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Quasi-one-dimensional (1D) antiferromagnets are known to display intriguing phenomena especially when there is
a spin gap in their spin-excitation spectra. Here we demonstrate that a spin gap exists in the quasi-1D Heisenberg anti-
ferromagnet CoTi,Os with highly ordered Co?t/Ti**+ occupation, in which the Co?* ions with § = 3 /2 form a 1D spin
chain along the a-axis. CoTi;O5 undergoes an antiferromagnetic transition at 7y ~ 24 K and exhibits obvious anisotropic
magnetic susceptibility even in the paramagnetic region. Although a gapless magnetic ground state is usually expected in a
quasi-1D Heisenberg antiferromagnet with half-integer spins, by analyzing the specific heat, the thermal conductivity, and
the spin-lattice relaxation rate (1/7}) as a function of temperature, we found that a spin gap is opened in the spin-excitation
spectrum of CoTipOs around 7y, manifested by the rapid decrease of magnetic specific heat to zero, the double-peak
characteristic in thermal conductivity, and the exponential decay of 1/7] below 7. Both the magnetic measurements and
the first-principles calculations results indicate that there is spin-orbit coupling in CoTi;Os5, which induces the magnetic
anisotropy in CoTiyOs, and then opens the spin gap at low temperature.
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1. Introduction

Low-dimensional quantum magnets have been attract-
ing much attention due to their fascinating phenomena, such
as Bose-Einstein condensation, quantum spin liquids, and
multiferroics.['] Among various low-dimensional materi-
als, the 1D magnets with a spin gap are of particular inter-
est because they can host many exotic ground states, such
as the field-induced gapless quantum spin liquid state in
BaCo,V;,0g,* and the pressure-induced superconductivity
in SryCajpCuzq04;.5! In general, for a uniform 1D Heisen-
berg antiferromagnetic spin chain, the value of the spin quan-
tum number S determines the appearance of the spin gap
in the excited states.!%! The spin gap can only be observed
in 1D Heisenberg antiferromagnets with integer spins, e.g.,
PbNi,V,0g with § = 1, in which a Haldane gap exists in
the magnetic excitation spectrum,!”! while a gapless magnetic
ground state can be seen when § is half-integer. However,
in some special cases, 1D antiferromagnets with half-integer
spins also exhibit the gapped ground state by breaking the
translation symmetry of spin.®-1% For example, in the spin-
Peierls compound CuGeOs3, the dimerization of Cu®* with
S = 1/2 not only leads to the structural transition but also
opens a spin gap in the magnetic excitation spectrum.!!!l Tn
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addition, the spin gap was also found in some 1D S =1/2
antiferromagnets with special crystal and magnetic structures,
such as Cu benzoate and BaCo, V,0g.['2714 For Cu benzoate
with alternating crystal axes, it shows a field-induced spin gap
because a non-collinear spin arrangement can be induced by
applying a magnetic field perpendicular to the spin chain, and
the canted spins are stabilized by the internal effective field
along the chain.!’d! However, in the case of BaCo,;V;0g, the
non-collinear magnetic structure is generated by the screw
chain of Co?* and stabilized by the interchain exchange in-
teraction. Thus, the spin gap in BaCo,V,0g opens with the
3D long-range magnetic ordering under zero field and can be
closed under the magnetic field of about 40 kOe, followed by
the field-induced order-to-disorder phase transition.[!3:1¢]

The spin chain of Co** could also exist in the pseudo-
brookite CoTipOs, which belongs to the orthorhombic crys-
tal system with a Cmcm space group. The CoTiyOs consists
of two inequivalent TM10Og and TM2Og octahedrons with
a ratio of 1:2, where TM represents Co?t/Ti*t cations. In
comparison to the TM2Og octahedron, the TM1QOg octahe-
dron in pseudobrookite compounds is larger and more dis-
torted. Therefore, the cation order-disorder always occurs
in pseudobrookite compounds. For the completely ordered
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CoTiy0Os, as shown in Fig. 1(a), the larger TM10g¢ octahe-
dron can only be occupied by the Co>* (r = 0.74 A), and the
nonmagnetic Ti** (r = 0.68 A) occupies the TM20g octahe-
dron, just like the well-studied pseudobrookite MgTi,Os.!7!
In this situation, the distances between different Co’* along
the b and ¢ directions are much greater than that along the
a-axis (a = 3.72649 A, b = 9.7005 A, ¢ = 10.0731 A),[8]
so a 1D chain of Co?* could form along the a-axis, making
CoTiyO5 an example of a quasi- 1D antiferromagnet with spin
S=3/2.

Recently, Kirschner et al. reported that CoTiyOs5 shows
an unexpected long-range antiferromagnetic ordering at 7y =
26 K, though there is a strong frustration of Co>* according
to the magnetic structure of CoTiyOs.!'8] They proposed that
there could be the spin Jahn—Teller effect in CoTi,Os, which
lowers the structural symmetry and relieves the frustration,
and in turn, leads to the appearance of the magnetic transition.
However, the nature of CoTi;Os5 as a 1D antiferromagnet has
yet to be reported and whether a spin gap exists in CoTiyOs is
still unknown. In this work, we grew the CoTi,Os single crys-
tals with highly ordered Co?*/Ti** occupation by using the
floating zone method and revealed that CoTi,Os is a quasi-1D
Heisenberg antiferromagnet. The appearance of the spin-orbit
coupling in CoTi,O5 causes the obvious magnetic anisotropy,
which opens a spin gap at low temperature.

2. Experiments
2.1. Single-crystal growth and characterization

CoTiyO5 single crystals were prepared by the optical
floating zone technique in an image furnace with two el-
lipsoidal mirrors (IR Image Furnace G3, Quantum Design
Japan).['8191 The crystals were grown in different atmospheres
(pure Ar, pure O, and Ar/O, mixed gas atmosphere) with a
growth rate varying from 1 to 10 mm/h. CoTi,Os single crys-
tal with highly ordered Co?*/Ti*" occupation was grown un-
der pure Ar atmosphere with the growth rate of 1 mm/h. This
gives a new approach for manipulating the ordering of cations
and producing 1D spin chains. MgTi;O5 single crystals were
also prepared under the pure argon atmosphere with 1 mm/h
to estimate the lattice specific heat of CoTi»Os. The phase pu-
rity was identified by the x-ray diffraction (XRD, Aeris, Cu
K, radiation) and the x-ray Laue back diffraction was used
to determine the crystal principal axes. Raman spectra were
obtained with the LabRAM HR Evolution Raman Spectrom-
eter (HORIBA). X-ray photoelectron spectroscopy (XPS) was
measured with Esca Xi+ (ThermoFisher).

2.2. Magnetization and thermal properties measurements

The temperature and magnetic-field dependencies of
magnetization M(T) and M(H) were recorded using a com-
mercial SQUID magnetometer (MPMS3) up to the field of

70 kOe. The measurement of specific heat C(T') was per-
formed with a physical property measurement system (PPMS,
DynaCool-14 T). Both the thermal expansion AL/Ly(T) and
the magnetostriction AL/Ly(H) were performed in the PPMS
by using an AH 2550A capacitance dilatometer that was cali-
brated with 99.999% pure Cu and Al rods. The thermal con-
ductivity x(7') was measured in the PPMS with the method of
one heater and two thermometers.

2.3. NMR measurements

In experiment, >>Co NMR measurements were per-
formed on a single crystal of CoTi;Os under a fixed mag-
netic field H = 90.743 kOe. The NMR spectra were ob-
tained by integrating the spin echo as a function of frequency.
The spin-lattice relaxation rate 1/7] was measured by the
saturation-recovery method. The °Co T; was obtained by
fitting the nuclear magnetization M(¢) with the equation 1 —
M(t)/M(0) = 0.01191exp(—1/T1) + 0.06818 exp(—6¢/T1) +
0.20604 exp(—15¢/T1) +0.71387 exp(—28¢/T;), where M(0)
and M(r) are the nuclear magnetizations at the thermal equi-
librium and at time ¢, respectively, after the comb pulse.

2.4. Theoretical calculations

All of our first-principles calculations were based on spin-
polarized density functional theory (DFT) as implemented
in the Vienna ab initio simulation package (VASP).[20-21]
The Perdew—Burke—Ernzerhof functional revised for solids
(PBEsol) was adopted for exchange—correlation potential.
Generalized gradient approximation (GGA)!*?! with the Hub-
bard parameter (GGA+U)!?*! was employed to solve the
Kohn-Sham equation.?*! The plane wave energy cutoff, con-
vergence in energy, and residual force on each atom were set
to 500 eV, 1 x 107> eV, and 0.01 eV/A, respectively. To obtain
the accurate magnetic structure, we built a 2 x 1 x 1 super-
cell, and the corresponding Brillouin zone integrations were
set using a tetrahedron method in 8 x 8 x 8 Monkhorst—Pack
K-point mesh.[?>! Magnetic anisotropy and spin—orbital cou-
pling (SOC) were considered. The structure and spin density
visualization and analysis were carried out using the VESTA
code. 26

3. Results and discussions

3.1. Controlling the degree of the ordering of Co>"/Ti** in
COTizOs

It was reported that the highly ordered cation occupa-
tion in the pseudobrookite ceramics can be obtained by us-
ing the high-pressure technique or by annealing the sample
at a lower temperature.!!”->”! In our previous work, we found
that the single crystal of inverse spinel Mn, TiO4 with ordered
Mn?*/Ti** occupation at B sites can be grown by the optical
floating zone method under pure Ar atmosphere.*8! Thus, we
prepared the CoTiyOs single crystals with different degrees of
Co?*/Ti** ordering by using the floating zone technique un-
der pure Ar, pure Oy, and the Ar/O, mixed gas atmosphere.

037505-2



Chin. Phys. B 33, 037505 (2024)

The clear Laue diffraction spots show the high quality of our
single crystal, as illustrated in Fig. 1(c). The XPS spectra of
Co-2p and Ti-2p show that the oxidation states of Co and Ti
in the grown CoTi;Os sample are +2 and +4, respectively
(details can be seen in Fig. S1 in the supplemental material).
The M(T) curves of crystals grown with different conditions
were recorded to roughly check the degree of the ordering of
Co?T/Ti** because the character of the 1D magnets, usually
represented by the broad peak at high temperature in the M (T')
curves, depends on the degree of the ordering of Co>*/Ti** in
CoTi0s. As shown in Fig. 1(b), the broad peak in M(T) be-
comes more pronounced with decreasing oxygen content in
the growth atmosphere, suggesting that Co?*/Ti** tends to be
ordered in the pure Ar atmosphere. Furthermore, when the
growth rate is lowered, the magnetization below the magnetic
ordering temperature decreases more rapidly, and the Curie
tail gradually becomes weaker, revealing that the Co?*/Ti*+
occupation becomes more ordered.
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Fig. 1. (a) Crystal structure of CoTiyOs. Co?t and Ti** are labeled as
blue and green balls, respectively. (b) The M(T) curves of CoTi,Os sin-
gle crystals prepared under different conditions. (c) Laue pattern taken
from the CoTi,Os single crystal along the [100] direction. Inset in (c)
shows the oriented single crystal with three axes [100], [010], and [001].

3.2. Determining the degree of the ordering of Co?*/Ti*"

in CoTiyOs

Raman spectra of CoTi,Os grown under different con-
ditions were measured to estimate the degree of the ordering
of Co?/Ti*". As shown by the asterisks in Fig. 2(a), extra
vibrate modes appear in the crystals prepared under the pure
Ar atmosphere, consistent with the results of the well-studied
MgTi,O5 with highly ordered Mg?*/Ti** occupation.!?’! Tt
was reported in MgTi;Os that the frequency @ of the B14(5)
Raman mode at 640(2) cm™~! shows the blue shift with the
Mg?*/Ti** disorder increasing and can be used to determine
the Mg?*/Ti** disorder parameter X with the relation*!

©=629(1) cm™' +60(5)X cm ™!, ¢))

where X is defined as the atomic concentration of Ti** in TM1
sites. The Raman spectra of CoTi;Os5 also show a similar blue
shift, so the Co?t/Ti** disorder parameter X for the most or-
dered CoTi,Os is estimated to be in the range of [0.12, 0.18]
by using formula (1), which is comparable with [0.15, 0.22]
of highly ordered MgTi,Os prepared by annealing.[>*3% (the
blue shift in Raman spectra of CoTi;O5 can be seen in Fig. S2
in the supplemental material).
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Fig. 2. (a) The Raman spectra of CoTi,Os single crystals prepared un-

der different conditions. (b) The Rietveld refinement results of CoTi;Os
prepared under pure Ar atmosphere with 1 mm/h.

From the powder XRD data of the most ordered CoTiyOs
crystal, as shown in Fig. 2(b), the lattice parameters of
CoTiyOs are refined as a = 3.72284(2) A, b =9.70068(5) A,
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and ¢ = 10.06784(5) A, consistent with the results from neu-
tron powder diffraction reported before.!'®! The refinement re-
sults further give the Co?*/Ti** disorder parameter X about
0.13, showing that most of the Co?t occupy the TM1 sites,
forming the Co?* chain along the a-axis. Thus, the CoTi,Os
single crystal with highly ordered Co®*/Ti** occupation can
be grown in the pure Ar atmosphere at a growth rate of
1 mm/h. This provides a new way for controlling the ordering
of cations and then generating 1D spin chains. The magneti-
zation, the thermal physical properties, and the 3°Co nuclear
magnetic resonance spectra measurements are all performed
on the oriented CoTiyOs single crystals with the highest de-
gree of the ordering of Co?*/Ti**, which was grown in the
pure Ar atmosphere at a growth rate of 1 mm/h (refined crys-
tal structure parameters of CoTi»O5 can be seen in Table S1 in
the supplemental material).
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Fig. 3. The magnetic measurements of the oriented CoTi,Os single
crystals: (a) x(T), (b) 1/, (c) M(H). Inset in (c) shows the enlarged
hysteresis part in the a-axis.

3.3. Magnetization measurements

In Fig. 3(a), the x(T) curve of the CoTiyOs crystal along
three major crystallographic axes shows a broad peak at about
80 K, which is a typical sign of the 1D short-range magnetic
ordering. A sharp decrease at Ty ~ 24 K in the x(T) along
the c-axis of CoTi;Os5 corresponds to the long-range antifer-
romagnetic ordering of Co>*. Conversely, below Ty, the mag-
netic susceptibilities along the a and b axes increase with de-
creasing temperature. This apparent anisotropic behavior of
the x(T) curves illustrates that the c-axis is the easy axis in
CoTi, 05 while the spin chain of Co?" forms along the a-axis,
in accordance with the magnetic structure obtained from the
neutron diffraction spectra.!!8! The y (T') curve above 40 K can
be well fitted by using the Pade approximation for the Heisen-
berg spin chain model,*!! as shown in Fig. 3(a), indicating
that Co?* forms the uniform 1D § = 3/2 chain in CoTi,Os.
The fitting result gives the value of g-factor in CoTi,Os along
different axes as g, ~ 2.45, g, ~ 2.39, and g. ~ 2.67, explain-
ing the difference of the susceptibilities at 300 K. Due to the
maximum of the broad peak in x(7') locates at about 80 K,
the 1/y—T curve of CoTi,Os was fitted in multiple intervals
above 220 K with the Curie—Weiss law to avoid the influence
of short-range magnetic correlation, as shown in Fig. 3(b). The
obtained effective magnetic moments along the a, b, and c axes
are 5.0(1) g, 5.1(1) ug, and 5.6(1) g, respectively, which are
much larger than the spin-only value of 3.87 py for the Co>*
with § = 3/2, indicating that there is a large orbital contri-
bution to the magnetic moment in CoTi;Os. From the M(H)
loops at 2 K of all the three axes in Fig. 3(c), an obvious mag-
netic anisotropy can be seen, and the three axes all show an ap-
parent hysteresis behavior with coercive filed around 100 Oe.
Both the behaviors of M(T') and M (H ) suggest the appearance
of spin-orbit coupling (SOC) in CoTiyOs, which could induce
the single-ion anisotropy or the Dzyaloshinskii—Moriya inter-
action.

However, though the SOC is usually considered to be
negligible for systems with 3d transition-metal ions,*?! it can
be seen in some materials containing Co’" with a highspin
state, e.g., CoNb,Og.133! The appearance of SOC combined
with the octahedral crystal field normally causes Co?* to show
an effective spin S = 1/2.03¥ To further confirm the existence
of the SOC in CoTi,Os, the first-principles calculations were
performed. To explain the behavior of spin polarization for
CoTiyO5 in the Cmcm phase, the total and partial density of
states (DOS) of Ti, Co-3d, and O-2p, are shown in Fig. 4. The
total DOSs of spin-up and spin-down electrons are similar to
each other and conform to the desired antiferromagnetic state.
The band gap estimated from Fig. 4(a) is about ~2.02 eV. The
energy region near the Fermi level is mainly composed by the
3d states of Co®* and O-2p states. The energy positions of the
O-2p states overlap with those of the Co-3d and Ti-3d states,
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indicating the hybridization between O-2p and Co, Ti-3d or-
bitals. The number of unpaired electrons of Co®* is calculated
to be 2.72, consistent with the results obtained from the neu-

tron powder diffraction experiments. '8! From the partial DOS
of the Co atom in Fig. 4(c), the Co?™ is in the high spin state
3d7(63,e2) with S = 3/2.
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Fig. 4. Total and partial density of states for CoTi;Os within the Cmcm symmetry calculated by GGA+U. (a) The total DOS of
CoTi,Os. (b) Partial DOS of d character for Ti. (c) Partial DOS of to4 and eg characters for Co. (d) Partial DOS of 2p character for O.

According to the magnetic propagation vector k =
(1/2,1/2,0) in CoTi,Os5 reported in Ref. [18], we build a
2 x 2 x 1 supercell to satisfy the antiferromagnetic structure
and consider the SOC to compute the magnetic anisotropy en-
ergy (details are given in the supplemental material). The cal-
culation results suggest that, when considering SOC, the total
energy of CoTi;Os is about —478.806 eV, which is obviously
lower than the —478.540 eV without SOC, confirming the ex-
istence of the SOC in CoTiyOs. Since the CoOg octahedron in
CoTi;,0s5 is highly distorted, we think that the distorted crystal
field of CoTiyOs prevents SOC to reduce the effective spin of
Co?" to 1/2, resulting in Co?>" with a high-spin state remain-
ing S = 3/2 in CoTi,Os.

—— 00e
—— 90kOe
—2.484

AL/Looe (1073)

0 20 40 60 30
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Fig. 5. The thermal expansion coefficient of CoTi;Os single crystal.
Inset shows the magnetostriction effect of CoTi,Os single crystal at
T=3K

3.4. Thermal physical properties measurements

The behavior of the phase transition of CoTi,O5 was char-
acterized by using specific heat measurements. There is only
one A shaped peak at antiferromagnetic ordering temperature
Ty = 24 K in the specific heat curve of CoTiyOs, as shown
by the black line in Fig. 6(a). Kirschner et al. proposed that a
spin Jahn—Teller effect occurs at Ty, but no experimental evi-
dence was given for any structural distortion.''®) We measured
the thermal expansion and magnetostriction of CoTiyOs single
crystal, as shown in Fig. 5, and found that neither the anomaly
of the thermal expansion coefficient around 7y nor the magne-
tostriction phenomenon below 7y can be seen, indicating that
there is no strong spin—lattice coupling in CoTi;Os. There-
fore, it is reasonable to believe that the A-shaped peak in C(T')
only comes from the antiferromagnetic ordering of CoTiyOs.
In the critical region around Ty, the C(T') curve can be fitted
with the following function: 3!

C(T) = BX + FEt + A% |t| %(1 + E=|e|*d), )

where r = (T — Tx) /Ty represents the reduced temperature, o
is the critical exponent, and A*, B*, F* and E™ are adjustable
parameters. Superscripts + and — represent 7 > Ty and
T < Ty, respectively. Within the range of 1073 < |t| < 107! in
the vicinity of 7y, the experimental data can be perfectly fitted
with Eq. (2), as shown in Fig. 6(b). The obtained fitting pa-
rameters and critical exponents are listed in Table 1. The val-
ues of the critical exponent is obtained to be ™ = —0.16 and
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a~ = —0.12, far away from o = 0.11 for the Ising model or
the oo = —0.01 for the XY model, whereas close to &« = —0.12
for the Heisenberg model.*®) Although a gapless magnetic
ground state is usually expected in a quasi- 1D Heisenberg anti-
ferromagnet with half-integer spins, according to the theory of
spin waves, >’ the uniaxial magnetic anisotropy in CoTi>Os
can open a spin gap in its magnetic excitation spectrum.

The magnetic specific heat Cpy(T) of CoTi,Os5 was ob-
tained by subtracting the lattice specific heat C,(T) from the
total specific heat of CoTiyOs, as shown in Fig. 6(c). With
the decreasing temperature below Ty, the Cp(T') of CoTiyOs
decreases quickly and tends to zero at low temperature, im-

plying that a spin gap appears in CoTi;Os. The C, of the
CoTiOs single crystal was estimated from the C, of the
MgTi,Os single crystal by using the formula Cp(T')coti,05 =
V/McoTin05 /MmgTi,05Cp (T )MeTi 05, in Which Mcgriyo and
MgTi, 05 Tepresent the relative molecular masses of CoTizOs

and MgTi,Os, respectively. The magnetic entropy change of
CoTi, 05 calculated from AS = fTle CT‘“ dT is much smaller than
Rln4 =~ 11.52 J-mol~'-K~! at Ty (R is the gas constant), indi-
cating that the magnetic entropy is released far above Ty by
the short-range magnetic ordering due to the formation of the

1D Co** spin chain in CoTiyOs.

Table 1. Adjustable fitting parameters, and critical parameters of the fittings of the specific heat for CoTi;Os.

A B F E o Fitted Ty (K) Measured Ty (K)
T <Tx —20.79 23.95 5.22x 1076 0.44 —0.12 24.41 o
T>1 —51.85 28.41 —146.40 —2.64 —-0.16 24.18
(a) —— C, CoTi,05 (c) CoJT
— C, MgTi,O5 AS 412
Chn, CoTiyOs5 s 041 =
o | &
] L 410
v 40 .-4'! 05l :ﬁ
= o 18 7
L 5) L
Q E Q
g g L 16 &
= 20t = 0.2 3
0 g 1" =
o1 1, <
0 F
1 1 1 0.0 1 1 1 1 0
0 30 60 90 0 20 40 60 80 100
T (K) T (K)
15 (b) (d)
. E'xplerimental data 0.7r 17
~ Fitting curve ~ 0.6- g 16 3
| L | .
e 12 x 0.5F T 15
Lo 10 0.4F 14
g 97 g 0.3 0 50 100
2 =) H (kOe)
0.2
S O
0.1r e
PP ¢ Experimental data
0.0F Fitting curve
3 20 21 22 23 24 25 26 2 4 6 8 10
T (K) T (K)

Fig. 6. The experimental and fitted specific heat curves of CoTi,Os single crystal under zero magnetic field. (a) The specific heat of
CoTiyO5 and MgTiyOs. The latter is used to subtract the lattice specific heat. (b) The critical behavior fitted from Eq. (2). (c) The
magnetic specific heat and change of entropy of CoTi;Os. (d) The low-temperature specific heat data fitted with Eq. (3). The inset
shows the magnetic field dependency of A, which was also fitted with Eq. (3).

To determine the presence of the spin gap, the specific
heat data of CoTiyOs at the low temperature was fitted with
Eq. (3), which is extensively used in 1D antiferromagnets, like
CuGeO3 and NaV,05,383% to roughly estimate the value of

the spin gap:
C(T) = GT* + Qe /T, (3)

where G and Q stand for the coefficients, and A represents the
value of the spin gap. The fitting result agrees well with the

experimental data, as shown in Fig. 6(d), and the A is obtained
to be about 17.6 K. The low-temperature specific heat data un-
der different magnetic fields was also fitted with Eq. (3), as
shown by the inset in Fig. 6(d), illustrating that the value of
the spin gap decreases with the increase of the magnetic field.
This means that the spin gap in CoTi;Os can be suppressed by
the magnetic field.

As a sensitive probe for the scattering of phonon and

n, [40

magno | the thermal conductivity of the CoTiyOs crystal
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was also measured to investigate the behavior of the spin gap
in CoTiyOs. In Fig. 7(a), the k(T') curve of the CoTi,Os single
crystal shows two obvious peaks at about 80 K and 7* ~ 12 K
when applying the heat flow along the chain direction (a-axis).
To figure out the origin of these two peaks, the phonon ther-
mal conductivity (K‘ph) was fitted with the Debye model as

follows: 4]

3dNRT3 2 Op/T 4 .x
= v / Y NTxdy, @)
0

Kph<T) - M@g (ex—l)zr(

where d, N, R, M, and x = Z‘B—“} represent the mass density,
the number of atoms composing CoTi,Os, the gas constant,
the molar weight, and the reduced phonon frequency, respec-
tively. Debye temperature @, = 673.3 K of CoTi,O5 is ob-
tained from the specific heat measurement. The mean sound
velocity v = 7120 m/s of CoTi;Os is calculated from @, by
using the equation v = Oy (ks /A)(6%n)~'/3, in which n is
the atomic number density. The scattering mechanisms of
phonon in CoTi,Os5 consist of the boundary phonon scattering
7, ! = v/L, the scattering by point defects T;;il = p(Tx)*, and
the phonon umklapp processes T, = UxT exp(f%), where
p, U, and b are adjustable parameters, and L represents the
length of the sample. Thus, the total relaxation time 7 can
be calculated as 77! = T, Ty ‘C};d] + T
matches well with the experimental data below Ty, as shown

The fitting curve

by the dashed line in Fig. 7(a), and the parameters are achieved
as p=39x10° K *s~ !, U=23x10" s7!, b =16, which
are reasonable for an insulator, [*>#3 demonstrating that the
low-temperature peak at 7* in x(7') is the phonon peak and
the high-temperature peak in k(7) comes from the contribu-
tion of magnon. This double-peak behavior was also found in
the x(T) curve along the spin chain direction in some quasi-
1D antiferromagnets, such as Sri4CunsOy41,**! because the
magnetic excitations propagate along the spin chain direction.
The magnon thermal conductivity k;,, of CoTi,Os can be ob-
tained by deducting the ki, from the total thermal conductiv-
ity of CoTiyOs, as shown by the solid line in Fig. 7(a). As
the temperature decreases, ky of CoTi,Os reaches a maxi-
mum at ~ 80 K, illustrating that the high-temperature magnon
peak is caused by the boundary scattering of the magnon.
More importantly, K, vanishes around 7y, meaning that the
spin gap occurs together with the antiferromagnetic ordering
in CoTiyO5 because the heat transport from magnon is inter-
rupted by the opening of the spin gap in CoTiyOs.

When applying a magnetic field of 90 kOe, the peak
at T* in «(T) is significantly suppressed, as shown in
Fig. 7(b), while the magnon peak around 80 K is almost
field-independent because the short-range magnetic ordering
of Co?" cannot be destroyed by the magnetic field. Since
the phonon thermal conductivity should be independent of the
magnetic field, the weakness of k(7) below Ty under 90 kOe

shows that the spin gap tends to be closed by the magnetic
field, and then the reappearance of the phonon-magnon scat-
tering results in the suppression of the phonon peak in k(7')
under the strong field. Assuming that phonons at low temper-
ature are scattered only by magnons on the triplet after apply-
ing the magnetic field, then the magnetic field dependence of
Kph can be given by Eq. (5), which was successfully used to
describe the thermal transport behavior in some quasi-1D an-
tiferromagnets under the low magnetic field, like TICuCls and
Pb,V309: [45.46]
1

K(H) = a+beiA(H)/T7 (5)

where a and b are parameters and A(H) shows the field de-
pendence of the spin gap. In this case, the spin gap usually
changes linearly with the magnetic field and can be written as
A(H) = A(0)+wH, in which A(0) is the value of the spin gap
at zero fields and w is a coefficient.[*”] The fitting curve over-
laps with the experimental data well in low magnetic fields
below 40 kOe, as shown by the inset in Fig. 7(b), and the A(0)
is obtained to be about 14.0 K, close to the value of 17.6 K
obtained from the specific heat data. The behavior of x(H)
illustrates that the enhancement of the phonon-magnon scat-
tering process with increasing magnetic field causes the de-
crease of Kk, proving that the spin gap becomes smaller under
the magnetic field. This is consistent with the fitting results of
the specific heat shown in the inset of Fig. 6(d).

100t (a) — II?_xp_erimental data
itting curve
K—FKph
o~ 80r N
| \
% oolf
| i
!
§ aof
¢ 20F
0
(b) 00Oe
100} 90 kOe
T
N 80
T
g 60f
¢ 401
o 2 4 6 8
H (T)
20 . . . .
0 50 100 150 200 250 300
T (K)

Fig. 7. The temperature-dependent thermal conductivity of CoTiyOs
single crystal along the a-axis: (a) x(7T') at zero field, (b) k(7') at differ-
ent fields. The inset in (b) shows the field-dependent thermal conduc-
tivity at the lowest temperature.

3.5. NMR measurements

To further confirm the existence of a spin gap in CoTiyOs,
the °Co nuclear magnetic resonance (NMR) was measured to
obtain the spin-lattice relaxation rate 1/77, which is sensitive
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to low-energy magnetic excitations and thus gives direct in-
formation on the presence of a spin gap (the measured °Co
NMR spectra can be seen in the supplemental material). As
shown in Fig. 8, the temperature dependence of 1/77 is sharply
suppressed with decreasing temperature below Ty and shows
the activation behavior. By simply fitting with the relationship
1/Ty < exp(—A/T), as shown in Fig. 8(b), the gap value of
A ~ 35 K was obtained, which is the same magnitude as the
value roughly estimated from the specific heat data. The ex-
ponential decay of 1/7; indicates the opening of a gap in the

spin-excitation spectrum of CoTi;Os.

1200 (a) .
1000} Hjla
H =90.743k0e
~ 800}
n
~ 600
=
~ 400 .
—
200+ .
or essceese®®’ *
4 6 8 10 12 14 16 18
T (K)
1000F (b) e Experimental data

Fitting line

a

Ty o exp(—A/T) e

1/Ty (s71)

Fitted A~35K s
1k S
°
0.0 0.1 0.2
1/T (K1)

Fig. 8. The > Co spin-lattice relaxation rate 1/7; measured for H//a-axis
in CoTi;Os: (a) the temperature dependence of 1/77, (b) the inverted-
temperature dependence of 1/7; below Ty.

4. Conclusion

The pseudobrookite CoTiyOs single crystal with highly
ordered Co?*/Ti** occupation was grown under the pure Ar
atmosphere, in which the Co?* forms the uniform 1D spin
chain with S = 3/2 and shows a long-range antiferromag-
netic ordering at 7Ty = 24 K. Both the weak hysteresis behav-
ior in M(H) and first-principles calculations results confirm
that there is the SOC in CoTi;Os, which leads to the apparent
magnetic anisotropy. A spin gap appears around 7y, causing
the evanishment of x,, the fast decrease of C,,, and the acti-
vation behavior of 1/77 at low temperature. Additionally, the
magnetic field can suppress the spin gap and thus enhance the
phonon-magnon scattering, and finally results in the weaken-
ing of the phonon peak at T* in k(7).
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