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Local magnetic properties of the antiferromagnetic metal NaV,0,4 with frustrated double-chain
structure investigated by NMR and magnetization measurements
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We have made NMR and magnetization measurements on a single crystal to investigate local magnetic
properties of an antiferromagnet metal NaV,0,4 with a frustrated double-chain structure. In the paramagnetic
phase, we find there is a double exchange ferromagnetic interaction, which competes with a superexchange
antiferromagnetic interaction, yielding a magnetic frustration. In the magnetically ordered state, we propose an
incommensurate helical structure with the bc helical plane, which appears due to the competition between the
magnetic interactions, as a spin structure. Thus we conclude that the magnetic frustration closely related to a
multi-band effect plays an essential role for the magnetic properties of NaV,0y,.
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I. INTRODUCTION

Multi-orbital systems with strongly correlated electrons
have provided intriguing phenomena such as the orbital-
selective Mott transition in rutenates,! the orbital fluctuations
and the electronic nematic order in Fe-based superconductors,2
and so on. Then the multi-orbital effects appear with cooper-
ative and/or competing spin and charge degrees of freedom.
Also several orbital-dependent electron-electron interactions
such as the Hund coupling, Coulomb interactions, and intra-
and inter-orbital interactions play important roles for the
mechanism of the phenomena. In addition to the orbital effects,
a geometrical frustration leads to an anomalous effect on the
electron systems.? One of the most investigated systems with a
geometrical frustrated lattice is LiV,04, where V atoms form
the pyroclore lattice, with heavy electron behavior.*® Another
is an electron system on a quasi-one-dimensional (quasi-1D)
lattice with a frustrated zigzag chain such as hollandite and
calcium-ferrite structures.

Recently, in a hollandite-type oxide K,CrgO;¢6, which is a
ferromagnetic (FM) half metal, a unique metal-insulator transi-
tion (MIT) was discovered in the FM phase.”® Also K, VO
was found to show an MIT accompanied by the orbital ordering
and the spin singlet formation.'*"!3 Mechanisms of the anoma-
lous properties were systematically discussed from density-
functional-theory-based electronic structure calculations.'#'®
Another quasi-1D lattice appears in the calcium-ferrite type
structure. NaCr,O4 was recently found to show a new type
of colossal magnetoresistance (CMR),'”!8 which takes place
in the antiferomagnetically ordered phase, different from
the conventional CMR in ferromagnetic compounds such as
manganites.lg’20 Also NaV;0q, an antiferromagnetic (AFM)
metal, was reported to be a candidate of the quasi-1D
system with the multi-orbital and frustration effects.?!~23
Although physical properties of the calcium-ferrite type oxides
strongly depend on the 3d orbital states, local electronic
states have not been clearly elucidated. Thus an experimental
study by means of a microscopic probe such as nuclear
magnetic resonance (NMR) is required to clarify the orbital
states.®
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NaV,0, with the mixed valence of V3t:V4t=1:1 (the
average electron number 3d'?) crystallizes in the calcium-
ferrite type structure (space group Pnma) with a VgOig
framework composed of double chains of edge sharing V(1)Og
and V(2)Og octahedra as shown in Fig. 1.>! Then Na atoms
are located in a tunnel of the framework. This oxide exhibits
metallic behavior down to 40 mK and shows an AFM
transition at Ty = 140 K.2! Above Ty, the presence of a
FM correlation was pointed out in addition to the AFM
interactions from the magnetic susceptibility measurement.
On the other hand, below Ty, the magnetization measurement
on a powered sample revealed that there are three AFM phases,
AFM1-AFM3, in the temperature T versus magnetic field H
phase diagram.?? The AFM1 phase appears in a narrow range
just below Ty, whereas the AFM3 (AFM2) phase is located
below (above) ~5.5 T in the T range below the AFM1 phase.
Although the complex magnetic properties seem to be related
to the interplay of the orbital dependent magnetic properties,
local electronic and orbital states which govern them have
not been elucidated. Also, spin structures in the AFM phases
remain controversial in spite of several experiments such as
magnetic susceptibility,?! ©*SR,*** and neutron scattering
measurements.

In the present study, we have performed >*Na and °'V
NMR measurements to clarify the local electronic states and
magnetic properties of NaV,04. From these measurements
on a single crystal, we investigate the anisotropy of the local
magnetic properties, which is related to the orbital states of
3d electrons at the V sites, and the spin structures in the AFM
phases. In the paramagnetic phase, we confirm the presence
of the FM correlation and discuss its origin on the basis of
the multi-band effect. In the AFM3 phase, we propose an
incommensurate helical spin structure, which comes from the
competition between the FM and AFM interactions. The phase
transition from the AFM3 to AFM2 phases is also discussed.

II. EXPERIMENT PROCEDURE

Single crystals and polycrystalline samples of NaV,04
were prepared as reported in Ref. 22. A single crystal of
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FIG. 1. (Color online) Crystal structure of NaV,04 projected to
the ca plane. Also a double chain, the basic unit, in the crystal structure
is presented with the local x, y, and z axes.

0.5 x 1.0 x 1.5 mm?® was used for the present NMR exper-
iment in external magnetic field and the magnetization mea-
surement, whereas the powder sample was used for the NMR
measurement under zero external field. NMR measurements
were made by using a coherent pulsed spectrometer and a
superconducting magnet with a constant field of H = 3.0 or
5.8701 T. Fourier-transformed (FT) NMR spectra for spin-
echo signals were measured with the sample rotated in the field
using a two-axis goniometer. The >*Na and °'V Knight shifts
were determined as “ K = (vfes — v}y)/vh (1t = *Naand>'V)
where vfes and vj) (= 66.114 MHz for >*Na and 65.704 MHz for
51V are 2Na and >'V resonance frequencies in NaV,0,4 and
the aqueous NaVOj solution, respectively. Frequency-swept
31V NMR spectra at 4.2 K were taken point by point in zero
external field. The 2Na (°'V) nuclear spin-lattice relaxation
rate 1/ T; was measured by the inversion recovery method with
H = 5.8701 T applied to the direction of a magic angle where
an electric quadrupole interaction vanishes (the direction of
the x axis). Then both 2*Na and °'V nuclear magnetizations
after an inversion pulse were recovered single-exponentially
with Tj. Magnetic susceptibility and magnetization were
measured by using a commercial superconducting quantum
interface device (SQUID) magnetometer (Quantum Design,
MPMS-XL7).

III. EXPERIMENTAL RESULTS AND DISCUSSION

A. Paramagnetic phase
1. Magnetic susceptibility

Figure 2 shows the T' dependence of magnetic susceptibility
Xe (@ =a, b, and ¢) measured with H =1 T parallel to
the a, b, and ¢ axes in NaV,0y4. The present data are also
consistent with reported results.2122 Above Ty = 140K, Xo 18
almost isotropic. Then, as is shown in Fig. 2, average magnetic
susceptibility x = )", x«/3 follows in the 7" range of 200—
300 K a relation x = xo + %with the Curie constant C =
0.92 emu-V-mol~'K~!, the Weiss temperature ©® =49 K,
and xo = —1.0 x 107% emu/V-mol which are dependent on
the fitting 7 range. This means the presence of several
magnetic interactions. Below Ty, . is split into parallel and
perpendicular susceptibilities due to the AFM order.

2. Knight shift

The angular dependence of the >*Na (a nuclear spin >*1 =
3/2) resonance frequency at 300 K is shown in Fig. 3. In spite
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FIG. 2. (Color online) Temperature dependence of magnetic
susceptibility x, (o« = a, b, and ¢) measured with H = 1 T applied
parallel to the a, b, and ¢ axes, respectively, in NaV,0,. The solid
curve represents the fitted result of the average magnetic susceptibility
X =Y, Xo/3 data to the relation x = xo + Tf(_) in the T range of
200-300 K.

of one crystallographic Na site, two sets of >*Na NMR spectra
with one central and two satellite lines spilt by the electric
quadrupole interaction were observed for H (=5.8701 T) in
the ca plane, whereas only one set was done for H in the ab
and bc planes. This is consistent with the local symmetry at
the Na site on a mirror plane perpendicular to the b axis.?’

In the first-order perturbation where the electric quadrupole
interaction with the electric quadrupole frequency vy =
213:2?—1/1);1 with the electric field gradient (EFG) V_,, is much
smaller than the Zeeman one, the quadrupole splitting dv is
expressed for H in the bc plane as?®%°

Sv = vy, + vy, c0s 20, + v3, 8in 26, (1)

where 6, is an angle from the b axis, vig, = vo(Vip + Vee)/ Vi
V2 = Vo (Vi — Vee)/ Vo, and vz, = —2vg Vi / V,, with the
EFG tensor Vyg (o, = a, b, c¢). Similar relations for H
rotations in the ab and ca planes are obtained by cyclic
permutation. After determining the EFG tensor components in
the abc coordinate system with Eq. (1), we can obtain x, y, and
z principal components and principal axes by diagonalizing
the EFG tensor. Also we can determine v and the asymmetry
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FIG. 3. Angular dependence of the 22Na NMR frequency at 300 K
with H = 5.8701 T rotated in the (a) ab, (b) bc, and (c) ca planes of
NaV,0,. The solid curves are the fitted results of the data to Eqgs. (1)
and (2) in the text.
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FIG. 4. Temperature dependence of the *Na Knight shift with
H = 5.8701 T applied to the magic angle, 6. ~ 52°, in the ab plane
of NaV,0y. The solid line is the fitted result of the data to the Curie-
Weiss law 1/2K = (T — ®)/C. The inset shows the 2K versus
magnetic susceptibility plots.

parameter of EFG 51 = |Vix — Vi [ Vel (Vx| <| Vi [ <] Vi)
The observed angular dependence of the NMR frequency can
be well fitted to Eq. (1) with vy = 0.64 MHz and n = 0.25
as seen in Fig. 3. Then the z (y) axis is located at 8, = £84°
(6, = 0°). A fact that the b axis is a principal one is consistent
with the Na site symmetry.

On the other hand, the Knight shift K in the abc coordinate
system is expressed as>%3"

K = ki, + ko, cos 26, + ki, sin26,, 2)

where k1, = (Kpp + Keo)/2, koa = (Kpp — Kee)/2, and k3, =
Kpe with K tensor components K,g, when H is applied in
the bc plane. Similar relations for H rotations in the ab
and ca planes are obtained by cyclic permutation. Principal
components of the tensor (K,, K,, K;) = (K;) and also
principal axes can be obtained by diagonalizing it.

After subtracting the second-order quadrupole effect from
the resonance frequency of the 2*Na central line at 300 K, we
fitted the experimental data of the >*Na Knight shift to Eq. (2)
and obtained the almost isotropic shift 2> K~ 0.086 % with
small extrinsic anisotropic ones which are almost ascribed to
the cancellation between dipole and demagnetization fields
in the present single crystal. Thus the 7' dependence of > K
was measured with H applied to the magic angle, 6, ~ 52
°, in the ab plane, and the result is presented in Fig. 4.
Then 1/%K above ~200 K obeys the Curie Weiss (CW) law
1/BK = (T — ®)/C with C =0.159 K and ® = 105 K, in-
dicating the presence of the ferromagnetic correlation. Below
~200 K, 22K deviates from the CW law toward Ty. The
isotropic shift is ascribed to a transferred hyperfine field with
a coupling constant 23A, which is obtained as 1.96 kOe/ug
from the 22 K versus y plots in the inset of Fig. 4, coming from
the nine neighboring V sites.

In order to determine the 3!V Knight shift SIE  we
performed 3'V NMR measurements on the single crystal with
H = 5.8701 Trotated in the ab, bc, and ca planes. The electric
quadrupole splitting was not observed because of small EFGs
at the V sites as seen in the inset of Fig. 5. The anisotropy
of the nuclear spin-spin relaxation time 7, prevented us from
observing the spectra in all the angle range. As is seen in
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FIG. 5. (Color online) Angular dependence of the 'V Knight
shift at 260 K with H rotated in the (a) ab, (b) bc, and (c) ca planes
of NaV,0,. The solid and dashed curves are the fitted results of the
data to Eq. (2) in the text and the curves calculated from the fitted
results, respectively. The solid symbols represent the experimental
data, whereas the open ones denote the >'K,, 'K}, and *'K, results
calculated from the fitted curves. The inset shows >'V NMR spectra
at 260 K with H = 5.8701 T rotated in the ca plane.

Fig. 5 which shows the angular dependence of 3! K at 260 K,
two (four) sets of NMR spectra were observed for H in the
ab and bc (ca) planes due to the local symmetry at the V1
and V2 sites on the mirror plane with the b axis, whereas only
two sets from the V1 site could be observed due to the short
T, for H in the ca plane. The observed angular dependence
of 31K is well fitted to Eq. (2). We obtained ' K values for
the V1 and V2 sites as C'K;) = (—4.0,—4.3,—6.9)% and
(—3.7,—3.8,—5.4)% respectively. The z axis, which is located
atf, = 71° (14°) for V1 (V2) in the ca plain, is almost parallel
to the apical direction of the VOg octahedron, and the y axis is
parallel to the b axis as presented in Fig. 1. Also we determined
the >' K tensors at 180, 220, and 295 K. The T dependence
of 3'K; (k = x, y, and z) is presented with average magnetic
susceptibility x = Y, xo/3 in Fig. 6. The >'V Knight shifts
show the almost axial anisotropy and the CW-like behavior as
seen in Fig. 6.
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FIG. 6. (Color online) Temperature dependence of the 'V
Knight shift components >'K,, 3'K, and *'K_ for the (a) V1 and
(b) V2 sites in NaV,0,. The solid curves represent average magnetic
susceptibility of NaV,0;.
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FIG. 7. (Color online) 3!V Knight shift versus magnetic suscep-
tibility plots for the V1 and V2 sites in NaV,0,. The 'K, 'K,
and *'K, represent the principal components of the >' K tensor. The
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3. Hyperfine tensor

First we will determine the hyperfine tensor, which is
useful to study the electronic structure in multi-orbital systems,
from a conventional analysis of K and yx data. In vanadium
oxides, >' K is decomposed into spin and orbital parts as >' K
= Slepin +3'Kom. Also x is the sum of spin, orbital, and
diamagnetic susceptibilities, X = Xspin + Xorb + Xdia, Where
Xdia 1S evaluated as —3.5 x 1079 emu/V-mol for NaV,0,4.3!
5]A
NAHPB Xp
where >'Agyi, is the spin hyperfine coupling constant, >'A
is the orbital one due to the Van Vleck process, Np is the
Abogadoro’'s number, and wp is the Bohr magneton. Figure 7
shows the >' K versus x plots, where y is the average magnetic
susceptibility, with T as an implicit parameter for the V1 and
V2 sites. Using a value of >'Ayp = 2up (r—3) = 346 kOe/ug,
which is calculated from an expectation value of > for the
V 3d orbital (r>) (=rmag(r—)ur with a reduction factor
Fmag = 0.8 in a metallic system®” and an average free-ion
value of (r~3), (r—3)yr, evaluated from 3.21 a.u.’® for V4*
and 3.68 a.u. for V3T), we obtain from the °' K versus X plots
the values of ' Ko, and o for V1 and V2 as listed in Table
I. These values show the nearly axial symmetry with the local
symmetry z axis. The slopes of the ! K versus x plots yield the
values of SlAspin for V1 and V2 as listed in Table II. It should
be noted that 3'Agp;, has the nearly axial symmetry with the z
axis, which is consistent with the orbital susceptibility. Also the
isotropic hyperfine coupling constant 3'A;, = 21 Afpin /3 1is
—106 (=77)kOe/ g for V1 (V2). These values are reasonable
compared with —85 in VO, (3d')** and —140 kOe/ug in
V,05 (3d?).% The anisotropic components of the >'A;, tensor

Then *' K, (p = spin and orb) is expressed as °' K, =

TABLE L. Orbital 'V Knight shifts >' KX, (k = x, y, and z) and
magnetic susceptibilities x*, for the V1 and V2 sites in NaV,04. The
values of x*, are presented in the unit of 10~*emu/V-mol.

Site K (%) K(;vrb(%) K (%) Xorb X(;vrb Xotb
Vi 0.88 0.86 1.7 1.4 1.4 2.7
V2 0.39 0.12 0.65 0.6 0.2 1.0
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TABLE 1II. Spin hyperfine coupling constants 3!A*

spin (k =X
and z) and anisotropic components of the 3'Agy;, tensor 'A% . for the
V1 and V2 sites in NaV,0,4. The values are presented in the unit of

kOe/, MUB-

Site 51A;Cpin SIA:pin 51Agpin 5IAZ:nisn SlAgt)nisn SlAzZtniso
Vi —81 —87 —-150 25 19 —44
V2 —66 —64 —100 11 13 -23
SIpk . = 31Ak . — S1A;, (k = x, y,and z) for V1 and V2 are

obtained as listed in Table II.

Based on the hyperfine tensors obtained above, we discuss
the electronic structure of NaV,0O4. When the orbital and spin-
orbit hyperfine interactions are neglected as discussed in other
vanadium oxides,'>3%%’ the magnetic hyperfine interaction
is expressed as

H=7 2upyhl>' A; -si, (3)

where y, is the nuclear gyromagnetic ratio, 7 is the Plank’s
constant, I is the nuclear spin operator, and s; is the ith
electron spin. Also the hyperfine coupling tensor 'A; is
written by >'A; = —(k1 + 22—1qi)(r’3) where k is a parameter
of the Fermi contact interaction due to the core-polarization
effect, and q; is the electron quadrupole moment tensor g,p =
%(lal,g +Igly) — (Sa,glz with the orbital momentum .38 Then
the first term in >' A; is isotropic, whereas the second yields
the anisotropic tensor which provides useful information on an
electron number of each orbital in the multi-orbital systems.
In the present #,, system, x is decomposed of magnetic
susceptibility of each #,, orbital as x = X; f; x where f;(j =
x2 — y2, ¥z, and zx) is a fraction of the d; orbital. Then the

anisotropic hyperfine coupling constant 3!AX . (k = x, y, and
7) is expressed as®!?
2,
5]A]ziniso = _ﬁ<r 3>ijq§’ @
J

where  (¢f) =32,-1,—-1), (¢¥)=3(-1,2,-1), and

(qu_yz) = 3(—1, — 1,2). The approximately axial anisotropy

observed for 'K in NaV,0, reasonably leads to an
assumption f,, ~ fz,. Then, comparing Eq. (4) with the
experimental data, we obtain (fy2-y2, fyz, fix) ~ (0.6, 0.2,
0.2) for V1 and ~(0.5, 0.25, 0.25) for V2. These results
may correspond to electron occupation numbers, (dgfyz,

d3, d%2) for V1 and (d%7,, )7, d%7) for V2, although
the bandwidth and/or the electron correlation prevent us
from knowing the precise numbers via the local magnetic
susceptibilities. Thus the 1.5 3d electrons predominantly
occupy the d,>,> orbital rather than d,; and d_,. This result
indicates that d,--,» has a lower energy than those of the other
orbitals, dy, and d,, as schematically presented in Fig. 8(a).
The electronic structure mentioned above is consistent
with the result in the first-principle electronic calculation by
Sakamaki et al. for the half-metallic ferromagnet K,CrgOi¢
(3d%>?%) with the hollandite structure having zigzag chains
similar to those in NaV,04."> They found a rather dis-
persionless narrow band predominantly composed of d,2-y»
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FIG. 8. (Color online) (a) Schematic energy levels of #,, orbitals
in NaV,04. Jy, Jar, and ¢ represent the onsite Hund coupling,
the offsite antiferromagnetic interaction, and the transfer integral,
respectively. (b) Three 1,, orbitals on a double chain in NaV,0,. The
X, y, and z axes in the local coordinate system are also presented.

and dispersive bands having the d;, and d,. character with
strong admixture of the oxygen 2p orbital and proposed a
double exchange mechanism responsible to ferromagnetism
of K,CrgOj¢. This theoretical model is applicable to NaV,04
with a localized electron in the d,2-,> orbital and itinerant
ones in dy, and d,,. This electron configuration results in the
double exchange process yielding the FM correlation observed
in the paramagnetic phase. In addition to the double exchange,
the AFM interaction is expected to exist due to a direct d,2-2-
d,>-» path along the double-chain direction as seen in Fig. 8(b).
Consequently there should be the competition between the FM
interaction along a rung and the AFM one along a leg. Thus
this magnetic frustration is expected to affect the magnetic
properties, the spin structure, and the phase diagram in the
magnetically ordered phases of NaV;,0,. Also the competition
between the FM and AFM interactions is dependent on the
electron number in the double-chain systems. That is, the FM
interaction overcomes the AFM one in K,CrgOj¢ (3d>%),
leading to the half-metallic ferromagnetism, whereas the
FM behavior does not appear in K,VgOi¢ (3d'?) with the
predominant AFM interaction.

4. Nuclear spin-lattice relaxation rate

To clarify the magnetic correlation in the paramagnetic
phase of NaV,0,, we measured the T dependence of the Shy
(**Na) nuclear spin-lattice relaxation rate 1/7, with H|x (at
the magic angle, 6, = 52°), in the ab plane for the V1 (Na)
site. As seen in Fig. 9(a), 1/TT, which is proportional to
Yqlmy, (q, w,) where x,(q, w,) is the transverse dynamical
susceptibility with the wave vector q and the nuclear Larmor
frequency w,, does not obey the Korringa relation, 1/T1T =
constant, which appears in Fermi liquid systems. This indicates
the presence of the strong electron correlation in the present
system. Then the 7 dependence can be fitted to the CW
law, 1/T\T = C/(T — ©) with C = 3.3 x 10* (11) s~ and
® =98 (100) K, for the V1 (Na) site in the T range of
200-300 K. Thus these CW behaviors indicate that 1/7;T of
both V and Na may be scaled to the Knight shifts. Figure 9(b)
shows the 1/T,T|K | versus T plots for the Na and V1 sites
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FIG. 9. (Color online) Temperature dependence of (a) 1/7,T and
(b) 1/T,T|K .| for 2*Na and 'V nuclei with H = 5.8701 T applied
to the magic angle and parallel to the x axis, respectively, in NaV,Oj.
The solid curves are the fitted results of the data to the Curie-Weiss
law.

in NaV;0y. In the plots, K| is the Knight shift perpendicular
to H defined as 'K | = C'K, — 'K}, + 3K, —>'KZ,)/2 to
discuss spin fluctuations at the V1 site, whereas K| = K
for Na. As seen in Fig. 9(b), the 1/T7T|K |, which is
approximately proportional to XqImy,(q, w,)/x1(0, w,),
versus T is almost T-independent above ~200 K, whereas
1/TiT|K | below ~200 K gradually increases due to the
growth of the AFM fluctuation. In particular, 1/7\T|K | of
23Na monitors the critical slowing down which divergently
enhances 1/7; T towards Ty. Thus, the present results indicate
that the AFM spin fluctuation overcomes below ~200 K
the FM one predominant at high temperatures. From the
dynamical point of view, this also supports the model of the
intra- and inter-orbital interactions presented in Fig. 8(a).

B. Magnetically ordered phase

Below Ty, three antiferromagnetic phases, AFM1-AFM3,
have been reported to exist in the 7-H phase diagram
from magnetic susceptibility measurements.”’> The AFMI
phase is located in the small region just below Ty, whereas
the AFM2 (AFM3) phase appears above (below) ~5.5 T.
Although several models for the spin structure in the AFM
phases have been proposed from magnetization,?' ©*SR,?*>
and neutron scattering measurements,”® the spin structure
remains controversial. We present experimental results of
magnetization and NMR, and discuss the spin structure and
the magnetic phase transition in a magnetic field.

1. Magnetization curve

As seen in Fig. 2, below Tn, x» ~ Xc < Xa» indicating that
the easy axis of the magnetic moments in the AFM3 phase is
perpendicular to the a axis. This is in contrastto x, < X¢ ~ Xa
measured at 5 T.?! Magnetization curves M, (H) (¢ = a, b, and
c¢) for H|j« at 5 K are presented in Fig. 10. Both M,(H) and
My(H) linearly increase with increasing H in the observed
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FIG. 10. (Color online) Magnetization curve M,(H) for H |«
(¢ = a, b,and c¢) at 5 K in NaV,0y4

H range, whereas M (H) traces M,(H) below 5 T, gradually
jumps in the H range of 5 T < H < 6 T, and again traces
M, (H) above 6 T. These results of magnetic susceptibility and
magnetization measurements clearly show a magnetic phase
transition takes place from the AFM3 to AFM?2 phases at
~5.5T for H|cat5K.

2. NMR spectrum and spin structure

23Na NMR measurements are useful to determine the spin
structure of NaV,04. The inset of Fig. 11 shows typical
2’Na NMR spectra with H = 5.8701 T applied to the b
axis above and below Ty. The spectrum above Ty has one
central and two satellite lines split by the electric quadrupole
interaction, whereas each line becomes a broad spectrum with
two peaks below Ty. The characteristic broad spectrum shows
a distribution of an internal field H,, governed by the spin
structure, at the Na sites. Also the difference between the
NMR frequencies at the double peaks of the center line,
Avyes, denoted by the red arrows in the inset follows the T
dependence of the magnetic moments. Figure 12 shows the
angular dependence of Av, with H = 3.0 T rotated in the
ab and bc planes at 20 K. A, # 0 for the bc rotation,
while Av,s ~ 0 for H|a, indicating the magnetic moments
in the bc plane.

In the magnetically ordered phases of NaV,0y, the *Na
NMR frequency v is expressed as Vs = 2wy, |Ho + H, |
where H,, is composed of the dipole field from the V magnetic
moments Hy;p and the transferred hyperfine field from the nine
neighboring V sites H; with an isotropic coupling constant
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FIG. 11. (Color online) Temperature dependence of the differ-
ence between the NMR frequencies, where 2Na spectrum with H
(=5.8701 T) ||b shows the double peaks, Av,s in NaV,04. The inset
shows typical 22Na NMR spectra above and below Ty.
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FIG. 12. (Color online) Angular dependence of Av at 20 K
with H = 3.0 and 5.8701 T rotated in the (a) ab and (b) bc planes of
NaV,04. The solid curves are the calculated results, assuming spin
structure models, i.e., the incommensurate helical structures with the
helical ab, bc, or ca plane, and the incommensurate spin density wave
(SDW) with the spin moments parallel to the ¢ axis.

B Ay = 2A/9 =218 Oe/up evaluated from the K- analysis
in the paramagnetic phase. Here it should be noted that
the demagnetization and Lorentz fields are negligibly small
compared with Hgjp and H,, in the magnetically ordered phase.

Up to now, several models have been proposed as a spin
structure at O T in the AFM3 phase such as antiferromag-
netically coupled ferromagnetic chains,?! the collinear AFM
order,”* the incommensurate spin-density wave (SDW),?® and
the helical order.”> We analyze the 2>Na NMR results based
on these models. Among the models, the collinear AFM
models cannot reproduce the observed broad NMR spectrum
which strongly indicates an incommensurate spin structure.
This is consistent with the observation of the incommensurate
q vector, qo = 27(0, 0.191, 0), in the neutron scattering
experiment.”® Thus we should look for SDW and helical spin
structures. Assuming the SDW model?® with the magnetic
moments m expressed as m = my[0, 0, sin(qq - r/b)] with
mo = 0.77ug and the lattice constant b, and the helical
structure models as expressed by, for instance, m = m[0,
cos(qo-r/b), sin(qo-r/b)] with my = 1.1up for the model on
the helical bc plane, we calculate the angular dependence of
Ay at the Na sites. Comparing these calculated results with
the experimental data at 3 T in the AFM3 phase, only the helical
structure in the bc plane can well reproduce the experimental
result as seen in Fig. 12. The rejection of the SDW model
is supported by a fact that we could not detect the resonance
frequency dependence of 1/7; which is expected to appear
in SDW phases.*® Also the helical model can approximately
reproduce the >'V NMR spectrum, where a correction due
to the T, process is made, at 0 T and 4.2 K as shown in
Fig. 13. The NMR spectrum is governed by the dipole field
and the hyperfine field with the hyperfine tensor 3'A, which
is determined by the K- plots in the paramagnetic state. The
dashed (dotted) curve in Fig. 13 is calculated for the helical
model on the bc plain (the plain with the rotated angle of
9° around the ¢ axis, for comparison) with my = 1.35up and
qo = 27 (0, 0.191, 0). Then the calculated NMR spectra are
convoluted by a Gaussian with full width at half maximum of
4.0 MHz. These spectra almost reproduce the observed NMR
spectrum except the slight deviation which might come from
the inter-chain configuration of the magnetic moments and
the small difference between the moments at the two V sites.
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FIG. 13. (Color online) 'V NMR spectrum of NaV,0, under
zero external field at 4.2 K. The dashed (dotted) curve represents
the NMR spectrum calculated for the incommensurate helical spin
structure on the b¢ plain (the plain with the rotated angle of 9° around
the ¢ axis), whereas the solid curve is guide to the eye.

Thus, from the analysis of both the 2*Na and 'V NMR spectra
mentioned above, we propose the incommensurate helical spin
structure on the bc plain in the AFM3 phase of NaV;,0s.

We discuss the phase transition from the AFM3 to AFM2
phases in a magnetic field. The change in M.(H) at ~5.5 T is
considered to take place due to the flop of the spin moments
from the bc to ab planes. This behavior was also observed in
the NMR experiment, namely, a sudden change occurs at 6, ~
55°, where the ¢ component of H reaches a critical field for the
spin flop, in the angular dependence of Av,e at T = 20 K with
H =5.8701 T rotated in the bc plane as seen in Fig. 12(b).
These magnetization and NMR experimental results clearly
show that the helical plane flops from the bc to ab planes at
~5.5 T, when H is applied to the ¢ axis at 5 K. Thus, we
propose the arrangement of the magnetic moments in H as
schematically shown in Fig. 14.

This helical spin order is ascribed to the competition of the
FM and AFM interactions. In a double-chain spin system with
the nearest FM and second nearest AFM exchange couplings,
Jp and J;, respectively, a helical spin order appears for the ratio
|J1/J>| >1/4.4 Indeed, the helical spin order was observed
in quantum spin systems (S = 1/2) with frustrated chains
such as LiCuO, and LiCuVO,.*'"* Although NaV,0y is an
itinerant system, the configuration of the magnetic interactions
may have the similar situation and result in the helical spin
order. Inelastic neutron scattering measurements of the spin
excitation spectrum are desired to obtain the J; and J, values
in NaVZO4.
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FIG. 14. (Color online) Schematic spin structures in the AFM3
(below ~5.5 T) and AFM2 (above ~5.5 T) phases of NaV,0,. The
light red and green planes represent the bc and ab ones, respectively,
where the helical spin moments are located.

IV. CONCLUSION

We have performed *Na and >'V NMR measurements to
clarify the local magnetic properties of the antiferromagnetic
metal NaV,0, with the calcium ferrite structure. In the param-
agnetic phase, we confirmed the presence of the ferromagnetic
correlation. Also, from the analysis of the anisotropic 'V
Knight shift, we clarified the orbital state leading to the
ferromagnetic interaction, which is due to the double exchange
mechanism, along the rung of the double chain. Also the
antiferromagnetic interaction due to the direct d-d path along
the chain direction was pointed out to compete with the
ferromagnetic one, resulting in the magnetic frustration. Below
Tn = 140 K, the helical magnetic structure was found to
appear in the AFM3 phase due to the magnetic competition.
Then the helical plane flops at ~5.5 T from the bc to ab planes,
when the external field is applied to the ¢ axis.
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