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Cobalt magnetism in a superstructured metallic antiferromagnet Nay 3,5;C00,
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The Na atomic ordering and the local Co magnetism, in a metallic antiferromagnet made of Najg,5C00O,,
are investigated by nuclear magnetic-resonance (NMR) techniques. Multiple well-resolved NMR peaks of *Na
and 3°Co are observed, which suggests a superlattice structure forming in this Na-vacant cobaltate. Examining
clues from published x-ray data, we refine the lattice superstructure so as to obtain the best description for the
peaks seen in our NMR data. Magnetic Co ions are found to form a striped structure, which produces nontrivial
magnetism. Analyzing the NMR frequency shift for each peak, we observe a frequency-shift anomaly, i.e., the
breakdown of linearity between the NMR shift (that is, the local susceptibility) and the bulk susceptibility. We
find that the shift anomaly can be described by an additional susceptibility component emerging at ~60 K. Slow
spin dynamics are observed near a metamagnetic transition where the spins flip between the antiferromagnetic
and ferromagnetic orders. Unlike in ordinary spin glasses, this glassy behavior is induced by a magnetic field,
which causes competition between the in-plane ferromagnetic and out-of-plane antiferromagnetic interactions,

in a magnetic-frustrated triangular lattice.
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Sodium cobaltate, Na, CoO,, which was originally known
as a battery material,'! has been extensively studied for
its other prominent features such as thermoelectricity,’
superconductivity,> and magnetism.* The crystal consists of
alternating layers of triangular Co lattice and Na. Varying the
Na content changes the charge configuration (Co®*, Co**)
in the Co layers. Interestingly, the Na atoms form structural
ordering patterns at certain sodium concentrations.’ Due to
the subtle interplay of the Na ordering with the charges and
spins of the Co ions, a unique and rich phase diagram has
been found.® Magnetic order occurs in the x > 0.5 region,
but only at certain Na contents that produce a magnetic phase
diagram displaying a discontinuous function of x. Recently,
the phase diagram has been refined to the point at which
only three distinct antiferromagnetic (AF) transitions were
found.” Most notably, the x 2 0.82 sample has the most stable
AF phase and a well-defined superlattice structure. The local
electronic properties and the Co magnetism, in connection
with a resolved superstructure, have been investigated for
x = 1/2 (a charge-ordered insulator), x =2/3 (a Curie-
Weiss metal),’ and x = 1 (a band insulator).'” To obtain a
more complete picture of this atypical magnetic phase diagram
and superstructures, we conduct a nuclear magnetic-resonance
(NMR) study on the antiferromagnetic phase of a Na,CoO,
single crystal with the stable concentration x = 0.825.

We find that both the °Co and *Na NMR spectra of
Nag g2sCo0, show multiple well-resolved peaks. This con-
firms the existence of Na ordering in this crystal. By analyzing
the NMR spectra, using clues from x-ray diffraction,'’ we
derive a three-dimensional Na-stacking superstructure model
that best describes our NMR spectra. Analyzing these peaks,
we observe a NMR frequency-shift anomaly, that is, a
breakdown in linearity between the peak frequency shift (i.e.,
the local susceptibility) and the bulk magnetic susceptibility.
We discover that an additional local magnetic susceptibility
component, emerging at ~60 K, is the cause of the anomaly.
We also observe a similar metamagnetic transition between
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the antiferromagnetic and ferromagnetic orders, as reported in
NaygsC00,.12 A time-dependent NMR spectrum, however,
is observed near the metamagnetic transition. Unlike in
ordinary spin glasses, this glasslike behavior is induced by
a magnetic field and is caused by the competition between
the in-plane ferromagnetic and out-of-plane antiferromagnetic
interactions, in a magnetically-frustrated triangular lattice.
Details of our experiments are described below.

For our NMR experiments, we use a single crystal of
high-quality Nagg,sC00,. This sample was prepared and
characterized by the same methods as described in Ref. 7.
Nag g»5C00, has a long-range A-type AF order,* with a Néel
temperature of Ty = 22 K, as shown in Fig. 1, of the magnetic
susceptibility. Standard Hahn-echo pulse sequences were
employed throughout our >*Na and ¥Co NMR experiments.
Figure 2 shows the temperature-swept spectra for their central
(|—1/2) < |+1/2)) transitions, with a magnetic field of 88 kG
applied parallel to the crystalline ¢ axis. Multiple peaks are
observed, which are separated at ~60 K. There are a total
of six well-resolved peaks of >*Na, along with four peaks of
¥ Co, for the central transition (Fig. 3). These sharp peaks
suggest that Na vacancies are not randomly distributed in this
crystal but form a particular pattern; otherwise, the spectra
would have been broader. From the peak numbers, we find
that there are six different crystallographic sites for the Na
atoms, along with four such sites for the Co atoms, which are
also confirmed by analyzing their quadrupolar satellite peaks
and the spectra for the magnetic field perpendicular to the ¢
axis. We are aware that a similar >*Na spectrum was reported
in Ref. 13, for Naj 75Co0O,. However, in this other report, there
are only three >°Co peaks, even though their x = 0.75 sample
has the same Ty = 22 K as our x = 0.825 sample. We suspect
that the Na atomic order in Naj75CoO, may not be much
different from that in Nag go5C00O,.

Vacancies in the Na layers produce two distinct crystal-
lographic Na sites, called Nal and Na2.'* Nal is located
directly between the two cobalt atoms in its neighboring Co
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FIG. 1. Magnetic susceptibility of Naj g»sCoO,, for afield applied
along the crystalline ¢ axis. Antiferromagnetic transition occurs at
22 K. The arrow at ~60 K denotes the deviation from Curie-Weiss
behavior.

layers, whereas Na2 is sandwiched between the triangular Co
sublattices. The two sites, Nal in blue and Na2 in green, are
illustrated in Fig. 4(a). By convention, the Co atoms, which
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FIG. 2. (Color online) Temperature-swept (a) *Na and (b) *Co
NMR spectra of Nagg,sCoO,, for the |—1/2) <> |+1/2) central
transition, with a magnetic field applied along the crystalline ¢ axis.
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FIG. 3. (Color online) (a) >*Na and (b) **Co NMR spectra of
Nay 825C00,, for a magnetic field applied along the crystalline ¢ axis.
In (a), there are six well-resolved peaks for the central transition
(|—1/2) <> |+1/2)), while there are four peaks in (b).

are immediately above and below the Nal atom, are called
Col, while the rest of the Co atoms are called Co2. Depending
on the Na contents, Na vacancies can form different-sized
clusters in Na,CoO,. Several models have been proposed
experimentally and theoretically, but discrepancies exist.>!>~!3
For Nag g5C00,, the trivacancy and quadrivacancy clusters
are inferred from the vacancy clustering models proposed by
Roger et al.'® A divacancy cluster model with the superlattice
unit-cell size v/13a x +/13a x 3c, however, was suggested
based on x-ray-diffraction experiments.” With these pieces
of information, we were motivated to examine all of the
proposed vacancy cluster models, to search for the one that
could reproduce the six Na and four Co sites obtained from
our NMR experiments. However, none of them fit our NMR
data. As is known, the 3¢ periodicity of the supercell along the
¢ axis is confirmed according to Ref. 7, and this 3¢ periodicity
is also seen in Na, /3C002.9 Therefore, we repeated the search,
keeping the 3¢ periodicity but tuning the supercell size a little
bit. Eventually, we found that only Na divacancy clusters with a
supercell size v/12a x ~/12a x 3¢ [Fig. 4(b)] gave the correct
numbers of Na and Co sites seen in our NMR. This superlattice
is formed by stacking the six v/12a x +/12a divacancy Na
layers along the c axis, as illustrated in Fig. 4(b), where the
Na vacancy layers are offset from each other by shifting a
lattice vector [the arrows in Fig. 4(a)]. Six different Na sites
and four Co sites are identified, as shown in Fig. 4(c), where
the numbers next to the site labels denote the occupancies of
these sites in a unit supercell. For this superstructure, the Na
content is found to be x = 0.833(= 10/12) which is very close
to our nominal content of x = 0.825.
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FIG. 4. (Color online) (a) A divacancy Na layer with the supercell size
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(b)

il AT

12a x +/12a. (b) A three-dimensional superlattice model formed

by stacking six of the divacancy Na layers which are offset from each other by shifting a lattice vector [the arrows in (a)]. The stacking period
is 3¢ along the c¢ axis. (c) The six different Na sites and four Co sites, extracted from (b). The numbers next to the site labels denote the
occupancies of these sites in a unit supercell. (d) The Co2b sites forming a striped structure.

To further examine this superlattice model, we can compare
the relative NMR peak intensity with the site occupancy for
the different Na and Co sites. Note that a square of frequency
correction and the spin-spin relaxation (73) effect must be
taken into account, in order to obtain a true spectrum intensity.’
We found that all six Na sites have a very similar 7, relaxation
time at 30 K, so that the Na peak intensities in Fig. 3(a) reflect
the true site occupancy probability. We found that four of the
peaks are of similar intensity; however, the fourth and sixth
peaks have roughly half the intensity of the others. This is
consistent with the relative site occupancies of Na, as shown
in Fig. 4(c). The fourth and sixth peaks come from the Nal
and NaZ2e sites, while the other four peaks belong to the Na2a,
Na2b, Na2c, and Na2d sites. At this moment, we do not have
enough information to assign a specific peak to each Na site.
As for the Co sites, we found that the 7, effect is significant
in calibrating the intensities in Fig. 3(b), where a peak at
higher frequency has a faster relaxation rate of 1/75, as seen

in Na2/3C002.9 The correct intensity ratio that we obtained
for peaks 1to4is1:0.7: 1:2.3. We consider this ratio to be
compatible with the occupancy ratio 1 : 1 : 1 : 3 in Fig. 4(c),
with the fourth peak assigned to the Co2b site. The poor
accuracy in comparing intensities could be due to experimental
error, since the NMR pulse parameters were optimized for the
first Co peak only, and the same pulse parameters were used
for obtaining the other Co peaks.

Figure 5 shows the 2>Na NMR spectrum for magnetic fields
B 1 cand B || c. The quadrupolar satellites are barely seen in
the B L ¢ spectrum, because they are scattered on both sides of
the central peaks, unlike those in the B || ¢ spectrum. The NMR
resonance peak frequency for the transition |m) <> |m — 1)
is determined by the equation f = (y/27)[1 + K(0)]B +
fo(m —1/2)(3cos?> 6 — 1 + nsin? 6 cos 2¢)/2, where y is
the nuclear gyromagnetic ratio, K is the frequency shift, B
is the applied magnetic field, fy is the nuclear quadrupolar
frequency, and 6 and ¢ are the polar and azimuthal angles
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FIG. 5. (Color online) 2Na NMR spectra of Nagg,sCoO, for
magnetic fields applied (a) perpendicular and (b) parallel to the
crystalline ¢ axis. The red curve in (a) is a simulated spectrum.
Two Na layers, extracted from the top two Na layers in Fig. 4(b),
are illustrated here to show that the four Na2a (cyan) sites have a
different azimuthal angle, ¢, when B L c.

of the magnetic field relative to the principle axes of the
electric-field gradient (EFG).!” 5 is an asymmetry parameter
that characterizes the axial symmetry of the EFGs. n = 0 when
the nuclear site is uniaxially symmetric. According to Fig. 4(c),
none of the Na sites possess uniaxial symmetry, so n # 0 for all
of the Na sites, and their quadrupolar satellite peaks depend on
¢ when B L c. For a spectrum in this field direction, the angle
¢ is not the same for all Na2a sites in a unit supercell, because
their EFG principle axes are oriented differently with respect
to the magnetic field for such three-dimensional stacking of
the Na layers, as illustrated in Fig. 5. Four different ¢’s are
found for the Na2a site, as well as for the Na2b, Na2c, and
Na2d sites; two ¢’s are found for the Na2e site, but only one
¢ is found for the Nal sites. Since each ¢ gives a set of
quadrupolar satellite peaks, a total maximum number of 19
(=4 x 4424 1) quadrupolar peaks are expected to scatter
on each side of the central peaks. A simulated spectrum is
shown in Fig. 5(a), which qualitatively captures the features
of the experimental curve. Due to many different Na sites in
a supercell, there are too many degrees of freedom (such as
and ¢) to fit the spectrum properly. We therefore simulated the
spectrum by simply assigning certain values of n and ¢ for each
of the Na sites. We did not try to manipulate these parameters
to make the simulation look close to the experimental data. The
simulation is just to illustrate the fact that, when B is applied
perpendicularly to the ¢ axis, there is indeed more than one ¢
angle for most of the Na sites, so that the quadrupolar peaks are
scattered. This indirectly confirms the site symmetry. Overall,
this proposed superlattice model, after numerous trials, is the
only structure that we could find to adequately describe our
NMR data and to give the Na content x = 0.833 close to our
nominal x = 0.825.

Here we stress that the superstructure that we derived is
not simply a coincidence, because it explains the NMR peak
numbers, peak intensities, and the underlying site symmetry.
Moreover, it reproduces the similar Na content as the nominal
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content. Only the supercell size (v/12a x +/12a) is not con-
sistent with that (v/13a x +/13a) from the diffraction experi-
ments. However, the two techniques should be complementary,
not contradictory, in the structure determination. Note that the
diffraction experiments were carried out at room temperature
and zero magnetic field,” while our NMR were conducted at
low temperature and 88 kG. The only possible reason that
we can think of for the discrepancy is a rearrangement of
the Na order at low temperature or under a magnetic field.
Since the cooling rate was found to influence the Neel state
in some of the samples showing 22-K Neel temperature,”’ we
suspect that stress caused by thermal contraction, or possibly
a magnetostrictive effect, might cause some minute difference
in the Na ordering.

Recently Alloul er al. suggested that the pure-phase
Na, Co0O,, showing a 22-K Néel temperature, exists only for
the x = 10/13 & 0.77 concentration,”’ which is different from
our x = 10/12 ~ 0.833. There has been an ongoing debate on
the exact Na content of this phase, as mentioned in their paper.
While we are confident of our Na estimation, an argument on
this issue is not the scope of this work. The superstructure that
we derived is also notably different from theirs. They obtained
a two-dimensional unit-cell size of +/13a x ~/13a with Na
trivacancies, while our unit cell is V12a x +/12a with Na
divacancies [Fig. 4(a)].

Interestingly, the magnetic Co2b sites in our model are
arranged in a striped structure [Fig. 4(d)]. Cobalt atoms
situated in such a superstructure could produce nontrivial
electron correlation and collective magnetic behavior. We
notice that the magnetic susceptibility curve in Fig. 1 deviates
from the Curie-Weiss behavior at ~60 K, before entering the
AFM phase. This is often attributed to the onset of short-range
magnetic correlation or ordering.*!'?> However, we find that the
23Na and °Co NMR spectra, at 60 K, do not show apparent
line broadening, as expected for any short-range magnetic
ordering. Their linewidths do not increase significantly until
the temperature is close to 30 K, before entering the AFM
transition at 22 K. The crystal electric-field effect is ruled
out here, because the splitting between the lower-lying #,
and higher-lying e, bands is ~2.5 eV, which is much higher
than 22 K.?! Since the NMR frequency shift is a measure
of the local magnetic susceptibility, we then compared the
bulk susceptibility with the frequency shifts of all the Na
and Co peaks, as shown in Figs. 6(a) and 6(b). Interestingly,
the local susceptibility deviates from the bulk susceptibility,
usually called a shift anomaly,?” at the same temperature as
that at which the Curie-Weiss behavior breaks down. A shift
anomaly is often observed in heavy-fermion systems and is
typically attributed to the Kondo coherence associated with
the localized f electrons.?>?? This mechanism does not apply
here because Nag g,5C00; is a hole-doped band insulator of
NaCo0,.!0

Figures 6(c) and 6(d) are plots of the Na and Co shifts
with respect to the shifts of the first Na and Co peaks,
respectively. The linear relation between the individual shifts
is interrupted at ~60 K and then is restored at ~30 K. This
suggests that the shift anomaly is not simply the result of
the difference between the local and bulk susceptibilities. An
additional local susceptibility component might emerge so
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FIG. 6. (Color online) (a), (b) Comparisons of >*Na and **Co NMR frequency shifts, respectively, with the bulk magnetic susceptibility.
The curve labels denote the peak indices as assigned in Fig. 3. (c), (d) Plots of the 2*Na and Co shifts vs the shifts of the first Na and Co

peaks, respectively.

that the linearity of the frequency shifts between different
nuclear sites is disrupted. We model the bulk susceptibility
as x(T) =[1 = f(D)xa(T) + f(T)xo(T), where xq is the
susceptibility from the localized d electrons and y, is the
emerging component.?” The ratio of these two components is a
function of temperature characterized by f(7'). The frequency
shift then can be expressed as K(T) = Ay xa(T) + Aoxo(T),
where A, and A are the nuclear hyperfine coupling constants.
This leads to a shift anomaly if K(7T') is rewritten as an explicit
function of the bulk susceptibility x (7). We can further express
the shift of the jth Na (or Co) site, in terms of the shift
of the ith Na (or Co) site, as K;(T) = (Aq,j/Aqi))Ki(T) +
[Ao,; — (Ag,j/Aai)Ao,i1x0(T). This is linear if xo is zero, and
it deviates from linearity, once xo appears. This expression
could qualitatively explain what we saw in Figs. 6(c) and
6(d). According to this expression, xo(7") emerges at 60 K
and then saturates so that the linearity recovers again. If
the shift anomaly is caused by the short-range ordering, the
breakdown of the linear relation in Figs. 6(c) and 6(d) should
persist into the long-range order region. We do not know what
specific correlation gives rise to xo(7) a priori, but this might
not be unexpected, as the doped holes are distributed in a
superstructured and mixed-valent Co®*/Co** environment. In
fact, a spin-orbital-polaron model was proposed to explain
the magnetic susceptibility in Nag gysCoO,, where two spin
liquids were suggested.?* One spin liquid is from the localized
S = 1/2 Co** ions, and the other is from the orbital polarons
of the S =1 Co’* ions. The orbital polaron explains the
large susceptibility at high temperatures, and the localized
S = 1/2 Co** spin dominates the low-temperature Curie-
Weiss susceptibility. According to Ref. 25, the orbital polaron
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FIG. 7. (Color online) (a) Time-dependent 22Na NMR spectra
of Najg5C00, at 88 kG and 4.2 K, near the AFM and FM phase
boundary. (b) The magnetic structures of the AFM and FM phases in
Nay 825C00,. The Co spins in the triangular lattice are frustrated near
the AFM-FM phase boundary (see text).
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component diminishes at low temperature; however, this is
contrary to the emergence in our observations.

Nag 325Co0; has an A-type AFM order. When subjected
to a magnetic field, it can undergo a metamagnetic transition,
where the AFM state is spin flipped into a ferromagnetic (FM)
state.'> Our NMR spectra were taken at 88 kG, which happens
to put the sample into a state near the metamagnetic phase
boundary. According to Fig. 2, the sample first enters a FM
state at 22 K and returns to an AFM phase at 3.9 K. At4.2 K,
we accidentally observed that the 2*Na spectrum showed time
dependence after the sample was warmed up from 2.7 to 4.2 K.
It took about 120 min for the sample to recover from the
AFM state to FM state. This slow spin dynamics indicates
that a spin glass might occur near the metamagnetic boundary.
According to Ref. 26, the interlayer AFM exchange coupling is
not much different from the intralayer FM exchange coupling,
so a slightly inhomogeneous magnetic field in the sample
might cause a mixture of the two phases. The spin frustration,
due to the competing AFM and FM interactions, then could
occur for the Co spins in a triangular lattice, as illustrated
in Fig. 7(b). In principle, the conditions required for a spin

PHYSICAL REVIEW B 88, 064418 (2013)

glass, such as lattice disorder and spin frustration, are fulfilled
in Nag g>5Co00;. It would be interesting to further investigate
this magnetic-field-induced glassy behavior, to see if it has
properties similar to ordinary spin glasses.

In summary, we use NMR techniques to refine the three-
dimensional superstructure for a single crystal of Naj g2sCoO»,
where a magnetic striped structure forms in the Co layers.
An additional susceptibility component is found to emerge
at T ~ 60 K. A magnetic-field-induced glassy behavior is
observed near a FM-AFM metamagnetic phase boundary. The
resolved superlattice model may shed light on the nature
of the electron correlation and magnetic couplings in a
frustrated mixed-valent environment that produces the metallic
antiferromagnetism in Nag g»5C00,.
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