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Static and dynamic magnetic properties are investigated by %Co NMR measurements on a single crystal of
Ca3Co,04, a rare model of the ferromagnetic Ising chain coupled antiferromagnetically on a triangular lattice.
Above a ferrimagnetic order transition temperature 7Ty=25 K, the static spin susceptibility probed by the ¥Co
Knight shift shows anisotropic behavior in the temperature dependence, consistent with ferromagnetic inter-
actions along the c-axis chain and antiferromagnetic interactions in the ab plane. Correspondingly, the dynami-
cal spin susceptibility obtained from the %Co nuclear spin-lattice relaxation rate is also highly anisotropic. The
intrachain ferromagnetic correlation steeply develops below 300 K while the interchain antiferromagnetic one
does below 120 K with the critical exponent expected in the two-dimensional Ising antiferromagnet. Below Ty,
the low-energy excitation arising from the predominant spin-wave magnons has an anisotropic full gap, re-
flecting the strongly Ising nature. Clear microscopic evidence of the ferrimagnetic order is demonstrated in the
¥Co NMR spectra at 5 K. Rotation of the external magnetic field from the ab plane to the ¢ axis shows the
first-order transition from the ferrimagnetic to the fully polarized state. The ferrimagnetic state with the
uniform magnitude of magnetic moment is observed even in the transverse field adjusted parallel to the ab

plane.
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I. INTRODUCTION

Low-dimensional and frustrated antiferromagnets with
spin S > 1 have been extensively studied as models of critical
phenomena of semiclassical phase transitions.!™ Since the
proposal of the Kosterlitz-Thouless-type transition on a tri-
angular lattice antiferromagnet (TLA),* the critical dynamics
classified into new universality class has attracted much at-
tention on the classical Heisenberg or XY TLA. Many ex-
perimental results with the easy-plane anisotropy on the TLA
such as ABX;,> VCI,,> BaNi,V,04,% and delafossites” were
discussed along with the scenario of the Z, vortex order. In
contrast, few examples have been investigated for the classi-
cal Ising TLA with the easy-axis anisotropy, as well as the
quantum (S=1/2) one recently highlighted in the emergent
Eg symmetry.® Ca;Co,04 (Refs. 9 and 10) and its analogs
A3;MM’'Og (A=alkaline-earth metal; M, M’ =transition met-
als) (Refs. 11-15) are the Ising TLA having ferromagnetic
one-dimensional (1D) chains arranged on the triangular lat-
tice. The series of materials exhibit various ground states
such as partially disordered antiferromagnetic (PDA),'2
ferrimagnetic'? and possible spin-liquid states, and have po-
tential multiferroic'* and thermoelectric'® applications.

Ca3Co,0q is the highlight compound of the anomalous
PDA state and the devil’s staircase transition under magnetic
field. The 1D chain of Ca;Co,04 consists of alternating
stacks of the face-sharing CoO4 octahedra and trigonal
prisms along the ¢ axis.!® A difference in crystal field at two
kinds of trivalent Co ions gives the low-spin (S=0) Col for
the octahedron and the high-spin (S=2) Co2 for the trigonal
prism. The magnetic interaction between Co2 mediated via
Col along the ¢ axis is ferromagnetic, as seen in the strongly
enhanced magnetic susceptibility,'®!7 although the origin is
theoretically nontrivial and some models have been
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proposed.'®!8 The chains are located on the corner of the
triangular lattice in the ab plane with the staggered inter-
chain Co2 configuration, which construct helical antiferro-
magnetic paths.

In the absence of external magnetic field, a second-order
phase transition takes place at 7y=25 K, which becomes a
crossover with increasing the magnetic field.'® The neutron-
scattering and uSR measurements suggested a PDA
state,”2 analogous to the Ising TLA system such as
Ca;CoRhOg (Ref. 12) and CsCoCl;.2*> However, the
neutron-scattering? and the resonant x-ray scattering® ex-
periments recently revealed an incommensurate moment dis-
tribution with a long period along the ¢ axis, which was
interpreted as a competition between 1D ferromagnetic and
helical antiferromagnetic interactions.?® The long-period in-
commensurate structure may be the 1D Ising version of the
skymion lattice arising from the competing ferromagnetic-
antiferromagnetic interactions in the two-dimensional (2D)
XY system.?’

Application of a weak magnetic field along the ¢ axis
induces uniform magnetic moments within the chain, con-
structing the up-up-down ferrimagnetic structure in the ab
plane, as observed in a magnetization plateau at 1/3 of the
saturated moment below 25 K.>102829 The 2D ferrimagnetic
structure was proposed to be incommensurate with slow dy-
namics due to the remaining frustration,’*33 which was
manifested in frequency dependence of the ac magnetic sus-
ceptibility below Ty.>* The magnetization plateau becomes
more complex below 4 K,* with the final step around 4 T
above which the moments are fully polarized to the external
magnetic field with a saturated value of ~4.7 ug.!” The
magnitude of the moment is somewhat larger than that ex-
pected in S=2, which is attributed to the significant orbital
moment arising from degenerated multiplets of Co2.3> Al-
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though the SR measurement reported the onset of antifer-
romagnetic fluctuations below 100 K,*¢ the previous NMR
(Ref. 37) and neutron-scattering’ measurements in
Ca3Co,0¢ have been limited only below Ty. Sampathkuma-
ran et al.’’ observed a ’Co NMR signal below 12 K and
measured the brief temperature (7) dependence of the
nuclear spin-lattice relaxation rate 1/7; and the spin-echo
decay rate 1/T,, which was interpreted as the spin freezing at
low temperatures. Furthermore, the observed broad NMR
spectra in a powder sample could not evidence the ferrimag-
netic state. Thus the previous experimental and theoretical
studies have been focused on the low-temperature magnetic
order, and the statistical and microscopic nature of the phase
transition is less understood.

In this paper, we report detailed *’Co NMR measurements
first conducted on a single crystal of Ca;Co,04. Using a
short rf pulse and an interval time between first and second
pulses, we could succeed to measure the *>Co Knight shift K
and 1/T; on the Col site in the paramagnetic state. Owing to
the axially symmetric crystal, the intrachain ferromagnetic
and interchain antiferromagnetic correlations are separately
obtained, which allows to determining the initial critical ex-
ponent of the dynamical spin correlation. The obtained static
and dynamical susceptibilities exhibit strong Ising behavior.
The ¥Co NMR spectra clearly show the static magnetic or-
der below Ty, which is also confirmed by gapped excitations
as usually observed in anisotropic antiferromagnets. Finally,
a field-induced transition will be shown under the external
magnetic field rotated from the ab plane to the ¢ axis.

II. EXPERIMENTAL PROCEDURE

Single crystals of Ca;Co,04 were grown by a flux method
at 980 °C by using Ca;Co,0, and K,CO;.3® Magnetic sus-
ceptibility was measured for the aligned single crystals to
obtain the sufficient signal-to-noise ratio by using a super-
conducting quantum interference device magnetometer
[Quantum Design, magnetic property measurement system
(MPMS)-7] in the field-cooling process at 7.0 T. *’Co NMR
measurements were performed on a single crystal in a tem-
perature range, 2-300 K, under a fixed magnetic field, H,
=9.4026 T. Frequency-swept NMR spectra were obtained
by Fourier transformation of spin-echo signals with the /2
pulse width of 1 us and the interval time 7=6 us between
the first and second pulses. K was determined as the relative
shift from the bare resonance frequency 1/0=5 9yH0/ 2m
=94.534 MHz, where *y=27X10.054 MHz/T is the *°Co
nuclear gyromagnetic ratio. The *>Co NMR spectrum was
split into equally spaced seven lines due to the nuclear quad-
rupole interaction of nuclear spin /=7/2. The nuclear spin-
lattice relaxation rate 1/7; was obtained for the nuclear mag-
netization recovery of the central resonance line after an
inversion pulse.

III. EXPERIMENTAL RESULTS AND DISCUSSION
A. Paramagnetic state

1. NMR spectrum

For the K and 1/7T; measurements of Ca;Co0,0g, the ex-
ternal magnetic field must be adjusted precisely parallel or
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FIG. 1. (a) Angle dependence of ¥Co NMR spectra (Col) of
Ca3Co0,04 at 300 K. The magnetic field Hy=9.4026 T is rotated
from the ¢ (0°) to a* axis (90°). (b) Angle dependence of the peak
positions in the >>Co NMR spectra in (a).

perpendicular to the ¢ axis, because the magnetic suscepti-
bility sensitively changes with the magnetic field direction
around the a axis perpendicular to the chain.!” Figure 1(a)
shows the angle dependence of *?Co NMR spectra was mea-
sured at 300 K, where the magnetic field direction 6 is mea-
sured from the ¢ axis, and the a* axis is taken as the direction
perpendicular to both the ¢ and a axes. We observed a couple
of sharp resonance lines arising from one Co site with the
nuclear quadrupole splitting of /=7/2. Since the NMR signal
from the magnetic Co2 site will be wiped out due to the short
T,, the observed signal is attributed to the Col site with S
~0. Since the NMR spectra were symmetric to the ¢ axis

and isotropic in the ab plane of the hexagonal R3/c lattice,
the uniaxial rotation around the a axis gives the electric
quadrupole tensor V and the Knight shift tensor K.

The peak positions of the spectra in Fig. 1(a) are plotted
as a function of the magnetic field direction in Fig. 1(b).
Difference in the nuclear quadrupole splitting frequencies,
6v, shows a maximum value of 2.1 MHz at the ¢ axis. dv
decreases as the sample is rotated against H, and should be
vanishes at the magic angle 6=54.7°, which satisfies 6v,
=2€2V20(3 cos® 6-1)=0, where V,, and eQ are the Z
component of the electric field gradient tensor and the
nuclear quadrupole moment, respectively. In turn, the magic
angle accurately determines #=0 as the ¢ axis. The differ-
ence between the resonance frequencies of the m«m—1 and
—(m-1)—-m(m==I+1,...,I-1,I) transitions, v,,_.,,_;, is
generally expressed as®®
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6Vm<—>m—1=(m_§)(k1+k2 coS 20"!‘]{3 Sin 20) (1)

in the first-order perturbation applicable to the electric quad-
rupole interaction much smaller than the Zeeman energy,
where kl = VQ(Vaa+ Va*a*)/ sz, k2= VQ(Vaa_ Va*u*)/ sz, k3=
=20V uan! Vzz, and vp=3eQV,,/21(2I-1)h. A fitting of the
experimental data in Fig. 1(b) gives the principal compo-
nents of the v,V/V; tensor as (1.04, 1.04, and 2.10 MHz) at
300 K. In general, V reflects the on-site and off-site charge
distributions determined by the orbital occupancy and the
distortion of the CoOg4 octahedra, respectively. In the present
case, however, the on-site contribution is negligible on the
Co** ion because of the fully occupied by, levels, and the
off-site contribution arising from a trigonal distortion of the
CoOQg octahedron governs the anisotropy of V.

The general formula of the central line shift v, is
given by

Vipe—1p = Vol (1 + Ky)sin? @ cos? ¢ + (1 + Ky)sin® @ sin® ¢
+ (1 + K)cos’ 4], (2)

where Ky, Ky, and K, are the principal components of K,
vo="7v,Hy/2m, and ¢ is the azimuth angle.*’ A fitting of the
experimental data in Fig. 1(b) by Eq. (2) with ¢=0 yields
K=(0.2%,0.2%,2.3%) and the principal Z axis parallel to
the ¢ axis.

2. Knight shift vs magnetic susceptibility

In Ca3Co0,04, the magnetic interaction between electron
and nuclear spins at the Col site consists of the transferred
hyperfine and classical dipole interactions from the Co2
sites. For simplicity, we neglect the hyperfine interaction
with the on-site electron spins at the low-spin Col site. We
observed no thermal variation in vyV/V,, reflecting the ro-
bust crystal structure.

Figure 2 shows the temperature dependence of K in a
magnetic field applied parallel and perpendicular to the ¢
axis, respectively, denoted as K, and K. For comparison,
the bulk magnetic susceptibilities x,. and x,. are displayed in
Fig. 2(b), which qualitatively agree with the results reported
by Cheng et al.'” Although . and x,. increase with decreas-
ing T, K, and K,. exhibit contrasting temperature depen-
dence. The negative shift in K,. despite an increase in X,
indicates a negative coupling constant at Col due to the di-
pole interaction. The fastening of 7, wipes out the NMR
signal below 70 K for Hyllc and 130 K for H, L c. Here K is
expressed as a sum of the 7-dependent spin part K, and the
T-independent part K, including the chemical shift and the
orbital shift, namely,

1
K:KS+K0:N ASXS+KO9 (3)

HMB
using the coupling constant A, the spin susceptibility x,, the
Avogadro’s number N, and the Bohr magneton ug. To sepa-
rate K, and K, K. and K. are plotted versus x,. and x.,
respectively, in Fig. 3 with T as an implicit parameter after
subtracting the core diamagnetic susceptibility yg,=—1.16
X 10™* emu/mol from y,. and x,. The intercept of the ver-
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FIG. 2. (Color online) Temperature dependence of (a) >°Co
NMR Knight shift K and (b) magnetic susceptibility y of CazCo0,04
in a magnetic field parallel and perpendicular to the ¢ axis. The
applied magnetic field is 9.4 and 7 T for the K and y measurements,
respectively. The solid curves and lines represent the fitting results
to the Curie-Weiss law in the temperature range 200-300 K.

tical axis in the K-y plots yields the 7-independent K,
=1.2% for HyLlc and 1.4% for Hyllc while the linearity
gives the coupling constants AY"=-8.7 kOe/up and A
=2.0 kOe/ up. The isotropic and axial parts of the coupling
constant are evaluated as A;,=(2A%"+AS)/3=-5.1 kOe/ug
and A, =(A$-A")/3=9.7 kOe/ pug, respectively. As shown
in the inset of Fig. 3, the net hyperfine coupling A, (a=c and
ab) is expressed as a sum of two kinds of transferred hyper-
fine coupling constants, B, and D, respectively, from the
nearest- and next-nearest Co2 sites; namely, A,=2B,+6D,,.
The much longer Col-Co2 distance (5.312 A) for the inter-
chain direction than that for the intrachain (2.595 A) sug-
gests B,>D,. Hence the strong anisotropy in the coupling
tensor indicates the anisotropic spin-polarized 3d orbital at
the Col site via the transferred interaction with the Co2 sites
along the ¢ axis. In a trigonal distortion, such anisotropy is
expected when the Col a,, orbital directly couples with the
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FIG. 3. (Color online) *’Co Knight shift K vs magnetic suscep-
tibility x plots in Ca3Co,0¢ for the magnetic field parallel and
perpendicular to the ¢ axis. The transferred hyperfine coupling con-
stants with the nearest- and next-nearest-neighbor sites, B, and D,
are schematically presented in the inset.

Co2 3d;,2_,» orbital, which involves the ferromagnetic inter-
action via the one-dimensional band.!”

After subtracting K, from K, K is fitted to the Curie-
Weiss law, K,=C/(T-0), in the temperature range 200-300
K. The Weiss temperature ® is evaluated as 77 K for Hyllc
and -90 K for Hylla®, indicating the intrachain ferromag-
netic and interchain antiferromagnetic interactions, as seen in
the previous reports.!®!7 K starts to deviate from the Curie-
Weiss law below 140 K, as also observed in the x~!-T plot of
the inset in Fig. 2(b). This is a characteristic in the low-
dimensional and/or frustrated antiferromagnets exhibiting
short-range correlations above Ty. Approaching to Ty
=25 K, x,. shows a remarkable increase below 40 K, in
contrast with the previous results measured at 0.1 T.!” Taking
into account that the magnetic field induces the fully spin-
polarized state above 3.5 T, the transition at 25 K is expected
to become a crossover at the present magnetic field, which
may induce small ferromagnetic moments even above Ty.

3. Dynamical spin susceptibility

In presence of the nuclear quadrupole splitting, the recov-
ery curve of the nuclear magnetization M(¢) after an inver-
sion rf pulse is generally expressed by a theoretical formula
for the central line of the spectrum for /1=7/2,*!

M=) =M@ 1
2M() 12012

+815¢7%T1 4 143¢7M}, (4)

{8575¢72%T1 + 2475¢7

Figure 4 shows the representative recovery curve measured
in the magnetic field parallel to the ¢ axis at 160 K. It is well
fitted by Eq. (4) using a single fitting parameter 7. The
fitting was fairly good at all the measured temperatures in
both Hyllc and H, L c.

Figure 5 displays the temperature dependence of 1/T)
measured in the magnetic field along the ¢* and ¢ axes, re-
spectively, denoted as 1/T, 4, and 1/T, .. 1/T; ,, increases
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FIG. 4. ¥Co nuclear magnetization recovery measured for the
magnetic field parallel to the ¢ axis at 160 K. The solid curve
represents the theoretical curve of Eq. (4) with T,=2.63 ms.

monotonously upon cooling whereas 1/T) . decreases lin-
early with 7 at high temperatures and shows an upturn
around 140 K. They are distinct from the behavior of the
classical or quantum paramagnets in two- or three-
dimensional lattice with the 7-invariant 1/7, well above
Ty 2%

In a paramagnetic state, 1/7 is generally proportional to
the wave vector q summation of the imaginary part of dy-
namical spin susceptibility 2yA | (q)]°x" (q.w,)/®, at the
nuclear Larmor frequency w, with the form factor |A | (q)|?
using the hyperfine coupling constant A | (q) at q in the plane
perpendicular to the field.*> Owing to the axially symmetric
lattice of Ca3C0,0, 1/T} 4. and 1/T, . are simply written as

1 Xop(Q, ®)
—— o 2T JA,(q) P, (5)
Tl,c q w
Xo(q, w) Xop(Q, )
« T2\ A ) ,
Ty 4« 4 w
(6)

where x(q,) and A,(q) (@=ab,c) are the @ components

of x'(q,w) and A(q). One can separately obtain
T T T T T T T
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FIG. 5. (Color online) Temperature dependence of the ¥Co
nuclear spin-lattice relaxation rate 1/7; measured for the magnetic
field parallel and perpendicular to the ¢ axis in Ca3Co0,04.
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FIG. 6. (Color online) Temperature dependence of

34A(@)’X5(q. ®), measured for the magnetic field parallel (&
=c) and perpendicular (a=ab) to the ¢ axis in Ca3C0,0¢. The inset
shows the log plots of Z4|A,(q)|*xX5(q, w) vs T/ Ty—1.

S A (@) X(q, @) and Z[A(q)|*X.(q, @) by subtracting
. from T Here the q dependence of the hyp;:r—
fine coupling constant is given as A,(q)=2A4,"9"
~2B, cos(g.c/4) for B,>D,, which is susceptible to any q
modes except for g.=2m/c[cos(q.c/4)=0]. Hence the aniso-
tropic behavior in 24|A,(q)[*x}, is attributed to the aniso-
tropy in )/, dominated by ferromagnetic fluctuations for a
=c and antiferromagnetic one for a=ab, as strongly ex-
pected from the anisotropic 7" dependence of K. As shown in
Fig. 6, x/(q, w) increases steeply from 300 K, proportional to
~T736 as shown in the inset, while x”, is independent of T at
high temperatures above 140 K. It clearly indicates a diver-
gent growth of ferromagnetic correlation length & only along
the chain at high temperatures far above Ty, which con-
structs the paramagnetic giant Ising spins. Setting in the an-
tiferromagnetic correlation below 120 K, as seen in an in-
crease in x,,, the fastening of T, in the ab plane (7,<2
X107 s) wipes out the NMR signal. The large 1/7, despite
the small AY" and AS will arise from the large x/, due to
fluctuations of the giant spins.

The standard analysis of 1/7 above Ty is a power-law fit,
as expected from the dynamical scaling theory.! In a 2D
Ising antiferromagnet, 1/7;~TZ|A(q)]*x}, scales to €™
with e=1-Ty/T and n=v(2—7)=1.5, using the critical ex-
ponent of & v=1, and the Fisher’s exponent 7=1/2.2 We
assume that the critical slowing down already starts below
120 K in the ab plane, although the observed temperature
range is much higher than Ty. The log plot of |A,,(q)|*x,
in the inset of Fig. 6 shows n=2.5-1=1.5, in good agree-
ment with that of the 2D Ising antiferromagnet, as also ob-
served in the planer antiferromagnets K,MnF, (Ref. 44) and
Rb,CoF, (Ref. 45). The exponent is much larger than that of
the other models such as 2D XY, 3D Ising/XY, and Heisen-
berg models with n~0.5-0.7,% as experimentally observed
in FeF,,* Li;Ru04,*" and LiCrO,.” Since the dynamical
scaling exponent z in 1/T; ~ €*"2*7 is z=4— 7 for the Ising
ferromagnet and z=2- 7 for the Ising antiferromagnet,'*% n
for the ferromagnetic correlation along the chain is expected
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FIG. 7. Angular dependence of the %Co NMR spectra measured
at 5 K and Hy=9.4026 T rotated in the ca™ plane for the single
crystal of Ca3Co0,0¢. The inset shows the spectra of the down
branch in an angle range where the ferrimagnetic-ferromagnetic
transition occurs.

to have a larger value than that of the antiferromagnetic one.
In this respect, n=3.6—1=2.6 observed in the log plot of
SqlA(q)?x! is consistent with the ferromagnetic critical be-
havior. The long-lived fluctuations below e~ 10, despite the
divergent growth of & will be ascribed to the combined ef-
fect of frustration and low dimensionality.

B. Magnetically ordered state

Below 25 K, Ca;Co0,04 undergoes the phase transition
into an incommensurate magnetic order at zero field and a
ferrimagnetic order below 3.5 T applied along the c¢
axis.!'®!”2 NMR measurements on the Col site under the
high magnetic field may have to destroy the low-field states.
In this section, we present the results of NMR experiments
on rotating the magnetic field which can effectively reduce
the external field component along the ¢ axis. We also show
the dynamical properties in the magnetic field parallel and
perpendicular to the ¢ axis.

1. NMR spectrum

Figure 7 shows the angle dependence of the NMR spectra
under Hy=9.4023 T rotated in the ca™ plane at 5 K. We
observed sharp seven lines due to the nuclear quadrupole
splitting at the magnetic field adjusted parallel to the a* axis
(Hy L c). At the field direction, the external field along the ¢
axis vanishes. The magnetization increases linearly with
Hy L c,"” but the magnetic structure has not been known. A
line broadening arising from the incommensurate magnetic
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FIG. 8. The square of the central peak frequency of the ¥Co
NMR spectra measured at 5 K and Hy=9.4023 T in Fig. 7, plotted
as a function of H, cos 6.

order is not seen in the NMR spectrum at Hy L c(Hylla®).
Namely, the magnitude of the magnetic moment is spatially
uniform. The number of resonance line doubles by tilting the
external field from the a™ axis, indicating the appearance of
two kinds of the local field at the Col sites. As seen at 72°,
the high-frequency spectra have the larger intensity than that
of the low-frequency spectra, which manifests the ferrimag-
netic state induced by the magnetic field along the ¢ axis.
The low-frequency spectra suddenly disappear between the
magnetic field direction of 68.2° and 68.4° as seen in the
inset of Fig. 7. It gives microscopic evidence of the first-
order transition from the ferrimagnetic to ferromagnetic
state.

In the magnetically ordered state, the nuclear spins expe-
rience a sum field H of the internal field from the magnetic
moments, H,, and the external field H,, i.e., H=Hy+H,,
Thus the resonance condition is expressed as

w= y,H=y,NH2+ H> + 2HyH, cos 0, (7)

where ' is the angle between H,, and H,. We plot in Fig. 8
the square of the central resonance frequency (w/2)? as a
function of the c-axis component of the external field,
Hj cos 6. The good linearity indicates €' =6; namely, the
magnetic moments are perfectly aligned and locked along
the ¢ axis. A ferrimagnetic-ferromagnetic transition occurs at
Hj cos =3.5 T projected to the ¢ axis, in good agreement
with the magnetic susceptibility on the aligned crystals.!”
The linearity in Fig. 8 yields H,=1.2 T, which corresponds
to the magnetic moment of 6 up evaluated by using Aj
=2.0 kOe/ ug. This value is somewhat greater than 4.7 up
obtained from the saturated magnetization at high fields.!” It
may be attributed to underestimation of the hyperfine cou-
pling constant in the K-y plots in which we have neglected
the on-site electron spin polarization at the Col site.

2. Nuclear spin-lattice relaxation rate

The NMR signal becomes detectable below 24 K for
Hyllc and 13 K for Hy L ¢ due to the slowing down of T,.
The slow spin dynamics (less than approximately kilohertz),
if any, would be reflected as broadening in the NMR spectra.
However, no broadening of the spectra in Fig. 7 shows that
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FIG. 9. (Color online) Temperature dependence of the ¥Co
nuclear spin-lattice relaxation rate 1/7; measured for Hyllc and
Hj L c in Ca3Co0,0¢. The inset shows the activation plot of 1/7}
below Ty.

the magnetic moments freeze below Ty at least at the present
magnetic field. The spin dynamics can be directly observed
through 1/7, measurements. Even below Ty, 1/T; was ob-
tained from the same formula of the recovery curve in Eq.
(1). It indicates that the nuclear spins experience nearly ho-
mogeneous local fields, as also reflected in the narrow line-
width of the NMR spectrum, ~300 kHz, as shown in Fig. 7.

Figure 9 shows the temperature dependence of 1/7 . and
1/T 4 below Ty. Both 1/T, . and 1/T) ,. are abruptly sup-
pressed with decreasing temperature, following the activa-
tion behavior, 1/T;<exp(=A/T), with a gap A of 154 K and
88 K for Hyllc and Hy) L c, respectively, as shown in the inset
of Fig. 9. In the antiferromagnetically ordered state, the low-
lying spin excitation is usually complex but expected to be
dominated by the two-magnon Raman process.*” The expo-
nential decay of 1/T, indicates opening of a full gap in the q
space. The angular dependence of A implies the anisotropic
magnon dispersion. It is noted that A is much larger than Ty
and comparable to the antiferromagnetic Weiss temperature
®=-90 K. Since the magnitude of the magnon gap is attrib-
uted to the easy-axis single-ion anisotropy,*’ the large A con-
firms the strong Ising anisotropy in Ca3Co,04. The A rela-
tive to Ty is even greater than those of the quasi-1D
antiferromagnets such as CsCoCl; (Ty=9 K, A~40 K),*
NaVGe,O¢ (Ty=18 K, A~12 K),°! and LiVGe,O¢ (Ty
=23 K, A~83 K).”2

IV. CONCLUSION

We reported the experimental results of the detailed *’Co
NMR measurement first made on a single crystal of
Ca3C0,0¢, the model material of the frustrated Ising triangu-
lar lattice antiferromagnet consisting of ferromagnetic S=2
chains. The angular dependence of the *?Co NMR spectra
arising from the nonmagnetic Col site provided the Knight
shift and the electric field gradient tensors at 300 K, which
allowed to adjusting the magnetic field accurately to the
crystal axis. The temperature dependence of the *Co Knight
shifts measured along a” and ¢ axes was well scaled to the
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magnetic susceptibility and yielded the axially symmetric
hyperfine coupling constants as A%*=-8.7 kOe/ug and A¢
=2.0 kOe/ ug. The strong anisotropy in the hyperfine cou-
pling tensor suggests that the orbitals contributing to the
transferred hyperfine coupling are axially elongated along
the ¢ axis, consistent with the ferromagnetic interaction due
to the one-dimensional 3d5,2_,2 band. The nuclear spin-lattice
relaxation rate 1/7, measured along the ¢* and ¢ axes sepa-
rately gave the dynamic spin susceptibility along the ferro-
magnetic chain and the frustrated antiferromagnetic plane in
the paramagnetic state. The critical exponent for the antifer-
romagnetic correlation in the initial temperature range agreed
with that of the 2D Ising antiferromagnet. The large aniso-
tropic spin excitation gap compared to other Ising antiferro-
magnets was observed in the magnetically ordered state.
These results confirmed that Ca;Co,0g is an ideal model of
the classical 2D Ising antiferromagnet in both the paramag-
netic state and the magnetically ordered state. The transverse
magnetic field along the ¢* axis also stabilized the ferrimag-

PHYSICAL REVIEW B 82, 094430 (2010)

netic state, as observed in the sharp NMR spectra. The mi-
croscopic evidence for the first-order ferrimagnetic-
ferromagnetic transition was obtained at the effective
magnetic field of 3.5 T applied along the ¢ axis at 5 K.
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