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Static and dynamic properties of the quasi-two-dimensional antiferromagnet K2V30Og have been
investigated by 5'V-NMR experiments on nonmagnetic V> sites. Above the structural transition
temperature Ts = 115 K, NMR spectra are fully compatible with the P4bm space group symmetry.
The formation of superstructure below Ts causes splitting of the NMR lines, which get broadened at
lower temperatures so that individual peaks are not well resolved. Evolution of NMR spectra with
magnetic field along c-axis below the magnetic transition temperature Tn ~ 4 K is qualitatively
consistent with a simple Néel order and a spin flop transition. However, broad feature of the spectra
does not rule out possible incommensurate spin structure. The spin-lattice relaxation rate 1/T1
below Tn shows huge enhancement for a certain range of magnetic field, which is independent of
temperature and attributed to cross relaxation due to anomalously large nuclear spin-spin coupling
between V° and magnetic V4T sites. The results indicate strong gapless spin fluctuations, which
could arise from incommesurate orders or complex spin textures.

PACS numbers: 75.30.Gw, 75.50.Ee, 75.25.4+z, 76.60.-k

I. INTRODUCTION

Spin systems with non-centrosymmetric crystal struc-
ture often exhibit novel magnetic phenomena induced by
spin-orbit coupling.'* For example, the Dzyaloshinskii-
Moriya (DM) interaction®% generated by spin-orbit cou-
pling plays an important role to stabilize non-collinear
spin structures such as helical or canted antiferromag-
netic order. These non-collinear spin structures produce
higher order spin degrees of freedom such as scalar or
vector spin chiralities, whose coupling to external mag-
netic field or crystal lattice results in peculiar transport
or cross correlation properties such as non-trivial magne-
toresistance, anomalous Hall effect, and multiferroics.”8

In particular, cubic non-centrosymmetric crystals such
as MnSi, FeGe, or Fe;_,Co,Si have attracted great at-
tentions due to their exotic magnetic structure under
magnetic field.” ' The absence of inversion symmetry in
these systems allows chiral magnetic order with a long
period due to competition between ferromagnetic and
DM interactions in zero field. Application of modest
magnetic fields induces a transition into an exotic mag-
netic structure, where a lattice of topological spin tex-
ture called skyrmions appears before reaching the satu-
rated ferromagnetic state at a higher magnetic field. The
skyrmions have been observed in both momentum and
real space by using neutron scattering and microscopy
techniques.®!! Due to topological protection of the spin
texture, the skyrmion exhibits peculiar properties such as
current driven motion with ultra low current density,'® 4
topological Hall effect,'®'6 and multiferroic behavior!”.
These features have attracted not only academic interests

but also attentions from the application point of view.

Similar spin texture or chiral magnetic phases were
also predicted theoretically for certain antiferromagnets
with a non-centrosymmetric structure. Bogdanov et al.
predicted a modulated magnetic structure in the spin
1/2 antiferromagnet K3V3Og with a quasi-two dimen-
sional square-lattice.* Ko V3QOg crystalizes in the tetrago-
nal Fresonoite-type structure with the space group P4bm
as shown in Fig. 1, which consists of alternating V-
O and K layers. A V-O layer is formed by two types
of VO polyhedra, namely VOs5 pyramids with V4t are
connected to VO, tetrahedra containing V°t by cor-
ner sharing.'®19 K,V30g undergoes an antiferromagnetic
transition at Ty ~4 K. Neutron diffraction measurements
revealed a simple two-sublattice Néel order with spins
aligned along the c-axis at zero magnetic field.'® Appli-
cation of external magnetic field induces intriguing spin
reorientations.'® While a spin flop transition occurs at
the field of 0.85 T along the c-axis, fields along the a-axis
greater than 0.65 T cause the spins to rotate continu-
ously from the c-axis onto the ab-plane while remaining
perpendicular to the field. Such spin reorientation behav-
ior was explained by combination of the c-component of
the anti-symmetric DM interaction D.(S; x S2). and the
symmetric easy-axis anisotropic interaction.!® Substan-
tial enhancement of the thermal conductivity has been
reported for the fields above these critical values, which
is attributed to the gapless spin waves in the new ground
state in magnetic fields.2’

Based on a phenomenological continuum model, Bog-
danov et al. then pointed out that the in-plane compo-
nent of the DM interaction can stabilize a modulated
structure with topological defects such as vortices or
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FIG. 1: (Color online) Crystal structure of K2V3Og drawn
by VESTA?" in the high temperature phase with the space
group P4bm viewed along the c-axis (left panel) and along the
a-axis (right panel). A unit cell is shown by the solid lines.
a’ and b’ are the directions rotated by 45° from the a and b
axes in the ab-plane.

skyrmions in the vicinity of the spin flop transition.*
However, such a structure has not been reported so far.

Further experiments revealed a structural transition at
Ts ~115 K.21-24 While the splitting of of some phonon
modes observed by infrared spectroscopy provides evi-
dence for local distortion of VOg5 pyramids,?! 23 the mag-
netic susceptibility shows no anomaly at T5.'819 X-ray
diffraction measurements detected weak superlattice re-
flections indicating a 3 x 3 x 2 supercell, whereas the
precise structure has not been determined.?* Such a
lattice modulation could result in an incommensurate
spin structure due to corresponding modulation of ex-
change interactions,?> although incommensurate Bragg
peaks have not been detected by neutron scattering
measurements.'®2% On the other hand, large magneto-
optical effects on the V4*d — d onsite excitation spec-
trum indicates field-induced local distortion and strong
spin-lattice coupling.??> Raman spectroscopy also de-
tected mixing between the spin wave excitations and
phonon vibrations.??

In this paper, we discuss microscopic structural and
magnetic properties of KyV30g based on 'V NMR. ex-
periments on V°T sites. We observed splitting of the
NMR lines below Tg, which can be ascribed to the for-
mation of superlattice and associated local distortion of
the V405 pyramids. The lines get further broadened
with decreasing temperature and severely overlap with
each other, resulting in a broad NMR spectra even above
Tn. Evolution of the spectral shape below Ty in mag-
netic fields along c-axis can be explained qualitatively
by the spin flop transition with a simple Néel order as
proposed by previous studies. However, broad feature of
the NMR spectra does not rule out possibility for incom-
mensurate spin structures. The most remarkable obser-
vation in our work is the huge enhancement of the spin-
lattice relaxation rate 1/7) in a certain range of mag-
netic field, which is independent of temperature below
Tn. This is explained by the V3t- V4* cross-relaxation
process with unusually large nuclear spin-spin coupling,

indicating dense gapless spin fluctuations in high mag-
netic fields. Such spin fluctuations could arise in mag-
netically ordered states with incommensurate structures
or complex spin textures.

II. EXPERIMENTAL PROCEDURE

A single crystal of KoV30g with the size 1.7x3.0x0.4
mm?> used in this work was prepared as described in
Ref. 18. °'V NMR measurements were performed us-
ing a pulse NMR spectrometer with a double axis go-
niometer for precise alignment of the crystal in a mag-
netic field. NMR spectra were obtained by summing
the Fourier transform of the spin echo signal recorded
at equally spaced frequencies in a fixed magnetic field.
The spin lattice relaxation rate 1/77 was measured by
the saturation or inversion recovery methods with the
excitation-pulse-width less than 1 ps. The bandwidth of
the excitation pulse was broad enough to saturate all the
quadrupole split lines, therefore, the recovery of nuclear
magnetization after the excitation pulse always followed
an exponential function with a single value of 7.

The NMR resonance frequencies are generally given by
the following nuclear spin Hamiltonian

a,p
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where I is the nuclear spin and I = 7/2 for 51V nuclei.
The first term represents the Zeeman interaction between
the nuclear magnetic moment hyI and the local magnetic
field Hj,. acting on a nucleus, where v = 11.1988MHz/T
is the gyromagnetic ratio of ®'V nuclei. This term splits
the energy level into 2741 eigenstates of |[I, = m), where
z is the direction of Hj,., generating a single NMR line
at the frequency v = vHjoc.

The resonance line is then split by the second term,
which represents the quadrupole interaction between the
nuclear quadrupole moment tensor Q and the electric
field gradient (EFG) tensor V defined with respect to an
appropriate crystalline coordinate frame. Since the Zee-
man energy is much larger than the quadrupole interac-
tion in our experiments as shown below, it is sufficient to
consider the latter up to the first order in perturbation.
Then the frequencies of the quadrupole split line for the

transition I, =m << m—1(m=—-I+1,---,1I) is given
by
3V..eQ 1
m<rm—1 — i5) Tor/07 1\ — 2
Vmesm—1 YHoc + h2[(2[—1)(m 2) (2)
V.. = h-V:h, (3)

where h is the unit vector along Hj,. and V, is the EFG
along the direction of Hj,.. Thus a single vanadium site



produces seven equally spaced NMR lines. The value of
Hy,. can be obtained from the frequency of the central
line

YHioe = V1/2¢5-1/25 (4)

while the EFG tensor is determined from the spacing
between a pair of satellite lines,

1% Ry 7 _
ngh'VQ'h: m<sm 12m_1n+1<—> 7717

()
where the quadrupole coupling tensor is defined as

_ 3eQV
¢ = h2I(2I — 1) (6)

The local field is composed of a macroscopic field,
which is sum of the external field (Hext) and the Lorentz
and demagnetization fields, and a microscopic hyperfine
field (Hy¢) as

4
—H,., + ?” (1-3N) M, +Hy. (7

Hloc
In the second term representing the sum of the Lorentz
and demagnetization fields, M, is the magnetization per
unit volume and N is the demagnetization tensor which
can be determined from the shape of the crystal. Af-
ter correcting for this term, the central line frequency in
Eq. (4) then gives the value of |Hext + Hyg|. The hyper-
fine field is produced by surrounding electron magnetic
moments,

Hy = Z A, 1228 (8)

where A; is the hyperfine coupling tensor of a nucleus to
the magnetic moment p; (with Bohr magneton up as a
unit) at ¢ site.

In the paramagnetic state, all the moments are uni-
form and induced by the external field, p; = M/Npup =
X - Hext/Napup, where M is the molar magnetization,
Ny is the Avogadro’s number, and x is the susceptibil-
ity tensor. Therefore, the hyperfine field is expressed
as Hyy = A - x - Hexe/Napp with A = 3. A; and
[Hext + Hie| = |(1 + K) - Hext|, where we defined the
shift tensor

K=A x/Naug. (9)

Since all components of K are of the order of 1072 or
less as we will see below, it is sufficient to consider only
the component of Hys parallel to Heys. Therefore, the
experimentally observed shift K is given by

K = |cht + th| - Hc
n Hext

* ~K..=h-K-h. (10

The components of K can be determined by measuring
K for various field directions as discussed in section IIT A.

Certain components of K become zero by symmetry.
Let us consider, for example, V> (1) site shown in Fig. 1.
Since this site is on a mirror plane perpendicular to the a’
direction, it follows that if Hey is parallel (perpendicu-
lar) to a’, then Hy¢ must be also parallel (perpendicular)
to a’. Then the a'b'-, a’c-, V'a’-, and ca’-components of
the shift tensor K; at V° (1) sites should be zero. From
now on, we will use the a’b’c coordinate frame.

Kya O 0
Kl = O Kb/b/ Kb/c . (11)
0 ch/ ch

Note that the same rule holds also for the quadrupole
coupling tensor #?. Since other three V5 sites are gen-
erated by Cy operation along the c-axis, the shift tensors
at V5T (2) ~ V5*(4) sites are obtained by successive ap-
plication of Cy4 to Ky,

Kypy 0 —Kpe

Ko =| 0 Kyw 0 |, (12)
_ch’ 0 ch
Karar 0 0

K; = 0 Kyy —Kpe |, (13)
0 — Db ch
Kyy 0 Kpe

Ki =| 0 Kgw 0 |. (14)

ch’ 0 ch

IIT. EXPERIMENTAL RESULTS AND
ANALYSIS

A. Paramagnetic phase

Figure 2 (a) shows the !V NMR spectrum from V°+
sites obtained at 300 K with the magnetic field of 6.615 T
applied in the ca’-plane. Because of the glide symmetry
with respect to the ca’-plane which exchanges V% (1) and
V57t (3) sites each other, these two sites should give the
identical NMR, spectrum. Since other two sites are not
related by such a symmetry that leaves the field direction
invariant, we expect three sets of NMR, spectra, each of
which consists of quadrupole split seven lines. This is
indeed the case as marked by the red, green and blue ar-
rows in Fig. 2 (a) and labeled as VA, VB, and VC, respec-
tively. The peak frequencies of the quadrupole split lines
for each set are plotted in Fig. 2(b) with the same colors.
Full width of half maximum (FWHM) of the center line
is quite narrow, about 5 kHz for each set, indicating high
quality of the sample. Since the intensity of VC is twice
as strong as VA and VB, VC can be assigned to V51 (1)
and V57 (3) sites. However, other two sites cannot be
assigned uniquely. Therefore we consider two cases; in
case 1, VA (VB) is assigned to V3 (2) (V¥ (4)) and vice
versa in case 2. When the field is parallel to ¢, all sites
are indistinguishable due to Cy symmetry.
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FIG. 2: (Color online) (a) ®V NMR spectra obtained at
300 K for the external field Hext = 6.615 T applied in the
ca’-plane. Three sets of spectra, VA, VB and VC are ob-
served, each of which consists of quadrupole split seven lines
and marked by the red, green and blue arrows. (b) and (c)
The angle dependences of peak frequencies with Hext applied
in the ca’- and a'b’-planes. In (c), the data with blue open
squares (red solid dots) are assigned to V°(1) and V°*(3)
(VT (2) and V°T(4)) sites. The solid lines show the fitting
described in the text.

Figure 2 (c) shows the resonance frequencies for the
magnetic field in the a’b’-plane. In this case, the field di-
rection remains unchanged by Cs along the c-axis, which
exchanges Vo (1) and V5% (3), as well as VT (2) and
V5+(4). Therefore, the spectra consists of two sets, VD
(blue open squares) and VE (red solid dots). To be com-
patible with the assignment in Fig. 2(b) for Hex || @,
VD (VE) must be assigned to V57 (1) and V°*(3) sites
(V5+(2) and V57 (4) sites).

From the NMR frequencies of each set, the values of the
quadrupole splitting 2 and the shift K are determined
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FIG. 3: Angle dependences of v and K at V°* (1) site with
the field Hext = 6.615 T rotated in the (a), (d) b'¢-, (b), (e)
ca’-, and (c), (f) a’b’-planes at T = 300 K. The solid lines
show the fitting described in the text.

by Eqgs. (4), (5), and (10). Using the data for VC and VD
in Fig. 2(b) and (c), v and K for V>*(1) site at T =
300 K are obtained as a function of the field direction in
the ca’-, and a'b’-planes and plotted in Fig. 3(b), (c), (e),
and (f). Because of the Cy symmetry, the NMR spectra
of the V5*(1) site with fields in the b’c-planes should be
identical to the spectra of the V5T (4) site with fields in
the ca’-plane. Therefore, v2 and K for V°*(1) site with
fields in the b’c-planes are obtained from the VB data in
Fig. 2(b), assuming case 1, and plotted in Fig. 3(a) and
(d).

From these data, one can determine all components of



FIG. 4: (Color Online) Principal axes of the K and v/< tensors
for V51 (1) site for (a) case 1 and (b) case 2.

the shift and the quadrupole coupling tensors as follows.
For the fields in the ca’-plane, for example, the angle
dependence of K is expressed by using Egs. (10) and
(11) with h = (sin 6,0, cos#) as

Ka/a/

ch+Ka’a’ ch_

which is used to fit the data in Fig. 3(e).  Simi-
larly, the data in Fig. 3(d) and (e) can be fit to the
functions, (Kb’b' + KCC)/Q + (Kb/b' — ch) Ccos 29/2 +
(Kpe + Kep)sin20/2 and (Kpror + Ky )/2 + (Kgrar —
Kpp) cos20/2, respectively. Note that the off-diagonal
elements appear only in the symmetric form Ky + Kepr.
The same analysis can be applied to the quadrupole cou-
pling tensor only by replacing the components of K by
those of ¥ in the fitting functions. The results of the
fitting are shown by the lines in Figs. 3 and 2. The com-
ponents of K and v© for V>*(1) site at 300 K are deter-
mined as

K cos 26, (15)

—-0.11 0 0

K, = 0 —0.11 —0.01 | %, (16)
0 —0.01 —0.25
—-0.08 0 0
v = 0 0.3 -0.11 | MHz (17)

0 -011 —-0.05

for case 1. We assumed K; to be symmetric.

By diagonalizing these tensors, the principal values and
the corresponding principal axes are determined as shown
in Table I and Fig. 4 for both case 1 and case 2. Here,
Z (X) denotes the principal axis corresponding to the
largest (smallest) absolute principal value. As indicated
in Eq. (11), @’ is one of the principal axes due to mirror
symmetry. It turns out that a’ is the X-axis for both K
and vQ. The other principal axes are in the b'c-plane.

TABLE I: Principal values of the K and v? tensors for the
V5T (1) site of K2V30s at 300 K. ax (aq) denotes the tilting
angle of the Z-axis of K tensor (the Y-axis of < tensor) from
c to b’ in case 1. For case 2, ax and aq change sign, while
other parameters remain the same.

K (%) ax v (MHz) aq
X —0.11 — —0.08 —
Y —0.11 — —0.10 26°
Z —0.25 3° 0.18 —

The Z-axis of K (Y-axis of vQ) are tilted from c to b’ by
an angle ax (aq), which changes sign between case 1 and
case 2, while the principal values remain the same for the
two cases. Since oy is rather small, the choice of the two
cases does not make significant difference in the following
analysis on the spin structure in the antiferromagnetic
state and the spin-lattice relaxation rate. Therefore, we
assume case 1 in the following analysis and discussion.

Next, we discuss temperature dependence of the NMR
spectrum. Figure 5 (a) shows the variation of the NMR
spectra with temperatures for Hext||c. Upon cooling, the
spectrum shifts to lower frequency and gradually splits
below Ts = 115 K into three sets with the intensity ratio
of approximately 1 : 2 : 3 as shown in Fig. 5 (b). The
continuous evolution of the spectral shape suggests a sec-
ond order transition, consistent with the X-ray scattering
measurement.?* The lines get broadened with further de-
creasing temperature. Due to combined effects of three-
fold splitting and broadening of lines, it is not possible
to resolve individual peaks below 30 K. Below Ty ~ 4 K,
the spectral shape turns into a double peak structure as
shown in Fig. 5(c). This is ascribed to the appearance
of internal magnetic field generated by spontaneous mag-
netic moments.

Figure 6 shows the T dependences of K., the shift
for Hext||c. The data can be fit to the Curie-Weiss law,
K = Ko+ C/(T — 0) in the range 110 K < T < 300
K with the parameter values, Kqg = —0.047 %, C = —65
K~!and § = —17 K. This value of # is almost the same as
the Weiss temperature of the susceptibility, § = —16 K.!?
In Fig. 7, K at V57 (1) sites measured above Tk is plotted
against the magnetic susceptibility x for three different
directions of Heyi. Fach of these K vs. x plots can be
fit to a straight line consistent with Eq. (9). Since the
anisotropy of x is negligibly small in the paramagnetic
phase, the hyperfine coupling tensor A can be determined
from the slope of the K vs. x plots as

-033 0 0
A= 0 -033 —0.03
0 -0.03 -0.97

T/ps. (18)

Here we assumed that the principal axes of K shown in
Table I does not change with temperature. The coupling
tensor A is the sum of contributions from the classical
dipolar interaction and the transferred hyperfine interac-
tion caused by covalent bonding effects, A = AdP 4 Atr,
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FIG. 5: (Color online) (a) Temperature dependence of the 'V
NMR spectra for Hext = 6.615 T along the c-axis. Detailed
T dependences of the spectra below the structural transition
at Ts = 115 K and the magnetic transition at Tx ~ 4 K are
shown in (b) and (c). The red, blue and green lines indicate
appearance of three sets of NMR lines.

The dipole contribution can be calculated by summation
over lattice points as

_ 0.058 0 0
AdiP — 0 —0.019 0.0003
0  0.0003 —0.040

T/ s, (19)

-2.0 T T 20
540
v, (kHz) -
52
15+ L -115
50 % N
— A. .;*" L4 E
Q n 48t 4 e, ] 3
o -1.0r eeqeli0s
x \! 46 . . . s " J
b . 45600 T80 200 0 300| =
L T E
a
0.5F T se. 5
[ 3
KzV3Os R TR PR
Hex (= 6.615T) || ¢

0 50 100 150 200 250 30(9
Temperature (K)

FIG. 6: (Color online) Temperature dependence of the shift
K.. and FWHM of the center line at Hexy = 6.615 T along the
c-axis. The dashed curve shows the fitting to the Curie-Weiss
formula K = Ko+ C/(T — ). The inset shows T" dependence
of the quadrupole splitting ve.
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FIG. 7: (Color online) The shift K at V5T (1) sites plotted
against the magnetic susceptibility x for three different field
directions: ¢, a and the Zgrg.

leaving the transferred hyperfine coupling tensor as

=039 0 0
A" = 0 -031 —-0.03
0 —-0.03 -0.93

T/ps. (20)

Note that A™ is an order of magnitude larger than AP

The structural transition at 115 K causes splitting of
the spectrum, while no visible anomaly appears in the
magnetic susceptibility.?! This indicates that the hyper-
fine coupling tensor must be affected by the transition.
Indeed, the K. versus x plots for the split peaks in the
range 60 K < T < 110 K below Tg shown in Fig. 7
give different values of the coupling constant A.., —1.02,
—0.95, —0.76 T/ up, compared to the single value of —0.97
T/up above Ts. The quadrupole coupling is also affected
by the structural transition. As shown in the inset of Fig.
6, vQ for the split peaks exhibit widely different 7" de-
pendences and rapidly changing even below 60 K . This
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indicates that the lattice distortion keeps growing down
to low temperatures. Because of these unusual spectral
features, we are unable to resolve individual peaks below
60 K.

The change of NMR spectrum below T3 results from
combined effects of two phenomena. First, formation of
the superstructure leads to the splitting of NMR lines.
Although the spectrum shows three-fold splitting imme-
diately below Tg, there could be further splitting at lower
temperatures since the size of the super cell is very large
(3 x 3 x 2)2%. The splitting is caused by both magnetic
and structural origins as mentioned above. Second, the
width of each of these split line increases at lower tem-
perature due to growing inhomogeneity, which leads to
continuous distribution of local spin susceptibility and
hence broadening of the NMR lines. Although micro-
scopic origin of the inhomogeneity is not clear, it is likely
to be magnetic since it becomes strong at lower temper-
atures similar to the magnetic susceptibility. Although
these are two distinct phenomena, it is difficult to distin-
guish them experimentally because split lines will look
like a single broad peak if they overlap strongly. In fact,
this is the situation, for example, for the spectrum at
6 K in Fig. 5(a). Although the overall spectral shape
is broad and asymmetric, fingerprints of many relatively
sharp peaks can still be recognized. Such complicated
spectral shape and lack of knowledge of precise struc-
ture hampers us to perform quantitative analysis of the
spectra at low temperatures.

B. Magnetically ordered phase

We next focus on the °'V NMR spectra for T <
Tn ~ 4K. As shown in Fig. 5 (c¢), broad spectra with
double peak structure were observed for Hext = 6.615 T
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FIG. 9: (Color online) (a) Temperature dependence of the
51V NMR spectra for Hex, = 6.615 T along the a-axis. (b)
External field dependence of 5V NMR spectra obtained at 2
K for Hext||la. Two arrows indicate the spectral positions at
which 1/77 was measured.

along the c-axis. This spectral shape does not change
much with magnetic field in the range 0.9 < Heyy <
10.5 T as shown in Fig. 8(a). At lower fields, however,
a drastic change occurs from double peak to single peak
structure with significant narrowing. This is ascribed to
the spin flop transition at 0.85 T'® as we discuss in sec-
tion IV B. The broad spectral shape with double peaks
at the edges is often associated with an incommensurate
spin structure. However, in our case, the broad feature
appears already above Ty due to structural complexity.
Therefore, we cannot make definite conclusion whether
the magnetic structure is commensurate or incommensu-
rate.

When the field is applied along the a-axis, we ob-
served broad spectra with more complex spectral shape
as shown in Fig. 9. However, this spectral shape persists
even above Ty, therefore, it is mainly governed by the
distributions of hyperfine fields and nuclear quadrupole
couplings caused by the structural transition. For Hey||a
the spectral shape may change below 0.65 T due to con-
tinuous reorientation of the spin structure. However, we
were not able to detect NMR signals below 0.65 T due to
low signal intensity and very short spin-echo decay time
Ts.
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FIG. 10: (Color online) Temperature dependence of the spin-
lattice relaxation rate 1/77 measured in the external fields
Hext = 3.0 and 6.615 T applied along the a- and c-axes.
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FIG. 11: External field dependence of the spin-lattice relax-
ation rate 1/71 at 2 K measured at the peak frequencies of
the spectra marked in Figs. 8 and 9(b). The color of the
plots indicates correspondence to the peak in Figs. 8 and
9(b) marked with the same color.

C. Spin lattice relaxation rate

Figure 10 shows the T" dependence of the spin-lattice
relaxation rates measured for Heyy = 6.615 T applied
along the a- and c-axes. Above 30 K, (1/T}) are nearly in-
dependent of temperature for both field directions. Such
a behavior is typical for magnetic insulators in the tem-
perature range sufficiently higher than Ty. In spite of the
line splitting at Ts, (1/T1) does not show any anomaly
at the structural transition.

Upon cooling below 30 K, (1/77), for Hexs||a decreases
gradually down to 6 K, below which it shows a diver-
gent behavior toward Ty ~ 4 K. Below T, (1/71), de-
creases steeply, following approximately the T° depen-
dence. Similar behavior is observed also for Heyy = 3.0 T.
These power law behaviors are typical T' dependence for
an antiferromagnet whose nuclear spin relaxation rate is
governed by two or three magnon scattering processes.?®

For Heyt||e, the T dependence of (1/T}). is similar to
that of (1/71), above Tx. However, the T' dependence
of (1/T1). below Tn changes drastically with magnetic
field. While (1/T}). at Hext = 6.615 T depends only
very weakly on T down to 1.5 K, it shows a steep de-
crease at Hoyxy = 3 T similar to the behavior of (1/T1),.
Such a weak T dependence of 1/T) suggests appearance
of low energy spin fluctuations in a high magnetic field.

In order to understand this puzzling field dependence,
we have performed detailed 1/7} measurements over a
wide range of magnetic fields at 2 K as shown in Fig. 11.
Since the spectra are quite broad below Ty, we measured
1/Ty at two frequencies for each field direction; the two
peaks (peak 1 and 2) marked by the black and red ar-
rows in Fig. 8 for Heyt||c and the similar peak structures
(peak 3 and 4) marked by the green and blue arrows
in Fig. 9 for Hext|la. For both field directions, simi-
lar field dependence of 1/T; is observed at different fre-
quencies. With increasing field for Heys||e, (1/T1), first
exhibits a very sharp peak at the spin flop transition
(0.85 T). Such a behavior has been observed also in other
antiferromagnets.?? In the field range 2 < Hey < 5 T,
(1/T}). keeps low values ~10 s~'. However, (1/T}).
shows a steep enhancement over two orders of magni-
tude in a narrow field window above 5 T and keeps high
values up to ~8 T, above which it is suppressed steeply
again to the values below 10 s~!. On the other hand,
(1/T1)q for Hextl|a keeps low values up to ~8 T but get
enhanced over nearly three orders of magnitude within
the field range 8 ~ 10 T, in a qualitatively similar man-
ner to the behavior of (1/T}). above 5 T. We propose in
section IV that such an anomalous field dependence of
1/Ty can be caused by cross relaxation effects between
nuclei on non-magnetic V°* sites and those on magnetic
V4t sites.

IV. DISCUSSION
A. Lattice distortion

Below Ts = 115 K, the 51V NMR spectrum for Hey||c
splits into three sets as shown in Fig. 5. This split-
ting is most likely associated with the superlattice for-
mation with the wave vector £(110)* + 3c* detected by
X-ray diffraction.?* In the following, we propose a possi-
ble mechanism which relates these two phenomena.

Infrared and Raman spectroscopy measurements re-
vealed local lattice distortion in the V4t O5 pyramid,?! 23
in particular, the stretching phonon mode for the V4+-
02 (apical oxygen) bond exhibits splitting at 115 K.
Then it is likely that the V4T-O2 bond length has the
same periodic modulation as the supertattice below Tg as
illustrated in Fig. 12(a) and (b). There are three types of
V4t Oy pyramids indicated by different colors, blue, red,
and green, with different V4*-O? bond length, longest
in the blue pyramids and shortest in the green pyramids.
Because each V°7 sites is chemically bonded to two near-



est neighbor V4t Qs pyramids, six types of of V°T sites
can be distinguished according to the combination of the
types of the nearest neighbor V4+O5 pyramids: (1) blue-
blue, (2) red-red, (3) green-green, (4) blue-red, (5) red-
green, and (6) greed-blue. In the first three cases, the
V5t sites are connected to the same type of pyramid and
the local mirror symmetry is preserved. We then expect
only a minor change in the hyperfine coupling constant.
In the other three cases, the V°% sites are connected to
different types of pyramids, which breaks the mirror sym-
metry and results in the tilting of the principal Z-axis
of the K tensor from the mirror plane. Such a drastic
change in symmetry is likely to cause substantial change
in the hyperfine coupling. Moreover, since the degree of
tilting should be larger for case (6) than cases (4) and
(5), the intensity ratio of 1 : 2 : 3 for the split NMR
lines can be reproduced by this model. See Fig. 12(c).

B. Spin structure in the magnetically ordered
phase

The NMR spectra below Tn show broad two peak
structure with finite spectral intensity extending over the
entire frequency range. Such a continuous distribution of
hyperfine field in a single crystal is usually associated
with an incommensurate spin structure. In our case,
however, quasi-continuous distribution of the hyperfine
field already appears above Tx due to structural modu-
lation with a large supercell. Therefore, the distribution
of the hyperfine field below Ty is, at least partially, due
to distribution of the hyperfine coupling constant and the
modulation of the antiferromagnetic moments caused by
the structural distortion. Since the precise crystal struc-
ture below Tg is not known, we are unable to analyze such
effects quantitatively. On the other hand, we show in the
following that gross features of the field dependence of
the spectrum for Heyt||c can be simply understood based
on the spin structure proposed by the neutron scattering
experiments'® built on the undistorted high temperature
structure.

As mentioned in section IIT A, the hyperfine field at the
V57 sites comes dominantly from the short range trans-
ferred hyperfine interaction rather than the long range
dipolar interaction. Therefore, we only consider contri-
bution from the two nearest neighbor V4* moments in
the summation of Eq. (8) for the V°*(1) sites in Fig. 1,
H]ff = Ajp - s+ Aip - pup, where Aj5 and A g are the
hyperfine coupling tensors to the moment on the V4*(A)
and V4t (B) site in Fig. 1 and include both the transferred
hyperfine and the dipolar contributions. Aja + Aip is
equal to A given in Eq. (18). Then A4 and A;p can be
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FIG. 12: (Color online) (a) The crystal structure with the
3x3x2 supperlattice below 115 K projected on the ab plane.
(b) Proposed modulation of V**O5 pyramids along [110]. (c)
Three types of local distortion surrounding VT Oy tetrahe-
dra connected to two V4T Os pyramids. Black arrows on
the V*T 05 pyramids denote distortion of the apical oxygens,
while red arrows in the V°T Q4 tetrahedra indicate tilted prin-
cipal axes Z for the Knight shift tensor.

expressed as

-0.16 ¢ €
Aa=| 6 -017 —0.02 | T/up, (21)
€ —0.02 —0.49
—-0.16 —¢ —€
Ap=| -0 —017 —0.02 | T/us. (22
—e —0.02 —0.49
Note that the off-diagonal a’'b’-, da’c-, b'a’-, and ca'-

components of Aja and Aip are non-zero because the
individual bonds V®*+(1) - V4 (A) and V®*(1) - V4 (B)
are not on the mirror plane. The values of these compo-
nents change sign between Aja and A due to the mir-



ror symmetry and defined as § and e. Their contribution
vanish when the moments are uniform as in the param-
agnetic state. The other components should be the same
for A1a and A1p and obtained by dividing the values in
Eq. (18) by two. The hyperfine fields at the other V5+
sites can be obtained by using the Cy transformation.

The neutron diffraction experiments'® have proposed
a simple Néel order for Heys||c below the spin-flop tran-
sition field (0.85 T), in which the corner and face-center
moments within the basal plane are aligned along the ¢
axis and antiparallel each other; thus pa = (0,0, M) and
pup = (0,0,—M). The hyperfine fields at the four V5+
sites in a unit cell are then expressed as

HI = 2¢M(1,0,0),
HA = 2¢M(0,1,0),
i e
HAY = 2¢M(-1,0,0),
(

in the a/b’c coordinate frame. For all sites, H" is perpen-
dicular to Heyt||c and has the same magnitude, therefore,
no splitting is expected below Tx. This is consistent with
the observed spectra for Hex(||c) = 0.5 and 0.8 T at 2.0
K shown in Fig. 8(a). These spectra have relatively nar-
row width and the center of gravity is shifted from ~y Heyt
by about 0.2 and 0.1 MHz, respectively. This shift is ex-
pressed as y|Hext + Hyf| — 7Hext. By taking M = 0.7
up '8, the observed shift for Hey(||c) = 0.5 and 0.8 T can
be reproduced by assuming |e| = 0.10 T/ugp.

The field along the ¢ axis above 0.85 T causes the an-
tiferromanetic moments to flop from c to a.'® With fur-
ther increasing field, the uniform magnetization are in-
duced along the ¢ axis. Therefore, the sublattice mo-
ments are expressed as pa = M(u/v/2,u/v/2,v) and
pup = M(—u/V?2,—u/v/2,v) with u? + v? = 1. The hy-
perfine fields are then given as

HY = V2Mu
HY = V2Mu
HY = V2Mu
HY = V2Mu

8,6, €) + 2Mv(0, —0.02, —0.49),
—68,—6,€) + 2Mv(0.02,0, —0.49),
5,8, —€) + 2Mv(0,0.02, —0.49),

—68,—6, —€) + 2Mv(—0.02,0, —0.49).
(24)

—_— o~~~

The first term from the in plane AF moments has a stag-
gered ¢ component and produces two peaks of the spec-
trum. The second term due to the field-induced uni-
form magnetization shifts the entire spectrum to lower
frequency. The field induced moment is determined
from the magnetization data in Ref.22 as v = kH with
k = 0.016 T7! for Heyy < 10 T. Assuming again |e| =
0.10 T/up and M = 0.7 ug, the frequencies of the two
peaks are calculated by f; = v|Hex, +HM| (i = 1-4) and
displayed in Fig. 8(b) by the solid lines. The calculated
frequency shifts agree well with the observed positions of
the broad peaks at low fields below 4 T, although sys-
tematic deviation develops at higher fields.
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The quantitative agreement between the calculation
and the experimental spectra indicates that the simple
two-sublattice spin structure is not fundamentally af-
fected by the structural modulation. Such a magnetic
structure was also reported in another oxide with simi-
lar quasi-two dimensional lattice, CayCoSizO7.%0 In these
systems, the small lattice modulations appear to have
negligible effects on the exchange interactions and the
spin anisotropy which determine the spin structure.?%:26
In K5V30g, the structural transition has no effects on
1/Ty as mentioned in section III C, indicating that the
exchange interaction indeed remains unchanged by the
structural transition. However, we should note that pos-
sibility of an incommensurate spin structure cannot be
ruled out because of the broad nature of the spectra. It
is thus difficult to discuss presence or absence of the mod-
ulated magnetic phase as proposed by Bogdanov et al.*
based on the NMR results.

C. 1/T: above Tx

The nuclear spin-lattice relaxation rate in magnetic in-
sulators is determined by the time correlation function
of spins coupled to nuclei. When temperature is suffi-
ciently higher than the energy scale of exchange inter-
action, dynamics of individual spins can be modeled by
random Gaussian fluctuations under the influence of ex-

change coupled neighboring spins and 1/77 is expressed
31,32
as’

X Z (1= h3) A x + (1 — hi) ARy (25)
+(1 = h%)Al,,].

Here, the exchange frequency w. is defined by w? =
2J?pS(S + 1)/3h* with the exchange interaction J and
the number of neighboring spins p (p = 4 for K3V30s).
Aixx, Aiyy, and A;zz are principal values of hyperfine
coupling tensors, and hx, hy, and hz are the compo-
nents of the unit vector along Heyt in the XY Z coordi-
nate frame. We consider contribution from two nearest
neighbor spins, Egs. (21) and (22), in the sum of Eq. (25).

Taking the values 6 = ¢ = —1 kOe/pugp, as discussed
in section IV B, the principal values of the hyperfine
coupling tensor are obtained as (A;xx, Aivy, 4izz) =
(—0.06, —0.24, —0.52) T/up. Then, using Eq. (25) with
these principal values, S = 1/2, and |J| = 12.0 K deter-
mined from the spin wave spectrum obtained by inelas-
tic neutron scattering measurements?®, we can estimate
(1/T1)q and (1/T%). as 475 s~! and 1615 s~!. These
values are larger than the experimental values at 300 K
and 6.615 T, (1/T1). = 260 s~! and (1/T1), = 950 s~1
by a factor 1.7 - 1.8 but discrepancy is not significant..
It should be stressed that there is no anomaly in the T'
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FIG. 13: (Color online) The dashed red line indicate the calcu-
lated NMR frequency of V¥ sites as a function of the external
magnetic field along the (a) c-axis and (b) a-axis as described
in the text. The peak frequencies of the V3% NMR spectra
marked in Figs. 8 and 9(b), at which 1/7} is measured, are
also plotted by solid circles.

dependence of 1/T} at Ts ~ 115 K, indicating that ex-
change interactions are not largely affected by the lattice
distortion.

D. Enhancement of 1/}

In contrast to the weak field dependence of the NMR
spectra, 1/T) shows anomalously strong dependence on
Hy below Ty (Fig. 11). The most distinctive feature is
the sharply defined field range 5 < Hext < 9 T, in which
(1/T1)c for Hext||c is enhanced over more than an order
of magnitude. Neither magnetization nor NMR spectra
shows such anomaly. This motivated us to look into the
cross relaxation phenomena caused by mutual coupling
between two distinct spin systems, one with slow relax-
ation and the other with fast relaxation. Their Larmor
frequencies are generally different, therefore, exchange of
energy between two spin systems is inhibited. However,
if they can coincide by adjusting the external field, the re-
laxation rate of the slow system will be largely enhanced
by exchanging Zeeman energy with the fast system.

In our case, the slow and the fast system are the °'V
nuclei on V3 and V** sites, respectively. Although
we are unable to observe NMR signal from V4T sites
likely due to extremely short spin-echo decay time (T5),
their Larmor frequency can become close to that of V5T
sites. The V4t sites in KyV30g form V4TOs pyra-
mids with one 3d electron occupying the d,, orbital.
The principal values of the hyperfine coupling tensor
then consists of isotropic core polarization field and ax-
ially anisotropic dipolar field, At = Aj, + 24,y and
At = Ag* = Ajso — Aax- Both |Ajs| and |A.x| are an
order of magnitude larger than the transferred hyperfine
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field at V5 sites.

The values of Ajs, and A, were experimentally deter-
mined in CaV,053? and in the charge ordered phase of a-
NaV50534, both of which contain V4T O5 pyramids in the
crystal structure. The reported values are Ajo = —11.7
(—10.0) and Apx = —6.0 (—4.2) T/up for CaVy05 (a-
NaV50s;). Since both Ajs, and A,x depend substantially
on the chemical environment of the material, we assume
uncertainty of £30% for their possible values in Ko V3O0g,
Ajgo = —114£3, Asx = -5+ 1.5 T/ug.

We found that the Larmonr frequencies of V#* and
V5T sites indeed coincide near the peak field of 1/7} if
we choose Ajso = —8 and A,x = —4 T/up for K3V30s.
The Larmor frequency of V4t sites calculated as a func-
tion of field is shown by the red dashed line in Fig. 13(a)
for Hext||c and (b) for Hext|la. We employed the same
model for the evolution of spin structure with field as
discussed in section IV B for Heyt||c. For Hext|la, we as-
sumed spin reorientation to b-axis below 1 T and growth
of the uniform magnetization along the a-axis at higher
fields.'® The NMR frequency at the V4T sites contains
contribution also from the orbital (van-Vleck) suscepti-
bility. This is estimated to be 0.5 % in a-NaV,0s53%,
corresponding only to 0.6 MHz at 10 T and neglected in
our analysis. The frequencies of the two peaks of the V5T
NMR spectra, at which 1/73 is measured, are also plot-
ted by solid circles. Comparing the NMR frequencies of
V4t and V1 sites, they indeed coincide at Heyg ~ 4.8 T
for Hext||c and at Hext ~ 10.4 T for Hexs||a in agreement
with the peak of (1/7T1). at 6 T and peak of (1/71), at
10 T (Fig. 13). Thus the enhancement of 1/7} at 2 K
is likely to be associated with cross relaxation between
nuclei on V4t and V°7 sites.

In order to examine the validity of cross relaxation
mechanism quantitatively, we follow the analysis pre-
sented in Refs.[35-38]. The coupling between nuclei on
V4 and Vo7 sites relevant to the spin-lattice relaxation
of V2% nuclei can be written as

Ho =D oy (L5150 + IH5T0)
7.k

(26)
+ 2Bl (12 + 120
J.k

where Ifjf (Ij;r) is the component of the nuclear spin
perpendicular (parallel) to the time-averaged local field
at the j-th V4 site and I35 (I2) is similarly defined
for V?+ sites. This coupling enables the relaxation pro-
cesses of nuclear magnetization at V°% sites, that is the
transitions between different eigenstates of If,j , caused
by fluctuations of either zy- or z-component of the V4+
nuclear spins. By assuming Lorentzian frequency spectra
for fluctuations of V4t nuclear spins, which is centered
at w = 0 for the z-component and at ws4, the Larmor
frequency of the V4 nuclei, for the zy-component, the
cross relaxation rate 1/TR of the V°* nuclei is given as

a function of the NMR angular frequency w of V°* nuclei
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(Aw?) 575
1+ 2 2’

I <Aw2>a Ta
TR = T (= )72

(27)

where 7, (73) is the correlation time of z (xy) component
of the VT nuclear spins and (Aw?) 5 are the respective
contribution to the second moment of the local field at
the V°F site.

The cross relaxation rate 1/TR for Hey|c is obtained
experimentally from the data of 1/77 in Fig. 11 by sub-
tracting the value of 1/T; at the highest field of 10.5 T,
where the cross relaxation effect is absent. The results
are shown in Fig. 14(a) for peak 1 and (b) for peak 2.
The sharp peak of 1/TFR at 66 MHz suggests that the
first term is dominant in Eq. (27). Keeping only the first
term, we fit the data of 1/T°F in Fig. 14 to the following
function,

1 Aw?) T,
= (AW 7 . (28)
T L+4m2(f — fag)?73
The values of the fitting parameters y/(Aw?) , 7o, and

f4+ are obtained as <Aw2>a = (1.08 £0.04) x 10° s~ 1

= (7.5+0.9) x 107 s, far = 65.3 = 0.2 MHz for
peak 1 and /{Aw?), = (0.98 £ 0.05) x 10° s7!, 7, =
(78 +1.1) x 1078 s, fur = 66.8 = 0.2 MHz for peak

12

2. The correlation time 7, provides the upper limit of
the spin-echo decay rate 1/T% of V4* nuclear spins. The
very short 7, ~ 0.1 ps is, therefore, consistent with the
absence of observable V4T NMR signal. However, we also
note that the peak-width of 1/TF® in Fig. 14 is assumed
to be entirely dynamic in our analysis. There should be
some static distribution of f;4 due to inhomogeneity of
antiferromagnetic moment or hyperfine coupling, which
contributes to the peak-width of 1/T'°R. Thus our fitting
most likely underestimates 7.

In non-magnetic solids, the nuclear spin-spin coupling
is caused by dipolar field, leading to the following expres-

sion of the second moment?3®

(D), = (2? 74h21(1+1)2%. (29)
k

This expression has to be modified in our case since the
direction of the local field is not the same for V4*+ and
V5T nuclei. After a straightforward but tedious proce-
dure to reexpress Eq. (26) using a common coordinate
frame for V4* and V®* nuclear spins, the second mo-
ment due to the dipolar coupling is calculated to be

(Aw?) g, =2 x 10°

the coupling between V4t and V5T nuclei in the AF state
of K3V30sg is 50 times stronger than the dipolar coupling.

In magnetic materials, strongly enhanced nuclear spin-
spin coupling has been observed and a few mechanisms
are known where such coupling is mediated by electronic
processes, for example, the Ruderman-Kittel-Kasuya-
Yoshida type interaction in f-electron metals3® 38 or vir-
tual spin wave excitations in insulating spin systems.??:40
What is particularly remarkable in our case is that the
highly enhanced cross relaxation rate 1/TCR at the peak
frequency is nearly independent of temperature below Tx
down to the lowest temperature of our measurements (see
(1/T1). at 6.615 T in Fig. 10), in strong contrast to the
rapid suppression of 1/77 when unaffected by cross relax-
ation mechanism. This indicates persistence of gapless
spin fluctuations in the ordered phase at high magnetic
fields. Gapless spin excitations at high magnetic fields
have been also proposed to be responsible for the highly
enhanced thermal conductivity.?? Such gapless fluctua-
tions could be related to phase modes in incommensurate
spin structures or complex texture.

s~1. Therefore, we conclude that

V. CONCLUSION

The °'V NMR measurements on non-magnetic V>
sites in the quasi 2D antiferromagnet KoV30g revealed
complex line splitting and subsequent line broadening be-
low the structural transition temperature (115 K) due to
significant change of the hyperfine coupling caused by
local lattice distortion. Crude feature of the NMR spec-
tra with broad double peak structure for the magnetic
field along the c-axis in the antiferromagnetically ordered
state is qualitatively explained by a simple Néel order



with a spin flop transition, although precise determina-
tion of the spin structure is not possible due to struc-
tural complexity. In contrast to the rather conventional
static behavior, dynamic anomaly revealed by huge en-
hancement of the nuclear spin-lattice relation rate 1/T}
in a certain range of magnetic fields points to cross relax-
ation caused by extremely strong nuclear spin-spin cou-
pling between non-magnetic V>* and magnetic V4 sites.
This might be closely associated with the strong gapless
spin fluctuations associated with possible incommensu-
rate spin structure or exotic spin texture.
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