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We report the thermodynamic properties, magnetic ground state, and microscopic magnetic model of the
spin-1 frustrated antiferromagnet Li,NiW,Og, showing successive transitions at Ty; >~ 18 K and Ty, >~ 12.5 K
in zero field. Nuclear magnetic resonance and neutron diffraction reveal collinear and commensurate magnetic
order with the propagation vector k = (%,0, %) below Ty,. The ordered moment of 1.8 at 1.5 K is directed
along [0.89(9), — 0.10(5), — 0.49(6)] and matches the magnetic easy axis of spin-1 Ni%* ions, which is
determined by the scissor-like distortion of the NiOg octahedra. Incommensurate magnetic order, presumably
of spin-density-wave type, is observed in the region between Ty, and Ty;. Density-functional band-structure
calculations put forward a three-dimensional spin lattice with spin-1 chains running along the [011] direction and
stacked on a spatially anisotropic triangular lattice in the ab plane. We show that the collinear magnetic order
in Li,NiW,0g is incompatible with the triangular lattice geometry and thus driven by a pronounced easy-axis

single-ion anisotropy of Ni*".
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I. INTRODUCTION

Triangular-lattice antiferromagnets entail geometrical frus-
tration of exchange couplings and show rich physics with
a variety of ordered phases depending on temperature and
applied magnetic field [1,2]. Magnetic order on the regular
triangular lattice with isotropic (Heisenberg) exchange cou-
plings is noncollinear 120° type even in the quantum case of
spin-% [3-7]. In real materials, nonzero interplane couplings
stabilize this order at finite temperatures up to the Néel
temperature Ty [8]. However, exchange anisotropy, which is
also inherent to real materials, will often render the magnetic
behavior far more complex.

In triangular antiferromagnets with easy-axis anisotropy,
the 120° state is often preceded by a collinear state stabilized
by thermal fluctuations [9,10]. Zero-field measurements will
then show two transitions with the collinear state formed below
Txni and the 120° state formed below Tn, < Tni. This physics
has been well documented experimentally in CsNiCls [11,12],
RbMnl; [13,14], and other triangular antiferromagnets. On
the other hand, the intermediate-temperature collinear phase
is unstable in systems with easy-plane anisotropy [15]. Such
systems will typically show only one magnetic transition in
zero field, with the paramagnetic phase transforming directly
into the 120°-ordered state below Ty.

Recently, Li;,NiW,Og (Fig. 1) was proposed as a triangular-
like antiferromagnet showing two subsequent magnetic tran-
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sitions at Tn; =~ 18 K and Ty 2~ 12.5 K in zero field [16,17].
Below Ty, collinear and commensurate antiferromagnetic
(AFM) order was reported [16], in contrast to other triangular
antiferromagnets [11-14]. The nature of the intermediate
magnetic state between 7n; and Ty and the origin of the
collinear order below Ty, remain largely unclear.

In the following, we report an independent study of
Li;NiW,0g including thermodynamic properties, nuclear
magnetic resonance, and neutron scattering, as well as a
microscopic magnetic model obtained from density-functional
(DFT) band-structure calculations. We revise the model
of the collinear magnetic structure that is formed below
Tx> and elucidate its origin by evaluating both isotropic
exchange couplings and single-ion anisotropy. Our data reveal
a consistent easy-axis anisotropy scenario that is verified
experimentally and rationalized microscopically. We further
demonstrate the incommensurate nature of the magnetic order
in the temperature range between Ty, and Ty and discuss
its possible origin. We also probe spin dynamics in both
commensurate and incommensurate phases of Li, NiW;,Os.

II. METHODS

A polycrystalline sample of Li,NiW,0g was prepared by
the conventional solid-state reaction technique using Li,CO3
(Aldich, 99.999%), NiO (Aldich, 99.999%), and WO; (Aldich,
99.999%) as starting materials. Stoichiometric mixtures of the
reactants were ground and fired at 600 °C for 24 hours to allow
decarbonation and then at 650 °C for 48 hours with one inter-
mediate grinding. Phase purity of the sample was confirmed
by powder x-ray diffraction (XRD) experiment (PANalytical,
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FIG. 1. Crystal structure of Li,NiW,0Og (left) and its spin lattice
(right) featuring spin chains (Jy;1) stacked on the triangular lattice in
the ab plane. Different colors denote opposite spin directions in the
commensurate magnetic configuration below Ty, (see also Fig. 10).
The Li atoms have been removed for clarity. The NiOg octahedra are
shown in green, and their local coordinate frames xyz and x’y’z are
also depicted (see Sec. IIIF for details). VESTA software [18] was
used for crystal-structure visualization.

Empyrean) with Cu K, radiation (A4, = 1.5406 A). The data
were refined using FULLPROF [19].

Magnetization (M) and magnetic susceptibility (x =
M/ H) data were collected as a function of temperature (7)
and magnetic field (H) using a superconducting quantum in-
terference device (SQUID) magnetometer (Quantum Design,
MPMS). Heat capacity (Cp) measurement was performed as
a function of T and H on a sintered pellet by using the
relaxation technique in the physical property measurement
system (PPMS; Quantum Design). High-field-magnetization
data up to 60 T were collected by using a pulsed magnet in-
stalled at the Dresden High Magnetic Field Laboratory. Details
of the experimental procedure can be found elsewhere [20].
Our high-field data were scaled with the magnetization data
measured by using the SQUID magnetometer up to 7 T.

Temperature-dependent nuclear magnetic resonance
(NMR) experiments were carried out by using a pulsed NMR
technique on the 'Li nucleus, which has a nuclear spin
1= % and gyromagnetic ratio Yy = yn/27 = 16.546 MHz/T.
Spectra were obtained either by Fourier transform of the NMR
echo signal at two different fixed fields H = 1.5109 T and
0.906 T or by sweeping the magnetic field at the corresponding
fixed frequencies of 24.79 MHz and 15 MHz. "Li spin-lattice
relaxation rate 1/7; was measured by using a conventional
saturation pulse sequence. Spin-spin relaxation rate 1/ 7, was
carried out by using a standard 7/2-t-7 pulse sequence.

Neutron-diffraction data were collected on the DMC
diffractometer at the Swiss Spallation Neutron Source (SINQ,
Paul Scherrer Institute, Villigen) operating at the wavelength
of 2.45 A. Data analysis was performed using the JANA2006
software [21].

Exchange couplings in Li;NiW,0g were obtained from
density-functional band-structure calculations performed in
the FPLO code [22] by using the experimental crystal structure
and local-density approximation (LDA) exchange-correlation
potential [23]. Correlation effects in the Ni 3d shell were
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TABLE I. Crystal-structure data for Li,NiW,0Og at room tem-
perature (triclinic structure with space group P1). Refined lattice
parameters are a = 4.9039(1) A, b = 5.5974(1) A, ¢ = 5.8364(1) A,
a = 70.888(1)°, B = 88.5374(9)°, and y = 115.4419(8)°, which are
comparable to the previously reported values [16,27].* Our fit yields
x2 ~ 7.6. Listed are the Wyckoff positions and the refined atomic
coordinates (x/a, y/b, z/c) for each atom.

Atom Site x/a y/b z/c

Li 2i 0.023(5) 0.070(3) 0.224(4)

Ni 1d % 0 0

0O1 2i —0.029(3) 0.287(2) 0.931(2)

02 2i 0.512(3) 0.718(2) 0.785(2)

03 2i 0.555(3) 0.699(2) 0.356(2)

04 2i 0.045(3) 0.692(3) 0.572(2)

w 2i 0.2604(3) 0.531(3) 0.6669(3)

aNote that ¢ = 5.4803 A reported in Ref. [27] is a misprint.

taken into account on the mean-field level by using the local
spin-density approximation + U (LSDA + U) approach with
the fully-localized-limit double-counting correction scheme,
on-site Coulomb repulsion U; = 8 eV, and Hund’s exchange
Jg = 1eV[24].

Magnetic susceptibility of the spin-1 chain was obtained
from quantum Monte Carlo simulations performed in the
LOOPER algorithm [25] of the ALPS simulation package [26].
A finite lattice with L = 32 sites and periodic boundary
conditions was used.

III. RESULTS
A. Crystallography

Initial parameters for the structure refinement from the
powder XRD data were taken from Ref. [27]. The obtained
best fit parameters listed in Table I are in close agreement with
the previous reports [16,27].

The crystal structure of Li;NiW;,0Og (Fig. 1) features NiOg
octahedra connected via WOg octahedra. The NiOg octahedra
are weakly distorted with two longer Ni—O distances of
2.132 A and four shorter distances of 2.04-2.07 A. The
WOg¢ octahedra are distorted as well and feature one short
W-0 distance of 1.77 A, as typical for W, Triclinic
symmetry of the crystal structure results in a large number of
nonequivalent superexchange pathways. Three shortest Ni—Ni
distances are found in the ab plane forming a triangular
lattice, although no pronounced two-dimensionality can be
expected on crystallographic grounds, because the shortest
Ni—Ni distance along c is only slightly longer than those in
the ab plane, 5.81 A vs 5.60-5.64 A (see also Table II). In
fact, the spin lattice of Li;NiW,Og turns out to be even more
complex. While it preserves triangular features in the ab plane,
the leading exchange coupling is out of plane and oblique
to the triangular layers (Fig. 1, right). Details of magnetic
interactions in Li,NiW,Og are further discussed in Sec. III F.

B. Magnetization

Magnetic-susceptibility x(7) data for Li;NiW,0g mea-
sured as a function of temperature at different applied fields are
shown in Fig. 2. The susceptibility increases with decreasing
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FIG. 2. Magnetic susceptibility of Li,NiW,0Og as a function of
temperature at different applied fields. The lines are fits as described
in Sec. lII F2. Inset: d x /d T versus temperature measured at different
fields in the low-T regime highlighting the transition anomalies.

temperature in a Curie—Weiss manner and shows a peak around
Tni ~ 18 K and a change in slope at Ty, ~ 12.5 K, suggesting
that there are two magnetic transitions at low temperatures.
These two transitions are more pronounced inthe d y /dT vs T
plot (see inset of Fig. 2). No broad maximum associated
with the magnetic short-range order was observed above Ty;.
The field dependence of the low-temperature tail indicates an
impurity contribution.

The x(T) data at high temperatures were fitted by the sum
of a temperature-independent contribution xo and the Curie—
Weiss (CW) law:

X=X+ ey

T +0cw
Xo consists of diamagnetism of the core electron shells (Xcore)
and Van Vleck paramagnetism (yyy) of the open shells
of the Ni*" ions present in the sample. In the CW law,
Ocw and C stand for the Curie-Weiss temperature and the
Curie constant, respectively. Our fit to the 1 T data (not
shown) in the high-temperature regime (175 to 380 K) yields
xo =~ —8.738 x 107% cm?/mol, C ~ 1.24 cm? K/mol, and
Ocw >~ 20 K. The positive value of Ocw suggests that the
dominant interactions are antiferromagnetic in nature. The
value of C yields an effective moment pes 2~ 3.15up/Ni
which corresponds to a Landé g factor g ~ 2.23, typical
for the Ni** ion [28]. Adding core diamagnetic suscepti-

bilities for individual ions (x;+ = —0.6 x 107® cm?/mol,
Nt = —12 % 1076 cm?/mol, xws+ = —13 x 10~° cm?/mol,
and yp- = —12 x 107° cm?/mol [29]), the total Xcore Was

calculated to be —1.35 x 107* cm?/mol. The Van Vleck
contribution for Li;NiW;Og was thus estimated by subtracting
Xeore from xo producing xyy ~ 12.6 x 107> cm*/mol.

The pulsed-field magnetization data are shown in Fig. 3.
They exhibit two features: (i) a change in the slope around
Hsg ~ 9 T, and (ii) saturation around H, >~ 48 T. The former
feature is reminiscent of a spin-flop transition. The field
derivative of the magnetization does not reveal any additional
features in the region between 9 and 48 T. We note, however,
that narrow magnetization plateaus, which are not unexpected
in triangular antiferromagnets [2], may be smeared out by
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FIG. 3. High-field-magnetization curve measured at 1.5 K in
pulsed magnetic field. Inset: dM /d H vs H.

thermal fluctuations and anisotropy. Therefore, measurements
at lower temperatures and on a single crystal are desirable to
detect possible field-induced states in Li;NiW;Os.

C. Heat capacity

The heat capacity C;, as a function of temperature measured
at zero field is presented in Fig. 4(a). At high tempera-
tures, Cp is completely dominated by the contribution of
phonon excitations. At low temperatures, it shows two A-type
anomalies at Ty; ~ 18 K and Ty ~ 12.5 K indicative of two
magnetic phase transitions, which are consistent with the x (7')
measurements. Below T, Cp(T') decreases gradually towards
Zero.

In order to estimate the phonon part of the heat capacity
Cpn(T), the Cp(T) data at high temperature were fitted by a
sum of Debye contributions following the procedure adopted
in Ref. [30]. Finally, the high-T fit was extrapolated down to
2.1 K and the magnetic part of the heat capacity Cpao(T) was
estimated by subtracting Cpn(T) from Cp(T) [see Fig. 4(a)].

In order to check the reliability of the fitting procedure,
we calculated the total magnetic entropy (Smag) by integrating
Cmag(T)/ T between 2.1 K and high temperatures as

T Conag(T")
Smag(T) Zf ?—/d
2.1K

The resulting magnetic entropy is Spae = 8.95 J mol~! K~!
at 80 K. This value matches closely the expected theoretical
value [Smae = RIn(2S 4+ 1) >~ 9.1 I mol~! K~ for a spin-1
system.

To gain more information about the magnetic ordering,
we measured C,(T') in different applied magnetic fields [see
Fig. 4(b)]. With increasing H from 0 to 13 T, both Ty
and Ty, shifted towards lower temperatures suggesting an
antiferromagnetic nature for both transitions. In addition to
this, the intensities of the peaks are also decreasing with
increasing H, which is likely due to the redistribution of
magnetic entropy towards high temperatures.

T 2)
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FIG. 4. (a) Temperature dependence of heat capacity measured at
zero field for Li;NiW,Og. The open circles are the raw data, the solid
line is the phonon contribution Cpy, and the dashed line represents
the magnetic contribution Cy,,. Inset shows the magnetic entropy
Smag as a function of T'. The horizontal line is the value Sy,e = R1n3
expected for Ni** spins. (b) Heat capacity of Li,NiW,0g measured
in different applied magnetic fields.

D. 'Li NMR
1. "Li NMR spectra above Ty

"Li is a quadrupole nucleus having nuclear spin I = %
for which one would expect two satellite lines along with
the central line from 'Li NMR. Our experimental 'Li NMR
spectrum consists of a narrow spectral line without any
satellites and the central peak position remains unchanged with
temperature, similar to that observed for Li,CuW,0g [31].
Above Tyni, the NMR linewidth tracks the magnetic suscepti-
bility nicely. From the linear slope of the plot of linewidth
vs magnetic susceptibility with temperature as an implicit
parameter, the dipolar coupling constant was calculated to be
Adgip > 6.7 x 10%> cm ™. This value of Ay, corresponds to the
dipolar field generated by the nuclei at a distance r ~ 2.5 A
apart, which is of the correct order of magnitude for the average
distance between the Li nuclei and Ni2* ions in Li,NiW,Os.

2. "Li spin-lattice relaxation rate 1/ T,

The decay of the longitudinal magnetization after a
saturation pulse was fit well by a single-exponential
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FIG. 5. Temperature-dependent 'Li spin-lattice relaxation rate
1/T, for Li;NiW,0g measured at two different frequencies of 14.88
and 24.79 MHz. The downward arrows point to Ty; and Typ.
Inset shows 1/7; below Ty, ~ 12.5 K. The solid line represents
the 1/T, o« T° behavior and the dashed line corresponds to the
T -independent behavior.

function:
M)

0

1

Ae™ /T, 3)

where M(¢) is the nuclear magnetization at a time ¢ after
the saturation pulse, and M is the equilibrium value of the
magnetization. At low temperatures (7 < 10 K), the recovery
curve deviates from single-exponential behavior but fits well
to a double exponential (consisting of a short and a long
component) function:

M(1)

-2 =

A —t/T A _t/TlS’ 4
Mo 1€ + Aze €))

where T, and T represent the long and the short components
of 77, and A and A, stand for their respective weight factors.
The long component 1/T); of the double-exponential fit
matches with the 1/7; of the single-exponential fit around
10 K and are plotted as a function of temperature in
Fig. 5. At high temperatures (T > 40 K), 1/7; is almost
temperature-independent, as expected in the paramagnetic
regime [32]. With decrease in temperature, 1/7] increases
slowly and shows a sharp peak at Ty; ~ 17.6 K and another
weak anomaly at Ty, >~ 12.5 K associated with the two
magnetic phase transitions. These results are consistent with
our thermodynamic measurements. Below Ty, 1/ T decreases
smoothly and becomes temperature independent with a value
close to zero below 9 K. This type of temperature-independent
1/T; behavior in the ordered state is rather unusual but has
been observed in the decorated Shastry—Sutherland lattice
compound CdCu,(BO3); [33]. The origin of such behavior
is not yet clear and requires further investigations.

In order to analyze the critical behavior close to Ty,
we plotted 1/T; versus the reduced temperature 7 = (T —
Tn1)/ Twi above Ty in Fig. 6. Usually in the critical regime
(i.e., in the vicinity of 7y) one would expect a critical
divergence of 1/7; following the power law 1/T] < 777,
where y is the critical exponent. When approaching Ty from
above, the correlation length is expected to diverge and the
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FIG. 6. "Lil /Ty for Li,NiW,0Og vs the reduced temperature t.
The solid line is the fit by the power law 1/ T} « 777 with y >~ 0.75
and a fixed Ty >~ 18 K.

fast electron spin fluctuations are slowed down. The value
of y represents the universality class of the system that
depends on the dimensionality and symmetry of the spin
lattice, and on the type of magnetic interactions. According
to the theoretical predictions, the y value is close to 0.3,
0.6, 0.8, and 1.5 for three-dimensional (3D) Heisenberg,
3D Ising, two-dimensional (2D) Heisenberg, and 2D Ising
antiferromagnets, respectively [34]. Our 1/T; is fitted well by
apower law for T < 0.3 giving y =~ 0.60-0.75. This would be
consistent with either 3D-Ising or 2D-Heisenberg cases. The
former option looks plausible, given the easy-axis anisotropy
present in Li;NiW,Og (Sec. IIIF) and the 3D nature of the
magnetic order formed below Ty;.

In the magnetically ordered state (7' < Ty), the strong
temperature dependence of 1/7] is a clear signature of the re-
laxation due to scattering of magnons by the nuclear spins [35].
For T > A/kg, 1/T; follows either a T3 behavior or a T?
behavior due to a two-magnon Raman process or a three-
magnon process, respectively, where A /kp is the energy gap
in the spin-wave spectrum [36,37]. On the other hand, for T «
A/ kg, it follows an activated behavior 1/ T} oc T?e~2/%T As
shown in the inset of Fig. 5(a), 1/T} for Li;,NiW,0g below
Tno follows a T? behavior rather than a 73 behavior, which
ascertains that the relaxation is mainly governed by a three-
magnon process similar to that reported for the spin-% square-
lattice compound Zn, VO(POy), [38], the three-dimensional
frustrated antiferromagnet Li,CuW,Og [31], and the decorated
Shastry—Sutherland compound CdCu,(BOs3), [33].

We also measured 1/7) at two different temperatures,
15 and 22 K, for different applied fields (not shown) and
it was found to be field-independent, similar to our earlier
observations for Li,CuW,0Og [31].

The spin-spin relaxation rate 1/7, as a function of
temperature (not shown) also shows two sharp peaks at
Tni =~ 17.6 Kand Ty =~ 12.5 K corresponding to the magnetic
phase transitions as those observed in the 1/7; data.

3. "Li NMR spectra below Ty

Figure 7 shows field-sweep 'Li NMR spectra measured at
2479 MHz in the low-temperature regime. The NMR line
broadens systematically with decreasing temperature. Below
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Txi, the 'Li NMR spectra were found to broaden abruptly
due to the internal field in the ordered state and take a
nearly triangular shape. The actual spectrum looks like a
superposition of a broad background and a narrow central
line at the zero-shift position. Upon lowering the temperature,
this line broadening increases and the intensity of the central
line decreases. Below the second transition Ty 2 12.5 K,
the line broadening is drastic, and the line attains a nearly
rectangular shape with the center of gravity at 1.512 T, which
is the resonance field for the ’Li nuclei. In order to reconfirm
the lineshape, we remeasured the spectra at a lower frequency
of 14.88 MHz. The width and shape of the NMR spectra were
found to be identical with the spectra measured at 24.79 MHz.

Our data reveal collinear and commensurate magnetic order
in Li;NiW,0g already below Tx;. In powder samples, the
direction of the internal field is randomly distributed with
respect to that of the applied field H. Therefore, one can
express the NMR spectrum f(H) as [39,40]

H? — H!+ H}
H,H?
where Hy = w/yny = |H + H,| is the central field, w is the
NMR frequency, y is the nuclear gyromagnetic ratio, and H,

is the internal field. Two cutoff fields, Hy + H,, and Hy — H,,,
produce two sharp edges of the spectrum. In real materials,

f(H) « ; Q)

T
"Li NMR |
_t
R=
s L
o
s |
2 |
<
St 16 K -
S |
i 175K i
i 17.75 K i
2
- ! | £25I1< ! | =
1.2 1.4 1.6 1.8

H(T)

FIG. 7. Field-sweep 'Li NMR spectra measured at 24.79 MHz
in the low-temperature regime. Solid lines are the fits by Eq. (6) at
4.3 K, in the commensurately ordered state with H, >~ 0.213 T, and
by Eq. (8) at 17.5 K, in the incommensurately ordered state with
(Hy)max =~ 0.094 T.

014415-5



K. M. RANJITH et al.

these sharp edges are usually smeared by the inhomogeneous
distribution of the internal field. In order to take this effect into
account, we convoluted f(H) with a Gaussian distribution
function g(H):

F(H) = /f(H— H"g(H')dH', (6)
where the distribution function is taken as [40]
(H) L. ( S H”)2> (7
= ——exp|——«— ).
¢ Jamamz T 2AH,

The spectra below Ty, are well fit by Eq. (6), as shown in
Fig. 7. This confirms the commensurate nature of the ordered
state below Tnp >~ 12.5 K.

Above Ty, the magnetic order changes drastically. The
NMR spectra have a nearly triangular shape in this temperature
range. Their maximum is at i Hy, as shown in Fig. 7, similar
to that reported for Cu3B,0¢ [41], (DIETSe),GaCly [42],
and Cr;_,T,B, (T = Mo and V) [43]. This triangular-like
shape of the NMR spectra is a typical powder pattern of an
incommensurate spin-density-wave (SDW) state [44].

In an incommensurately ordered state, the powder NMR
spectral shape function f(x) can be written as [44]

14+ /1 —x2
x

f(x) ocIn ' ; ®)

where x = (H — a)/?N)/(Hn)maxa —1 < x <1, (Hy)max is the
maximum amplitude of the internal field, and sinusoidal
modulation is assumed. As shown in Fig. 7, the experimental
spectrum at 7 =17.5 K is well fitted by Eq. (8), thus
corroborating incommensurate magnetic order between Ty
and Ty; inferred from neutron diffraction (see below).

Temperature dependence of the internal field H,, extracted
from the NMR spectra is presented in Fig. 8. The internal
field increases rapidly below about 18 K and then develops
the tendency of saturation towards low temperatures. Below
12.5 K, H, shows another sharp increase and then saturates
below 5 K, thus reflecting the two magnetic transitions.

We should notice that the central line (Fig. 7) does not
disappear completely even at 4.3 K. Persistence of this tiny
central peak at 4.3 K could be due to small amount of defects

02+ i
- "Li NMR
=)
o= 01 F
O 14.88 MHz
e 2479 MHz
ooL— 1+ .
0 5 10

T(K)

FIG. 8. Temperature dependence of the internal field H, (T < Ty)
obtained from "Li NMR spectra at two different frequencies. The solid
lines guide the eye, and the arrows point to the transition points.
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FIG. 9. Neutron-diffraction data collected from Li,NiW,Og at
different temperatures. The lower pattern shows nuclear scattering at
20 K. The upper pattern (1.5 K) corresponds to the commensurate
phase below Ty,. The indexes of the magnetic refections are also
shown. The sequence of patterns collected between 13 and 16 K
illustrates temperature evolution of the incommensurate phase (Tx, <
T < Tn1), with dashed lines tracking positions of individual magnetic
reflections. Note that the patterns are offset for clarity.

and dislocations, which is of course unavoidable in powder
samples.

E. Neutron diffraction

Representative neutron powder diffraction patterns of
Li;NiW,0g are shown in Fig. 9. Above Tn;, only nuclear
scattering is observed, which is consistent with the triclinic
crystal structure reported in the literature [27]. Upon cooling
below Ty, several weak magnetic reflections appear. Below
Tno, these reflections abruptly disappear, and new magnetic
reflections are observed at different angular positions. Data
collected with a temperature step of 0.5 K in the vicinity of Typ
(not shown) do not reveal coexistence of the two magnetically
ordered phases, thus confirming a second-order nature for this
transition.

Below Txp», all magnetic reflections can be indexed with the
commensurate propagation vector k = (% ,0, %). Therefore, we
find an AFM structure with antiparallel spins along a and
¢ and parallel spins along b (Fig. 10). At 1.5 K, individual
components of the magnetic moments are p, = 1.50(13) g,
up = —0.18(9) up, and pu, = —0.85(11) wp. The ensuing
ordered moment pu =~ 1.8(1) wp is slightly below 2.0up
expected for a spin-1 ion and follows the direction of the Ni**
easy axis (see Sec. III F). Upon heating from 1.5 K to Tx;, the
ordered moment remains nearly constant [ = 1.7(1) up at
12 K], in agreement with the temperature dependence of the
internal field probed by NMR (Fig. 8).

A similar magnetic structure was reported by Karna
et al. [16], although with a very different direction of the
magnetic moment. They found p, >~ u. and u;, = 0, while
in our case i, and p. have opposite signs. Our refinement is
based on five well-resolved magnetic reflections, yet only two
individual reflections could be resolved in Ref. [16]. Moreover,
the spin direction found in our work is compatible with the

014415-6



COMMENSURATE AND INCOMMENSURATE MAGNETIC ...

12 _
T=15K |
10 s MRS
= i AR I\
§° PRYK
2 4r '
g o
0r ] (I Il 11 [
10 20 30 40 50 60

Scattering angle, 26 (deg)

FIG. 10. Refinement of the magnetic and nuclear structures at
1.5 K. The resulting spin arrangement is shown in the inset. Orange
and gray tick marks denote the positions of the magnetic and nuclear
peaks, respectively.

magnetic easy axis of Ni%** in Li,NiW,Oyg, while the one from
Ref. [16] is not (see Sec. III F).

In the temperature range between 7Tn; and Ty, only
three magnetic reflections are observed (Fig. 9). Two of
these reflections are temperature-independent, whereas the
third one shifts to lower angles upon heating. This complex
evolution of the magnetic reflections indicates that more
than one propagation vector may be required to describe
the intermediate-temperature phase in Li;NiW,Og, and, un-
fortunately, no reliable solution of the magnetic structure
could be found based on powder data. Importantly, though,
none of the three reflections can be indexed with a commen-
surate propagation vector, thus indicating the incommensurate
nature of the magnetic order, in agreement with the triangular
shape of the NMR spectra in the temperature range between
Tx; and Ty (see Fig. 7 and Sec. IV).

F. Microscopic magnetic model
1. Isotropic exchange couplings

The relatively simple crystal structures of Li, MW,0Og
(M = Cu, Ni, and Co) [27] host remarkably complex magnetic
interactions. Recently, we reported a very intricate and strongly
frustrated three-dimensional spin lattice of Li,CuW,0Og [45],
where magnetic interactions up to the Cu—Cu distance of 9.3 A
play a crucial role. The spin lattice of the Ni compound is less
involved, but also unusual. Individual magnetic interactions
are obtained from LSDA 4 U calculations [46] as energy
differences between collinear spin states [47]. The resulting
exchange couplings J; parametrize the spin Hamiltonian:

A=Y"17;88; - ) AS], ©)
(ij) i

where the summation is over lattice bonds (ij), and the local
spinis S = 1. The second term denotes single-ion anisotropy A
that will be discussed later in this section. Exchange couplings
are labeled by using crystallographic directions, where we take
advantage of the fact that there is only one Ni atom per unit
cell.
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LDA |

Energy (eV)

FIG. 11. LDA density of states (DOS) for Li,NiW,Og featuring
Ni 3d states around the Fermi level (zero energy), O 2p states below
—1.5eV, and W 5d states above 2 eV. Note the splitting of the Ni 3d
bands into #,, and e, complexes in the octahedral crystal field.

The J; listed in the last column of Table II are obtained from
LSDA + U calculations. We find that all leading interactions
in Li,NiW,0g are AFM. Additional microscopic insight into
the origin of these couplings can be obtained from LDA band
structure, where correlation effects are largely neglected. This
metallic band structure (Fig. 11) features well-defined Ni 3d
bands that are split into #,, and e, complexes by the octahedral

crystal field. The Fermi level bisects the half-filled e, states.

Their tight-binding description yields hopping parameters ;" P

where a8 = x> — y2, 37> — r? are magnetic orbitals of Ni*".
These hopping parameters listed in Table II underlie the AFM
superexchange J; in Li;NiW,Os.

The analysis of hopping parameters provides direct com-
parison to Li,CuW;,Og [45] with its spin-% Cu’* ions featuring
x? —y? as the only magnetic orbital. In both Cu and Ni
compounds, the same couplings Ji00, Jo10, and Jjo are active
in the ab plane, whereas Ji;, corresponding to the longer
Ni—Ni distance is negligible [48]. On the other hand, the
couplings between the ab planes are remarkably different.
Li;CuW,0g reveals the leading interplane coupling Jpi;
along with the somewhat weaker Jy;7 and Jig;. In contrast,
Li;NiW,0g features Jyi;, which is triggered by the hopping
between the 3z> — r? orbitals and thus endemic to the Ni
compound. The direct coupling along the ¢ axis (Jgo1) as well
as other interplane couplings beyond Jyj; are much weaker
than the three leading couplings in the ab plane. Therefore,
Li,NiW,0g lacks extraordinarily long-range couplings that
are integral to the spin lattice of Li,CuW,Og [45].

The spin lattice of Li;NiW,Og is quasi-one-dimensional
(quasi-1D). It entails the leading coupling Jy;7 forming spin
chains, and three weaker couplings forming triangular loops in
the ab plane (Fig. 1). Therefore, this compound can be viewed
as a system of spin-1 chains stacked on the triangular lattice,
similar to, e.g., CsNiCly [11,12]. The coupling geometry
is in line with previous results, and the absolute values of
J; are rather similar to those reported in Ref. [17], while
exchange couplings in Ref. [16] are roughly four times larger.
A closely related exchange topology has been reported for
Li,CoW,0g as well [49]. On the other hand, Li,CuW,Og is
very different [45]. It shows a 1D feature in the ab plane along
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TABLE 1II. Exchange couplings in Li;NiW,0g. The Ni-Ni
distances dyi_n; are in A, the hopping parameters tl.‘x f are in meV,
and the exchange integrals J; are in K. The orbital indices are
a=3722—r>and g = x* — 2

t;

dnini ao af BB Ji
Jioo 4.907 -30 —38 —14 3.1
Joo 5.602 —40 32 9 2.1
Tito 5.642 2 7 _58 26
Joor 5.810 -1 —6 17 —-0.2
Joii 6.623 —111 —6 0 99

with an intricate network of frustrated exchange couplings in
all three dimensions.

2. Comparison to experiment

Our computed exchange couplings compare well to the
experimental data. The Curie—Weiss temperature is a sum of
exchange couplings at the magnetic site:

S(S+1)
ezTXi:ziL, (10)

where z; = 2 is the number of couplings per site. We obtain
Ocw = 23.6 K that compares well to the experimental Ocw >~
20 K.

The saturation field reflects the energy difference between
the ground-state spin configuration and the ferromagnetic
state. By using the classical energy of the k = (%,O, %) AFM
state, we find

Hy =28Q2J100 + 2J110 + 2Jo11)ks/(gp) = 46.6 T, (11)

which is again in good agreement with the experimental Hy =~
48 T. We further note that the hierarchy of exchange couplings
in Table II is compatible with the k = (%,0, %) order observed
below Tnz. The AFM coupling Jo9 imposes AFM order along
the a direction. On the other hand, the AFM diagonal coupling
Ji10 is stronger than Jy19. Therefore, the magnetic order is
AFM along [110] and thus FM along [010]. Likewise, the AFM
coupling Jyi; combined with the FM order along b results in
the AFM order along c, and the k = (%,0, %) state ensues.

The quantitative description of thermodynamic properties
can be extended by fitting the temperature dependence of the
magnetic susceptibility (Fig. 2). To this end, we first consider
the model of an isolated spin-1 chain that describes the exper-
imental data down to 30 K resulting in Jip >~ 14.1 Kand g =
2.23. Unfortunately, the susceptibility of the full 3D model
cannot be obtained from quantum Monte Carlo simulations
because of the sign problem. Therefore, we resort to the high-
temperature series expansion (HTSE) [50]. To reduce the num-
ber of variable parameters, we fixed the ratios of J1g9, Jo10, and
Ji10- The fit describes the data down to 20 K, i.e., nearly down
to Tni, arriving at Jo;7 =~ 13.0 K, Jig0 =~ 0.5 K, and g = 2.21
inreasonable agreement with the DFT results in Table II. Note,
however, that the estimate of Jyo9 (and thus of all couplings
in the ab plane) is rather sensitive to the temperature range of
the fit and, additionally, the effect of the single-ion anisotropy
cannot be included in the HTSE available so far [50].
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TABLE III. Orbital energies ¢; in Li,NiW,Og calculated for two
coordinate frames shown in Fig. 1. The energies are in eV. The
contributions to the single-ion anisotropy Ay, Ay, and A, (in K)
are calculated by using Eqs. (12), where the xy and x? — y? orbitals
have been swapped for the x’y’z coordinate frame.

xyz x'y'z
Exy —0.892 0.009
&yz —0.863 A, =81.6 K —0.802 Ay =877K
Exz —0.834 A, =844K —0.895 Ay =T87TK
£32 0.006 A, =788K 0006 A, =788K
£ 0.009 —0.892

3. Single-ion anisotropy

The single-ion anisotropy term AS?2,, which is typical for
Ni**, originates from weak distortions of the NiOg octahedron
and depends on mutual positions of individual crystal-field
levels [51]. The contributions of the spin-orbit coupling A
giving rise to the single-ion anisotropy can be obtained from

second-order perturbation theory [51]:
8)‘2 > ’

A\ 1 3
Ay =\ = +
2 Ex2_y2 — &y €32 .2 —
Ay = AN ! + & (12)
T\2 Ex2—y2 — &xz €322 — Exg ’

(A)2< : )
A, == ),
2 8Xz_yz — SXy

where A = 0.078 eV is the spin-orbit coupling constant for
Ni** [52]. The terms A, enter the spin Hamiltonian as

H=— Z}/:x,y,z A, 8%, such that the largest A, determines

the preferred spin d)i,re}étion.

First, we use the standard xyz coordinate frame, with
the z axis directed along the longer Ni—O bond (2.13 A)
and the x and y axes pointing along the shorter Ni—O
bonds (2.04-2.07 A). The resulting orbital energies listed in
Table III do not follow crystal-field splitting anticipated for
the octahedron elongated along z. For example, one expects
Exy > &y; =2 &, because of the shorter Ni—-O distances in the
xy plane, but we find ¢,, < €y, < &,; instead.

A more natural model can be derived for the modified x"y’z
coordinate frame, where we turn the x and y axes by 45°,
so that they bisect Ni—O bonds in the xy plane (Fig. 1, left).
This way, the xy and x> — y? orbitals are swapped, and their
energies should be swapped in Egs. (12) too. In the modified
frame, we obtain &,, > &, > e.2_ » reflecting a peculiar
scissor-like distortion of the NiOg octahedron [53]. The y’
axis bisects the smaller O1-Ni—O2’ angle of 86.45° compared
to the O1-Ni—-O2 angle of 93.55° bisected by the x’ axis.
Therefore, d,, is lower in energy than d,, . This relation has an
immediate effect on the single-ion anisotropy. Using Eqs. (12),
we find the effective anisotropy A = A — Ay ~ 9K, and the
direction of the easy axis ¥ = x’ = [0.852, — 0.023, — 0.503]
that bisects the two shorter Ni—O bonds of the elongated NiOg
octahedron. Remarkably, this easy axis is consistent with the
experimental spin direction [0.89(9), — 0.10(5), — 0.49(6)] in
the magnetically ordered state. Moreover, our microscopic
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estimate A >~ 9 K is compatible with the spin-flop field

IV. DISCUSSION

Li;NiW,0g reveals two successive magnetic transitions
with two distinct magnetically ordered states. Taking into
account the easy-axis anisotropy of Ni**, one would expect
that these two states resemble magnetically ordered phases of
CsNiClj [11,12] and CsMnlj [13,14], where a noncollinear
(120°-type) magnetic structure below Ty, is followed by
a collinear state above Ty,. Both states have the same
commensurate propagation vector. Our NMR and neutron
scattering experiments rule out this analogy for Li;NiW,0Og.
We find commensurate magnetic ordering below Ty, and an
incommensurate SDW-type ordering between Ty; and Txp».

Microscopically, Li;NiW,0g and its Ni>*-based sibling
CsNiCl; can be viewed as quasi-1D, with spin chains stacked
on the triangular lattice. In CsNiCls, the leading intrachain
coupling along ¢ manifests itself in characteristic excitations at
higher energies [54-56], whereas long-range magnetic order
is essentially determined by the frustrated couplings in the
ab plane. The reduced magnetic moment in the ordered state
(1.0 p [57]) is taken as a hallmark of quantum fluctuations
triggered by the 1D nature of the spin lattice [58]. In
Li,NiW,Os, the ordered moment of 1.8 g approaches the full
moment of 215 for a spin-1 ion, thus indicating proximity to
the 3D regime and the minor role of quantum fluctuations.
Indeed, the ratio of the intrachain to interchain couplings
(Jo1i/Jap) is as low as 3.8 in Li;NiW,0g compared to nearly
60 in CsNiCls [55].

CsNiCl; adopts a 120°-like magnetic order below Ty
followed by a collinear order between Ty, and Ty; with
the same, commensurate propagation vector. In contrast,
magnetic order in Li;NiW,Og is collinear already below
Tno. Antiparallel spin arrangement along [100] and [110], as
opposed to the parallel spin arrangement along [010], can be
ascribed to the hierarchy of competing exchange couplings
Jioo > Ji10 > Joio, but collinear state itself is in fact not
expected for the isotropic (Heisenberg) spin Hamiltonian on
the triangular lattice, at least for the parameter regime derived
in our work.

Using exchange couplings from Table II, we performed
classical energy minimization and arrived at a spiral ground
state with k = (0.382,0.266,% + ky), where the incommensu-
rability along the ¢ direction is due to the diagonal nature
of the interplane coupling Jy;7. This discrepancy between
the classical spiral state and the collinear state observed
experimentally has been reported for Li,CuW,Og as well [45].
Quantum fluctuations inherent to the spin-% Cu* compound
are a natural mechanism for stabilizing the collinear state, but
in Li;NiW,0Og the large ordered moment renders this possi-
bility unlikely. On the other hand, the single-ion anisotropy
A ~ 9 K favors the collinear state and overcomes the effect
of frustration. It is worth noting that this mechanism is not
operative in the Cu compound, where single-ion anisotropy
vanishes for a spin-% ion.

The single-ion anisotropy is comparable to the leading
exchange coupling, A/Jyi ~0.91 in Li;NiW,0g, while
in CsNiCls this ratio is 0.04 only [55]. The pronounced
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anisotropy combined with the frustration on the triangular
lattice may also be responsible for the formation of the
incommensurate order between Ty, and Tni. The competition
between the commensurate and incommensurate states is
reminiscent of Ca3;Co,0¢ that shows a peculiar sequence of
magnetization plateaus in the applied magnetic field [59-61].
Ca3Co,0¢ has been considered as a prototype material for spin
chains stacked on the triangular lattice, although the actual
geometry of its interchain couplings is more complex [62].
A striking feature of Ca3zCo,0g is its incommensurate spin-
density-wave state [63,64], which is metastable and gradually
transforms into commensurate magnetic order with time [65].
Li,NiW,0g also shows an incommensurate-commensurate
transformation, although both phases are thermodynamically
stable and can be reversibly transformed upon heating or
cooling. Importantly, though, Ca3zCo,0¢ features ferromag-
netic spin chains with a very strong single-ion anisotropy
(A/J > 1) [66-68], while in Li;NiW,Og the spin chains are
AFMand A/J ~ 1.

V. SUMMARY AND CONCLUSIONS

Li,NiW,0gs reveals two successive magnetic transitions at
Tni ~ 18 Kand Tn, >~ 12.5 K indicating two distinct magneti-
cally ordered phases. By using nuclear magnetic resonance and
neutron scattering, we have shown that the low-temperature
phase is commensurate, with the propagation vector k =
(%,O,%), while the intermediate-temperature phase is incom-
mensurate, and its NMR signal resembles that of a spin-density
wave. The collinear nature of the low-temperature phase is
driven by the sizable single-ion anisotropy A ~ 9 K that is
comparable to the leading exchange coupling Jy;7 >~ 9.9 K.

The magnetic model of Li;NiW,0g can be represented
by spin-1 chains stacked on the triangular lattice in the
ab plane. Despite the quasi-1D nature of the spin lattice
with Jo;7/Jus = 3.8, the magnetic response of Li,NiW,Og is
largely three dimensional. We do not find broad maximum
in the magnetic susceptibility above Ty;, and the ordered
magnetic moment © = 1.8(1) up at 1.5 K is close to 2ug,
which is expected for a spin-1 ion, thus indicating minor role
of quantum fluctuations in this compound.

1/ T, below Ty, follows a T° behavior, indicating that the
relaxation is mainly governed by three-magnon processes.
Analysis of 1/T; in the critical regime just above Ty suggests
that the 3D ordering at 7y; is driven by the easy-axis
anisotropy.

ACKNOWLEDGMENTS

KMR. and R.N. were funded by MPG-DST (Max
Planck Gesellschaft, Germany and Department of Science and
Technology, India) fellowships. A.T. was supported by the
Federal Ministry of Education and Research through a Sofja
Kovalevskaya Award of Alexander von Humboldt Foundation.
M.S. was funded by FP7 under Grant Agreement No. 290605
and by TRR80 of DFG. D.K. was supported by the DFG under
FOR1346. We are grateful to PSI for providing the beam time
at DMC and acknowledge the support of the HLD at HZDR,
member of EMFL. The use of the HTE package [50] is kindly
acknowledged.

014415-9



K. M. RANJITH et al.

[1] M. E Collins and O. A. Petrenko, Triangular antiferromagnets,
Can. J. Phys. 75, 605 (1997).

[2] O. A. Starykh, Unusual ordered phases of highly frustrated
magnets: A review, Rep. Prog. Phys. 78, 052502 (2015).

[3] Th. Jolicoeur and J. C. Le Guillou, Spin-wave results for
the triangular Heisenberg antiferromagnet, Phys. Rev. B 40,
2727(R) (1989).

[4] S.J. Miyake, Spin-wave results for the staggered magnetization
of triangular Heisenberg antiferromagnet, J. Phys. Soc. Jpn. 61,
983 (1992).

[5] A. V. Chubukov, S. Sachdev, and T. Senthil, Large-S expansion
for quantum antiferromagnets on a triangular lattice, J. Phys.:
Condens. Matter 6, 8891 (1994).

[6] L. Capriotti, A. E. Trumper, and S. Sorella, Long-range Néel
Order in the Triangular Heisenberg Model, Phys. Rev. Lett. 82,
3899 (1999).

[71 S. R. White and A. L. Chernyshev, Néel Order in Square and
Triangular Lattice Heisenberg Models, Phys. Rev. Lett. 99,
127004 (2007).

[8] H. Kawamura and S. Miyashita, Phase transition of the
two-dimensional Heisenberg antiferromagnet on the triangular
lattice, J. Phys. Soc. Jpn. 53, 4138 (1984).

[9] S. Miyashita and H. Kawamura, Phase transitions of anisotropic
Heisenberg antiferromagnets on the triangular lattice, J. Phys.
Soc. Jpn. 54, 3385 (1985).

[10] P-E. Melchy and M. E. Zhitomirsky, Interplay of anisotropy
and frustration: Triple transitions in a triangular-lattice antifer-
romagnet, Phys. Rev. B 80, 064411 (2009).

[11] R. H. Clark and W. G. Moulton, Cs"** and CI¥ NMR in
antiferromagnetic CsNiCls, Phys. Rev. B 5, 788 (1972).

[12] H. Kadowaki, K. Ubukoshi, and K. Hirakawa, Neutron scat-
tering study of successive phase transitions in triangular lattice
antiferromagnet CsNiCls, J. Phys. Soc. Jpn. 56, 751 (1987).

[13] Y. Ajiro, T. Inami, and H. Kadowaki, Magnetic phase transition
of the triangular lattice antiferromagnet CsMnls, J. Phys. Soc.
Jpn. 59, 4142 (1990).

[14] A. Harrison, M. FE. Collins, J. Abu-Dayyeh, and C. V.
Stager, Magnetic structures and excitations of CsMnl;: A
one-dimensional Heisenberg antiferromagnet with easy-axis
anisotropy, Phys. Rev. B 43, 679 (1991).

[15] S. Miyashita, Magnetic properties of Ising-like Heisenberg
antiferromagnets on the triangular lattice, J. Phys. Soc. Jpn.
55, 3605 (1986).

[16] S. K. Karna, C. W. Wang, R. Sankar, M. Avdeev, A. Singh,
I. Panneer Muthuselvam, V. N. Singh, G. Y. Guo, and F. C.
Chou, Antiferromagnetic spin structure and negative thermal
expansion of Li;Ni(WQOy),, Phys. Rev. B 92, 014413 (2015).

[17] 1. Panneer Muthuselvam, R. Sankar, A. V. Ushakov, W. T. Chen,
G. Narsinga Rao, S. V. Streltsov, S. K. Karna, L. Zhao, M.-K.
Wu, and F. C. Chou, Successive spin orderings of tungstate-
bridged Li;Ni(WOy), of spin 1, J. Phys.: Condens. Matter 27,
456001 (2015).

[18] K. Momma and E. Izumi, VESTA 3 for three-dimensional visu-
alization of crystal, volumetric and morphology data, J. Appl.
Crystallogr. 44, 1272 (2011).

[19] J. Rodriguez-Carvajal, Recent advances in magnetic structure
determination by neutron powder diffraction, Phys. B (Amster-
dam, Neth.) 192, 55 (1993).

[20] A. A. Tsirlin, B. Schmidt, Y. Skourski, R. Nath, C. Geibel, and
H. Rosner, Exploring the spin-% frustrated square lattice model

PHYSICAL REVIEW B 94, 014415 (2016)

with high-field magnetization studies, Phys. Rev. B 80, 132407
(2009).

[21] V. Petficek, M. Dusek, and L. Palatinus, JANA2006. The
crystallographic computing system (Institute of Physics, Praha,
2006).

[22] K. Koepernik and H. Eschrig, Full-potential nonorthogonal
local-orbital minimum-basis band-structure scheme, Phys. Rev.
B 59, 1743 (1999).

[23] J. P. Perdew and Y. Wang, Accurate and simple analytic
representation of the electron-gas correlation energy, Phys. Rev.
B 45, 13244 (1992).

[24] V. 1. Anisimov, D. Bukhvalov, and T. M. Rice, Electronic
structure of possible nickelate analogs to the cuprates, Phys.
Rev. B 59, 7901 (1999).

[25] S.Todo and K. Kato, Cluster Algorithms for General-S Quantum
Spin Systems, Phys. Rev. Lett. 87, 047203 (2001).

[26] A. F. Albuquerque, F. Alet, P. Corboz, P. Dayal, A. Feiguin,
S. Fuchs, L. Gamper, E. Gull, S. Giirtler, A. Honecker,
R. Igarashi, M. Korner, A. Kozhevnikov, A. Lauchli, S. R.
Manmana, M. Matsumoto, I. P. McCulloch, F. Michel, R. M.
Noack, G. Pawlowski, L. Pollet, T. Pruschke, U. Schollwock,
S. Todo, S. Trebst, M. Troyer, P. Werner, and S. Wes-
sel, The ALPS project release 1.3: Open-source software for
strongly correlated systems, J. Magn. Magn. Mater. 310, 1187
(2007).

[27] M. Alvarez-Vega, J. Rodriguez-Carvajal, J. G. Reyes-Cérdenas,
A. F. Fuentes, and U. Amador, Synthesis and characterization of
new double tungstates Li,M!/(WQy,), (M = Co, Ni, and Cu),
Chem. Mater. 13, 3871 (2001).

[28] J. Hwang, E. S. Choi, F. Ye, C. R. Dela Cruz, Y. Xin, H.
D. Zhou, and P. Schlottmann, Successive Magnetic Phase
Transitions and Multiferroicity in the Spin-One Triangular-
Lattice Antiferromagnet Ba;NiNb,Og, Phys. Rev. Lett. 109,
257205 (2012).

[29] P. W. Selwood, Magnetochemistry (Interscience, New York,
1956).

[30] R. Nath, A. A. Tsirlin, H. Rosner, and C. Geibel, Magnetic
properties of BaCdVO(POy),: A strongly frustrated spin-%
square lattice close to the quantum critical regime, Phys. Rev. B
78, 064422 (2008).

[31] K. M. Ranjith, M. Majumder, M. Baenitz, A. A. Tsirlin,
and R. Nath, Frustrated three-dimensional antiferromagnet
Li,CuW,0g: Li NMR and the effect of nonmagnetic dilution,
Phys. Rev. B 92, 024422 (2015).

[32] T. Moriya, The effect of electron-electron interaction on the
nuclear spin relaxation in metals, J. Phys. Soc. Jpn. 18, 516
(1963).

[33] W.-J. Lee, S.-H. Do, Sungwon Yoon, Z. H. Jang, B. J. Suh,
J. H. Lee, A. P. Reyes, P. L. Kuhns, H. Luetkens, and K.-Y.
Choi, Anomalous spin dynamics in CdCu,(BO3), revealed by
"B NMR and ZF-uSR, Phys. Rev. B 90, 214416 (2014).

[34] H. Benner and J. P. Boucher, Magnetic Properties of Layered
Transition Metals Compounds, edited by L. J. de Jongh (Kluwer
Academic Publishers, Dordrecht, 1990).

[35] M. Belesi, F. Borsa, and A. K. Powell, Evidence for spin-wave
excitations in the long-range magnetically ordered state of a Fe|9
molecular crystal from proton NMR, Phys. Rev. B 74, 184408
(2006).

[36] D. Beeman and P. Pincus, Nuclear spin-lattice relaxation in
magnetic insulators, Phys. Rev. 166, 359 (1968).

014415-10



COMMENSURATE AND INCOMMENSURATE MAGNETIC ...

[37] R. Nath, K. M. Ranjith, B. Roy, D. C. Johnston, Y. Furukawa,
and A. A. Tsirlin, Magnetic transitions in the spin-5/2 frustrated
magnet BiMn,POgy and strong lattice softening in BiMn,POg
and BiZn,POg¢ below 200 K, Phys. Rev. B 90, 024431 (2014).

[38] A. Yogi, N. Ahmed, R. Nath, A. A. Tsirlin, S. Kundu,
A. V. Mahajan, J. Sichelschmidt, B. Roy, and Y. Furukawa,
Antiferromagnetism of Zn, VO(PO,), and the dilution with Ti*",
Phys. Rev. B 91, 024413 (2015).

[39] Yoshihiro Yamada and Akihiko Sakata, An analysis method
of antiferromagnetic powder patterns in spin-echo NMR under
external fields, J. Phys. Soc. Jpn. 55, 1751 (1986).

[40] J. Kikuchi, K. Ishiguchi, K. Motoya, M. Itoh, K. Inari, N. Eguchi,
and J. Akimitsu, NMR and neutron scattering studies of quasi
one-dimensional magnet CuV,0Og, J. Phys. Soc. Jpn. 69, 2660
(2000).

[41] H. Sakurai, N. Tsuboi, M. Kato, K. Yoshimura, K. Kosuge, A.
Mitsuda, H. Mitamura, and T. Goto, Antiferromagnetic order
in the two-dimensional spin system Cu;B,Og, Phys. Rev. B 66,
024428 (2002).

[42] C. Michioka, Y. Itoh, K. Yoshimura, Y. Furushima, M. Maesato,
G. Saito, T. Shirahata, M. Kibune, and T. Imakubo, Magnetic
ordering in the organic conductor (DIETSe),GaCly, J. Phys.:
Conf. Ser. 150, 042124 (2009).

[43] K. Yoshimura, M. Yamada, S. Sasaki, H. Yasuoka, and Y.
Nishihara, NMR study of SDW state of Cr,_,7,B, (T = Mo
and V), J. Magn. Magn. Mater. 90, 709 (1990).

[44] M. Kontani, T. Hioki, and Y. Masuda, Hyperfine fields in an
incommensurate antiferromagnetic Cr-Mo alloy system, J. Phys.
Soc. Jpn. 39, 672 (1975).

[45] K. M. Ranjith, R. Nath, M. Skoulatos, L. Keller, D. Kasinathan,
Y. Skourski, and A. A. Tsirlin, Collinear order in the frustrated

three-dimensional spin—% antiferromagnet Li,CuW,Og, Phys.
Rev. B 92, 094426 (2015).

[46] LSDA + U calculations converge to an insulating solution with
the band gap of 3.2-3.4 eV.

[47] H. Xiang, C. Lee, H.-J. Koo, X. Gong, and M.-H. Whangbo,
Magnetic properties and energy-mapping analysis, Dalton
Trans. 42, 823 (2013).

[48] Note that Jj,0 and J1;( are swapped in the Cu and Ni compounds
according to the different lattice angles y < 90° and y > 90°,
respectively [27].

[49] 1. P. Muthuselvam, R. Sankar, A. V. Ushakov, G. N. Rao, S. V.
Streltsov, and F. C. Chou, Two-step antiferromagnetic transition
and moderate triangular frustration in Li,Co(WQ,),, Phys. Rev.
B 90, 174430 (2014).

[50] H.-J. Schmidt, A. Lohmann, and J. Richter, Eighth-order
high-temperature expansion for general Heisenberg Hamilto-
nians, Phys. Rev. B 84, 104443 (2011); The HTE package,
http://www.uni-magdeburg.de/jschulen/HTE.

[51] S. Maekawa, in Physics of Transition Metal Oxides (Springer,
Berlin, 2004), p. 22.

[52] B. N. Figgis, Introduction to Ligand Fields (Interscience
Publishers, New York, 1966).

[53] This effect closely resembles the scissor-like octahedral distor-
tion in KTi(SO,),, where an unusual orbital ground state of Ti*
is stabilized, see G. J. Nilsen, A. Raja, A. A. Tsirlin, H. Mutka,
D. Kasinathan, C. Ritter, and H. M. Rgnnow, One-dimensional

PHYSICAL REVIEW B 94, 014415 (2016)

quantum magnetism in the anhydrous alum KTi(SO,),, New J.
Phys. 17, 113035 (2015).

[54] W. J. L. Buyers, R. M. Morra, R. L. Armstrong, M. J. Hogan,
P. Gerlach, and K. Hirakawa, Experimental Evidence for the
Haldane Gap in a Spin-1 Nearly Isotropic, Antiferromagnetic
Chain, Phys. Rev. Lett. 56, 371 (1986).

[55] R.M. Morra, W.J. L. Buyers, R. L. Armstrong, and K. Hirakawa,
Spin dynamics and the Haldane gap in the spin-1 quasi-one-
dimensional antiferromagnet CsNiCl;, Phys. Rev. B 38, 543
(1988).

[56] 1. A. Zaliznyak, L.-P. Regnault, and D. Petitgrand, Neutron-
scattering study of the dynamic spin correlations in CsNiCl;
above Néel ordering, Phys. Rev. B 50, 15824 (1994).

[57] W. B. Yelon and D. E. Cox, Magnetic transitions in CsNiCls,
Phys. Rev. B 7, 2024 (1973).

[58] P. A. Montano, E. Cohen, and H. Shechter, Spin-wave approach
to one-dimensional antiferromagnetic CsNiCl; and RbNiCls,
Phys. Rev. B 6, 1053 (1972).

[59] H. Kageyama, K. Yoshimura, K. Kosuge, M. Azuma, M. Takano,
H. Mitamura, and T. Goto, Magnetic anisotropy of Ca;Co,0¢
with ferromagnetic Ising chains, J. Phys. Soc. Jpn. 66, 3996
(1997).

[60] A. Maignan, C. Michel, A. C. Masset, C. Martin, and B.
Raveau, Single crystal study of the one dimensional Ca;Co,0¢
compound: Five stable configurations for the Ising triangular
lattice, Eur. Phys. J. B 15, 657 (2000).

[61] V.Hardy, M. R. Lees, O. A. Petrenko, D. McK. Paul, D. Flahaut,
S. Hébert, and A. Maignan, Temperature and time dependence of
the field-driven magnetization steps in Ca;Co,Og single crystals,
Phys. Rev. B 70, 064424 (2004).

[62] L. C. Chapon, Origin of the long-wavelength magnetic modula-
tion in CazCo,0g, Phys. Rev. B 80, 172405 (2009).

[63] S. Agrestini, L. C. Chapon, A. Daoud-Aladine, J. Schefer, A.
Gukasov, C. Mazzoli, M. R. Lees, and O. A. Petrenko, Nature of
the Magnetic Order in Ca;Co,0g, Phys. Rev. Lett. 101, 097207
(2008).

[64] S. Agrestini, C. Mazzoli, A. Bombardi, and M. R. Lees,
Incommensurate magnetic ground state revealed by resonant
x-ray scattering in the frustrated spin system Caz;Co,0g, Phys.
Rev. B 77, 140403(R) (2008);

[65] S. Agrestini, C. L. Fleck, L. C. Chapon, C. Mazzoli, A.
Bombardi, M. R. Lees, and O. A. Petrenko, Slow Magnetic
Order-Order Transition in the Spin Chain Antiferromagnet
Ca;Co,0g, Phys. Rev. Lett. 106, 197204 (2011).

[66] A. Jain, P. Y. Portnichenko, H. Jang, G. Jackeli, G. Friemel, A.
Ivanov, A. Piovano, S. M. Yusuf, B. Keimer, and D. S. Inosov,
One-dimensional dispersive magnon excitation in the frustrated
spin-2 chain system Ca;Co,0g, Phys. Rev. B 88, 224403 (2013).

[67] G. Allodi, P. Santini, S. Carretta, S. Agrestini, C. Mazzoli, A.
Bombardi, M. R. Lees, and R. De Renzi, Exchange interactions
in Ca3;Co,04 probed locally by NMR, Phys. Rev. B 89, 104401
(2014).

[68] J. A. M. Paddison, S. Agrestini, M. R. Lees, C. L. Fleck,
P. P. Deen, A. L. Goodwin, J. R. Stewart, and O. A.
Petrenko, Spin correlations in Caz;Co0,0g4: Polarized-neutron
diffraction and Monte Carlo study, Phys. Rev. B 90, 014411
(2014).

014415-11



