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Field-induced antiferromagnetism and Tomonaga-Luttinger liquid behavior
in the quasi-one-dimensional Ising antiferromagnet SrCo2V2O8
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We investigate the low-temperature properties of the Ising-like screw chain antiferromagnet SrCo2V2O8 under
a longitudinal magnetic field by susceptibility and 51V NMR measurements. The bulk susceptibility χ shows an
onset of long-range Ising-antiferromagnetic (AFM) order and the suppression of the order by field with the Néel
temperature dropped from 5.1 to 2 K when field increases from 0.1 to 4 T. The suppression of the AFM order
by the field is also observed by the NMR spectra and the spin-lattice relaxation 1/T1. At fields above 4 T, χ

shows a low-temperature upturn, which is consistent with the onset of a transverse antiferromagnetic order as
supported by the quantum Monte Carlo simulations. A line splitting in the NMR spectra is also observed at high
temperatures. We show that the line split characterizes the onset of a short-range transverse antiferromagnetic
order with magnetic moments orientated along the crystalline [110]/[11̄0] directions. The 1/T1 data at higher
temperature show a power-law behavior 1/T1 ∼ T α , which is consistent with the Tomonaga-Luttinger-liquid
behavior. With increasing the field, the power-law exponent α changes from negative to positive, which clearly
shows an inversion of the Luttinger exponent η where the dominant low-energy spin fluctuations switch from
the longitudinal type to the transverse type at a high field of 7 T.

DOI: 10.1103/PhysRevB.105.174428

I. INTRODUCTION

One-dimensional (1D) Ising anisotropic magnets contain
strong quantum fluctuations that can be easily tuned by mag-
netic field or pressure [1,2], and, therefore, offer an ideal
platform for exploring rich phases, novel excitations, and
quantum phase transitions. However, quasi-1D Ising magnetic
materials are still rare. Recently, the spin-1/2 Ising antiferro-
magnets BaCo2V2O8 and SrCo2V2O8 [3,4] have attracted a
lot of attention because a number of exotic properties, such
as the E8 spinon bound states [5–8], string excitations [9–11],
and novel quantum critical behaviors [12,13] have been dis-
covered in these two systems.

SrCo2V2O8 crystallizes in the tetragonal I41cd space
group with screw chains of CoO6 octahedra running along the
c axis [14]. Each unit cell contains four screw chains with
antiscrewing direction among the nearest-neighboring chains,
which are separated by nonmagnetic Sr2+ and V5+ ions on the
ab plane. At zero magnetic field, it is antiferromagnetically
ordered at about 5 K with Ising moments pointing along the c
axis. Within each layer of the ab plane, the moments among
the diagonal chains are antiparallel as a consequence of the
interchain couplings [15–17].
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For an Ising chain under a longitudinal magnetic field,
a spin disordered state described by a Tomonaga-Luttinger
liquid (TLL), is induced above a critical field [18]. Mean-
while, the spin excitation spectrum at the temperature above
the ordering temperature is dominated by a longitudinal mode
in the intermediate magnetic-field region above the critical
field and further by a transverse mode at higher fields [18,19].
In real materials, the interchain couplings are present, and a
longitudinal spin density wave (LSDW) state and a transverse
antiferromagnetic (TAF) state can be stabilized sequentially
at finite temperatures with increasing fields. These phases
have been investigated in BaCo2V2O8 and SrCo2V2O8 by
elastic neutron-scattering studies where the LSDW phase is
shown to exist in a narrow field range from 4 to 9 T for
BaCo2V2O8 [20–22] and from 4 to 7 T for SrCo2V2O8 [17],
respectively, and the TAF phase is expected to emerge at
higher fields [17,20,21].

Actually, the high-field phase diagram is still not fully clear
for the two compounds. For example, the string excitations
associated with longitudinal spin excitations have been ob-
served to survive up to 28.7 T in SrCo2V2O8 by terahertz
spectroscopy [9], which is far beyond the field range where
the LSDW phase is stabilized. Moreover, an NMR study on
BaCo2V2O8 reveals a sequence of incommensurate phases
with field up to 22.8 T [23], whose origin needs to be verified.
Theoretically, BaCo2V2O8 was modeled by a quasi-1D XXZ
model [24]. By using the bosonization technique combined
with an interchain mean-field approximation, the critical field
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from Néel order to LSDW order was calculated to be consis-
tent with experiments [20,25,26]. A coexistence of the LSDW
and the TAF orders was found to survive up to 15.1 T, beyond
which the TAF order dominates. But in quantum Monte Carlo
calculations, no coexistence of LSDW and TAF phases was
found with Ising-like interchain couplings [27]. To clarify the
evolution of phases and corresponding dominant spin excita-
tions with field, further experimental and theoretical studies
are highly demanded.

In this paper, we report our magnetic susceptibility and 51V
NMR measurements on SrCo2V2O8 with H ‖ c and compare
the experimental results to theoretical ones of a quasi-1D
XXZ model studied by the stochastic series expansion (SSE)
quantum Monte Carlo simulations [27]. The main results are
summarized in the phase diagram of Fig. 5. With the applied
field, the Ising-antiferromagnetic (AFM) order is quickly
suppressed. But we do not resolve an LSDW order when
further increasing the field. Surprisingly, over a broad field
range we identify a short-range transverse antiferromagnetic
(SRTAF) phase at high temperatures, whereas the magnetic
moments are found to be ordered and orientated along the
crystalline [110]/[11̄0] directions at low temperatures. This
SRTAF phase is likely to be stabilized by magnetic impurities.
Fortunately, the TLL behavior survives in the SRTAF phase
as evidenced by the power-law temperature dependence of
the spin-lattice relaxation rate 1/T1. The Luttinger exponent
η is found to decrease from above 1 to below 1 when the
field increases across about 7 T. This η inversion suggests
the dominant spin fluctuations change from longitudinal to
transverse with increasing the field, which supports the LSDW
to TAF phase transition observed by neutron scattering [17].

The paper is organized as the following. Experimental
methods and numerical techniques are presented in Sec. II.
In Sec. III, we show the bulk susceptibility data that exhibit
the Ising AFM order and the TAF order and compare the
experimental data with the calculated Monte Carlo results. In
Sec. IV, we report the NMR spectra at typical fields and tem-
peratures that evidence the high-temperature SRTAF phase.
We then resolve the magnetic patterns by analyzing the NMR
line shape. In Sec. V, we explore the low-energy excitations
of the system from the 1/T1 data and show the existence of an
η inversion at finite field. Based on these results, we propose
a phase diagram of the system and discuss the origin of the
SRTAF phase in Sec. VI.

II. TECHNIQUES

The bulk susceptibility of SrCo2V2O8 was measured in
a Quantum-Design physical property measurement system.
We performed NMR on 51V nuclei, which has the nuclear
spin I = 7/2 and the Zeeman factor γ = 11.198 MHz/T.
Samples are cooled in a standard variable temperature insert
for temperature above 1.5 K, and in a dilution refrigerator for
temperature at 0.5 K. The spectra were obtained by the spin-
echo technique with typical π/2 and π pulses of 1 and 2 μs,
respectively. For the broad spectra at low temperatures, the
entire spectra were obtained by summing up the spectra with
frequency sweeping. The NMR Knight shift was calculated
by Kn = ( f − γ H )/γ H , where f is the average frequency of
the whole spectrum.

The hyperfine coupling among 51V nuclei and Co2+ ions
is primarily of the pseudodipolar type [13,28,29]. Therefore,
the effective dipolar field on a 51V nuclear spin, produced by
Co2+ moments, can be written as

�Hdip = �iμ0
[
3(�μi · �ri ) · �ri − �μr2

i

]
/4πr5

i , (1)

where �μi is the moment of Co2+ on site i, and �ri is the relative
position vector from the ith Co2+ to the 51V site. In this paper,
in order to compare with the NMR spectra in the ordered
phase, we calculated the total hyperfine field at each 51V
site numerically by summing over the dipolar field of Co2+

moments up to the fourth-nearest neighbors for accuracy.
The spin-lattice relaxation rate 1/T1 was measured by the

spin inversion-recovery method. T1 was obtained by fitting the
nuclear magnetization m(t ) to the recovery function for I =
7/2 nuclei [30,31], m(t ) = m(∞) − a[0.011 91e−(t/T1 )β +
0.068 18e−(6t/T1 )β + 0.206 04e−(15t/T1 )β + 0.713 87e−(28t/T1 )β ],
on the center (spin −1/2→1/2) NMR line, summed over a
frequency window of 50 kHz to reduce the overlap with NMR
satellites. Here β is a stretching factor, which was found to
be about 1 for temperatures above TN . Note that the above
formula is accurate at high temperatures when the center line
is clearly distinguishable, but less accurate when the center
line is partly mixed with the neighboring NMR satellites (see
Fig. 2).

To understand the experimental results, we consider a
model defined on a three-dimensional cubic lattice with the
following Hamiltonian,

H = Jc

∑

i

(�Si · �Si+c)ε+ Jab

∑

i,δ=a,b

(�Si · �Si+δ )ε− gμBH
∑

i

Sz
i ,

(2)
where �Si is an S = 1

2 spin operator at site i, Jc is the
nearest-neighboring intrachain exchange coupling, Jab is
nearest-neighboring interchain exchange coupling, g is the
gyromagnetic ratio, μB is the Bohr magneton, and H is
the longitudinal magnetic field. (�Si · �S j )ε ≡ ε(Sx

i Sx
j + Sy

i Sy
j ) +

Sz
i Sz

j is the XXZ type for nearest spin coupling in which ε is
the anisotropy parameter. The model is studied by using the
SSE quantum Monte Carlo simulations [32]. In our calcula-
tion, we take ε = 0.5, in consistency with the experimental
data [33–36], and Jab = 0.1Jc with the same anisotropic fac-
tor ε for simplicity. We set Jc to be the energy unit and
define the reduced temperature t = T /Jc and reduced field
h = gμBH/Jc. The system size is up to 32 × 32 × 256 and
the lowest temperature calculated is 0.01Jc.

III. BULK SUSCEPTIBILITY AND NUMERICAL
SIMULATIONS

The dc susceptibility χ (T ) measured under various fields is
shown in Figs. 1(a)–1(c). For all fields, χ (T ) exhibits a hump
feature at T ≈ 40 K as shown in Figs. 1(a) and 1(b). This is
a general feature of the 1D magnetic systems and suggests
that the exchange coupling is about 40 K [37]. Now we focus
on the evolution of χ (T ) for temperatures below the hump.
For fields from 0.1 to 4 T, χ (T ) first decreases upon further
cooling, followed by a sharp drop below 5 K. This sharp drop
is caused by the Ising-AFM order as the moments become
ordered in parallel (or antiparallel) with the external field. An
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FIG. 1. (a) and (b) The magnetic susceptibility versus tempera-

ture at fields from 0.1 to 4 T and from 5 to 14 T, respectively. The
arrows in (b) mark the onset temperature T ∗ of the low-temperature
upturn in χ (T ). (c) An enlarged view of the low-field χ (T ) near the
Ising-AFM transition. Arrows mark the transition temperature TN .
(d) The magnetic susceptibility calculated by Monte Carlo simula-
tions on the quasi-1D model of Eq. (2), where t and h are reduced
temperature and field in unit of the intrachain exchange coupling Jc,
respectively. The arrows mark the onset temperature of the downturn
and the upturn in χ (T ), which characterize the transitions to the
Ising-AFM and TAF phases, respectively.

enlarged view of the low-temperature χ (T ) is further shown
in Fig. 1(c) where Néel temperature TN is determined by the
sharp downturn temperature in χ upon cooling, which gives
from 5.1 to 2 K, respectively, with fields from 0.1 to 4 T. These
TN s are further drawn in the phase diagram of Fig. 5, which
are consistent with those determined from elastic neutron
scattering [17]. An upturn is seen at 0.1 T at temperatures
below TN , which should be caused by magnetic impurities.
Similar behavior is also seen in the low-field susceptibility
with field applied along the a axis [13]. With field from 1 to
4 T, the upturn behavior is no longer observed, indicating a
full polarization of impurity spins.

For fields from 5 to 14 T, the sharp drop of χ (T ) seen at low
fields is absent, indicating the absence of the Ising-AFM order
at these fields, which is consistent with the neutron-scattering
results [17]. Rather, an upturn in χ (T ) at temperature T ∗
below the hump is observed as marked by the arrows in
Fig. 1(b). Since the upturn is not seen at low field, a Schottky
contribution is ruled out. With external field applied along
the c axis, this should attribute to a spin-flop-like behavior
seen by the bulk magnetization, that is, the TAF phase with
short-range or long-range ordered local moments on the ab
plane.

These downturn and upturn behaviors of susceptibility as-
sociated with the respective Ising-AFM and TAF orders are
verified by our quantum Monte Carlo calculations. The calcu-
lated susceptibility χ = m/h versus the reduced temperature
at several different reduced fields is shown in Fig. 1(d). For

all the fields, there is clearly a hump feature at intermediate
temperature. At low fields h = 0.2 and 0.6, the system is Ising
AFM ordered at low temperatures, and the sharp downturn in
χ at low temperature resolves the Ising-AFM ordering tem-
perature TN , consistent with the experiments. For h = 1.0 and
above, the system is in a TAF phase at low temperatures. The
onset of the TAF order is identified by the upturn of χ (T ) as
marked in Fig. 1(d). This upturn feature is observed in the ex-
perimental susceptibility as shown above and Knight shift data
(shown later), and this confirms that the magnetic ordering for
fields at 5 T and above observed in experiments is of TAF type.
But different from the theoretical results, the observed T ∗, the
upturn temperature in the high-field magnetic susceptibility
in experiments, is much higher than the ordering temperature
of the low-field Ising antiferromagnetism. This comes from
a disorder effect which will be discussed in Sec. IV with the
NMR spectra.

IV. NMR SPECTRA

The 51V NMR spectra at several field values with tempera-
tures from 30 K down to 2 K are shown in Figs. 2(a) and 2(b).
At 4 T, seven transition lines with nearly equal frequency
spacing νq ≈ 80 kHz are discernible at high temperatures.
They correspond to one center line and six satellite lines
caused by the coupling between the nuclear 51V quadrupole
moments and the local electric-field gradient. Since νq is very
small compared to the Zeeman frequency γ H , it impacts
the frequency of the center NMR line and the Knight shift
by a second-order correction of νq

2/γ H , which is almost
negligible.
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FIG. 2. (a) and (b) The 51V NMR spectra at typical temperatures,
measured at 4 and 12 T, respectively. Vertical offsets are applied
for clarity. Arrows mark the peak position of the center transition
of the NMR lines. (c) The NMR spectra at typical magnetic fields,
measured at 2 and 0.5 K. (d) The Knight shift 51Kn as functions of
temperatures at typical fields. The inset: 51Kn versus the magnetic
susceptibility, χ , measured at temperatures from 45 to 100 K, under
the same field of 5 T.
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FIG. 3. (a) A sketch of a screw chain of SrCo2V2O8. V(1)–V(4) label four V sites on one chain in a unit cell. (b) and (c) Illustration
of the spin patterns in the TAF phase with moments orientate along the [100] or [010] directions, respectively, where domains A and B are
twinned magnetic structures. The numbers 1–8 and 1′–8′ label the 16 Co2+ ions within one unit cell where red and blue colors represent the
two screwing directions along the chain. Arrows display the orientations of the local moments. (d) Sketch of the ideal 51V NMR line calculated
by summing over contributions from domain A and domain B. Hin represents the total dipolar fields created by the Co2+ moments on the 51V
sites. (e) and (f) Illustration of the spin patterns in the TAF phase with moments orientate along the [110] or [11̄0] directions, respectively with
twinned domains A′ and B′. (g) Sketch of the ideal NMR line calculated by summing over the contributions from domains A′ and B′.

At 4 K, a peaked NMR spectrum where the center and
satellite transitions overlap due to line broadening, is seen,
showing the system is in the paramagnetic phase [29,38]. At
and below 2 K, the NMR line splits into two peaks with a
frequency separation of about 2.2 MHz. The two peaks are
at negative and positive frequencies to γ H , respectively, with
nearly equal spectral weight. This is a clear evidence for the
Ising-antiferromagnetic order, which generates negative and
positive hyperfine fields, respectively. The transition tempera-
ture to the Ising ordered phase is determined to be about 2.3 K
from the 1/T1 measurement at this field (see Fig. 4), which is
also consistent with neutron-scattering studies [17].

At high fields, surprisingly, a two-peak feature also devel-
ops in the NMR line even at high temperatures. As shown
at 12 T, the two-peak feature is already seen when cooled
below 12 K [Fig. 2(b)], which is well above TN as revealed
by neutron-scattering measurements at the same field [17].
Indeed, the frequency separation of two peaks increases upon
cooling with the left peak shifting toward lower frequency,
and the right peak shifting toward higher frequency [Fig. 2(b)]
Similar line splits are observed in a range of magnetic fields as
shown in Fig. 2(c). The 51V spectra at 0.5 and 2 K with fields
from 6 to 15.7 T, all exhibit the two-peak feature. This, as will
be discussed later, is associated with an emergent TAF order,
either short ranged or long ranged.

Note that in the paramagnetic states with external field
applied along the c axis, all the 51Vs in the unit cell should
be equivalent, which leads to a single NMR center line as
observed at 30 K. The low-temperature line splitting then in-
dicates the onset of a static magnetism. For the Ising-AFM or
the LSDW states, the spectrum should contain both negative
and positive frequencies relative to γ H as shown with field at
4 T in Fig. 2(a). However, this is not what was observed at 6 T
and higher fields. Rather, both NMR peaks locate at positive
frequencies. This is instead consistent with a local TAF order
where the ordered local moments orientate on the ab plane as
discussed below.

At high fields, the magnetic structure should be charac-
terized by the TAF type with ordered moments lying on the
ab plane. Based on the neutron-scattering data, two magnetic
structures for the TAF phase have been proposed but not yet
resolved: The moments orientate either along the [100]/[010]
directions as a collinear type or along the [110]/[11̄0] direc-
tions as a noncollinear type [21]. For each proposed structure,
doubly degenerate magnetic domains can coexist, which are
labeled as domain A and B for the collinear type as shown in
Figs. 3(b) and 3(c), or domain A′ and B′ for the noncollinear
type as shown in Figs. 3(e) and 3(f).

We then try to determine the local magnetic structure by
simulating the NMR spectra from the two proposed magnetic
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TABLE I. (a) and (b) The calculated c-axis component of the
dipolar field Hc

in on 16 51V nuclei in a unit cell, each summed over
contributions from four neighboring Co2+ spins (see the text) for the
collinear type and noncollinear type, respectively.

(a) Collinear type

Fractional coordinates Hc
in (kOe)

Site (x, y, z) (n, m = 0 or 1) Domain A Domain B

V(1) (0.2608-0.0216n+0.5m, −0.0361 −0.2809
0.08+0.5n+0.34m, 0.0934)

V(2) (0.08+0.34n+0.5m, −0.2809 0.0361
0.2392+0.5n+0.0216m, 0.3434)

V(3) (0.7392+0.0216n-0.5m, 0.0361 0.2809
0.08+0.5n+0.34m, 0.5934)

V(4) (0.92-0.34n-0.5m, 0.2809 −0.0361
0.2392+0.5n+0.0216m, 0.8434)

(b) Noncollinear type

Fractional coordinates Hc
in (kOe)

Site (x, y, z) (n, m = 0 or 1) Domain A′ Domain B′

V(1) (0.2608-0.0216n+0.5m, −0.2261 −0.1749
0.08+0.5n+0.34m, 0.0934)

V(2) (0.08+0.34n+0.5m, −0.1749 0.2261
0.2392+0.5n+0.0216m, 0.3434)

V(3) (0.7392+0.0216n-0.5m, 0.2261 0.1749
0.08+0.5n+0.34m, 0.5934)

V(4) (0.92-0.34n-0.5m, 0.1749 −0.2261
0.2392+0.5n+0.0216m, 0.8434)

configurations. We calculated the dipolar field on 16 51V sites
with their coordinates, contributed from Co2+ sites up to the
fourth-nearest neighbors with the formula shown in Eq. (1).
We assume temporarily that staggered, planar antiferromag-
netic moment is 1 μB/Co2+ for the AFM phases shown in
Fig. 3. The calculated dipolar fields along the c direction
Hc

in for the collinear type are listed in Table I(a), and for the
noncollinear type are listed in Table I(b). Four types of Hc

in are
obtained for each type, which indicates that four inequivalent
V sites. We labeled the inequivalent V sites as V(1), V(2),
V(3), and V(4) also shown in Fig. 3(a).

The 51V spectra are then simulated for the collinear-type
structure as sketched in Fig. 3(d), and for the noncollinear-
type structure as sketched in Fig. 3(g). Note the uniform
magnetization of Co2+ along the c axis will only cause a
bulk shift of the whole spectra, which is not included in the
calculation. Domains A and B produce identical NMR line
shapes, also for domains A′ and B′. The simulated spectra of
both structures contain four NMR lines but with very different
frequency separations. For the collinear structure, the NMR
spectrum contains one line at a negative frequency, two close
lines at intermediate frequencies, and one line at a positive
frequency. By contrast, for the noncollinear structure, one pair
of lines is located at negative frequencies, and the other pair
of lines is at positive frequencies.

The measured spectra shown in Figs. 2(b) and 2(c) are
more consistent with the spectral profile of the noncollinear
magnetic structure when we consider the broadening of the

two lines within each pair which could not be resolved exper-
imentally, if disorder broadens each NMR line significantly.
The difference of the hyperfine fields of two NMR peaks is
about 0.4 kOe. By contrast, the experimental line split at 2 K
and 12 T [Fig. 2(b)], for example, is as large as 1.1 kOe. In
fact, two factors should be considered on these quantitative
difference. First, the actual dipolar field is proportional to
the ordered moment of Co2+, relative to the current assump-
tion of 1 μB/Co2+. Second, the off-diagonal hyperfine field
should be much larger with the pseudodipolar type than that
with the pure dipolar type as suggested by previous works in
BaCo2V2O8 [29] and SrCo2V2O8 [13].

We further examine the Knight-shift 51Kn data. 51Kn is
calculated from the average frequency of the spectrum and
shown as a function of temperature in Fig. 2(d) for fields from
5 to 12 T. Note that the Knight shift is related to the bulk
susceptibility by Kn = Ah f χ/NAμB, where NA is the Avogadro
constant, μB is the Bohr magneton, and Ah f is the hyperfine
coupling constant. In the inset of Fig. 2(d), 51Kn(T ) at 5 T is
then plotted against χ (T ), which is measured with tempera-
ture from 45 to 100 K (data not shown). A linear scaling is
clearly seen, and the slope of the line gives Ah f ≈ 0.46 T/μB.

For fields above 5 T, 51Kn first decreases with temperature
when cooled below 30 K and then shows an upturn below
about 5 K. This upturn behavior is also observed by the
bulk susceptibility χ (T ) as shown earlier. The higher onset
temperature of the NMR line split than that of the upturn in
the bulk susceptibility can be understood by the development
of short-range order at temperatures above T ∗ because the
uniform magnetization, revealed by the bulk susceptibility,
still decreases upon cooling. Whereas below T ∗, a LRTAF
tends to be developed with the onset of susceptibility upturn
and the constant NMR line splits with temperatures down to
0.5 K [Fig. 2(c)].

We, therefore, conclude that a short-range order with
the noncollinear antiferromagnetism as shown in Figs. 3(e)
and 3(f) is established in SrCo2V2O8 far above TN . Note
that the onset of the short-range order was not reported in
BaCo2V2O8 [23], which may suggest that the phase is sen-
sitive to disorder, a detailed discussion of which will be given
in Sec. VI.

V. THE SPIN-LATTICE RELAXATION RATE

In general, the spin-lattice relaxation rate 1/T1

probes low-energy fluctuations with 1/T1 ∼
T

∑
q Ah f (q)Imχ+−(q, ω)/ω for magnetic systems, where

Ah f is hyperfine coupling constant, χ+− is the dynamic
susceptibility of the system, and ω is the Larmor frequency of
the nuclei.

For this compound, we report the spin-lattice relaxation
rate 1/51T1 measured on the only NMR peak at high temper-
atures, and the right peak in the SRTAF phase (see Fig. 2).
1/51T1 as functions of temperature is shown in Fig. 4(a) for
fields from 3.5 to 16 T. Note that the 1/51T1 on the left peak
(data not shown) is about 10% lower and follows the same
temperature dependence as the right one.

At 3.5 T, 1/51T1 first decreases when cooled from 30 down
to 10 K, followed by an upturn and a sharp peak at 3 K, which
evidences the Ising-AFM transition at TN with enhanced
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FIG. 4. (a) The spin-lattice relaxation rate 1/51T1 as functions
of temperatures at various fields. The red arrows mark the peak
position, which determines TN at low fields. The blue arrows mark
the downturn temperature of 1/51T1, labeled as T ∗. (b) An enlarge
view of the low-temperature 1/51T1 data. Gray lines are the fits of
data to the power-law function 1/T1 ∼ T α for temperatures above TN

under different fields. (c) The power-law exponent α as a function
of the field obtained from the fitting. (d) The Luttinger exponent η

as a function of the field. The dotted line corresponds to η = 1. It
intersects with the η curve at about 7 T, indicating an η inversion.

low-energy spin fluctuations. At 4 T, a transition temperature
TN = 2.3 K is also resolved clearly. The determined TN values
at different fields are then plotted in Fig. 5, which show a
monotonic decrease with the field, consistent with the χ (T )
and the neutron-scattering data [17]. For fields from 5 to
7 T, 1/51T1 barely change when cooled from 10 to 1.5 K,
which suggests that the system is close to a magnetic quantum
critical point. For fields at 8 T and above, 1/51T1 drops when
cooled below 20 K; below about 7 K, a very rapid drop of
1/51T1 is seen, which probably indicates a crossover to LRTAF
phase. The downturn temperature of 1/51T1 for different fields
is labeled as T ∗ and the T ∗ line is plotted in the phase diagram
in Fig. 5. This T ∗ is slightly lower by about 1.3 K than that
determined by the susceptibility upturn.

An enlarged view of the low-temperature data is shown
in Fig. 4(b) from 2 to 10 K. In the temperature regime just
below 10 K, the 1/51T1 data can fit to a power-law function
1/51T1 ∼ T α , with varying exponent α as shown in Fig. 4(b).
Note that this power-law behavior is different from the critical
enhancement when the system is approaching the Ising-AFM
transition but is a signature of the 1D spin fluctuations ex-
isting well above the magnetic ordering temperature [39]. α,
obtained from the power-law fitting, is then shown in Fig. 4(c)
as a function of the field. It increases monotonically with the
field from −0.7 at 3.5 to 0.56 at 16 T.

When the Ising-AFM order is suppressed by the field, the
system becomes gapless. At low temperatures, an LSDW or a
TAF order can be stabilized due to the interchain couplings.
In the paramagnetic phase where these orders are destroyed

FIG. 5. The phase diagram of SrCo2V2O8 under a longitudinal
magnetic field. Squares and triangles represent the TN determined by
the susceptibility and the spin-lattice relaxation rate measurements,
respectively. The brown circles are the TN determined from neutron
scattering, adapted from Ref. [17]. Pink diamonds represent T ∗, the
upturn temperature of magnetic susceptibility, and violet diamonds
represent the downturn temperature of 1/51T1, also labeled as T ∗.
The dotted gray line shows the η inversion in the TLL. The position
of the label SRTAF denotes the region below which the NMR line
split, whereas a LRTAF may appear below T ∗.

by increasing the temperature, the system is described by a
TLL [18,25]. In a TLL, the spin-spin correlation function
C(r) exhibits a power-law decay with the distance r between
the spins C(r) ∼ r−η, where η is the Luttinger exponent. For
an Ising anisotropic spin chain system under a longitudinal
field, when the Ising order is suppressed by the field, the
system is first driven to an LSDW ground state. At finite
temperature where the LSDW order is melted, longitudinal
spin fluctuations are dominant with η > 1 [40,41]. With fur-
ther increasing the field, the ground state changes to a TAF
phase. As a consequence, transverse spin fluctuations become
dominant with η < 1 in the finite-temperature paramagnetic
phase [40,41]. The dominant spin fluctuations in the TLL can
be detected from the temperature dependence of the NMR
1/T1: 1/T1 ≈ cT 1/η−1 if the main contribution comes from
longitudinal correlations and 1/T1 ≈ cT η−1 if the contribution
is mainly from the transverse correlations [23].

We can extract the Luttinger exponent η from the power-
law temperature dependence of the 1/T1 data. Our results
suggest the 1/T1 for this compound mainly detects the lon-
gitudinal spin correlations, and this leads to α = 1/η − 1.
The contribution from transverse fluctuations, however, is mi-
nor. This could be either because of the particular hyperfine
coupling structure of this compound or due to the onset of
SRTAF order, which suppresses the transverse fluctuations.
The values of η evolved with the field, calculated from α,
are shown in Fig. 4(d). An η inversion where η decreases
monotonically from η > 1 to η < 1 with increasing the field
is observed at about 7 T. This η inversion suggests that
the dominant spin fluctuations change from longitudinal to
transverse when the field is increased across 7 T [24] and
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is, therefore, consistent with the change of the ground state
from the LSDW phase to the TAF phase at 7 T observed
in a recent neutron-scattering study [17]. Similar η inversion
behavior determined from the 1/T1 measurements has been
reported in BaCo2V2O8 [23,42] and predicted theoretically
in YbAlO3 [27].

VI. PHASE DIAGRAM AND DISCUSSIONS

Our results are summarized as the phase diagram in the
H-T parameter space shown in Fig. 5. The TN of the Ising-
AFM order below 4 T determined from several different
probes are consistent. For fields above 4 T, we do not ob-
serve an LSDW order. However, the NMR line splits and the
upturn in the magnetic susceptibility suggest that a possible
LRTAF develops at a temperature much higher than that re-
ported by the neutron scattering [17]. Furthermore, we find
a SRTAF phase over a broad field and temperature regime
above T ∗, which survives as high as 12 K at 12 T by the
clear evidence of NMR line splits as shown in Fig. 2(b).
Our findings of missing the long-range LSDW and the high
onset temperature of SRTAF and possible LRTAF order are
in direct contrast to the results of a recent neutron-scattering
measurement [17] in which LSDW and TAF phases were
revealed to be stabilized below 1.5 K sequentially with the
field [17].

A most likely explanation is that the disorder effect in our
sample is stronger. Given that the impurity spins are fully
polarized with field above 1 T as observed above, they orien-
tate along the crystalline c direction with applied field. Such
random moments should suppress the LSDW order with the
same orientation. However, for the TAF phase, the magnetic
ordering may not be suppressed as the impurity moments
are perpendicular to the Co2+ moments. This explains why
the LSDW order is not seen in our samples. Furthermore,
although the disorder usually disturbs the magnetic order in
unfrustrated systems, in frustrated systems, it can help sta-
bilizing the magnetic order via relieving the frustration as
described below.

Note that frustrated interchain couplings are important
and necessary to stabilize the pattern of the Ising antiferro-
magnetic order [15,16,23] as well as the noncollinear spin
patterns [21] shown in Figs. 3(e) and 3(f). The frustrated
interchain couplings provide an important clue to understand
the discrepancy between our results and those of Ref. [17].
In the quasi-1D spin systems, the magnetic impurities may
effectively increase the AFM interchain coupling by blocking
the frustrated exchange paths. Furthermore, the anisotropy of
interchain coupling may also be affected by disorder, given the
very anisotropic crystal field environment of the compound.
To understand this, we performed Monte Carlo simulations
by reducing the anisotropy of the interchain coupling, while
the intrachain coupling remains the same. We found that by
reducing the Ising anisotropy, the TN of the Ising antiferro-
magnetism is only slightly suppressed, whereas the TN of the
LRTAF is strongly enhanced. This may stabilize the LRTAF at
low temperature and pins the short-range fluctuations at high
temperatures. These features are exactly what we observed in
our experiments.

Interestingly, although the long-range LSDW is not sta-
bilized at low temperatures, the TLL behavior still emerges
at low energies, regardless of the existence of SRTAF phase.
The TLL behavior still appears at about 3.5 T in the para-
magnetic phase, and the dominant spin fluctuations switch
from the longitudinal type to the transverse type as evidenced
by the η inversion effect observed at about 7 T. Note that
the η inversion occurs at exactly the same field where a
transition from the LSDW ground state to the TAF one was
observed in the neutron scattering [17], and similar behavior
is also observed in BaCo2V2O8 [21,23]. Although the long-
range LSDW is destructed and a pinned short-range ordered
TAF phase emerges in our sample by the disorder effect,
the fingerprints of dominant longitudinal spin fluctuations at
intermediate fields are still observed. Coexistence of longi-
tudinal and transverse spin fluctuations was also suggested
by the independent terahertz [9] and neutron-scattering [11]
measurements.

VII. SUMMARY

To summarize, we report the magnetic phase diagram of
the AFM screw chain compound SrCo2V2O8 under a mag-
netic field applied along the c axis by performing the NMR
and magnetic susceptibility measurements and supplemented
by quantum Monte Carlo simulations. At low fields, the sys-
tem exhibits an Ising-AFM order below about 5 K. This
Ising-AFM order is quickly suppressed by the magnetic field.
For fields at 5 T and above, no long-range LSDW order is de-
tected. However, the upturn of χ and 51Kn, as well as the NMR
line splitting, indicate the onset of a short-range TAF phase
even at very high temperatures, and a possible long-range TAF
order with enhanced transition temperatures. We further show
that the spins in the TAF phase form a noncollinear-type pat-
tern with moments aligned along the crystalline [110]/[11̄0]
directions. This SRTAF order is likely pinned by magnetic
impurities in the compound, which suggest an anomalous
sensitivity of the phase to the interplay of magnetic impu-
rities and interchain couplings. Nevertheless, the power-law
temperature dependence of the 1/51T1 data reveals that the
low-energy spin dynamics in the paramagnetic phase follow
the TLL behavior, survived from the SRTAF order. We extract
the Luttinger exponent η and show that there is an η inversion
at about 7 T, across which the dominant spin fluctuations
of the system turn from the longitudinal to the transverse
type.
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