
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Muon spin relaxation study of frustrated Tm3Sb3Mg2O14 

with Kagomé lattice 
 

Yanxing Yang (杨燕兴), Kaiwen Chen (陈锴文),  

Zhaofeng Ding (丁兆峰), Adrian D. Hillier, and Lei Shu(殳蕾) 

 

This is the author’s final, peer-reviewed manuscript as accepted for publication (AAM). The version 

presented here may differ from the published version, or version of record, available through the publisher’s 

website. This version does not track changes, errata, or withdrawals on the publisher’s site. 

Published version information 

Citation:  Y Yang et al. ‘Muon spin relaxation study of frustrated Tm3Sb3Mg2O14 

with Kagomé lattice’. Chinese Phys Lett 39, no. 10 (2022): 107502.  

DOI: 10.1088/0256-307X/39/10/107502 

This is the Accepted Manuscript version of an article accepted for publication in 
Chinese Physics Letters. IOP Publishing Ltd is not responsible for any errors or 
omissions in this version of the manuscript or any version derived from it.  The 
Version of Record is available online at the DOI above. This manuscript is licensed 
under a CC BY NC ND licence. 
 
 

 

 

This version is made available in accordance with publisher policies. Please cite only 
the published version using the reference above. This is the citation assigned by the 
publisher at the time of issuing the AAM.  Please check the publisher’s website for 
any updates. 
 

This item was retrieved from ePubs, the Open Access archive of the Science and Technology 

Facilities Council, UK. Please contact epublications@stfc.ac.uk or go to http://epubs.stfc.ac.uk/ for 

further information and policies. 

http://dx.doi.org/10.1088/0256-307X/39/10/107502
https://creativecommons.org/licenses/by-nc-nd/3.0/
mailto:epublications@stfc.ac.uk
http://epubs.stfc.ac.uk/


Chinese Physics Letters
     

ACCEPTED MANUSCRIPT

Muon Spin Relaxation Study of frustrated Tm3Sb3Mg2O14 with kagome
latticé
To cite this article before publication: Yanxing Yang et al 2022 Chinese Phys. Lett. in press https://doi.org/10.1088/0256-307X/39/10/107502

Manuscript version: Accepted Manuscript

Accepted Manuscript is “the version of the article accepted for publication including all changes made as a result of the peer review process,
and which may also include the addition to the article by IOP Publishing of a header, an article ID, a cover sheet and/or an ‘Accepted
Manuscript’ watermark, but excluding any other editing, typesetting or other changes made by IOP Publishing and/or its licensors”

This Accepted Manuscript is © 2022 Chinese Physical Society and IOP Publishing Ltd.

 

During the embargo period (the 12 month period from the publication of the Version of Record of this article), the Accepted Manuscript is fully
protected by copyright and cannot be reused or reposted elsewhere.
As the Version of Record of this article is going to be / has been published on a subscription basis, this Accepted Manuscript is available for reuse
under a CC BY-NC-ND 3.0 licence after the 12 month embargo period.

After the embargo period, everyone is permitted to use copy and redistribute this article for non-commercial purposes only, provided that they
adhere to all the terms of the licence https://creativecommons.org/licences/by-nc-nd/3.0

Although reasonable endeavours have been taken to obtain all necessary permissions from third parties to include their copyrighted content
within this article, their full citation and copyright line may not be present in this Accepted Manuscript version. Before using any content from this
article, please refer to the Version of Record on IOPscience once published for full citation and copyright details, as permissions will likely be
required. All third party content is fully copyright protected, unless specifically stated otherwise in the figure caption in the Version of Record.

View the article online for updates and enhancements.

This content was downloaded from IP address 130.246.160.120 on 27/09/2022 at 09:11

https://doi.org/10.1088/0256-307X/39/10/107502
https://creativecommons.org/licences/by-nc-nd/3.0
https://doi.org/10.1088/0256-307X/39/10/107502


Muon Spin Relaxation Study of frustrated Tm3Sb3Mg2O14 with kagomé lattice
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The structure and magnetic properties of rare-earth ions Tm3+ kagomé lattice Tm3Sb3Mg2O14 are studied by
X-ray diffraction, magnetic susceptibility and muon spin relaxation (µSR) experiments. The existence of a small
amount of Tm/Mg site-mixing disorder is revealed. DC magnetic susceptibility measurement shows that Tm3+

magnetic moments are antiferromagnetically correlated with a negative Curie-Weiss temperature of -26.3 K.
Neither long-range magnetic order nor spin-glass transition is observed by DC and AC magnetic susceptibility,
and confirmed by µSR experiment down to 0.1 K. However, the emergence of short-range magnetic order is
indicated by the zero-field µSR experiments, and the absence of spin dynamics at low temperatures is evidenced
by the longitudinal-field µSR technique. Compared with the results of Tm3Sb3Zn2O14, another Tm-based
kagomé lattice with much more site-mixing disorder, the gapless spin liquid like behaviors in Tm3Sb3Zn2O14

can be induced by disorder effect. Samples with perfect geometrical frustration are in urgent demand to establish
whether QSL exits in this kind of materials with rare-earth kagomé lattice.

INTRODUCTION

Quantum spin liquid (QSL) is one of the most exotic states
in quantum materials [1–3]. Due to the effect of quantum
fluctuations, the highly entangled spins in a QSL state keep
dynamic disordered state even at zero temperature. In the
1980’s, Anderson proposed that a QSL can be converted into
a superconductor by doping [4]. This has attracted many ef-
forts devoted in this area. Nowadays, the potential application
in quantum computing and quantum information brings more
attentions to QSL [5]. However, to realize a QSL state in real
materials is very challenging since the defects, such as site-
mixing, magnetic or non-magnetic impurities, in materials are
unavoidable [6–10].

Materials with strong magnetic frustration provide a good
platform to discover QSL state [11–13]. Kagomé lattice is
constructed by corner-shared triangles, and theoretically has
a larger ground state degeneracy than the normal triangular
lattice[14, 15]. The frustrated antiferromagnetic kagomé lat-
tice is a promising choice of seeking QSL state. The her-
bertsmithite ZnCu3(OH)6Cl2 is a representative kagomé QSL
candidate, which has been extensively studied [16–20]. The
magnetic susceptibility measurements show a lager negative
Curie-Weiss temperature of ∼-300 K, indicating a strong an-
tiferromagnetic correlation. The absence of magnetic or-
der [17, 19], the low-energy gapless excitations, and the spin-
excitation continuum [21] indicate the existence of QSL state.
However, the compound cannot be made with less than a few
percent Zn/Cu site disorder. In recent years, a series of new
kagomé lattice RE3Sb3Zn2O14 have been discovered [22–
24], whereRE represents rare-earth elements constructing the
kagomé net, and most members keep disordered down to at
least 2 K. Among them, Tm3Sb3Zn2O14 has attracted more
attention [23, 24]. The possible gapless spin liquid state was
proposed based on the observations of the absence of mag-
netic order down to 20 mK, a clear linear-T temperature de-

pendence of magnetic specific heat, and the plateau behav-
ior of temperature dependence of dynamic muon spin relax-
ation rate at low temperatures [23]. However, a large amount
of Tm/Zn site-mixing disorder was also found in this com-
pound, therefore, the possibility of disorder induced exotic
properties cannot be ruled out [23]. By replacing Zn with
Mg, the site-mixing disorder in the isostructural compound
Tm3Sb3Mg2O14 is much reduced, the residual linear term in
specific heat and the intensity of the gapless spin excitations
in the inelastic neutron scattering spectra were also found to
be reduced in Tm3Sb3Mg2O14 [24]. This indicates that the
observed properties in Tm3Sb3Zn2O14 are highly correlated
to Tm/Zn site-mixing disorder.

To investigate whether the absence of magnetic order and
persistent spin dynamics in Tm3Sb3Zn2O14 revealed by µSR
exist in Tm3Sb3Mg2O14, we performed µSR experiments on
polycrystalline sample of Tm3Sb3Mg2O14. The XRD result
shows that about 2% Tm sites are randomly occupied by Mg
atoms. Magnetic susceptibility measurements exclude the ex-
istence of both long-range magnetic order and spin-glass tran-
sition. These results are consistent with a previously reported
work [24]. The presence of short-range magnetic order is cap-
tured by the initial asymmetry loss behavior from the zero
field (ZF)-µSR spectra. Besides, the absence of persistent spin
dynamics is evidenced by the longitudinal field (LF)-µSR de-
coupling experiment. The µSR results are different from that
in Tm3Sb3Zn2O14 [23], giving evidence that the disorder ef-
fect plays a crucial role in controlling the spin state in these
materials.

EXPERIMENTS

Polycrystalline Tm3Sb3Mg2O14 was synthesized by solid
state reaction method. Stoichiometric amounts of Tm2O3,
Sb2O3, and MgO were thoroughly mixed and grounded be-A
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fore being heated at 1350 ◦C (or 1100 ◦C) for 7 days with
several regrinding and reheating. The powder XRD data were
obtained by using a Bruker D8 advanced X-ray diffraction
spectrometer (λ = 1.5418 Å) at room temperature. The XRD
Rietveld refinement was conducted by using GSAS [25] pro-
gram and EXPGUI [26]. DC magnetic susceptibility measure-
ments down to 1.8 K were carried out on a SQUID magne-
tometer (Quantum Design). AC magnetic susceptibility from
0.05 K to 4 K was measured by using the Physical Proper-
ties Measurement System (Quantum Design) equipped with
a dilution refrigerator. µSR experiments were carried out
on MuSR spectrometer at ISIS Neutron and Muon Facility,
Rutherford Appleton Laboratory Chilton, UK. Muon is an
extremely sensitive local magnetic probe with a resolution
of 0.1 G. In a single measurement, millions of 100% spin-
polarized muons are implanted into the sample and precess
in the local fields at their stopping sites. After a short pe-
riod of time (life time of muon is ∼2.2 µs), muons decay
and emit a positron preferentially along the muon spin di-
rection. By detecting the counting rate N(t) in two oppo-
site directions, we can obtain the µSR asymmetry time spec-
trum A(t) = [NF (t) − αNB(t)]/[NF (t) + αNB(t)], where
NF (t) and NB(t) are the counting rates of the forward and
backward positron detectors with reference to the initial spin
directions at time t. The ensemble muon spin polarization
function is P (t) = A(t)/A0, where A0 is the initial asymme-
try A(t = 0) [27]. The µSR experiments of Tm3Sb3Mg2O14

were carried out down to 0.1 K in zero field and in longitudi-
nal field up to 30 mT.

RESULTS

A. Crystal structure

In Tm3Sb3Mg2O14, there are two types of kagomé lay-
ers consisting of magnetic Tm3+ ions or nonmagnetic Sb5+

ions. These two layers alternate along c-axis and obey an
ABC stacking arrangement. The bivalent Mg2+ ions re-
side in the center of hexagons in the kagomé lattice. In the
RE3Sb3Zn2O14 (RE = rare-earth elements) family, RE/Zn
site mixing is a common problem. In Tm3Sb3Zn2O14, for
example, the small-angle diffraction peaks in XRD pattern al-
most disappear, indicating that the crystal symmetry is low-
ered. Further XRD refinement shows that Tm (9e) and Zn (3a)
atoms in Tm3Sb3Zn2O14 are almost randomly mixed [23, 24].
For the powder XRD pattern of Tm3Sb3Mg2O14, the small-
angle diffraction peaks get recovered compared with that of
Tm3Sb3Zn2O14, as shown in Fig. 1. This indicates that
the site-mixing in Tm3Sb3Mg2O14 is limited and the lat-
tice asymmetry is unchanged. Therefore, the site-mixing
(Tm/Mg) ratio is greatly reduced by replacing Zn with Mg.
Table I shows the detailed results of the best refinement. The
relatively large value of χ2 and Rwp is due to the high statis-
tics XRD data [28] in order to obtain the accurate value of
site-mixing fraction. In Tm3Sb3Mg2O14, only about 2% Tm

FIG. 1. Powdered XRD pattern of Tm3Sb3Mg2O14 measured at
room temperature.

TABLE I. Rietveld refinement results for Tm3Sb3Mg2O14. Rwp =
14.37%, Rp = 9.08%, χ2 = 13.0; the lattice constants a = b =
7.259 Å, c = 17.189 Å; α = β = 90◦, γ = 120◦; Space Group:
R− 3m.

Wyckoff
Atom positions x y z B/Å2 Occ.
Tm 9e 0.5 0 0 0.004 0.98

Mg(disorder) 9e 0.5 0 0 0.025 0.02
Mg1 3a 0 0 0 0.016 0.94

Tm(disorder) 3a 0 0 0 0.025 0.06
Mg2 3b 0 0 0.5 0 1
Sb 9d 0.5 0 0.5 0.008 1
O1 6c 0 0 0.0397(2) 0.074 1
O2 18h 0.5123(1) -0.5123(1) 0.1348(7) 0.011 1
O3 18h 0.1564(2) -0.1564(2) -0.0535(2) 0.026 1

atoms leave their original positions and interchange with Mg1,
and it is a good reference for studying the disorder effect in
Tm3Sb3Zn2O14.

B. Magnetic susceptibility

The DC magnetic susceptibility χDC of Tm3Sb3Mg2O14

was measured under the magnetic field of µ0H = 0.1 T,
as shown in Fig. 2(a). There is no sign of long-range mag-
netic order or spin glass behavior down to 1.8 K, which is
consistent with previous work [24]. The inverse suscepti-
bility 1/χDC deviates from the straight line slightly when
cooling across 20 K. As a result, Curie-Weiss fitting χDC =
C/(T−TCW)+χ0 was implemented in the temperature range
between 20 K and 300 K. The Curie-Weiss temperature TCW

is -26.3 K, indicating the antiferromagnetic correlation be-
tween the non-Kramers Tm3+ ions. The calculated effectiveA
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FIG. 2. (a) Temperature dependence of magnetic susceptibility χDC

of polycrystalline Tm3Sb3Mg2O14 under an applied magnetic field
of µ0H = 0.1 T. The inset shows the inverse of magnetic suscepti-
bility 1/χDC at low temperatures. The blue dashed line is the Curie-
Weiss law fitting curve. (b) Isothermal magnetization between tem-
perature 1.8 K and 100 K, applied magnetic fields up to 7 T. (c)-(f)
Temperature dependence of real part of AC susceptibility χ′AC with
different driving frequencies in zero static field down to T = 50 mK.

moment µeff is 7.53 µB, close to the theoretical value of 7.57
µB for the electron configuration 4f12 of Tm3+ [29]. Fig. 2(b)
shows the magnetization curves at different temperatures. In
a wide temperature range, the saturation tendency is not ap-
parent up to 7 T, indicating the existence of strong magnetic
frustrations, or the interaction among Tm3+ ions in this mate-
rial are relatively strong. AC magnetic susceptibility χAC of
Tm3Sb3Mg2O14 was measured in zero static field with differ-
ent driven frequencies. As shown in the right panels of Fig. 2,
no peaks or frequency dependency is observed, indicating that
spin glass transition is not found down to T = 50 mK.

C. µSR

Since muons are extremely sensitive to local magnetic mo-
ments, ZF-µSR is a powerful technique to detect long-range
magnetic order or spin freezing [27, 30]. Representative ZF-
µSR spectra measured at different temperatures are shown in
Fig. 3. No oscillations were observed, suggesting the absence
of long-range magnetic order down to 0.1 K. ZF-µSR data af-
ter subtracting the background signal can be well fitted with a
zero field Kubo-Toyabe (ZF-KT) function times an exponen-
tial term:

AKT
ZF (t) = A0(T )G

KT
ZF (σ, t)e−λt, (1)

The ZF-KT term:

GKT
ZF (σ, t) =

1

3
+

2

3
(1− σ2t2) · exp(−1

2
σ2t2) (2)

describes the muon spin relaxation due to randomly oriented
static local fields of Gaussian distribution with distribution
width δBG = σ/γµ, where σ is relaxation rate and γµ =

FIG. 3. µSR spectra of Tm3Sb3Mg2O14 measured at different tem-
peratures and fields. Red to Green points: ZF-µSR spectra down to
0.1 K. The solid lines stand for the fitting with Eq. (1). Red open cir-
cles: LF-µSR spectrum measured under 30 mT. The solid line stands
for the fitting with Eq. (3).

2π × 135.53 MHz/T is the muon gyromagnetic ratio. The ex-
ponential term stands for the contribution of dynamic relax-
ation or static local fields with lorentzian distribution. A0(T)
is the temperature dependent initial symmetry.

The temperature dependence of fitting parameters A0, σ,
and λ are shown in Fig. 4. The decrease ofA0 with decreasing
temperature is due to the onset of short-range magnetic order.
There is a strong local field in a fraction of the sample volume,
so that muons in this volume are rapidly depolarized and do
not contribute to the signal [31]. This “lost” volume fraction
1 − A0(T )/A0(50 K), where A0(50 K) is the initial asym-
metry at T = 50 K, increases with decreasing temperature
to about 15% at low temperatures in Tm3Sb3Mg2O14. The
temperature where A0 begins to decrease is nearly consistent
with the temperature where the deviation of Curie-Weiss law
below 20 K (inset of Fig. 2(a)).

Both relaxation rates σ and λ gradually increase with de-
creasing temperature and saturate at low temperatures. The
static relaxation rate σ usually stems from nuclear dipolar
moment. σ gradually increases as temperature is cooled
down and finally saturates below 3 K. A similar tempera-
ture dependence of σ was also found in the sandglass magnet
Tm3SbO7 [32], where σ is proportional to χDC in a wide tem-
perature range, and the hyperfine-enhanced Tm nuclear mo-
ments were proposed. For Tm3Sb3Mg2O14, σ does not scale
with χDC well below 20 K due to the emergence of short-
range order.

When applying a longitudinal field B = ω0/γµ, GKT
ZF (σ, t)

in Eq. (1) changes into the LF-KT form:

GKT
LF (σ, t) = 1− 2σ2

ω2
0

[1− e−
1
2σ

2t2cos(ω0t)]

+
2σ4

ω3
0

∫ t

0

e−
1
2σ

2τ2

sin(ω0τ)dτ, (3)A
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FIG. 4. (a) Temperature dependence of ZF-µSR initial asymmetry
A0. (b) Temperature dependence of muon spin relaxation rates λ and
σ.

where σ is the same as in ZF-KT function. Typically, for ap-
plied LF 10 times larger than the static local fields at muon
sites, the resultant static field is nearly parallel to muon spin
polarization, so there is little static muon relaxation. Then
muon spin polarization function is said to be “decoupled”
from the static local fields. However, if the internal mag-
netic field is dynamic, the relaxation is not easily suppressed
by the applied longitudinal filed. The LF-µSR spectrum of
30 mT is also shown in Fig. 3. The relaxation function is
fully decoupled under the relatively low field, indicating the
static origin of the exponential term e−λt in Eq. (1). We no-
tice that the rapid increase of λ below 20 K is accompanied
by the decrease of initial asymmetry A0, which indicates the
appearance of short-range magnetic order. And both λ and
A0 become temperature independent at the same temperature.
It is reasonable to argue that part of the Gaussian field distri-
bution of nuclear dipole moment at muon site is changed to
Lorentzian distribution due to the appearance of short-range
magnetic order.

DISCUSSIONS

The XRD refinement shows that there are only about 2%
Tm/Mg site-mixing in Tm3Sb3Mg2O14. This is very dif-
ferent from that of Tm3Sb3Zn2O14, in which 17.5% disor-
der was observed [23]. However, for both compounds, the
magnetic susceptibility measurements do not show any sig-
natures of magnetic phase transition or spin freezing. From
the specific heat measurements, a linear residual term γ was
found in Tm3Sb3Mg2O14 [24], whose magnitude is about 3
times smaller than that of Tm3Sb3Zn2O14 [23, 24]. A sim-
ilar behavior was also found in the inelastic neutron scat-
tering measurement, i.e., the intensity of the magnetic ex-
citations in Tm3Sb3Mg2O14 is reduced compared to that
of Tm3Sb3Zn2O14 [24]. While the absence of long-range
magnetic order and persistent spin dynamics were indicated
in Tm3Sb3Zn2O14 by µSR measurements [23], short-range
magnetic order is revealed based on the observation of the
loss of initial asymmetries, and the LF decoupling experi-
ment excludes the existence of persistent spin dynamics in
Tm3Sb3Mg2O14. Therefore, for both Tm3Sb3Zn2O14 with

large amount of site-mixing, and Tm3Sb3Mg2O14 with only
2% site-mixing samples, QSL ground state does not exit.
Samples with perfect geometrical frustration are in urgent de-
mand to establish whether QSL exits in this kind of materials
with rare-earth kagomé lattice.

For Tm3Sb3Mg2O14, the 13-fold degeneracy of the total
moment of Tm3+ (J = 6) is reduced by crystal electric field
(CEF). The ground state is a non-Kramers doublet, which can
be regarded as an effective spin-1/2 moment [23, 24]. Magne-
tization measurements indicates that there are strong exchange
interactions between the neighboring spins. Tm3Sb3Mg2O14

with much less disorder seems to be a good QSL candidate.
However, short-range magnetic order was observed by ZF-
µSR experiment. This can be due to the 2% Tm/Mg site-
mixing disorder. A similar phenomenon has also been found
in the Yb-triangle lattice NaYbSe2 with about 4-5% Na vacan-
cies [33], in which about 23% quasi-static spins were found by
µSR and confirmed by NMR experiment [34].

The specific heat and inelastic neutron scattering results
give evidence that the low-energy density of state observed
in Tm3Sb3Mg2O14 and Tm3Sb3Zn2O14 is related to the dis-
order. A theoretical model that disorder can induce a low-
energy density of state in the Kitave QSL system [35, 36] was
recently proposed. Whether disorder can also induce the low-
energy density of state in the geometry frustrated magnetic
system may also worth further study.

CONCLUSIONS

XRD, magnetic susceptibility, and µSR experiments
have been performed on the Tm3+ kagomé lattice
Tm3Sb3Mg2O14. The existence of about 2% Tm/Mg
site-mixing disorder is revealed by the XRD Rietveld re-
finement. Neither long-range magnetic order nor spin-glass
transition is observed by DC and AC magnetic susceptibility
measurements, and confirmed by µSR experiments down to
0.1 K. However, the emergence of short-range magnetic order
is discovered by ZF-µSR experiments, and the absence of
spin dynamics at low temperatures is evidenced by LF-µSR
technique. All of these observations suggest that QSL ground
state does not exist in our Tm3Sb3Mg2O14 compound. Com-
pared with the results of Tm3Sb3Zn2O14, another Tm-based
kagomé lattice with much more site-mixing disorder, the
gapless spin liquid like behaviors in Tm3Sb3Zn2O14 can be
induced by disorder effect. Realization of perfect frustrated
structure in real material is very important on the way to
pursue QSL ground state.
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periments (10.5286/ISIS.E.RB1820271). This research was
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