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We report our nuclear magnetic resonance (NMR) study on the structurally spin chain compound Ni;NbBOg with
complex magnetic coupling. The antiferromagnetic transition is monitored by the line splitting resulting from the staggered
internal hyperfine field. The magnetic coupling configuration proposed by the first-principle density functional theory
(DFT) is supported by NMR spectral analysis. For the spin dynamics, a prominent peak at 7' ~ 35 K well above the
Néel temperature (T ~ 20 K at ygH = 10 T) is observed from the spin-lattice relaxation data. As compared with the
dc-susceptibility, this behavior indicates an antiferromagnetic coupling with the typical energy scale of ~ 3 meV. Thus,
the Ni;NbBOg compound can be viewed as strongly ferromagnetically coupled armchair spin chains along the crystalline
b-axis. These facts place strong constraints on the theoretical model for this compound.

Keywords: low-dimensional quantum magnetism, magnetic coupling, spin excitations, nuclear magnetic res-

onance
PACS: 75.30.—m, 75.40.Gb, 76.60.—k

1. Introduction

The strong quantum fluctuations in the low-dimensional
(low-D) antiferromagnets always lead to exotic quantum ex-
citations as well as attractive quantum ground states.'=*! One
of the archetype examples is the spin-1/2 Heisenberg antiferro-
magnetic (AFM) chain system, which is proved exactly to host
the quantum critical ground state called Tomonaga—Luttinger
liquid. For the spin excitations of such systems, the gap-
less “domain wall” excitations with fractional quantum num-
ber called spinons are theoretically proposed and further ex-
perimentally verified. [©/

After the pioneering work of Haldane in 1983,1:8] peo-
ple began to realize that chains with integer-spins (Haldane
chains) are topologically different from those with half-odd
spins. The ground state of Haldane chains is quantum disor-
dered singlets, which can be viewed as a simple version of
the valence bond solid state. In contrast with the gapless ex-
citation continuum of the multi-spinon excitations, the excita-
tions from singlets to triplets need to overcome a finite energy
gap (Haldane gap).!”®! Interestingly, the spin excitation spec-
trum of Haldane chains is asymmetric about the Brillouin zone
boundary as a result of the maintaining translational symme-
try of the crystal lattice, °~'!! very different from the ordinary
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Néel ordered state. Up to now, several quasi-1D S = 1 quan-
tum magnets have been identified as ideal realizations of the
quantum singlet ground state. 1218l

By further introducing the inter-chain coupling (/) and
single-ion anisotropy (D) to the integer spin Hamiltonian, a
rich phase diagram can be reached in the J, —D space.[1%20]
Novel ground states, such as Bose—FEinstein condensation of
magnons, %211 spin supersolids,[*>?3 can be realized by
tuning the competing interactions. By applying external mag-
netic field or physical pressure, quantum phase transitions can
be triggered in such low-D spin systems. As a result, integer
spin chain systems with complex structures and magnetic cou-
plings have supplied valuable playgrounds for the condensed
matter society to explore novel quantum excitations and criti-
cality.

The AFM insulator Ni,NbBQg, first synthesized about
four decades ago,!**! exhibits complex lattice structure and
magnetic interactions. The lattice structure can be viewed as
coupled armchair spin chains along the crystalline b-axis, or
zig-zag spin chains along the c-axis, where the magnetic Ni>*
sites carry integer S = 1 spins. DC-susceptibility measure-
ments indicate an AFM transition at Ty ~ 23.5 K for a low
magnetic field and a field induced spin-flop transition near
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UoH ~ 3.67 T in the low temperature ordered phase, when
the field is applied perpendicular to the armchair spin chain
direction.>>! With density functional theory (DFT) calcula-
tions, the magnetic coupling configuration is determined, and
a possible magnetic structure is proposed.!?! However, this
result contradicts the conventional Goodenough—Kanamori—
Anderson (GKA) rules describing the magnetic interactions
in insulators.[?6-28) From the Raman scattering study, most
phonon peaks are identified, of which several modes exhibit
strong spin-phonon coupling.?®! For the magnetic scatter-
ing, three magnetic modes are observed, with the high-energy
modes assigned to two-magnon modes. %8

Up to now, very little research into the spin correlations
in NipNbBOg is carried out, while at least two important ques-
tions still exist. One is about the complex coupling con-
figuration, regarding the contradictory results shown above.
The other is related to whether Ni;NbBQOg should be treated
as low-D antiferromagnets. Although this compound can be
viewed as a spin chain from the structural point of view, the
temperature dependence of dc-susceptibility is very similar to
ordinary 3D antiferromagnets. The broad peak in the suscep-

tibility, typical for low-D antiferromagnets, !

is completely
absent here.

With nuclei as a natural probe sitting on the lattice site,
NMR is very useful in studying static magnetism and low-
energy spin excitations in the quantum antiferromagnets. In
this paper, we report the study of the spin correlations in
Ni;NbBOg via ''B NMR spectroscopy as well as relaxation
measurements. The AFM long-ranged order is indicated from
the line splitting with a magnetic field applied along the b-axis.
By the spectral analysis based on the lattice symmetry, this fact
supports the magnetic coupling configuration previously pro-
posed by the DFT calculations instead of the GKA rules.[?>-%7]
From the spin-lattice relaxation rates, a prominent peak at
T ~ 35 K is observed, which is well above the Néel tem-
perature. In contrast with the temperature dependence of the
Knight shift and dc-susceptibility, this peak originates from
the short-ranged AFM correlations, which is the typical char-
acteristic of quasi-1D AFM spin chains. Based on these obser-
vations, the NioNbBOg compound can be viewed as strongly
ferromagnetically coupled armchair S = 1 spin chains along
the crystalline b-axis.

2. Experimental setup

Single crystals of NipNbBOg are synthesized with the
conventional flux method as described elsewhere.?*>3! Dark
green crystals with typical dimensions of 1.5 x 1.5 x 1 mm?
are chosen for our NMR measurements. The crystal direc-
tions are identified by single-crystal x-ray diffraction. The
precise alignment of the magnetic field with the crystalline

axis is guaranteed by placing the sample on a piezoelectric

nanorotation stage. Our NMR measurements are conducted
on the "B nuclei (/27 = 13.655 MHz/T, I = 3/2) with a
phase coherent NMR spectrometer. The ''B NMR spectra
are obtained by summing up the frequency-swept spin-echo
intensities. The spin-lattice relaxation rates are measured by
the conventional inversion-recovery pulse sequence, and fit-
ting the nuclear magnetization to the standard recovery func-
tion for nuclei with 7 =3/2.

3. Results and discussion

The NipNbBOg crystallizes in the orthorhombic struc-
ture with the pnma space group.!”*! The lattice structure is
sketched in Fig. 1(a). Along the crystalline b-axis, double
edge-shared [NiOg] octahedra are linked by the [NbOg] octa-
hedra and [BO4] tetrahedra, forming the armchair shaped spin
chain. Alternatively, the lattice can also be viewed as a zigzag
spin chain along the c-axis. Only one position of !'B-site ex-
ists in the lattice. The [BOy4] tetrahedra share their corners with
the [NiOg] octahedra, leading to the strong coupling between
the '!'B nuclei and the spins located on Ni’*, and making the
I'B_NMR a very sensitive local probe of the magnetism.

(b) woH=12 T
T=140 K

Normalized intensity (arb. units)

moH||e

163.0 163.5 164.0 164.5
Frequency (MHz)

Fig. 1. (a) The crystal structure of NipNbBOg with distorted [NiOg]/[NbOg]
octahedra and [BO4] tetrahedra shown by the respective polyhedra. (b) Typ-
ical "B NMR spectrum at the paramagnetic state (7 = 140 K) witha 12 T
field applied along three different crystalline axes. The red lines are fitting
to the data by the Lorentz peak function.

We start to discuss our NMR results by presenting typical
frequency-swept NMR spectra with the magnetic field applied
along three different crystalline axes in Fig. 1(b). For fields
along the a- or c-axis, three resonance peaks are identified,
with one central peak and double satellite peaks symmetrically
located on both sides. Applying the field along the b-axis, we
observe only one sharp peak. All the peaks can be well repro-
duced by the Lorentz peak function, as shown by the fitting
lines.

The Hamiltonian for the quadrupole nuclei system with
the nuclear spin I and quadrupole moment Q in the pres-
ence of the applied magnetic field H can be generally written
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as[30—32]

qQ
4121 —1)

1
+§n(li+13)). (1)
Here K is the Knight shift defined as the relative line shift with
respect to the nuclear Larmor frequency. The X, Y, Z direc-
tions are the principal axes of the electric field gradient (EFG)
tensor {V;;}, and the 1 formulated by 1 = (Vxx — VWry)/Vzz
is the in-plane anisotropy of the EFG. In the high magnetic

H = —yh(1+K)H - T+ (B2 —I(I+1)

field regime, the resonance frequency can be calculated by the
first-order perturbation theory
o = Y%(1+K)Hy+ wg(m—1/2)
x(3c0s?> 6 — 1 + 1 sin® B cos2¢), 2)

where quadrupolar frequency @q is equal to 3e>qQ/(h21(21 —
1)), and m is the magnetic quantum number. As a result,

one can expect to observe three transitions for !'B nuclei with
I = 3/2 for most magnetic field angles, while only one transi-
tion for some special angles (here is poH ||b-axis).

In Fig. 2, we show ''B NMR spectra at different temper-
atures with the field applied along three different crystalline
axes. With the magnetic field applied parallel with the a- or c-
axis (Figs. 2(a) and 2(c)), the temperature dependence of !'B
spectra share a similar behavior. All the three peaks shift to
the low frequency side with the sample cooling down for the
paramagnetic state (7 > Ty = 20 K). When the spin system
enters the AFM state, the spectral frequency tends to become
temperature independent. For the toH ||b-axis case (Fig. 2(b)),
the single peak first shifts to the high frequency side above
TN, and splits symmetrically into double peaks in the AFM
ordered state. For all the three field orientations, the spectra

broaden gradually upon cooling.
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Fig. 2. The ''B NMR spectra at different temperatures with a 12 T field applied along the crystalline a-axis (a), b-axis (b), and c-axis (c).

To study the spin susceptibility and the magnetic inter-
actions, we plot the temperature dependence of the Knight
shift and the internal field for the AFM state respectively in
Figs. 3(a) and 3(b). The Knight shift is a good measure of the

spin susceptibility with the general expression!3?!

K ={A;j}xs(g=0). 3)

The tensor {A;;} is the coupling constant between the nuclear
and electronic spins. The second-order correction to the reso-
nance frequency of the central transition is very small, thus is
neglected in the calculation of Knight shifts. For the present
sample with poH||a- or c- axis, the element of the coupling
tensor happens to be negative, resulting in the Knight shifts
with negative values. The temperature dependence of |K]|
(Fig. 3(a)) shows a typical upturn behavior upon cooling, indi-
cating the enhancement of the spin susceptibility. This is con-

sistent with the dc-susceptibility measurements. With the field
along the b-axis, we can precisely determine the line width of
the only resonance peak (shown in Fig. 3(a) inset). The tem-
perature dependence of the line width also shows an upturn
behavior at low temperatures, which can be well scaled with
the Knight shift. Thus, the line broadening originates from the
enhanced Knight shift at low temperatures.

Next, we study the magnetic interactions via the spectral
analysis below Ty. Line splitting due to the setup of magnetic
ordering is observed below Ty with the magnetic field applied
along the b-axis. In the AFM state, the magnetic unit cell is
doubled as compared with the crystalline one. One can expect
a non-zero staggered internal field on the nuclear sites. When
the external field is applied along the direction of the internal
field, the total field can be calculated as Hiot = Hext £ Hiy,
leading to the line splitting in the AFM state.!333* In the
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Fig. 3. (a) The temperature dependence of the Knight shift for different magnetic field orientations. The Knight shift data ' K with
UoH ||a and oH||c is multiplied by —1 to get rid of the influence of the minus hyperfine coupling constant. Inset: The line width as a
function of temperature with toH||b. (b) The internal field is calculated from the frequency gap of the splitting peaks compared with
that at 7 = 2 K versus temperature. (c) The simplified crystalline structure with the magnetic coupling Ji, J», and J3 marked. Only
the !B sites and the magnetic Ni?* sites are shown for clarity. The six adjacent Ni** magnetic sites with respect to the ' B sites are
shown on the righthand side, with the distance between them marked respectively.

present sample, the line splitting with pyH||b-axis indicates
the staggered internal field along this crystalline direction. The
measured internal field serving as the order parameter of the
AFM transition is plotted against temperature in Fig. 3(b). By
fitting the data near 7Ty to the function Hiy o< (1 —T/ TN)ﬁ, the
critical exponent f3 is determined to be ~ 0.35. This is consis-
tent with the 3D characteristic of the AFM transition. [34-33]
Our data support the magnetic coupling configuration
proposed by the DFT calculations'?! instead of the GKA
rules. We show the simplified crystal structure in Fig. 3, only
presenting the magnetic Ni’* and '!'B sites. The nearest-
neighbour, next-nearest-neighbour, and next-next-nearest-
neighbour magnetic coupling are marked with J;, J, and J3,
respectively. For every !'B, six adjacent Ni>™ magnetic mo-
ments labeled as 1, 1/, etc., contribute to the internal field (see
the enlarged version). Locally, the mirror symmetry about the
plane perpendicular to the b-axis is maintained. In the mag-
netically ordered state, the internal field contributed by 1-sites

can be generally written as[3%)
Hizrllt A(la Aab Aac M
H | =| A A Ape M, “4)
H. i(;lt Aca Ach Ace Me

where the 2-ranked tensor {A;;} describes the coupling be-

tween ''B nuclear spins and the magnetic moments located on
Ni?* 1-sites. Under the mirror symmetry operation, the cou-
pling tensor between !'B and the 1’-sites is obtained to be

Aaa - Aub Aac
—Apa App  —Ape %)
Acu - Acb Acc

As proposed by DFT calculations,'*! the J, coupling is AFM,
while J; and J3 couplings are ferromagnetic. Because the mag-
netic frustration can be neglected in this compound,®! the
magnetic structure at low temperatures is determined by the
magnetic interactions. Based on this configuration, the inter-
nal field at the ''B sites contributed from the 1- and 1’-sites
can be calculated as

HE, 2A,MP
HY | = | 24paM* + 24, M¢ (6)
HE, 2ApMP

For both 2- and 2’-sites and 3- and 3’-sites, similar results can
be obtained.

From the temperature dependence of dc-susceptibility
and the field induced spin-flop transition with the field along
the c-axis, the ordered moment aligned with the c-axis can be
easily determined in our sample, which is different from the re-
ported a-axis.!?>! However, this inconsistency does not affect
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the analysis here. Thus, one can imagine the staggered inter-
nal fields along the b-axis for !'B nuclei stacking on different
positions along the b-axis. As the M” component is zero, the
line-splitting with ugH||a-axis is absent. This is fully con-
sistent with our NMR results. For the strong NMR magnetic
field along c-axis, the line-splitting is also absent, further sug-
gest that the magnetic moments flop to the crystalline a-axis
in our sample.

Our observations contradict the magnetic coupling con-
figuration indicated by GKA rules.!?®28] According to the
GKA rules for the superexchange magnetic coupling in insula-
tors, the sign of interaction strongly depends on the bond angle
between the magnetic sites and the intermediate ligands. From
the lattice structure, the J3-coupling is determined to be AFM,
while the J; and J,-couplings are FM. Based on this configu-
ration, the internal field contributed from 1- and 1’-sites is

H;;t 2A4aM® + 2A e M€
HY | = 2A,M" ) (7)
HE, 2A.M® + 24 M€

This contradicts the line-splitting with uoH||b-axis observed
in our NMR data. The failure of GKA rules in the present
sample may be related to the coupling of other side groups

with the intermediate ligands,?"!

which also implies the com-
plicated magnetic coupling in the sample.

Next, we focus on the question of whether NipNbBOg
For the AFM chain sys-

tem, a typical broad peak in the temperature dependence of the

can be viewed as low-D magnets.

susceptibility can be expected, which results from the build-
up of short-range correlations at low temperatures.?*! How-
ever, the susceptibility of Ni,NbBOg follows a well-defined
Curie—Weiss upturn behavior from room temperature down to
TN, similar to other ordinary 3D antiferromagnets. We study
the spin excitations through the spin-lattice relaxation mea-

surements. The spin-lattice relaxation rate (SLRR) formulated
[30,31]
as

TeTl@ pra.o) ;’)L“’L), )

is a good probe of the spin-correlations in solids, where
x"(q, @) is the imaginary part of the dynamic spin suscep-
tibility at the Larmor frequency . By dividing the tempera-
ture, (T1T)~
rocal space.

I, is the sum of the spin correlations in the recip-

In Fig. 4, we present the temperature dependence of
(TyT)~" for three different field directions. For poH||a- and
c-axis, (T1)~! is obtained by fitting the nuclear magnetization
recovery curve to the standard function for the 1/2 <> —1/2

transition of the nuclei with 7 = 3 /2,137

M(1)
M()

—1- f[09exp( )+Olexp(672)} ©)

For uoH||b-axis, the single exponential magnetization recov-
ery function is used as all the three transitions are excited in
the experiment. In the present single crystal, all the fitting
curves are perfect without any stretching or other different 77 -
components. This further indicates the uniform excitation be-
havior in our sample. With the sample cooling from high tem-
perature, (T1T)~' shows an upturn behavior which can be de-
scribed by the Curie-Weiss law, (71T) ! o< 1/(T + 8) (shown
by the fitting lines in Fig. 4). When the temperature is further
lowered, (T T)_1 begins to deviate from the Curie—Weiss law,
and start to drop at 7" ~ 35 K, well above the AFM transition
Tn = 20 K. With the sample entering the AFM long-range-
ordered state, (T;7)~!
ture dependence, which is clearly shown by the dashed line

shows a typical power-law tempera-

in Fig. 4 inset.

(11T1’I')41 (SAI,KAI)

50 100 150 200 250 300
Temperature (K)

Fig. 4. The spin-lattice relaxation rate divided by temperature (1'7,7)~!

plotted versus temperature for different field directions. The solid lines are

fitting to the Curie—Weiss law (see the main text). Inset: The temperature
dependence of the spin-lattice relaxation rates (1177)~!

'(T) sup-
ports the low-D characteristic of the magnetism in NipNbBOg.

The spin excitation nature seen from (T37)~

For the high temperature region, the Curie-Weiss upturn be-
haviorin (7;7)~!
mainly measuring the spin correlations at ¢ = 0, suggesting the

is fully consistent with the dc-susceptibility,

weak g-dependence of the spin excitation. In the low temper-
ature region below 7y, the power-law temperature dependence
of (I3T)~! is contributed from the spin-wave excitations of
the 3D ordered state.[*8! (7, 7) !
correlations in the reciprocal space, while the dc-susceptibility

measures the sum of the spin

and Knight shift is contributed by the spin excitations at g = 0.
As a result, the contrasting prominent peak of (7;7)~! at
T* = 35 K indicates the AFM short-ranged spin correlations
with the energy scale of ~ 3 meV, which is the fingerprint
of the spin excitations in low-D spin chain systems.>”! The
observed energy scale of J, is very close to the estimation
of J, ~ 2.43 meV by DFT calculations.!>! As the 3D order-
ing temperature is comparable to this energy scale, the spin
chain system in NipNbBOg should lie on the 1D-3D crossover
regime.[40-421
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4. Conclusion

To conclude, we have carried out a detailed NMR study
on the spin correlations in Ni;NbBOg compound. The AFM
long-ranged order is monitored by the line splitting with a
magnetic field along the b-axis. By the spectral analysis based
on local crystalline symmetry, the magnetic coupling configu-
ration proposed by DFT calculations is supported. The devia-
tion from the general GKA rules is proposed to originate from
the coupling of other side groups with the intermediate lig-
ands. From the spin-lattice relaxation rates, a prominent broad
peak at 7% = 35 K is observed in the temperature dependence
of (T;T) . This behavior is contributed from the short-ranged
AFM correlations with a typical energy scale of ~ 3 meV, fur-
ther indicating the low-D characteristic of the magnetic behav-
ior in Nip;NbBQOg. As a result, Ni,NbBOg can be viewed as a
strongly coupled armchair spin chain system along the b-axis
lying on the 1D-3D crossover regime, which has placed strong
constraints on the theoretical models describing this material.
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