region is a ferromagnetic (FM) half metal caused by the
double exchange mechanism.’

Among the high-valence Cr oxides, intensive studies have
been devoted to the calcium-ferrite-type oxide NaCr*>*,0,
and the hollandite-type one K,Cr>73*30,s with frustrated
quasi-one-dimensional (quasi-1D) lattices formed by dou-
ble chains>#'® The quasi-1D structure and geometrical
frustration play important roles for their magnetism and
transport properties in addition to CT. NaCr,Oy, an antifer-
romagnetic (AFM) insulator, exhibits a new type of colossal
magnetoresistance (CMR) at the AFM phase,®'? which is
different from a conventional CMR in the FM compounds
such as manganites.'” This phenomenon is discussed on the
basis of the CT processes between Cr and O ions and the
geometrical frustration which make the magnetically ordered
state instable.®!? On the other hand, K;CrsOjg is an FM half
metal with the Curie temperature 7c = 180 K and undergoes
the metal-insulator (MI) transition at Ty; = 95 K in the
FM state.'® Just after the discovery of the MI transition,
several scenarios based on the orbital or charge ordering
(CO)'>!* and the charge-density wave (CDW)’ were proposed
to explain the MI transition. However, insufficient information
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on the crystal structure prevented us from clarifying which
scenario is the most suitable. More recently Nakao et al.
demonstrated from synchrotron x-ray-diffraction experiments
that the MI transition is accompanied by a structural transition
from the tetragonal I4/m to monoclinic P112;/a phases.'
Below Ty, one Cr site splits into four crystallographically
inequivalent sites, which form two kinds of uniform double
chains composed of Cr2 and Cr4 sites and an alternating
double chain with Crl and Cr3 sites, as shown in Fig. 1. Fur-
thermore Toriyama et al. proposed from electronic structure
calculations with local-density approximation and generalized
gradient approximation (GGA) methods that the MI transition
is driven by a Peierls instability in the quasi-1D column
composed of the four Cr-O chains.'® In their scenario,
chromium 3d orbitals strongly hybridize with oxygen 2p
orbitals and the charge densities are almost the same at all the
chromium ions even though K,CrgO¢ is a Peierls insulator. It
is desired to experimentally clarify the actual local electronic
state via a microscopic probe.

In this study, we have performed 3*Cr nuclear magnetic
resonance (NMR) measurements on a powder sample to clarify
the local electronic state of K,CrgOj¢. In the ferromagnetic
insulating phase, we observe the NMR signals from domain
walls in zero field and from domains in a magnetic field
above 5 kOe. Both signals form powder patterns composed of
four NMR spectra coming from the four crystallographically
inequivalent Cr sites. In spite of uniform charge densities at all
the Cr sites the internal fields at the Cr sites differ from each
other. We discuss the origin of such difference in the internal
field from the analysis based on the on-site hyperfine field and
the supertransferred (STH) one. Owing to the slight difference
in the orbital occupation of 3d electrons at the four Cr sites,
there may appear different charge-transfer passes and STH
fields. This is a peculiar feature in the negative CT compounds.

II. EXPERIMENTAL PROCEDURE

Sintered polycrystalline samples of K,CrgO¢ were pre-
pared by solid-state reaction of a mixture with the ratio of
K;Cr,O7 : CrO3 = 1:3 under 6.7 GPa at 1273 K for
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FIG. 1. (Color online) (a) Crystal structure of the insulating
phase of K,CrsO;6, which was determined from the synchrotron
x-ray-diffraction experiment [Ref. 15], projected on the ab plane.
The solid parallelogram represents a unit cell, whereas the dashed
square is a unit for the analysis of the supertransferred hyperfine field
[see Fig. 7(b)]. (b)—(d) Three kinds of edge-shared double chains in
KZCrgOl(,.

1 h."3 In the present NMR measurements we used several
samples having a nearly spherical shape with a diameter of
~2 mm. The >>Cr NMR measurements were performed using
acoherent pulsed spectrometer and a superconducting magnet.
The frequency-swept NMR spectra were taken point by point
in magnetic fields of H = 0, 1.5, 3, 5, 20, and 30 kOe. We
also performed 3Cr NMR measurements on CrO,, Cr,05, and
Y CrOj; as reference materials. Polycrystalline samples of CrO;
and Cr,0O;3 used in the NMR measurements are commercial
products, whereas YCrOz was prepared by a conventional
solid-state reaction method.'®

Since the results in the next section are obtained from
analyzing NMR spectra, it will be useful to present charac-
teristic features of NMR signals and spectra in a ferromag-
netic polycrystalline sample. In the FM state, spontaneous
magnetic moments generate the internal field H,, which is
composed of the hyperfine, classical dipole, demagnetization,
and Lorentz fields.'” The NMR frequency v is expressed as
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FIG. 2. (Color online) Schematic representations of magnetiza-
tion, domain and domain walls, and NMR spectra in a ferromagnetic
polycrystalline sample (a) at zero field, (b) below H, and (c) above
H,, where Hj is the magnetic field above which magnetization satu-
rates. The NMR spectra from magnetic domains and walls are repre-
sented by the black and red curves, respectively. A divergence or step
in the powder pattern appears at singularity points for H, ||k where the
k (X, Y, and Z) axes are the local symmetry ones defined in the text.
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v = y|H, + H|/27, where y (equal to 27 x2.4065 MHz/T
for *3Cr) is the nuclear gyromagnetic ratio and the external
magnetic field H is included. At zero external field one can
detect NMR signals from nuclei located in magnetic domains
and domain walls. The domain signals are observed as a
relatively narrow spectrum dependent on the multidomain
structure, whereas the domain-wall ones show a so-called
powder pattern. If H,, which is governed by the hyperfine
field, is almost contentiously rotated in a plane, where the
domain walls exist, by the rotation of the wall moments, its
anisotropy leads to a two-dimensional (2D) powder pattern, as
schematically presented in Fig. 2(a). Then it can be calculated
by taking summation over 2D random orientation of the
resonance condition v = y|H,|/2nm relative to H,. Also,
the domain-wall signals have a signal enhancement effect
with an enhancement factor n = 10>-~10*,° which enables
us to easily observe the NMR signals from the nuclei with
a small natural abundance such as >3Cr (9.55%),>"*> 3'Fe
(2.19%),?* and ®'Ni (1.19%).>* With application of an external
magnetic field, the domain walls are partially removed and
magnetization increases, resulting in the evolution of the
powder pattern dependent on the inhomogeneous distribution
of magnetization due to the domain structure, as schematically
depicted in Fig. 2(b). Above Hy, where magnetization saturates
and the local magnetic moment M becomes parallel to H, the
sample sets in a single domain state. Then we can take more
quantitative treatment of the NMR spectrum than we can below
H;. The internal field is effectively written as H, = A.#M with
a coupling tensor A.s. For a polycrystalline sample, one can
observe only a domain spectrum having a three-dimensional
(3D) powder pattern similar to that in a paramagnetic phase,?
as shown in Fig. 2(c). The powder pattern can be calculated
by taking summation over 3D random orientation of the
resonance condition v = y|H,, 4+ H|/2x relative to H. It is
characterized by HX (k = X, Y, Z), which are the internal
fields for H, |k in the XY Z coordinate system where the A
tensor is diagonalized. Then a divergence or step appears at
V= y|HI{‘ + H|/2m, as schematically presented in Fig. 2(c).
When the hyperfine field is much larger than the others, the A
tensor is governed by the hyperfine coupling one. We define
the isotropic internal field as H*° = (HX+HY+HZ)/3, the
axially anisotropic one as H* = 2HZ—HX—HY)/6, and the
in-plane anisotropic one as H"*° = (HY —HX)/2, which are
useful for discussion on the origin of H, and electronic states in
Sec. V. It should be also noted that the demagnetization field in
a spherical sample is canceled by the Lorentz field. Then H*°
comes from the hyperfine field, whereas the hyperfine field
and the classical dipole field Hp contribute to H™ and H"°.

III. EXPERIMENTAL RESULTS AND ANALYSIS

Figure 3(a) shows the frequency-swept >>Cr NMR spectrum
with n ~ 200, which was determined by comparing the optimal
pulse width with that of 'H NMR, in K,CrgO¢ at 0 kOe and
4.2 K. Several peaks are seen except two small peaks located
at 26.5 and 37.2 MHz coming from an impurity CrO,.?"?
In general, an NMR spectrum is governed by the magnetic
and electric interactions. The splitting of the observed peaks at
~5 MHz is too large to be explained by the quadrupole splitting
with the electric quadrupole frequency vq, which is less than
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FIG. 3. (Color online) 3Cr NMR spectra in an external magnetic
field of (a) H = 0 kOe and (b) H = 5 kOe at 4.2 K for K;CrgOs.
The solid lines are guide to the eye. The color dotted curves with the
symbols CrA-CrD are numerically calculated spectra by assuming the
internal fields presented in Table I and the two-dimensional (three-
dimensional) powder patterns in the upper (lower) figure. The purple
dashed curve is the summation of the four spectra. A peak or step in
the powder patterns appears at singularity points for H, ||k, where the
k (X, Y, and Z) axes are the local symmetry ones defined in the text.
~1 MHz, reported for several chromium compounds.?®?’
Thus the observed NMR spectrum should be explained by
the magnetic interaction. As seen in Fig. 2(a), a domain-wall
spectrum is expected to show a powder pattern even at zero
magnetic field. The zero-field NMR spectrum is reasonably
reproduced by the summation of the four 2D powder patterns
denoted by the symbols CrA—CrD from the nuclei of four
kinds of Cr sites in domain walls, as seen in Fig. 3(a). The
color dotted curves in Fig. 3(a) represent the calculated spectra,
which are calculated numerically for the internal fields listed
in Table I and convoluted by the Gaussian with the width of
0.3 MHz, by assuming that the direction of the internal fields
is randomly distributed in the Y Z plane where the domain
walls exist. In each 2D powder pattern two peaks appear at
v = y|HF|/27 (k = Y and Z), as shown in Fig. 3(a).

Magnetization saturates and becomes parallel to H above
H; ~ 5 kOe where the sample sets in a single domain state
at 4.2 K. Then we can observe the domain spectrum with

TABLE L. The isotropic internal field H!*°, the axially anisotropic
one H™, and the in-plane anisotropic one H*° of the four Cr sites,
which lead to the CrA-CrD spectra, at 4.2 K in the ferromagnetic
insulating phase of K;CrgOys.

Spectrum Hi* (kOe) H™ (kOe) H™% (kOg)
CrA —203 —17.7 —14.4
CrB —-203 —-17.7 —14.4
crC —~190 —~15.9 7.7
crD —175 —188 —11.1
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FIG. 4. (Color online) External field dependence of the NMR
frequency at the singularity point of the >*Cr NMR spectra at 4.2 K
in K,CrgO,6. The dashed lines have the slope —y /27, where y is the
nuclear 3Cr gyromagnetic ratio. Inset: NMR spectra at various fields
and 4.2 K with the singularity points presented by the arrows. The
63.65Cu NMR spectra come from a copper NMR coil.

the 3D powder pattern, as seen in Fig. 2(c). Figure 3(b)
shows the >3Cr frequency-swept NMR spectrum at 5 kOe and
4.2 K. This spectrum is well reproduced by the purple dashed
spectrum, which is the summation of four 3D powder patterns
CrA-CrD calculated by assuming the single domain and the
internal fields listed in Table I. In each 3D powder pattern two
steps appear at v = y|HX + H| /27 (k = X and Z) and the Y
singularity leads to a peak at v = y|HY + H|/27, as shown
in Fig. 3(b). Thus both the domain and domain-wall spectra
are reproduced by the four CrA—CrD spectra, consistent with
the four crystallographically inequivalent Cr sites reported by
the x-ray-scattering measurements.'>!® Also, the experimental
result that the CrA and CrB spectra have the same parameters
of H, shows the presence of two Cr sites with electronic states
similar to each other. This seems to be related to the type of
the double chain, the uniform or alternating one. The two sites
may be the Cr2 and Cr4 ones in the uniform double chains;
otherwise they are the Crl and Cr3 ones in the alternating
double chain.

The spectrum changes from the 2D to the 3D powder
patterns with increasing H below Hj, as seen in the inset
of Fig. 4. This is related to the disappearance of the domain
walls in the external magnetic field, as seen in Fig. 2(b). The
NMR frequencies where the spectrum shows singularities are
plotted against H in Fig. 4. This is clearly demonstrated by the
change in the lowest singularity of the CrD spectrum. A new
singularity appears below the Y singularity of the domain-wall
spectrum at zero field with applying H and moves to the X
singularity in the single-domain spectrum at ~5 kOe with
increasing H. Above ~5 kOe, the NMR frequency v follows
the resonance condition v = y(Hy—H)/2m with a constant
H,. This means that the NMR spectrum comes from the Cr
nuclei in the single domain above ~5 kOe.

With increasing temperature 7', the internal magnetic field
H, gradually decreases. Figure 5 shows the T dependence
of the normalized internal field HZ(T)/HZ(0) for the CrA-
CrC spectra in K,;CrgO6. Then it follows the relation
HX(T)/HZ(0) = 1—aoT*? with |HZ(0)| = 194(179) kOe
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FIG. 5. (Color  online)  Temperature  dependence  of
HZ(T)/HZ(0) for the CrA-CrC spectra in the ferromagnetic
insulating phase of K,CrgO¢. Inset: Zero-field 3Cr NMR spectra
with the inverted triangles, which denote the NMR frequencies for
H,|Z, at 4.2 and 60 K. The solid curves represent the fitted results
of the data to the relation HZ(T)/HZ(0) = 1 — aoT*.

and apx 10* = 1.93 (2.00) K=3/? for CrA~CrB (CrC), which
is governed by the 3D FM spin-wave excitation.® It should
be also noted that H,, which is proportional to spontaneous
magnetization, decreases toward not Ty, where the MI
transition takes place accompanied by the structural transition,
but 7¢. This is consistent with the T dependence of bulk
magnetization.'> The poor signal-to-noise ratio prevented us
from observing a precise NMR spectrum above Tyy.

For comparing K,CrgOjs with other Cr oxides, 3Cr
NMR spectra of the FM half metal CrO, and insulating
antiferromagnets Cr,O3 and YCrOj at zero external field and
4.2 K are presented in Fig. 6. The NMR spectra with a strong
signal enhancement are located at 26.50 and 37.19 MHz, which
are consistent with reported data,>2? in CrO,. In the NMR
spectrum of Cr,Oj3 the centerline at 70.23 MHz, as reported in
Ref. 29, is accompanied by two satellites with the frequency
splitting v ~ 0.27 MHz governed by the nuclear quadrupole
interaction and the internal field due to the AFM moments.
Also a similar spectrum with §v ~ 0.50 MHz is observed at
68.74 MHz, as reported in Ref. 27, in YCrOs3.

H
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FIG. 6. (Color online) **Cr NMR spectra of CrO,, K,CrgOs,
Cr,03, and YCrOs at zero external field and 4.2 K.
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IV. DISCUSSION

The present NMR results, particularly the hyperfine fields,
are expected to provide information on the electronic state
related to the mechanism of the MI transition in K;CrgOy¢ such
as CO,'"* CDW,’ and the Peierls instability'® in the quasi-1D
column composed of the four Cr—O chains.

In Table I, it should be noted that there is the difference in
Hff" at the four Cr sites of K;CrgO16. One possible origin of
the difference is CO. The NMR spectrum is closely related to
the valence of the Cr ion via the hyperfine field. As seen in
Fig. 6, the > Cr NMR spectrum in the tetravalent Cr oxide CrO,
is located at 26-37 MHz, whereas the spectra are observed
around 70 MHz for the trivalent ones Cr,O3 and YCrOs.
The fact that the spectrum of K,CrgOi¢ is located at the
intermediate frequencies between those of the trivalent and
tetravalent Cr oxides excludes the scenario of CO into Cr**
and Cr*t sites below Ty in KoCrgOje. Another possible
origin is CDW.> On the assumption of the same isotropic
hyperfine coupling constant at the four Cr sites in K,CrgOys,
spontaneous magnetic moments of CrA-CrB, CrC, and CrD
are obtained from the Hlis" data listed in Table I as 2.37ug,
2.19up, and 2.07 up, respectively. Here it should be noted that
H* is governed by the microscopic hyperfine field, because
the demagnetization field is almost canceled by the Lorentz
field due to the nearly spherical shape of the samples. Since
the magnetic moments are fully polarized, these spontaneous
magnetic moments may be proportional to the charge densities.
Then the difference in the charge density among the four Cr
sites is expected to be ~0.3 electrons/Cr, inconsistent with
the result of the valence bond sum calculation of less than
~0.03 electrons/Cr.'® Thus we should search for other origins.
In transition-metal oxides belonging to the CT region such
as high-temperature superconducting cuprates, the 3d orbitals
strongly hybridize with the O 2p orbitals and consequently
an anomalous hyperfine field appears via the spin transfer
processes.’®3! In K,CrgO¢ this transferred hyperfine field
from the neighboring Cr sites may contribute to H** at the
four Cr sites in addition to the on-site hyperfine interaction, as
will be discussed below.

In general, the hyperfine interaction between a nucleus and
on-site electrons in the 3d electron systems is expressed as
H = Zi 2ugyhs;-A;-I, with Plank’s constant 7, the nuclear
spin operator I, Bohr magneton ug, and the ith electron’s spin
operator s; and hyperfine coupling constant A;. Then the spin-
orbit hyperfine interaction may be neglected due to the small
spin-orbit parameter in the light transition-metal ions.*?-3%
Indeed, the g value of ~1.98 reported for CrO, with the
electronic state similar to that of K,CrgO,¢ indicates that the
spin-orbit effect may be small in the high-valence Cr oxides.?’
Thus A; is further expressed as A; = —(k1+ %qi) (r=3,
with a parameter of the Fermi contact interaction «, the
quadrupole moment tensor g,g = %(l,xl,g + lgly) — 5a¢512 with
the orbital momentum /, and (r —3) being the expectation value
of r=3 for the 3d orbitals.*®* The first term of A; due to
the core polarization of inner s spins generates an isotropic
Fermi contact field H,, whereas the second term leads to a
dipole hyperfine field Hgip, which mainly contributes to the
on-site anisotropic field. On the other hand, the transferred
hyperfine interaction arises via several kinds of spin transfer
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FIG. 7. (Color online) (a) Schematic representations of the spin
transfer process from the Cr-3d to Cr-4s orbitals via the oxygen
2p orbital and the overlap of the Cr ns (n = 1-3) orbitals and the
oxygen 2p orbital. (b) The CrgO; network, the dashed square in
Fig. 1(a), projected on the ab plane and the four chain column depicted
schematically in the insulating phase of K,CrgO1¢. The corner-shared
CrOg of Cr3 and Cr4 with the Cr 4s and 3d,., orbitals and the
oxygen 2 p, orbital projected on (c) the plane including the ¢ axis and
(d) the ab plane.

processes from the neighboring magnetic sites. One of them
is a supertransfer process leading to the supertransferred
hyperfine (STH) field Hgry.*® In this process, a magnetic
cation first polarizes the p electrons of the anion ligand, and
then the spin-polarized electrons of the ligand transfer to the
neighboring metal 4s orbital or polarize the metal core (1s—3s)
electron by an overlap effect between the polarized ligand and
the core electrons, creating an isotropic magnetic field at the
cation site due to the Fermi contact interaction, as depicted
in Fig. 7(a). The other spin transfer process is what is called
the exchange polarization process.*! In the transition-metal
compounds having only #,, electrons, the ligand po electrons
can be polarized by the virtual spin transfer to the unoccupied
e, orbitals at the metal site, inducing an isotropic magnetic field
in the same way as mentioned in the supertransfer process.
However, this process may have a small contribution to the
isotropic internal field due to small spin transfer through the
hybridization between these orbitals.*?

In K,CrgOgg, a Cr site is surrounded by eight neighboring
Cr sites, leading to the eight transfer paths. Among them, the
effect of six paths may be neglected, because the STH process
via the four paths in the double chain does not appear due to no
hybridization between the Cr 3d and O 2p orbitals, and also
the other two paths in the quasi-1D column composed of the
four-CrO chains are not active due to the bond alternation along
the ¢ axis.!>!'® Thus we should consider only two Cr—O-Cr
paths, as depicted with the dashed lines in Fig. 7(b), to evaluate
the transferred field. The STH field is written as Hgry =
ZZ:I B;-M; with the supertransferred coupling tensor By
from magnetic moments M, at the two Cr sites. It should
be noted that the STH process mentioned above results in an
isotropic field.

In a microscopic point of view, Hsty can be governed
by some parameters such as overlap integral of the wave
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functions, covalence parameters, and bonding angles, as
discussed in the theoretical and experimental studies on
Hyry.®™ In K,CrgOq, the partial Hsry at the Cr4 site
generated by a neighboring Cr3 site may be expressed as

3

2
Hsmy o { — > snsbus(0) + b4s¢4s(0>}

n=1

X {[a;ZZ-FZX - a)l'z2+zx

]sin*6}, (1)
taking account of the transfer path, as depicted in Figs. 7(c)
and 7(d). Here, s,;, = (p, | ns) are the pair overlap integrals
of the Cr ns (n = 1-3) orbitals with the oxygen 2p orbital in
the Cr-O bond, ¢,s(0) is the wave function of the electrons
in the ns orbital of Cr ions, by is the covalency parameter
describing the electron transfer from the oxygen 2p orbital
into an empty Cr 4s orbital, aj,z(fzx is the covalence parameter
for dy.,..-p, which depends on the direction of the Cr spin,
and 6 is the angle in Cr—O-Cr projected into the ab plane.
Here we introduce the x, y, and z axes, which may be parallel
to the X—Y, X + Y, and Z direction, respectively, as local
axes depicted in Fig. 7(c) to use the description of the
orbital in the theoretical studies.>!® Then the value of Hstn
strongly depends on the covalence parameter between d, .,
and p, orbitals and the Cr—O—Cr bonding angle. Since this
covalence parameter is expected to be large due to the strong
d-p orbital hybridization and 6 is not completely 7, Hsry may
arise through this transfer path. Also, other transfer processes
via Cr(eg)-O(pg)-Cr(s) or Cr(d,y;—.,)-O(p,)-Cr(s), which are
not usually active because of cubic lattice symmetry at the Cr
sites or weak d- p hybridization, may contribute to Hsry. Thus
the supertransferred hyperfine coupling constant B, which is
isotropic, such as B = +14.6 kOe/up for LaVO; (3d?, Ref.
42) and 445.8 kOe/ g for YB,Cuz0;_5 (3d°, Ref. 31), can be
present in K,CrgOy6 (3d?°), although it cannot be determined
in the present experiment.

From the discussion above, the internal field in K,CrgOy¢
can be expressed as H, = Hcp + Haip + Hsty + Hp. It should
be again noted that the demagnetization field and the Lorentz
one are negligible due to their cancellation in the nearly
spherical samples. The classical dipole field Hp is evaluated as
HE* = —1.67 and HS“iSO = —0.24 kOe, where the definitions
of H¥ and HAMs°, respectively, follow those of H™* and
His° | for the Cr1-Cr4 sites by taking summation over the
lattice points with the spontaneous moment of M =2.25u5 in
the Lorentz sphere. From the H, values listed in Table I, we
evaluate the electron occupation number n; (equal to 2.25 f;
with the fraction of the electron number f; and }; f; = 1)
of the d; (j = xy, yz & zx) orbital. Since the #;, electrons
are fully polarized in the FM phase of K5CrgO46,>1310 the
dipole hyperfine field Hg;, can be decomposed as*>%3¥Hg;, =
— X357 (r) fiq,;-M. Therefore, HjY and H2"™°, which are
defined by the equations similar to H™ and H2*° in Sec. 11,
are written by Hi = %M (r=3) (fyerext fremex—2fry) and
H;’gs" = 3M (r73) (fyz—zx— fyz+21), Tespectively, while He,
is written by He, = —« (r—3) M. We compare these equations
with the experimental data after subtracting the values of HJ*
and HS“iSO mentioned above and the Hgry value, which is
calculated by assuming B = 14.6-45.8 kOe/ug from the
B values of the d> and d° systems,>'** from the H, values

165107-5



TAKEDA, SHIMIZU, ITOH, ISOBE, AND UEDA

TABLE II. Electron occupation number #; (j = xy, yz £zx) of
the 3d; orbital at the Cr sites leading to the CrA—-CrD spectra in
K2Cr3016.

Spectrum Tyy Myzizx [/

CrA 0.86-0.91 0.74-0.75 0.60-0.65
CrB 0.86-0.91 0.74-0.75 0.60-0.65
CrC 0.85-0.89 0.72-0.73 0.64-0.68
CtD 0.87-0.92 0.72-0.73 0.61-0.65

in Table I. Then we also use k = 0.5, which is a typical
value for the 1, systems,33‘36'38 and M = 2.25ug. We obtain
the electron occupation number of the d; orbital listed in
Table II. As seen in Table II, the d,, orbitals at the four Cr
sites are predominantly occupied, whereas the d, .., orbitals
are partially occupied, consistent with the band calculation
results.'® This electron configuration leads to a ferromagnetic
interaction via the double exchange process for a localized d,
electron and itinerant d,, ., ones as discussed in the previous
studies of K,CrgO14.%'° Also, the electron configurations at the
four sites are almost the same, consistent with the experimental
result of the synchrotron x-ray-diffraction measurements.'1®
In spite of such similar electron configurations at the four
sites, H*° obviously differ from each other among the four
sites. This is considered to come from the difference in Hsry
due to the slight difference in n,.4.,. The transferred spins
from these d, ., orbitals to the neighboring Cr-4s orbital via
the O-2p orbitals can generate the isotropic hyperfine field
through a core polarization process of the 4s electron with the
coupling constant of ~1200 kOe/up.*® This large coupling
constant leads to the non-negligible difference in H*°, even
if the difference in n,,.., is slight. Thus, our NMR results of
K,CrgOj¢ are understood by the presence of the strong d-p
hybridization leading to the Peierls transition model proposed
as the mechanism of the MI transition.!>!¢

Finally, it should be noted that the strong hybridization
between the double chains in K,CrgO;¢ forms the quasi-1D
column composed of the four Cr-O chains where the MI
transition takes place due to the Peierls instability.!>!'® This is
in contrast to double chain oxides K, VgO;¢ and NaV,04 with
an edge-shared double chain as a basic electronic structure.
Then in K, V3O the Ml transition is accompanied by CO,¥
whereas the helical magnetic order was shown to appear due
to the competition between the FM and AFM interactions in
NaV,04.3° From theoretical studies based on the GGA and
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GGA + U band calculations, it was shown that the location of
the Fermi level in the #,, bands governs the basic electronic
properties of the hollandite-type oxides.>>° On the other
hand, NaCr,0O4, which may have a double chain structure
via the corner-shared oxygen as the basic electronic structure,
shows the characteristic CMR effect in the AFM phase.®'0
Thus the strong d-p hybridization is considered to play an
important role for the electronic structures and the physical
properties of the high-valence Cr oxides with the double
chains. Progress of theoretical studies on the STH mechanism
is desired to microscopically understand the d-p hybridiza-
tion in the transition-metal oxides with f,, electrons in the
CT region.

V. CONCLUSION

We have made >*Cr NMR measurements to investigate the
local electronic structure of K,CrgOj¢. In the ferromagnetic
insulating phase, we observed NMR spectra which consist of
the four two-dimensional (three-dimensional) powder patterns
from the four inequivalent Cr sites at H = 0 kOe (=5 kOe).
From the analysis of the NMR spectra, we found that the
internal fields at the four Cr sites differ from each other in
spite of uniform charge densities at the Cr sites. The origin
of the difference in the internal field is closely related to the
charge-transferred processes which generate supertransferred
hyperfine fields. Owing to the strong hybridizations between
the Cr-3d and O-2p orbitals, K,CrgOj¢ exhibits peculiar
magnetism and transport properties such as the ferromagnetic
transition, the metal-insulator transition, and the anomalous
hyperfine field.
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