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We used >'V NMR to study magnetic ordering in the NizV,0g single crystal with a Kagome staircase
structure of Ni atoms. The NMR spectra were measured in the temperature range 7=(3-300) K and magnetic
fields H=(2-9.4) T directed along the main a,b,c axes of the orthorhombic (Cmca) crystal. The local
magnetic field at the Sy NMR probe determines position and the shape of the corresponding NMR line. These
parameters yield an unique information, respectively, on the uniform and the staggered spin components of the
ordered Ni. The NMR data collected at H=2 T are considered in line with predictions of the representation
theory [A. Harris, Phys. Rev. B 76, 054447 (2007)] with a result that incommensurate amplitude-modulated
structure of the spine Ni spins acquires in the high-temperature incommensurate (HTT) phase two prominent
nearly equal spin components S,~S.>S, instead of the longitudinal incommensurate spin-density wave
(SDW) order with S,>S.,S, as it was deduced from neutron-diffraction data [M. Kenzelmann er al., Phys.
Rev. B 74, 014429 (2006)]. No noticeable variation of SDW polarization in the ab plane was detected below
the HTI-low-temperature incommensurate (LTI) transition. In both the HTT and LTI phases two almost equal
spin components of the Nig spins S,~S.> S, exist at H<<4.7 T. Their phasing is still not determined. The bulk
magnetization in these phases is explained by contribution of the cross-tie Ni. spins which antiferromagnetic

structure in the LTI phase is canted along H.
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I. INTRODUCTION

Intensively studied triple oxides Me;V,0g (Me=Cu, Ni,
Co, and Mn) (Refs. 1-3) represent geometrically frustrated
magnets where the triangle Kagome lattice of Me ions can
result in diverse energetically degenerate states with different
orientations of the neighbor spins. In the orthorhombic Cmca
structure of the oxides the Kagome staircase lattice appears
with partially lifted degeneracy due to evident single-axis
crystal anisotropy. Nevertheless, in anisotropic Kagome
staircase structure the competition of comparable exchange
interactions between magnetic ions manifests itself at low
temperature in the consecutive magnetic phase transitions
exhibiting new examples of long- and short-range magnetic
ordering.

The low-temperature magnetic order in NizV,Og is of
special interest due to the observation of homogeneous ferro-
electric polarization* in one of magnetic phases displaying
incommensurate modulated spin structure of the Ni spins.>~8
The Ni3V,03 (NVO) oxide represents magnetic insulator
with orthorhombic crystal structure (space group Cmca No.
64).-!! The structure schematically shown in Fig. 1 consists
of two different types of Ni>*(3d®, S=1) ions: Ni;—"“spine”
and Ni.—“cross tie,” which form the chains of Kagome
staircases along a axis in the ac plane. The neighbor stair-
cases are separated by the layers of slightly distorted VO,
tetrahedrons which stabilize the oxide crystal structure. The
nonmagnetic V>*(3d°) ions occupy structurally equivalent
sites surrounded with six Nig—(sl1-s6) and three Ni,
—(c1-c3) magnetic neighbors!"!> as shown for V1 atom in
Fig. 1.
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PACS number(s): 76.60.—k, 75.40.—s, 75.50.—y

The material is paramagnetic (PM) above 10 K. Below
this temperature the magnetic ordering of Ni** ions appears

FIG. 1. Schematic nearest-neighboring environment of vana-
dium (V1) by the “Ni—spine” (s1-s6) and “Ni.—cross-tie” (c1-c3)
nickel atoms in the Kagome-staircase orthorhombic structure of
Ni;V,04. The dashed lines connecting Ni atoms illuminate the
Kagome pattern of the structure. The Ni-O, O-V bonds responsible
for the spin-polarization transfer at the nonmagnetic V atoms are
shown with gray solid lines.
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as follows from the magnetization, heat capacity, and neutron
diffraction data.!*>!" The magnetic order of the high-
temperature incommensurate (HTI) dielectric phase is repre-
sented with longitudinal spin-density wave (SDW) of the Ni
spins, predominantly polarized along the a axis. Whereas
entering below 6.4 K to the low-temperature incommensu-
rate (LTT) ferroelectric phase both the Nig and Ni, moments
point the cycloid spiral in the ab plane with the wave vector
again along a.'' In zero magnetic field the phases with com-
mensurate antiferromagnetic order, the high-temperature
phase (CAF) and the low-temperature one (C’AF), appear
only below 4 K.

The microscopic information coming from the neutron-
diffraction experiments performed hand in hand with the
comprehensive symmetry consideration is mainly relevant to
the staggered magnetic order developed in the incommensu-
rate phases while the uniform magnetic components of
nickel remain almost hidden. In this paper we studied the
distribution of spin density in paramagnetic and incommen-
surate magnetic phases of the NVO single crystal by mea-
suring °'V NMR in the temperature range T=(3-300) K at
magnetic fields H=(2-9.4) T. It is shown that the °'V NMR
line is shifted due to the local magnetic field originating in
the spin polarization transferred from the magnetic (Nij, Ni,)
neighbors to the nonmagnetic V>* ion. The modulated spin
structures varying both the magnitude and direction of local
field from one vanadium site to another produce specific
NMR line shape. The investigation of magnetic order for the
incommensurate HTT and LTI phases which differ by the
absence and presence of ferroelectric domain structure,
correspondingly,” is of the main concern. The >'V NMR data
are discussed taking into account the bulk magnetization data
measured in the same sample at the same magnetic fields
directed along the main crystal axis Hlla, H|lb, and Hll¢ to
elucidate the features of local ferromagnetic (FM) and anti-
ferromagnetic spin correlations of the nickel ions in the NVO
crystal.

II. SAMPLES AND METHODS

Single crystals were grown by spontaneous crystallization
from the fluxed melt based on the solvent BaO-V,0s5. The
route of growth has been already used for these vanadates.’
Under optimized growth conditions BaCO;, NiO, and V,05
powders (all of 99.99% purity) were mixed in molar ratio
1:1:1.5 and placed in a high-density alumina crucible. After a
common procedure of the mixture calcination in air at
900 °C and following homogenization of the fluxed melt at
1200 °C during eight hours, temperature in the furnace with
vertical heating elements was decreased down to 900 °C at
the rate 1 °C/h. Then the rest of the fluxed melt was quickly
removed from the crucible and the grown crystals were
cooled down to room temperature at a rate of 50 °C/h for
about 15 h. The grown crystals of deep dark gray color had a
rhombic plate habit with up to 2 cm? square surface of the
main rhombic face of the {010} type and thickness in the
range (1-1.5) mm along b axis. For the well-shaped single
crystals the a and ¢ axes coincide well with the rhombic face
diagonals. The x-ray fluorescent analysis confirmed desirable
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cations ratio in the grown crystals as well as the absence of
barium within the detection limit level.

The room-temperature lattice parameters of the ortho-
thombic Cmca structure a=5.931(6) A, b=11.374(8) A,
and ¢=8.235(5) A were determined in the x-ray powder-
diffraction studies of several samples prepared from crushed
single crystals, and this result is in agreement with the pub-
lished structural data.!' The low-temperature electric proper-
ties, ac permittivity and static electric polarization, of a plate-
like crystal taken from the same batch are reported
elsewhere.!® Magnetic susceptibility y=M/H was measured
with a superconducting quantum interference device magne-
tometer MPMS-7 (Quantum Design) in the temperature
range T=(2-300) K including both heating up and cooling
down the sample at magnetic fields H=(0.01-7) T.

NMR spectra of °'V (*'y=w,/Hy=11.193 MHz/T) were
obtained with a conventional spin-echo technique
[7/2-t-m-1-E(21)] by field sweep at some fixed frequencies
1,=22.9; 53.01; and 81.06 MHz of the radio pulses (7/2 ;)
exciting echo signal E(2¢), as well as by frequency sweep at
the fixed magnetic field Hy=9.4 T. The shifts of the lines
K=(Hy—H)/H, at the field sweep and K=(v—1v,)/ v, at the
frequency sweep were measured relative to the position
(Hy/ vp) of the °'V NMR line in the water solution of KVO,
taken as a standard reference (K=0).

III. RESULTS AND DISCUSSIONS
A. Paramagnetic phase

Before going to discussion of magnetic properties a sum-
mary is presented of local charge symmetry around vana-
dium ions as it follows from the °'V NMR measurements of
the electric field gradient tensor at V sites.

1. Electric field gradient and symmetry of charge environment
at the vanadium site

The 'V spectra of the NVO single crystal measured at
H=9.4 T are shown in Fig. 2. The spectrum consists of two
lines with very different intensities. The line of small inten-
sity with a temperature-independent shift K(7=300 K)=0
is assigned to a small amount of V,0Os—one of the flux com-
ponents used in the crystal growth. Second line of the domi-
nating intensity with a large shift [K(7T=300 K)=1.5%], de-
pendent on both temperature and crystal-axes orientation in
external magnetic field H, originates from vanadium atoms
in the NVO crystal. With variation in the crystal orientation
in the field the line shows a structure of (2I+1)=7 peaks
arising due to an anisotropic interaction of the quadrupolar
nuclear moment of >'V (1=7/2; ¢>'0=0.052X 107 cm?)
with the electric field gradient (EFG) V,;. It is worth noting
that the orientation dependence of the fine structure splitting
indicates that our thick NMR crystal consists of some glued
thin single-crystal plates misaligned lightly (about 8°) in the
ac plane.

The orientation dependence of NMR line splitting has al-
lowed determining the symmetry and the directions of the
principal axes (OX;0Y;0Z) of the EFG tensor at V sites.
The EFG tensor {Vxy; Vyy; Vzz} has an asymmetry parameter
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FIG. 2. 5'V NMR spectra measured at 7=290 K in the para-
magnetic state of the Ni3V,Og single crystal differently oriented in
external magnetic field Hy=9.4 T. An additional line of small in-
tensity with magnetic shift nearby K=0 (shown by vertical dotted
line) originates from a small amount of V,0s5—one of the flux
components used during the crystal growth.

7=Vyxx—Vyy)/V,=0.4(1) and the quadrupole frequency
vo=1/14(e*QV,,/h)=160(15) kHz corresponding to the
largest value of the line splitting. The main EFG axis OZ is
lying at the bc¢ plane and has an angle of 54(3)° to the ¢ axis
of the crystal. The OX axis is directed along a. For such
orientation of the main EFG axes the minimal quadrupolar
splitting of NMR line is expected in magnetic field along the
¢ axis, which is in accordance with the line for H| ¢ in Fig. 2.
Thus, at room temperature, the charge distribution around the
V site results in the EFG tensor which symmetry reflects
strongly the crystal symmetry dictated for that site in the
orthorhombic Cmca structure.

With temperature decrease the fine quadrupolar structure
of the line is masked due to inhomogeneous magnetic broad-
ening which contribution (SH)xT~! starts to exceed the
quadrupole splitting (v,/ 31y) below 150 K. If that is the
case,'* the nonselective excitation of the line with the
m-pulse width 7,.< (VQ)‘1 results in modulating behavior of
the 'V echo amplitude E(2f)xexp(-2t/T,)[1+A cos
(TVpeqit)] With the modulation index |A|<1. The beat fre-
quency v, depends on the crystal orientation in magnetic
field, i.e., vy, (Hlla) %V, etc.'*!> Figure 3 shows an ex-
ample of the E(27) vs (2¢) beats detected in the NVO crystal
at 7=30 K where inhomogeneous magnetic broadening of
the line (6H) ~0.05 T> v,/ 31y, These quadrupolar beats al-
low monitoring the EFG at vanadium down to the PM-HTI
phase transition. It is found that v,,,(H @), v,.,,(HIb), and
Vpea(H ll¢) remain unchanged down to 10 K thus evidencing
for invariable local symmetry of the charge environment at
vanadium site in the paramagnetic state of NVO.

2. Magnetic susceptibility and 'V NMR line shift

In PM state magnetic susceptibility follows the Curie-
Weiss law x,p.=Cqp/(T-0,, ) with the Curie constants
Cup=1.22(1), 1.26(2), and 1.30(1) emu K/mol at.Ni and
the negative Weiss constant values ©,, .=—13(2),-16(2),
—16(2) K for magnetic field directed along a, b, and ¢ crys-
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FIG. 3. The °'V echo amplitude E(27) versus 2¢, the double time
delay between radio pulses forming echo signal, in the Ni;V,Og
single crystal at 7=30 K and different orientations of the @ and ¢
axes with respect to magnetic field direction H. Solid lines are the
fit with an expression E(21) <exp(=2t/Ty)[1+A cos(mvp,ut)].

tal axes, respectively. The obtained mean-field parameters
are in consistency with those recently reported for single
crystal studied by the neutron diffraction.'" The linear plots
x (T)=H/M(T) in Fig. 4(a) hold down to the transition into
a magnetically ordered state. Insignificant anisotropy of x in
the PM state is indicative that spin magnetism of nickel, x,,
dominates over other contributions, and the nickel ions are in
the orbital singlet state with strongly suppressed orbital
magnetism.” Indeed, an estimate of the effective magnetic
moment fhegr,p=3.1(3),3.2(4),3.2(4)up per Ni is only
slightly higher than gu.;=2.83up of the Ni**(34%; S=1) ion
in the cubic crystal field.

The >'V NMR line shift K, ;. measured at Hlla, Hllb, and
H|c takes the positive value in the whole temperature range
of the PM phase. Its temperature dependence can be well
described with an expression K, (T)=KqqpctCapo!
(T-0,,,) including the Curie-Weiss term where the Weiss
constants  Onyr.ap.=—15(2),-7(3),-6(3) K are again
negative. The temperature independent term K, is deter-
mined by the orbital and diamagnetic contributions of elec-
trons in the filled valence shells. Below 300 K its value is
negligible as compared with the total shift. It is well seen
from Fig. 4(b) where the (K, ;)" data plotted vs T are rea-
sonably approximated by linear fits. The strong inequality
Ky<K,,(T) presumes an empty d shell in the electron con-
figuration of transition-metal ion, as it was suggested for the
vanadium ions in NVO."

Figure 4(c) shows the parametric dependence of the line
shift on magnetic susceptibility with temperature as a param-
eter. In paramagnetic phase the K, ;, .(x,5..) plots can be well
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FIG. 4. Temperature dependence of the inverse magnetic sus-
ceptibility x,,.—(a), the inverse 5V NMR line shift K, po—(b),
and the parametric K, , . versus x, . dependence—(c) in the para-
magnetic state of the Ni3V,Oyg single crystal differently oriented in
magnetic field: (A)—Hlla, (O)—HIlb, and ((0)—H llc. The straight
lines are the corresponding fits (see the text).

approximated by linear dependencies which visually evi-
dence that the large positive NMR shift at nonmagnetic va-
nadium is completely controlled by spin magnetism of Nig
and Ni, ions. A slope of the fitting lines defines the local field
Hooe=(K/ Xmol) 3N, created at the vanadium by magnetic
moment in 1up of the nickel neighbors: H,,. ,=1.23 T/ upg,
Hyo.,=1.01 T/ug, and Hy,. . =1.18 T/ up.

The large value of H,,. displays remarkably slight change
at different orientation of the crystal in the applied field.
Estimation of the classic dipolar field created at V by nine
nearest Ni ions, each having the static magnetic moment
Zottp(S.(Ni%*; gy~ 3up))=x,H along H, results in the in-
equality

9
Xt Hr
Hgp = (rN% v’ |§‘ [3 cos®(Hrxiv)) = 1|
~ (0.05-0.07)T < Hy,. (1)

Thus the dipolar interaction can be responsible only for small
anisotropy of H),. but does not explain its noticeably large
positive value.'®

Among isotropic hyperfine magnetic interactions the most
probable one is the Fermi contact interaction of the nuclear
spin ' with the transferred s-spin density of electrons par-
ticipating both in the Ni-O-Ni bonding and in superexchange
coupling of the neighboring 6Ni, and 3Ni.. It is worth noting
that the corresponding local field & created by transferred
spin density f(S(Ni)) of one of the Ni neighbors
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h = Hyc(45)f pege(Ni)/ g = Hpc(45) (S (Ni)) (2)

is collinear to the (S(Ni)), the thermal averaged electron spin
of Ni.

Hyo= 2 hi = Hec(4s) 2 fi(S(Niy). (3)

Here Hyc(4s)=110 T is the corresponding isotropic hyper-
fine magnetic field due to the Fermi-contact interaction with
an electron at the 4s orbital.!” The spin density transferred at
vanadium from neighboring Ni ions is defined in terms of the
factor fi=h;/2Hpc(4s).'® This quantity estimated from Eq.
(3) results in £<<0.002, the effective fractional occupancy of
the 4s(V) orbital by the unpaired electron of Ni.

According to Eq. (3) the value and direction of H,,, are
determined by the vector sum of &; T T(S(Ni,)) which is sen-
sitive to static spin correlations of the nearest magnetic ions.
In the PM state far from the magnetic transition only the
component /. (S,(Ni)) along magnetic field Hllz remains
static both for Nig; and Ni,. spins. The estimated average
(hy=1/9(K,/ Xmo) 453N s=0.138(10) T/ per one Ni
neighbor is calculated under the assumption of equal abso-
lute values of local fields created at >'V by the Ni; and Ni,
neighbors. In fact, they have distinct pathways for the trans-
ferred spin polarization and contribute variously to the shift
and the width of >’V NMR line in the magnetic phases ex-
hibiting staggered spin order. This difference will be speci-
fied in the separate estimate of i  for Nig and &, for Ni, [see
Egs. (5) and (6)].

The NMR line shape remains unchanged below 70 K.
Only its width is gradually increased due to magnetic contri-
butions exceeding considerably the one from electric quad-
rupole interaction. The representative spectra acquired at T
=15 K and different orientations of the crystal in magnetic
field are shown at the upper panels (a) and (b) of Fig. 5. For
simplicity of comparison, an intensity of the lines is plotted
against Hy,,.=Hy—H. An asymmetry of the line at Hlla and
its double-peak shape at Hllc is a consequence of the insig-
nificant misalignment in ac plane of the single crystal plates
forming the bulk NMR crystal. This additional broadening
was taken into account in the analysis of the specific NMR
line shapes emerging in magnetically ordered state of the
NVO crystal. The typical multipeak lines summarized in
Fig. 5 reflect staggered ordering of the Ni spins in the HTI
and LTT phases.

B. Magnetically ordered state

The magnetization isotherms M(H;T=const) measured
along the main crystal axes are shown in Fig. 6 at some
temperatures corresponding to the different types of mag-
netic order. In both M(H;T=const) and M (T;H=const; not
shown) magnetization dependencies consistent with the well
known (T'; H)-magnetic phase diagram of NVO crystal at
(Hlla, H||b, and Hllc) are observed.>!! Further this phase
diagram is used to compare static magnetic order following
from the °'V NMR data obtained in H =2,4.7,and 7 T with
the corresponding (H,T)—areas of the different phases.

The single NMR line sharply broadens below Tyr;
=9.4(4) K. With further decreasing 7 the NMR spectrum
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FIG. 5. °'V NMR spectra measured in the Ni;V,0y single crystal at different orientations of the a, b, and ¢ axes with respect to magnetic
field direction H in (a), (¢)—paramagnetic phase, [(b), (c), (f), and (h)]—HTI phase, [(d) and (k)]—LTI phase, and (g)—canted antiferro-
magnetic (c) phase. The spectra were measured using spin-echo technique (see details in the text) and some of them are labeled with 7, the

time delay between pulses forming the >'V echo signal.

consisting of several peaks is formed. The typical field-
sweep °'V NMR spectra acquired at some fixed frequencies
vo=7YH, and Hlla, H|lb, and Hl ¢ are shown in Fig. 5. The
temperature dependence of Hj,. corresponding to the peaks
[labeled as h and [ at Figs. 5(b) and 5(c)] is presented in
Fig. 7.

Additionally, the °'V echo-decay curve, E(2f), was mea-
sured at each of the peaks of the complex spectrum. It is well
known'? that in magnetic insulators the rate of echo decay,
T,', at nonmagnetic atoms (like V in NVO) is mediated by
low-frequency spin dynamic of magnetic ions. The coinci-
dence of the T,' values was used as a criterion for assign-
ment of the peaks in question to vanadium placed in the
domains of the same magnetic phase.

1. HTI phase

a. Hlla . Let us consider the spectra measured for Hlla at
T=7 K [Figs. 5(b) and 5(c)]. The spectrum consists of a
single line characterized by a double-peak (I,%4) shape with a
continuum of nonzero intensity between the peaks. The cen-
tral position of the double-peak lines [the vertical dotted
lines in Figs. 5(b) and 5(c)], Hipepm= Hioep+Hioe))/2 is
shifted proportionally to H while the splitting AH,=H,
—H),.; is almost independent of H. This line shape is typical
of incommensurate modulated spin structures.’ Thus, the

two-peak distribution of the local field H,, , at nonmagnetic
vanadium reflects the static incommensurate modulation of
the Ni spins observed early by neutron diffraction along a at
the wave vector {g,0,0}."!

The plane SDW, S,(r)=S, cos(gr+¢,), should results in
the edge peaks [ and h of equal intensity. The observed
asymmetry of the double-peak shape of the line is indicative
of an admixture of the higher harmonics to the basic SDW
mode. An appearance of higher harmonics can be qualita-
tively understood within the model with an expression for
the free energy of the NVO magnetic system!! including be-
sides the main contribution of concurrent exchange interac-
tions of the nearest-neighbor (k=1) and next-nearest-
neighbor (k=2) Niy spins proportionality S,(r)S,(r % ka) also
the quadratic single-ion anisotropy term S,(r)?. Then the cor-
responding component of local field h,(r) acquires both the
linear S,(r) and quadratic S,(r)* terms

ha = hFM,a + hl,a COS(‘I") + h2,a 0052(11") s (4)

where hpy; is the component due to the uniform (¢g=0) FM
polarization of the spin system along external magnetic field;
h; and h, are the components dependent on the particular
staggered order. In fact, such a nonlinearity demands to de-
scribe the HTT phase structure in terms of the soliton lattice
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FIG. 6. Magnetization M versus H along the a,b,c crystal axes
of the Ni3V,0g for several temperatures.

with coexisting domains of the commensurate and incom-
mensurate magnetic order.?? This more sophisticated consid-
eration is beyond the scope of this paper, where we discuss
the NMR results within the very same harmonic approxima-
tion as it was done in the neutron-diffraction study.”-!

The uniform and staggered components of the local field
and the corresponding components of magnetization are es-
timated taking into account the data on M,(H,T=8 K) iso-
therm plotted in Fig. 6(a). Both quantities Hy,. pv(Hll@) and
M (H) are positive and increase proportionally to H. In the
HTI phase the uniform spin polarization is evidently con-
trolled by Ni, spins, which are still in disordered PM state
due to mutual cancellation of the exchange interactions with
the ordered Ni, neighbors.!! The local field created at the >'V
nuclei by one Ni. neighbor with m,.=1up is estimated as

he=1/3H,.pm(H ll@) =0.16(1) T/up (35)
and, correspondingly, from one Ni, ion
hs = 1/6{Hloc,a - Hloc,FM(H I a)} =0.1 25(10) T/IL'LB’ (6)

where H,o. ,=1.23 T/ up is the total local field as it follows
from the K,(x,) plot for the PM phase.

In the ordered phase the local field component along the a
axis is modified. Now the vector sum in Eq. (3) depends on
the relative phase of SDW components, my,, at the neigh-
boring Ni, chains. It was compelled®’-!' that the inversely
symmetric dielectric HTT phase adopts only a restricted num-
ber of the possible spin structures for NVO. The numerous
set of magnetic Brag reflections was described well within
the structure where spin components of Nig transform ac-
cording to the irreducible representation I'* of the little group
G, for the incommensurate SDW mode with wave vector
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FIG. 7. Low-temperature dependence of the local field H,,. cor-
responding to the positions of the (/,i) peaks of the 'V NMR
spectra shown in Fig. 5. The boundaries between phases with dif-
ferent magnetic order are shown by the vertical dotted lines.

{g,0,0}. The I'* symmetry dictates the following phase rela-
tions for amplitude of the @ component of Ni; moments:
my, ,=—mg ,=Mys, for Nig s from adjacent chains and
placed in the same bc plane, and mg, ,=-mg,; mg,
=-ny 4 and mgs ,=—mg , for the neighboring Nig ions in the
same chain. As a result the local fields at the V1 atom from
the (Nig;-Nig,) and (Nigs-Nig) chains cancels each other, and
the modulated component of H,, , is determined explicitly
by spin polarization transferred from (Nig,-Nig;) chain

Hige o(x) = h{cos(gx) — cos[g(x + 0.5a) ]}
=2h, sin(ga/4)sin[g(x + 0.25a)]. (7)

The static SDW (g=2m/\) translated along a creates the
double-peak NMR line with the distance between these
peaks AH,=2max|H; ,(x)|. From Egs. (6) and (7), taking X
=1.73a,’ an amplitude of the modulated spin component of
Ni, is estimated as m,(s2,7=7 K)=1.8(2)up, which is
consistent with m;=1.9(2)up deduced from the neutron
data.!!

b. Hllc . The representative spectra (Hll¢) obtained at
different magnetic fields in the HTI phase are shown in Figs.
5(f)-5(h). The spectrum in Fig. 5(h) obtained at H=2 T and
T=9 K<Tyr is represented by the nearly symmetric double
peaked (h,1) line. Such shape of the line indicates clearly the
almost harmonic modulated component of local field emerg-
ing at the vanadium sites due to the incommensurate SDW
component along ¢ axis
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Hge (2) = hg cos(gz + @) + cos[g(z +0.5a) + ¢ ]
=2h, cos(ga/4)cos[g(x + 0.25a) + ¢.]. (8)

The “+” sign in Eq. (8) is taken in accordance with to the
phase relation of the I'* irreducible representation for the
spin components along ¢ axis:*"!! my(s1-s4)=m, ., and @.
is the phase shift of the m, . component with respect to m_,.
An amplitude of the staggered moment m (T=7 K)
=1.9(2)up was estimated in the same way as it is described
for my , in Sec. I

The spectrum presented in Fig. 5(f) is obtained at the
higher magnetic field of 4.7 T. Its asymmetric spectral pat-
tern depends on ¢, the time delay between pulses forming the
31V echo signal. With increasing ¢ the spectrum transforms at
t=45 us into a single peaked line-2 (r=45 ws) while spec-
tral components of another double-peak line-1 presented in
the spectrum (=10 wus) vanish due to their fast echo-decay
rate. Thus near an upper H boundary of the HTI phase the
NVO crystal is represented with two kind of coexisting do-
mains displaying the rich (line-1) and poor (line-2) low-
frequency dynamic of the Ni spins. The line-1 holds the
same symmetric shape with the splitting AH (H=4.7 T;T)
~H.(H=2 T,;T) independent of magnetic field and its shift
Hyoe i = (Hyoe i+ Hyoe,) /2 increases proportionally to H. The
line-1 is evidently originated from the HTI-phase domains.
The line-2 can be attributed to domains of the emergent
C-phase, which volume fraction grows with further increas-
ing magnetic field.

c. Hllb . The spectra for (H|lb) obtained in different mag-
netic fields at 7 K are shown at the right panel of Figs. 5(b)
and 5(c). The spectra consist of two lines which integrate
intensities are in ratio 9:1. The lines are easy separated in the
spectra acquired with different ¢. The single peaked line of
much less intensity is clearly seen in the spectrum obtained
with =40 us as shown in Fig. 5(b). The origin of this line
still cannot be attributed to any of the FM-canted commen-
surate magnetic structures listed at the (H-T) diagram of
NVO.?

The line of dominating intensity is splitted in two (k,I)
peaks with AH,=H,,.,—H,.; being almost independent on
H. The line displays fast decay of the echo signal. This line is
assigned to vanadium in the HTI-phase domains. At 7 K the
splitting AH,, is more than twice less of the corresponding
AH, . splittings. Its value of 1.8(2) kOe becomes comparable
with the contribution of dipolar fields created along b by m;,
and mg, components of Ni spins. Taking into account the
dipolar corrections an amplitude of the modulated compo-
nent is estimated as m ,(7=7 K)=0.50(20) up. That is more
than twice m; ;,=0.2(2) up deduced from the neutron data in
H=0."

Thus, the NMR results presented in this section imply the
modulated structure of Nig spins acquiring in the HTT phase
two nearly equal components S,~S.> S, instead of the lon-
gitudinal incommensurate SDW order with §,>S.,S, as it
was deduced from the neutron diffraction data.!' The phase
shift between the m , and m, . components was determined
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FIG. 8. °'V NMR spectra measured in the HTI phase (T
=7 K) at Hllac plane and different # the angle between magnetic
field direction and the a axis of the Ni;V,Og crystal. Inset shows
the line splitting data AH,,.(6) with corresponding fit (solid curve)
AH,.(0)=sqrt(AH, cos 0)>+(AH, sin §)? as explained in the text.

by measuring the angle-dependent splitting AH,,.(6) of the
double-peak line in the spectra shown in Fig. 8. The spectra
were obtained at Hllac plane and different 6, the angle be-
tween the magnetic field direction and the a crystal axis. An
additional peak appearing in the spectra at >0 is attributed
to the C-phase domains. With the @ increase the peak is
intensified and moves toward the higher H,,.. At Hllc the
peak merges with the double-peak line as shown in the Fig.
5(f). Their separation was described in the previous Sec.
IIB 1 b. An inset to Fig. 8 shows that the splitting of the
double-peak line AH,,. increases gradually with € following
the dependence AH,.(6)=sqrt{(AH, cos 6)>+(AH, sin 6)%}
predicted by Egs. (7) and (8) with ¢=0. This phase relation
corresponds to the amplitude-modulated SDW with glla (ac-
cording to the neutron data) and the linear polarization nearly
along bisector of the ac angle in the ac plane. This conclu-
sion following from the NMR data is remarkably consistent
with the argument that magnetic structure of the dielectric
HTI phase should retain an inversion symmetry.®” The HTI
magnetic order can be described with two order parameters
ms , and my ., having the same or opposite phase.

The temperature dependence of the splitting AH < m (a
=a,c) as a function of (Typ—T) plotted in the double-
logarithmic scale at Fig. 9 is well fitted by straight lines with
a slope obeying the power dependence «(Typ—T)? with
B,=0.37(2), B,=0.32(4), and Ty1=9.3(2) K. It is worth
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o Hlle B.=033(2)
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(T,-D (K)

FIG. 9. Temperature dependence of the splitting AH (a=a,c)
as a function of (Tyr—7T) in the HTI phase of the Ni;V,Oy single
crystal. The straight lines are the data fits o(Tyyp—T)? where S,
=0.37(2), 8,=0.32(4), and Typ=9.3(2) K.

noting that estimated values of critical parameters are close
to B(n=2)=0.35 predicted in the Heisenberg isotropic ex-
change XY model, where the SDW behavior is defined by
two order parameters: amplitude and phase. The uniform
H,o. pv component achieves its maximum value at H directed
along the ¢ axis. That is accordance with the greatest slope of
the M (H ; T=const) isotherms shown in Fig. 6(c). The nearly
isotropic uniform (¢g=0) polarization of Ni, spins revealed in
the NMR spectra is completely consistent with the neutron
data in that the Ni spins remain in the disordered PM state
that saves the inverse-symmetric spin structure of the dielec-
tric HTT phase.

2. LTI phase

An additional complication of the NMR spectra below
T 11=6 K indicates on the subsequent symmetry reduction
in the °'V spin environment in the LTI phase. The most
resolved fine structure of the spectra is obtained at H lla [Fig.
5(d)] and Hllc [Fig. 5(k)]. Each of the spectra represents a
superposition of two lines—doublets (/;,%,) and (/5,h,) of
the corresponding lines (/,%) in the HTI phase. The centers
of the doublets are shifted by the same local field Hy,. gy
«H, and the doublets have different splitting AH(/,,h;)
>AH(l,,h,) independent of magnetic field in the range of
H=(2-8) T for Hlla and H=(2-4.7) T for Hllc. The dif-
ference [AH(l,,h;)—AH(l,,h,)] increases with lowering
temperature as shown in Fig. 7.

It is easy to understand a specific two-doublet NMR spec-
tra pattern by taking into account that below 7} the modi-
fied incommensurate SDW order involves the modulated
components of Ni, spins with the same wave vector ¢ as for
the Ni spin system.!! In fact, spin ordering in the Ni, sub-
lattice breaks magnetic equivalence of the vanadium ions at
the positions above (V1) and under (V2) Kagome staircase
which fragment is shown in Fig. 1 with the ions notation.

Let us consider the difference in the magnetic components
probed by the V1 and V2 ions for Hlla. The V1 ion probes
magnetic components m, , and mg; , of Nig from the (s2-s3)
chain. They are modulated in antiphase with the correspond-
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ing components of Ni; from adjacent (sl1-s4) chain my; ,
=-mg, , and mgy ,=—mg ,, probed by the ion V2. While the
modulated @ component H., of local field coming from
Ni, .3 neighbors has the same value and sign at both vana-
dium sites in question. The value of local field depends on
the relative phases ¢.;..3 of the modulated spin components
S¢. in the corresponding cl, ¢2, and ¢3 Ni, chains as

H. ,(x) = h{cos(gx + @) + cos[g(x +a) + @]
+ cos[g(x +0.5a) + ¢} 9)
The difference in splitting of two doublets
[AH(l;,hy) = AH(1y, hy)] = 2h, max|H, ,(x)| (10)

is determined by 2-max|H, ,(x)| by translating static SDW
along a. The average value [AH(I;,h)+AH(l,,h,)]/2 is
controlled by SDW component m;, of the Nig spins in ac-
cordance with Eq. (7).

The very same consideration of the line splitting applied
to other orientations of the crystal leads to the following
amplitude of SDW components of Nig at 7=5 K:

mg,=192)up; mg;,=04Q2)up; mg.=1.8(12)up.
(11)

In case of Hlla the spectrum resolution decreases and one
can just declare that at the HTI-LTT transition the component
m j, of Nig remains unchanged in our accuracy. As a result, in
the field range H=(2-8) T NMR probes for LTI phase no
noticeable variation in SDW polarization in the ab plane. In
both the HTT and the LTI phases two spin components of Nig
spins are revealed in NMR spectra. At the moment, the col-
lected NMR data do not allow to pickup the relative phasing
of these spin components to characterize properly polariza-
tion of the SDW emergent in the LTI phase.

Let us turn back to a specific order of the Ni, spins as it is
follows from NMR and magnetization data measured in the
LTI phase. According to NMR, the spin system acquires both
the uniform m, g\ and the modulated components. It is inter-
esting that at all H the estimated value of m.py(H,T
=5 K)=1/3(Hyoepm/h.) is in the quantitative agreement
with the M(H,T=5 K) data shown in Fig. 6. The bulk mag-
netization of NVO is reasonably explained by the uniform
polarization of the Ni. antiferromagnetic structure canted
along the applied magnetic field H. As shown in Fig. 5(g), at
the orientation H llc the complicated “incommensurate” spec-
tral pattern of the LTI phase shrinks at H=4.7 T into a single
line shifted to the high H,,. values.

IV. CONCLUSION

The magnetic order of Ni spins in different magnetic
phases of the Ni;V,Oq single crystal was studied by 'V
NMR at magnetic fields H=(2-9.4) T directed along the
a,b ,c crystal axes. It is shown that both 31V NMR line shift
and the line width are very sensitive to specific static spin
configuration of the Ni neighbors. These NMR parameters
trace, respectively, the uniform (¢=0) and the staggered spin
components in the magnetic-phases emergent of the NVO
crystal at low temperatures. Our main physical conclusions
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are listed below: (a) an observation of the double-peak line
shape in the 'V NMR spectra below 9 K confirms the in-
commensurate modulated spin structure existing in both the
HTI and the LTI phases. (b) The quantitative analysis of the
NMR line splitting made in line with predictions of the rep-
resentation theory®’ shows that incommensurate modulated
structure of Nig spins acquires in the HTI phase two nearly
equal spin components S,~S.> S, instead of the longitudi-
nal incommensurate SDW order with §,>S.,S, as it was
deduced from the neutron diffraction data.'' As follows from
the NMR data the phase shift between these two spin com-
ponents corresponds to the amplitude-modulated SDW with
qlla (according to the neutron data) and linearly polarized in
ac plane nearly along bisector of the a”c angle. (c) On going
through the HTI-LTI transition no noticeable variation in
SDW polarization in the ab plane was detected by >'V NMR.
In both the HTT and the LTI phases two prominent spin com-
ponents of the Nig spins S,~S.> S, are revealed at magnetic
field below 4.7 T. The phase relationship existing between

PHYSICAL REVIEW B 81, 144404 (2010)

spin components in the LTI phase cannot be determined un-
ambiguously from the NMR data measured at rather high
magnetic fields approaching the first-order LTI—C phase
transition at Hllc. One needs NMR data measured at lower
magnetic field to clear up the SDW polarization in the LTI
phase. (d) The macroscopic magnetization of NVO can be
explained due to the uniform polarization of the antiferro-
magnetic structure of the Ni. spins canted along magnetic
field.
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