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The transverse-field Ising model on the triangular lattice is expected to host an intermediate finite-temperature
Kosterlitz-Thouless (KT) phase through a mapping of the spins on each triangular unit to a complex order pa-
rameter. TmMgGaO4 is a candidate material to realize such physics due to the non-Kramers nature of the
Tm3+ ion and the resulting two-singlet single-ion ground state. Using inelastic neutron scattering, we confirm
this picture by determining the leading parameters of the low-energy effective Hamiltonian of TmMgGaO4.
Subsequently, we track the predicted KT phase and related transitions by inspecting the field and temperature
dependence of the ac susceptibility. We further probe the spin correlations in both reciprocal space and real
space via single crystal neutron diffraction and magnetic total scattering techniques, respectively. Magnetic
pair distribution function analysis provides evidence for the formation of vortex-antivortex pairs that charac-
terize the proposed KT phase around 5 K. Although structural disorder influences the field-induced behavior
of TmMgGaO4, the magnetism in zero field appears relatively free from these effects. These results position
TmMgGaO4 as a strong candidate for a solid-state realization of KT physics in a dense spin system.

I. INTRODUCTION

Interacting Ising spins in a transverse magnetic field display
important quantum many-body effects1, including quantum
phase transitions2,3 and order by disorder4. Frustrated mag-
nets comprised of non-Kramers ions in a low-symmetry crys-
tal field, such as the pyrochlore materials Pr Zr(Hf) O 5–7

and the kagome magnet Ho Mg Sb O 8,9, host a two-singlet
ground-state that maps onto an intrinsic transverse field acting
on Ising spins10, which can promote quantum fluctuations11

and entanglement12. In models where such magnetic ions dec-
orate a triangular lattice, the transverse field induces a three-
sublattice (3SL) order for antiferromagnetically coupled Ising
spins through a quantum order by disorder phenomenon4,13.
This can be re-cast as a two-dimensional model with a
clock term14,15, for which two finite-temperature Kosterlitz-
Thouless (KT) transitions are expected to border an interme-
diate phase with power-law spin correlations16. These deep
theoretical insights offer the enticing opportunity to realize
the topological vortex-pair binding and unbinding transitions
proposed by Kosterlitz and Thouless in 197317 in a dense spin
system.

The recently synthesized rare-earth antiferromagnet
TmMgGaO 18 has been proposed to realize the transverse-
field Ising model on the triangular-lattice19,20. This material
derives from the intensely studied quantum spin-liquid
candidate YbMgGaO 21–23, where Yb , a Kramers ion, is
replaced by Tm , a non-Kramers ion. In TmMgGaO , the
crystal electric field forces the dipolar magnetic moments
to point out of the triangular plane (crystallographic -axis)
while the in-plane components transform as magnetic multi-

poles whose correlations are not directly observable by x-ray
or neutron scattering techniques19,24. The two-singlet ground-
state, and thus the transverse field, appears accidentally in
TmMgGaO from the octahedral environment of oxygen
ligands [Fig. 1(a)]25.

Previous neutron scattering studies of TmMgGaO 19,20 un-
covered the predicted 3SL order below 1 K, although
no corresponding anomalies were observed in specific heat
or magnetic susceptibility measurements. Theoretical studies
suggest that the 3SL order corresponds to the low-temperature
transition ( ) out of the proposed KT phase24,26, and that
there should exist another KT transition at a higher tempera-
ture ( 4 K)26 corresponding to the unbinding of vortex-
antivortex (V-AV) pairs. These vortices emerge via a mapping
from the components of the Tm spins to a complex order
parameter (or pseudospin) given by

(1)

where A, B, and C are the sublattice indices of the 3SL
order26,27. Through this mapping [illustrated in Fig. 1(b)],
the 3SL order corresponds to ferromagnetic ordering of and
cannot lead to any pseudospin vortices. However, vortices
can originate from short-range correlations between physi-
cal Tm spins and/or the presence of defects in otherwise
long-range ordered Tm spin configurations26. In the pro-
posed scenario for TmMgGaO , then, the long-range 3SL
order melts at , leading to short-range Tm spin correla-
tions above that host bound pseudospin V-AV pairs. As
the temperature is raised further, the vortices and antivortices
eventually unbind at 26. Thus, the KT phase exists for

. To date, very few experimental signatures
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of t h e pr o p os e d K T tr a nsiti o n at T h h a v e b e e n r e p ort e d, al-
t h o u g h a r e c e nt N M R st u d y f o u n d a h u m p i n t h e 1/T d y n a mi cs
b et w e e n 0. 9 K a n d 1. 9 K t h at w as i nt er pr et e d as e vi d e n c e f or
T h . M or e o v er, i n li g ht of t h e i ntri nsi c M g- G a str u ct ur al dis-
or d er t h at str o n gl y aff e cts t h e l o w-t e m p er at ur e m a g n etis m of
t h e is ostr u ct ur al c o m p o u n d Y b M g G a O4

2 0 ,2 3 ,2 8 – 3 0 , it is u n cl e ar
w h et h er or n ot K T p h ysi cs s h o ul d e v e n b e e x p e ct e d t o s ur vi v e
i n T m M g G a O4 . F or i nst a n c e, it w as r e c e ntl y pr o p os e d t h at
w e a k q u e n c h e d n o n m a g n eti c dis or d er c o ul d dri v e t h e e m er-
g e nt K T p h as e i nt o a g a u g e gl ass p h as e i nst e a d 3 1 .

I n t his w or k, w e pr es e nt a s eri es of m a g n et o m etr y a n d n e u-
tr o n s c att eri n g m e as ur e m e nts t h at pr o vi d e e vi d e n c e f or t h e
pr o p os e d K T tr a nsiti o ns i n T m M g G a O 4 at T h ≈ 5 K a n d
T l ≈ 0 .9 K. We us e a c m a g n et o m etr y t o i n v esti g at e s c al-
i n g pr e di cti o ns i n t h e K T r e gi m e1 5 ,2 6 ,3 2 a n d n e utr o n s c att eri n g
m e as ur e m e nts i n t h e fi el d- p ol ari z e d a n d p ar a m a g n eti c p h as es
t o as c ert ai n t h e m at eri al’s H a milt o ni a n. We t h e n tr a c k t h e
t e m p er at ur e- d e p e n d e nt T m3 + s pi n c orr el ati o ns i n b ot h r e ci p-
r o c al s p a c e a n d r e al s p a c e, t h e l att er usi n g m a g n eti c p air
distri b uti o n f u n cti o n ( m P D F) a n al ysis 3 3 ,3 4 . O ur a n al ysis r e-
v e als a c o nti n u o us i n cr e as e i n c orr el ati o n l e n gt h o v er al m ost
t w o d e c a d es i n t e m p er at ur e, wit h e x p eri m e nt al si g n at ur es f or
t w o p ossi bl e tr a nsiti o ns at T h ≈ 5 K a n d T l ≈ 0 .9 K. We
fi n d t h at T l c orr es p o n ds t o t h e gr a d u al c o n d e ns ati o n of t w o-
di m e nsi o n al m a g n eti c s c att eri n g at t h e K - p oi nt of t h e tri a n g u-
l ar Brill o ui n z o n e ( c orr es p o n di n g t o t h e 3 S L or d er), alt h o u g h
t h e c orr el ati o n l e n gt h r e m ai ns fi nit e i n t h e pl a n e d o w n t o at
l e ast 5 0 m K. T h e m P D F a n al ysis r e v e als s h ort-r a n g e s pi n
c orr el ati o ns t h at ar e c o nsist e nt wit h t h e f or m ati o n of b o u n d
V- A V p airs a n d w hi c h s h o w t h e e x p e ct e d t e m p er at ur e d e p e n-
d e n c e i n a n d a b o v e t h e K T p h as e. Ta k e n t o g et h er, t h es e r e-
s ults pr o vi d e s oli d – al b eit i n dir e ct – e vi d e n c e f or K T p h ysi cs
i n T m M g G a O4 a n d r e v e al t h at t h e si g ni fi c a nt str u ct ur al dis-
or d er i n t his c o m p o u n d d o es n ot a p p e ar t o pr of o u n dl y i m p a ct
t h e z er o- fi el d p h ysi cs.

II.  E X P E RI M E N T A L M E T H O D S

Si n gl e- cr yst al s a m pl es of T m M g G a O 4 w er e s y nt h esi z e d
usi n g a fl o ati n g z o n e f ur n a c e 1 8 . A s m all cr yst al wit h a n at-
ur al cl eft al o n g t h e cr yst all o gr a p hi c c - a xis w as us e d f or t h e a c
s us c e pti bilit y ( χ a c ) m e as ur e m e nts. M e as ur e m e nts a b o v e a n d
b el o w 1. 7 K w er e p erf or m e d usi n g a c o m m er ci al Q u a nt u m
D esi g n P h ysi c al Pr o p ert y M e as ur e m e nt ( P P M S) s yst e m a n d
a h o m e- b uilt a p p ar at us at S C M 2 of N ati o n al Hi g h M a g n eti c
Fi el d L a b or at or y 3 5 , r es p e cti v el y. T h e hi g h t e m p er at ur e p art of
t h e S C M 2 d at a w as s c al e d t o t h e P P M S d at a t o c o n v ert t h e
d at a s et i nt o a bs ol ut e u nits of e m u/ m ol/ O e. Wit h t h e a c fi el d
a p pli e d al o n g t h e cr yst all o gr a p hi c c - a xis of T m M g G a O4 , t h e
m e as ur e d χ a c si g n als ar e i n d e p e n d e nt of a c fi el d fr e q u e n c y
(f , 8 0 - 1 k H z) a n d a c fi el d m a g nit u d e ( H a c , 3. 2 - 1 0 O e).
T h e d at a s h o w n i n t his m a n us cri pt w er e o bt ai n e d wit h H a c =
1 0 O e a n d f = 8 0 H z.

El asti c si n gl e cr yst al n e utr o n s c att eri n g m e as ur e m e nts w er e
c arri e d o ut at t h e F o ur- Cir cl e Diffr a ct o m et er ( H B 3 A) 3 6 at t h e
Hi g h Fl u x Is ot o p e R e a ct or a n d t h e El asti c Diff us e S c att eri n g
S p e ctr o m et er ( C O R E L LI) 3 7 at t h e S p all ati o n N e utr o n S o ur c e,
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FI G. 1. ( a) O x y g e n li g a n ds ( pi n k s p h er es) ar o u n d e a c h T m 3 + i o n
( gr e y s p h er e). T h e t w o-si n gl et cr yst al el e ctri c fi el d gr o u n d st at e c o m-
pris es |0 a n d |1 , w hi c h ar e s y m m etri c a n d a ntis y m m etri c c o m bi n a-
ti o ns of s pi n u p (|+ , r e d arr o w) a n d s pi n d o w n (| − , bl u e arr o w).
( b) Vari o us s pi n a n d ps e u d os pi n c o n fi g ur ati o ns i n T m M g G a O 4 . R e d,
bl u e, a n d gr e y cir cl es r e pr es e nt u p ( |+ ), d o w n (| − ), a n d n o n m a g-
n eti c ( |0 ) s pi ns, r es p e cti v el y, wit h t h e l a b els A, B, a n d C c orr es p o n d-
i n g t o t h e t hr e e s u bl atti c es. T h e 3 S L or d er is dis pl a y e d i n t h e l o w er
l eft ar e a of t h e di a gr a m, wit h t h e d as h e d gr e e n li n es s h o wi n g t h e
m a g n eti c u nit c ell. T h e bl a c k arr o ws r e pr es e nt t h e ps e u d os pi n ψ
d e fi n e d i n E q. 1 , wit h t h e t o p ri g ht gr e y p a n el s c h e m ati c all y ill us-
tr ati n g t h e c o m pl e x p h as e f a ct ors a p pli e d i n t h e e q u ati o n. T h e t hi c k
r e d ( bl u e) s h a d e d p at hs s h o w v orti c es ( a nti v orti c es) i n t h e s p ati al ar-
r a n g e m e nt of ψ , c h ar a ct eri z e d b y a n e m er g e nt t o p ol o gi c al c h ar g e
e q u al t o t h e wi n di n g n u m b er of ψ ar o u n d t h e p at h 2 6 . T h e o v erl a p-
pi n g v orti c es a n d a nti v orti c es s h o w t h e t w o p ossi bl e t y p es of b o u n d
V- A V p airs c o nsi d er e d i n t his w or k. ( c) N e utr o n s c att eri n g i nt e n-
sit y I ( Q, E ) fr o m br o a d- b a n d m e as ur e m e nts of T m M g G a O 4 at T =
5 K a n d E i = 1 6 0 m e V. ( d) S c att eri n g i nt e nsit y at l o w m o m e nt u m-
tr a nsf er Q . T h e i nt e nsit y w as i nt e gr at e d wit hi n gi v e n |Q | r a n g es a n d
n or m ali z e d b y t h e m a xi m u m i nt e nsit y. T w o d at a s ets m e as ur e d wit h
diff er e nt i n ci d e nt e n er gi es of 8 0 m e V ( bl u e s q u ar es) a n d 1 6 0 m e V
( bl a c k cir cl es) ar e s h o w n. T h e s oli d r e d c ur v e a n d d as h e d gr e e n
c ur v e r e pr es e nt t h e b est fit t o t h e s p e ctr a usi n g t h e eff e cti v e p oi nt-
c h ar g e a p pr o a c h 2 5 a n d t h e St e v e ns o p er at or a p pr o a c h, r es p e cti v el y.

b ot h l o c at e d at O a k Ri d g e N ati o n al L a b or at or y. F or t h e H B 3 A
m e as ur e m e nt, a si n gl e cr yst al w as ori e nt e d i n t h e H K 0 s c at-
t eri n g pl a n e a n d p olis h e d i nt o a dis k s h a p e, wit h a di a m et er of
4 m m a n d t hi c k n ess of 2 m m [s e e Fi g. 4( c)], t o mi ni mi z e a n d
c orr e ct f or t h e n e utr o n a bs or pti o n of T m. A c o nst a nt n e utr o n
w a v el e n gt h ( λ = 1 .5 5 1 Å) w as us e d t hr o u g h o ut t h e e x p eri-
m e nt. F or t h e C O R E L LI m e as ur e m e nts, a si n gl e cr yst al w as
first ori e nt e d i n t h e H K 0 s c att eri n g pl a n e a n d c o ol e d d o w n
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to 2 K using an orange cryostat inside a 5 T Slim SAM mag-
net. Measurements were performed over 180 of sample ro-
tation with 2 per step. An empty cryostat measurement was
performed separately to serve as background. The crystal was
then reoriented in the scattering plane and cooled down
to a base temperature of 50 mK with a dilution refrigerator.
Measurements were performed over 300 of sample rotation
at = 50 mK, 400 mK, 800 mK, and 40 K.

Inelastic neutron scattering measurements were carried
out using the Fine-Resolution Fermi Chopper Spectrome-
ter (SEQUOIA)38 at the Spallation Neutron Source at Oak
Ridge National Laboratory and using the Multi-Axis Crys-
tal Spectrometer (MACS)39 at the NIST Center for Neutron
Research. For the SEQUOIA experiment, a single crystal
of 1 g (size: 4 mm 10 mm 1.5 mm) was cooled to 5 K
with a closed-cycle refrigerator. Crystal electric field exci-
tations were measured with incident neutron energies of ,

, and meV. The same measurements were repeated for
an empty aluminum sample holder and used for background
subtraction. For the MACS measurements, the same crystal
was mounted onto a copper plate and cooled to mK using a
dilution refrigerator with a 6 T magnet. The measurements
were first performed at zero field at selected energy trans-
fers of 0, 0.4, 0.8, and 1.2 meV, with a fixed final neutron
energy of meV40. The spin wave dispersion of the polar-
ized state was mapped out under an external magnetic field of

applied along the crystallographic -axis, with a
fixed final neutron energy of meV and at fixed energy trans-
fer between 1.0 and 2.6 meV with a step of 0.1 meV.

Neutron total scattering experiments were performed on a
carefully ground single crystalline sample of TmMgGaO us-
ing the D4 instrument at the Institut Laue-Langevin with a
constant wavelength beam ( Å). The sample was
loaded into a vanadium can with annular geometry and placed
in a cryofurnace with a base temperature of 3 K. Energy-
integrated total scattering patterns were collected at several
temperatures between 3 K and 50 K and were reduced ac-
cording to standard protocols at D4 to obtain the absolutely
normalized total scattering structure function . The to-
tal pair distribution function (PDF) was obtained via
the Fourier transform of with ˚ .
Atomic PDF fits were carried out in PDFgui41 using the pub-
lished crystallographic structure. A representative fit to the
data at 50 K is displayed in Supplementary Information40.
The refined parameters agree closely with published results18.
mPDF analysis was conducted using the diffpy.mpdf package
in the DiffPy suite42, and Reverse Monte Carlo (RMC) mod-
elling was done using home-built python code.

III. CRYSTAL ELECTRIC FIELD EXCITATIONS

We start with the validation of the effective spin-1/2 Hamil-
tonian for TmMgGaO . Broadband inelastic neutron scatter-
ing experiments using the SEQUOIA spectrometer38 at Oak
Ridge National Laboratory (ORNL) reveal crystal electric-
field (CEF) excitations for an energy transfer between 30
and 90 meV, with the expected decrease in scattering intensity

at large momentum transfer [Fig. 2(a)]. Excita-
tions are observed at 41.9(1), 52.6(1), 61.4(2), and 78.7(2)
meV [black circles, Fig. 2(b)], with the 41.9 meV mode cor-
responding to the first excited CEF level above the two-singlet
ground state. The – meV width of the CEF peaks
does not depend on the incident neutron energy, and is much
broader than the instrumental resolution, suggesting the origin
of this broadening is intrinsic to the material, reminiscent of
YbMgGaO 23,28. We use two methods to model the excitation
spectrum: the conventional Stevens operator approach, and
the effective point charge model outlined in Ref.25 [Fig. 2(c)].
The former method contains six CEF parameters due to
the 3-fold symmetry of Tm ion, while the latter method re-
duces the fit variables to three, namely a distance ( ), an angle
( ), and an effective point charge value ( )25. Both fits capture
the energy of the four CEF excitations successfully and yield
similar CEF parameters [Table I].

The analysis from both fits yields a CEF ground state com-
prising two singlets, and , which can be expressed
as symmetric and antisymmetric combinations non-Kramers
doublet states and as

(2)

Using the numerical results from the effective point charge
fits shown in Table I, we can express the non-Kramers doublet
states in the basis as

(3)

which represent spin up and down, respectively [see Fig.1(a)].
Our CEF analysis validates the mapping to an effective
transverse-field Ising model9,19 by which the CEF Hamilto-
nian reads CF , where is the splitting between the
two singlets, and the magnetic moments map onto spin-1/2
with an effective -factor of = 2 .

The values of determined from the Stevens operators and
effective point charge approach are 0.09 and 0.28 meV, re-
spectively. These are comparable to, and thus strongly mod-
ified by, spin-spin interactions, precluding a direct neutron-
scattering measurement of this energy. Moreover, is two
orders of magnitude smaller than the observed CEF energies,
which contributes to a relatively large uncertainty for the fit-
ted value . Although the Stevens operator fit agrees with
the measured data better (particularly around 50 to 60 meV),
the effective point charge fit may nevertheless provide a bet-
ter estimate of and . This is because structural disor-
der, which results in a distribution of both and 20, is not
taken into account in the CEF fits. With more fitting parame-
ters, the Stevens operator approach is prone to over-fitting to
features originating from disorder. In contrast, the effective
point-charge fit, which directly incorporates the local crystal-
lography, may better reflect the intrinsic nature of CEF prop-
erties of the average structure model in TmMgGaO . This
is borne out by more reliable estimates of inferred from
the high-field spin excitations (see Section IV), which indi-
cate meV, and from magnetization measurements
leading to .20
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T A B L E I. Ta b ul at e d C E F p ar a m et ers, C E F e n er gi es ( E C E F
i ), w a v e-f u n cti o ns of t h e t w o-si n gl et gr o u n d st at e (|0 a n d |1 ) i n t h e t ot al a n g ul ar

m o m e nt u m |J = 6 , J z b asis, a n d eff e cti v e g -f a ct or (g e ff ) fr o m t h e eff e cti v e p oi nt c h ar g e ( P C) fit 2 5 a n d St e v e ns o p er at or fit t o t h e C E F
e x cit ati o n s p e ctr a of T m M g G a O 4 . F or E C E F

i , u n d erli n e d v al u es i n di c at e si n gl et C E F l e v els.

P oi nt C h ar g e Fit

P C p ar a m et ers r = 1 .6 4 3 , Å , θ = 5 9 .8 3 ◦ , q = 0 .5 1 9 e

C E F p ar a m et ers B 0
2 B 0

4 B 3
4 B 0

6 B 3
6 B 6

6

( m e V) - 0. 5 1 8 - 3. 1 3 e- 3 0. 1 2 0 - 3. 2 8 e- 5 8. 3 1 e- 5 - 3. 0 6 e- 4

E C E F
i ( m e V) 0 , 0. 2 8, 4 1. 8, 5 1. 8, 6 3. 5, 7 6. 7, 1 0 7. 0, 1 1 6. 8 , 1 1 6. 4

|0 0 .6 5 4 ( |6 + | −6 ) − 0 .2 4 0 ( |3 − | − 3 ) + 0 .1 7 0 |0

|1 0 .6 5 9 ( |6 − | − 6 ) − 0 .2 5 7 ( |3 + | −3 )

g e ff 1 3. 0

St e v e ns O p er at or Fit

C E F p ar a m et ers B 0
2 B 0

4 B 3
4 B 0

6 B 3
6 B 6

6

( m e V) - 0. 3 7 2 - 5. 5 5 e- 3 0. 0 9 6 - 6. 1 e- 6 3. 8 4 e- 4 - 8. 2 6 e- 4

E C E F
i ( m e V) 0 , 0. 0 9, 4 1. 5, 5 2. 3, 6 1. 6, 7 8. 2, 1 0 5. 7, 1 2 2. 8, 1 2 6. 0

|0 0 .6 5 3 ( |6 − | − 6 ) − 0 .2 7 2 ( |3 + | −3 )

|1 0 .6 5 6 ( |6 + | −6 ) − 0 .1 8 3 ( |3 − | − 3 ) + 0 .2 7 0 |0

g e ff 1 2. 7
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FI G. 2. ( a) L o w- e n er g y s pi n e x cit ati o ns al o n g f o ur hi g h s y m m et-
ri c dir e cti o ns i n r e ci pr o c al s p a c e (t o p ri g ht c or n er) at T = 5 0 m K
u n d er a n e xt er n al m a g n eti c fi el d of µ 0 H = 5 .5 T a p pli e d al o n g t h e
c - a xis. S oli d cir cl es r e pr es e nt t h e p e a k c e nt ers fr o m G a ussi a n fits t o
c o nst a nt- Q c uts, a n d t h e d as h e d r e d li n e r e pr es e nts t h e b est fit usi n g
E q. 4 b as e d o n li n e ar s pi n w a v e t h e or y. ( b) C o nst a nt- Q c uts ( o p e n
s y m b ols) at t hr e e hi g h-s y m m etri c p ositi o ns wit h G a ussi a n fits (s oli d
li n es). T h e i nstr u m e nt r es ol uti o n is a p pr o xi m at el y 0 .2 m e V a n d is
ill ustr at e d b y t h e d as h e d gr e e n ar e a.

I V.  HI G H- FI E L D S PI N E X CI T A TI O N S

Si mil ar t o ot h er r ar e- e art h o xi d es wit h l ar g e Isi n g m o m e nts,
w e e x p e ct b ot h n e ar est- n ei g h b or ( N N) e x c h a n g e c o u pli n g J n n

a n d l o n g-r a n g e di p ol e- di p ol e i nt er a cti o ns D i j i n T m M g G a O4 .
Gi v e n t h e str o n g q u a nt u m fl u ct u ati o ns i n t h e fr ustr at e d tr a ns-
v ers e Isi n g m o d el, it is n o n-tri vi al t o d et er mi n e t h e v al u e
of J n n a n d ∆ b as e d o n t h e b e h a vi or of t h e s yst e m i n z er o
fi el d 2 6 . I nst e a d, w e a p pl y a str o n g m a g n eti c fi el d (µ 0 H )
al o n g t h e c a xis t o bri n g T m M g G a O 4 i nt o t h e s pi n p ol ar-

i z e d st at e2 0 a n d s u p pr ess q u a nt u m eff e cts 2 3 ,4 3 . Gi v e n Isi n g
T m 3 + s pi ns a n d t h e m ulti p ol e n at ur e of t h e tr a ns v ers e c o m-
p o n e nts, t h e eff e cts of t h e tr a ns v ers e fi el d ar e w ell d es cri b e d
b y a m a g n eti c fi el d a cti n g al o n g t h e x - a xis wit h t h e s pi n e x-
cit ati o ns pr o p erl y m o d el e d i n t h e S z z c o m p o n e nt of t h e d y-
n a mi c al str u ct ur e f a ct or i n li n e ar s pi n w a v e t h e or y.  L o w-
e n er g y n e utr o n-s c att eri n g m e as ur e m e nts w er e c o n d u ct e d o n
t h e M A C S s p e ctr o m et er3 9 at t h e NI S T C e nt er f or N e utr o n
R es e ar c h wit h µ 0 H = 5 .5 T a n d T = 0 .1 K. T h es e r e v e al
a br o a d a n d w e a kl y dis p ersi v e s pi n- w a v e s p e ctr u m [ Fi g. 2 ( a)],
w hi c h r es e m bl es t h at of Y b M g G a O 4

2 3 ,2 8 . T his m o d e is m u c h
br o a d er t h a n t h e i nstr u m e nt al r es ol uti o n of ≈ 0. 2 m e V a n d
o bs er v ati o ns i n z er o fi el d 1 9 . F or e x a m pl e, t h e f ull- wi dt h at
h alf- m a xi m u m ( F W H M) of t h e e x cit ati o n at t h e M - p oi nt is
a p pr o xi m at el y 0. 6 m e V [ Fi g. 2 ( b)]. R et ai ni n g t h e fitt e d p e a k
c e nt er fr o m fi x e d Q c uts, w e p erf or m fits t o t h e s pi n w a v e e x-
cit ati o ns [ bl a c k d ots i n Fi g. 2 ( a)] usi n g t h e li n e ar s pi n- w a v e
c al c ul ati o n p a c k a g e S pi n W 4 4 f or t h e eff e cti v e s pi n- 1/ 2 H a mil-
t o ni a n s uit a bl e f or T m M g G a O4

9 ,1 9 ,2 6 :

H = J n n

i, j

S z
i S z

j + D i j

i, j

S z
i S z

j +
i

( ∆S x
i + h g e ff S z

i ),

( 4)
w h er e i, j i n di c at es n e ar est n ei g h b or T m3 + p airs,
a n d D i j = D r 3

n n ẑ i · ẑ j − 3( ẑ i · r̂ i j )( ẑ j · r̂ i j )/ r
3
i j

wit h r n n e q u al t o t h e  N N  T m- T m dist a n c e a n d
D = µ 0 (g e ff µ B ) 2 / ( 4π k B r 3

n n ) = 0.2 3 4 m e V. T h er ef or e,
D i j , i n cl u di n g i ntr a- a n d i nt er-l a y er c o u pli n gs, c a n b e
dir e ctl y c al c ul at e d a n d m a n u all y a d d e d i nt o S pi n W. We
c o nsi d er e d D i j t er ms u p t o t h e 1 0t h n e ar est n ei g h b or s o t h at
t h e c h a n g e of e n er g y p er s pi n of t h e p ol ari z e d st at e is l ess
t h a n 0. 0 0 1 m e V. T h e b est fit t o t h e s p e ctr u m [r e d d as h e d li n e
i n Fi g. 2 ( a)] is o bt ai n e d f or

J n n = 0 .5 5 7( 1) m e V , ∆ = 0 .6( 1) m e V .
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FI G. 3. ( a) R e al p art of t h e a c s us c e pti bilit y ( χ a c ) m e as ur e d u n d er
diff er e nt d c m a g n eti c fi el ds µ 0 H a p pi e d al o n g t h e cr yst all o gr a p hi c
c - a xis a n d a n a c fi el d of 1 0 O e wit h a fr e q u e n c y of 8 0 H z. I ns et: st a n-
d ar d d e vi ati o n b et w e e n t h e si x c ur v es. ( b) I m a gi n ar y p art of a c s us-
c e pti bilit y b el o w 1. 7 K m e as ur e d u n d er diff er e nt m a g n eti c d c fi el ds
h . ( c) R e al p art of a c s us c e pti bilit y as a f u n cti o n of h m e as ur e d at
diff er e nt t e m p er at ur es i n a l o g-l o g s c al e. S el e ct e d fits t o t h e p o w er

l a w s c ali n g b e h a vi or, χ ∼ h
− 4 − 1 8 η

4 − 9 η , ar e s h o w n as s oli d li n es, a n d
t h e fitti n g r a n g es ar e i n di c at e d b y arr o ws.

T h e v al u e of ∆ is i n r e as o n a bl e a gr e e m e nt wit h pr e vi o us
st u di es 2 0 ,2 6 , w hil e o ur o bt ai n e d J n n is a b o ut 2 0 % s m all er,
m ai nl y d u e t o t h e i n cl usi o n of D i j b e y o n d t h e 2 n d N N. If
w e c ut off D i j at t h e 2 n d n e ar est n ei g h b or, o ur eff e cti v e s pi n
H a milt o ni a n is b a c k t o t h e J 1 − J 2 m o d el t h at w as us e d i n
pr e vi o us st u di es 1 9 ,2 0 ,2 6 , f or w hi c h J 2 is fi x e d t o b e 0. 0 4 5 m e V
a n d o ur b est fit t o t h e dis p ersi o n c ur v e [ Fi g. 3( c) of t h e m ai n
t e xt] gi v es J 1 = 0 .8 6 6 7( 5) m e V a n d ∆ = 0 .6 6( 9) m e V.
We n ot e t h at t h e br o a d e ni n g i n b ot h t h e C E F e x cit ati o ns a n d
t h e hi g h- fi el d s pi n- w a v e s p e ctr a is li k el y d u e t o a distri b uti o n
of g e ff a n d ∆ v al u es ass o ci at e d wit h t h e M g- G a str u ct ur al
dis or d er 2 0 . I n t his s e ns e, t h e fitt e d v al u es of ∆ a n d J n n ar e
a l o c al-str u ct ur e a v er a g e.

V.  A C S U S C E P TI BI LI T Y & S C A LI N G

C o nsi d eri n g t h at str u ct ur al dis or d er eff e cts ar e i m p ort a nt
f or t h e m a g n eti z ati o n pr o c ess of T m M g G a O4

2 0 a n d t h at t h e
pr e di ct e d K T p h as e is fr a gil e a g ai nst e xt er n al p ert ur b ati o ns 2 4 ,
t h e q u esti o n n at ur all y aris es as t o w h et h er t h e pr e di ct e d K T
tr a nsiti o ns i n T m M g G a O4 s ur vi v es i n t h e z er o fi el d li mit. T o
a ns w er t his q u esti o n, w e first e x a mi n e t h e s c ali n g b e h a vi or
of t h e s us c e pti bilit y i n t h e pr o p os e d K T r e gi m e, χ (H, T ) =

H − α wit h α = 4 − 1 8 η ( T )
4 − 9 η ( T )

1 5 ,3 2 . H er e, η (T ) is t h e a n o m al o us di-

m e nsi o n e x p o n e nt of t h e e m er g e nt or d er p ar a m et er 2 6 , w hi c h
f or s m all H is pr e di ct e d t o b e: (i) η (T ) = 2 / 9 a b o v e T > T h

s o t h at χ r e m ai ns fi el d-i n d e p e n d e nt; (ii) η (T ) ∈ [ 2/ 9 , 1 / 9]
b et w e e n T h a n d T l , l e a di n g t o H - d e p e n d e n c e of χ b el o w T h

a n d di v er g e n c e at T l i n t h e H → 0 li mit; a n d (iii) χ b e-
c o m es fl at b el o w T l wit h t h e o ns et of 3 S L or d eri n g. O ur a c
s us c e pti bilit y m e as ur e m e nts s h o w a hi g h l e v el of a gr e e m e nt
wit h t h es e pr e di cti o ns. T h e χ a c (T ) c ur v es b e gi n t o s h o w n o-
ti c e a bl e H - d e p e n d e n c e ar o u n d 5 K a n d str o n gl y d e vi at e fr o m
e a c h ot h er b el o w 1 K [ Fi g. 3 ( a)]. T o b ett er ill ustr at e t his ef-
f e ct, w e t a k e t h e si x d at a s ets f or χ a c (T ) c orr es p o n di n g t o t h e
diff er e nt a p pli e d fi el ds a n d c o m p ut e t h e st a n d ar d d e vi ati o n at
e a c h t e m p er at ur e [ Fi g. 3 ( a) i ns et]. Cl e ar f e at ur es ar e visi bl e
ar o u n d 5 K a n d 0. 9 K, w hi c h w e t e nt ati v el y as cri b e t o t h e t w o
pr e di ct e d tr a nsiti o ns at T h a n d T l b o u n di n g t h e pr o p os e d K T
p h as e i n T m M g G a O 4 . We n ot e, h o w e v er, t h at t h e a c s us c e pti-
bilit y d at a d e vi at e fr o m t h e or eti c al pr e di cti o ns i n c ert ai n w a ys.
First, w e d o n ot s e e a di v er g e n c e of χ a c (T ) at T l as H → 0 ;
i nst e a d, a p e a k ar o u n d 0. 6 K a p p e ars i n t h e i m a gi n ar y p art
w hi c h q ui c kl y dis a p p e ars at 0. 1 T, wit h a br o a d p e a k s h o ws u p
at 0. 2 T a n d f urt h er m o v es t o hi g h er t e m p er at ur e wit h i n cr e as-
i n g H [ Fi g.3 ( b)]. S e c o n d, a n d p er h a ps m or e si g ni fi c a ntl y, w e
ar e u n a bl e t o o bt ai n a p h ysi c all y m e a ni n gf ul v al u e of η (T )
fr o m t h e χ a c (H ) m e as ur e m e nts at fi x e d t e m p er at ur e. I nst e a d
of a p o w er-l a w s c ali n g of s us c e pti bilit y 1 5 ,2 6 ,3 2 , w hi c h a p p e ars

as a li n e i n a l o g-l o g pl ot, o ur m e as ur e d χ a c (h ) is al w a ys a
c o n c a v e f u n cti o n fr o m 0. 5 K t o 1 0 K [ Fi g. 3 ( c)]. T h er ef or e,
t h e fitt e d v al u e of η r a n g es fr o m 0. 1 3 9 t o 0. 2 2 2, a n d str o n gl y
d e p e n ds o n t h e c h oi c e of fitti n g r a n g e [s o m e s el e ct e d fits ar e
s h o w n as d as h e d li n es i n Fi g. 3 ( c)] a n d H . As dis c uss e d
a b o v e, t h es e d e vi ati o ns m a y b e r el at e d t o t h e str u ct ur al dis-
or d er; i n d e e d, it w as r e c e ntl y pr o p os e d t h at w e a k, q u e n c h e d
M g- G a dis or d er w o ul d dri v e t h e e m er g e nt 2 D K T p h as e i nt o
a g a u g e gl ass 3 1 a n d t h us vi ol at e t h e criti c al s c ali n g.

VI.  M A G N E TI C N E U T R O N DI F F R A C TI O N

Wit h e vi d e n c e f or t w o tr a nsiti o ns s e e n i n χ a c , w e n o w
t ur n t o diff us e s c att eri n g m e as ur e m e nts p erf or m e d o n t h e
C O R E L LI s p e ctr o m et er 3 7 at O R N L t o pr o b e t h e el asti c s pi n
c orr el ati o ns wit hi n a n d b el o w t h e pr o p os e d K T p h as e. At
0. 0 5 K, w e o bs er v e m a g n eti c Br a g g p e a ks at t h e K - p oi nts of
t h e tri a n g ul ar Brill o ui n z o n e ( B Z) [ Fi g. 4 ( a)] c orr es p o n di n g
t o t h e 3 S L or d er r e p ort e d i n pr e vi o us st u di es1 9 ,2 0 . T h e L -
d e p e n d e n c e of t h e K - p oi nt s c att eri n g at 5 0 m K is s h o w n i n
Fi g. 4 ( b), a n d t h e i nt e nsit y is w ell d es cri b e d b y t h e m a g n eti c
f or m f a ct or [F 2 (Q )] of T m3 + m ulti pli e d b y t h e p ol ari z ati o n
f a ct or [ 1-Q 2

z / Q 2 ]. T his m e a ns t h at t h er e ar e n o n oti c e a bl e
i nt er-l a y er T m3 + - T m3 + c orr el ati o ns d o w n t o 5 0 m K, a n d t h e
m a g n eti c b e h a vi or of T m M g G a O 4 c a n b e d es cri b e d b y is o-
l at e d T m tri a n g ul ar l a y ers t hr o u g h all t e m p er at ur e r e gi m es
i n o ur st u d y. At 2 K (t e nt ati v el y i n t h e mi d dl e of t h e pr o-
p os e d K T p h as e), w e s e e t h at t h e m a g n eti c Br a g g p e a ks h a v e
e v ol v e d i nt o br o a d diff us e s c att eri n g wit h a tri a n g ul ar p att er n,
i n di c ati v e of s h ort-r a n g e 3 S L c orr el ati o ns. T h es e ar e si mil ar
t o pr e di cti o ns fr o m Q u a nt u m M o nt e- C arl o2 6 , alt h o u g h w e d o
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FI G. 4. ( a) M a g n eti c diff us e s c att eri n g of t h e tri a n g ul ar-l atti c e Brill o ui n z o n e m e as ur e d o n C O R E L LI at T = 0. 0 5 K, a n d 2 K, w h er e a n e m pt y
cr y ost at a n d a m e as ur e m e nt at 4 0 K w er e us e d as b a c k gr o u n d, r es p e cti v el y. I nt e nsiti es w er e i nt e gr at e d wit hi n L = ± 0 .1 r e ci pr o c al-l atti c e u nits
(r.l. u.) a n d s y m m etri z e d a c c or di n g t o t h e − 3 m p oi nt gr o u p of t h e T m sit e. ( b) L - d e p e n d e n c e of t h e K - p oi nt m a g n eti c s c att eri n g m e as ur e d o n
C O R R E L LI at 5 0 m K ( bl a c k cir cl e) a n d H B 3 A at 0. 2 8 K ( bl u e s q u ar e). T h e r e d li n e r e pr es e nts a c al c ul ati o n b as e d o n u n c orr el at e d tri a n g ul ar
pl a n es w h er e F ( Q ) is t h e n e utr o n m a g n eti c f or m f a ct or of T m3 + . ( c) Li n e s h a p es of m a g n eti c a n d n u cl e ar Br a g g p e a ks m e as ur e d o n H B 3 A
at T = 0. 2 8 K. I ns et: A dis k-s h a p e d si n gl e cr yst al s a m pl e us e d f or t h e m e as ur e m e nt. ( d) Te m p er at ur e d e p e n d e n c e of t h e K - p oi nt m a g n eti c
Br a g g p e a k fr o m r o c ki n g- c ur v e Ω -s c a ns. A s c a n at 4 0 K w as us e d f or b a c k gr o u n d s u btr a cti o n. ( e) L o g-l o g t e m p er at ur e d e p e n d e n c e of t h e
K - p oi nt p e a k i nt e nsit y (I , r e d cir cl e), a n d 2 D c orr el ati o n l e n gt h (ξ , bl u e s q u ar es a n d cir cl es) wit hi n t h e tri a n g ul ar l a y ers. H er e, I is o bt ai n e d
b y i nt e gr ati n g Ω o v er [− 4 .5 , 4 .5] ◦ . S oli d li n es r e pr es e nt a li n e ar fit t o l o g-l o g d at a p oi nts b et w e e n 1 K a n d 5 K. T h e d as h e d li n e r e pr es e nts t h e
N N T m- T m dist a n c e.

n ot o bs er v e t h e a d diti o n al i nt e nsit y pr e di ct e d at t h e M - p oi nt
wit hi n t h e s e nsiti vit y of o ur e x p eri m e nt.

T o tr a c k t h e t e m p er at ur e d e p e n d e n c e of t h e K - p oi nt i n-
t e nsit y, w e e m pl o y e d t h e H B- 3 A diffr a ct o m et er3 6 at O R N L
wit h λ = 1 .5 5 1 Å. We fi n d t h at t h e m a g n eti c Br a g g p e a ks at
0. 2 8 K dis pl a y a L or e nt zi a n s h a p e wit h a F W H M of 1 .1 5( 1) ◦ ,
w hi c h is l ar g er t h a n t h e i nstr u m e nt al r es ol uti o n a n d s a m pl e
m os ai c of Ω 0

G = 0 .5 3( 1) ◦ o bt ai n e d t hr o u g h a G a ussi a n fit
t o t h e n u cl e ar Br a g g p e a ks [ Fi g. 4 ( c)]. T his p oi nts t o a fi-
nit e c orr el ati o n l e n gt h wit hi n t h e 2 D tri a n g ul ar l a y ers. Fr o m
t h e e v ol uti o n of t h e K - p oi nt c orr el ati o ns b et w e e n 0. 2 8 a n d
2 0 K [ Fi g. 4 ( d)], w e e xtr a ct t h e i nt e gr at e d p e a k i nt e nsit y I
a n d t h e i ntr a- pl a n e m a g n eti c c orr el ati o n l e n gt h ξ a c c or di n g
t o ξ = λ / ( 2 Ω L si n θ ), w h er e θ is t h e Br a g g s c att eri n g a n gl e
a n d Ω L t h e fitt e d L or e nt zi a n p e a k wi dt h fr o m a Voi gt f u n c-
ti o n wit h fi x e d Ω 0

G . U nli k e t w o pr e vi o us st u di es w hi c h r e-
p ort e d a s h ar p tr a nsiti o n at T l ≈ 1 K b as e d o n t h e t e m p er a-
t ur e d e p e n d e n c e of t h e K - p oi nt i nt e nsit y1 9 ,2 0 , w e s e e a c o n-
ti n u o us i n cr e as e i n b ot h I a n d ξ as t h e t e m p er at ur e is l o w er e d
o v er a wi d e r a n g e [ Fi g. 4 ( e)], wit h a cl e ar e x p o n e nti al d e p e n-

d e n c e a b o v e 1 K. S u btl e c h a n g es ar e o bs er v e d ar o u n d 0. 9 K,
e vi d e n c e d b y a fl att e ni n g of I a n d a n u pt ur n i n ξ u p o n f ur-
t h er r e d u cti o n of t h e t e m p er at ur e. T h es e o bs er v ati o ns d e vi-
at e fr o m a c o n v e nti o n al L a n d a u first- or s e c o n d- or d er tr a nsi-
ti o n, w h er e t h e m a g n eti c or d er p ar a m et er v a nis h es a b o v e t h e
tr a nsiti o n t e m p er at ur e4 5 , a n d pr o vi d e f urt h er e vi d e n c e f or t h e
gr a d u al e v ol uti o n of t h e 3 S L or d er wit h a n e xt e n d e d r e gi m e
of s h ort-r a n g e c orr el ati o ns t h at c o ul d s u p p ort t h e K T p h as e.
W hil e t h e i nt e gr at e d i nt e nsit y f oll o ws t h e e x p o n e nti al-l a w b e-
h a vi or u p t o 2 0 K, t h e si g n al b e c o m es e xtr e m el y br o a d a b o v e
3 K, li miti n g t h e r a n g e of tr ust w ort h y c al c ul at e d v al u es f or ξ
[ Fi g. 4 ( d)( e)].

VII.  M A G N E TI C P AI R DI S T RI B U TI O N F U N C TI O N

F urt h er e vi d e n c e of t h e pr o p os e d K T p h as e c a n b e g ai n e d
b y e x a mi ni n g t h e s pi n c orr el ati o ns i n r e al s p a c e. We a c-
c o m plis h t his t hr o u g h t h e m a g n eti c p air distri b uti o n f u n c-
ti o n ( m P D F)3 3 ,3 4 , w hi c h is t h e F o uri er tr a nsf or m of t h e m a g-
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FIG. 5. (a) Magnetic scattering cross section of TmMgGaO4 mea-
sured on the D4 instrument at ILL at different temperatures. The
scattering pattern at 50 K was subtracted from each of the data sets
to remove the nuclear and paramagnetic scattering. (b) Magnetic pair
distribution function (mPDF) patterns (open circles) obtained at dif-
ferent temperatures. Dashed lines show the best fits to data using
a model of the 3SL order. Solid red lines represent alternative fits
combining the 3SL model with Reverse Monte Carlo (RMC) sim-
ulations of Ising spins. The nth NN in-plane Tm-Tm distances are
illustrated by the vertical dotted lines. Inset: Number of bounded
V-AV pairs per RMC configuration as a function of temperature. For
comparison, the horizontal blue dashed line shows the average num-
ber of V-AV pairs for random Ising configurations, with the shaded
area representing one standard deviation.

netic scattering. The magnetic scattering patterns displayed
in Fig. 5(a) were obtained from energy-integrated measure-
ments of a powder sample on the D4 diffractometer at the
Institut Laue-Langevin46,47. The scattering pattern collected
at 50 K was used as a reference measurement and was sub-
tracted from all scattering patterns at lower temperature to
remove the nuclear and paramagnetic contributions. This is
justified because the sample is purely paramagnetic at 50 K
(i.e. the correlations between neighboring spins are com-

pletely random) and the atomic structure changes very little
below 50 K, so only the temperature-dependent part of the
total scattering data comes from the magnetic correlations
that develop as the temperature is lowered. The broad and
strongly temperature-dependent features of the magnetic scat-
tering patterns in Fig. 5(a) demonstrate the development of
short-range magnetic correlations with decreasing tempera-
ture, as expected.

The magnetic scattering patterns were then Fourier trans-
formed with ˚ to generate the real-space mag-
netic pair distribution function, denoted here as PDF
[Fig. 5 (b)]. The negative peak observed at the NN dis-
tance for all temperatures shown in Fig. 5(b) arises from ro-
bust NN antiferromagnetic correlations. Additional features
in the mPDF data are captured by fits [dashed black lines in
Fig. 5] using the reported 3SL model with a finite correla-
tion length . The best-fit values for [Fig. 4 (e)] agree well
with the single-crystal diffraction analysis. The small value
of above 10 K indicates that only generic antiferromag-
netic correlations between NN spins remain. Additional de-
tails about the implementation of the short-range 3SL model
are provided in the Supplemental Information40.

Closer inspection of the low-temperature mPDF fits
[Fig. 5(b)] reveals small but systematic misfits at the third,
fourth, and fifth NN correlations. These misfits are present
for different choices of , indicating they are not simply
a consequence of termination error in the Fourier transform40.
They are also unlikely to be the result of random noise in the
data, since the misfits appear systematically at specific coor-
dination distances. Considering that the misfits are also tem-
perature dependent, we can rule out structural disorder as the
origin, since we expect any signatures of structural disorder
to be independent of temperature at such low temperatures.
We therefore consider this to be a genuine feature of the data
meriting further investigation.

Interestingly, the third NN distance shows a small, positive
feature corresponding to net ferromagnetic correlations at this
distance. This is at odds with the antiferromagnetic correla-
tions predicted by the 3SL model, and may instead hint at a
small component with stripe-like correlations, which have fer-
romagnetic alignment between third NN spins26. To gain fur-
ther insight, we performed fits combining the 3SL model with
a reverse Monte Carlo (RMC) algorithm48. We included two
independent components in our modeling: the mPDF from
short-range 3SL correlations and the mPDF from a sheet of
Ising spins optimized through random flipping by the RMC
algorithm. The Ising spins had constant magnitudes and were
fixed at the positions of the Tm atoms in a circle of diameter
50 Å in the ab plane. At each iteration of the algorithm, we
performed a least-squares optimization using three indepen-
dent parameters: a scale factor for the Ising spin component, a
scale factor for the 3SL component, and the correlation length
for the 3SL component. The algorithm ran until convergence
at the level of 2% was reached, which typically occurred
within a few hundred iterations. 110 RMC refinements were
done for each temperature, producing a narrow distribution of
values for the goodness of fit, the two scale factors, and the
3SL correlation length, with negligible correlation between
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the parameters40. This boosts our confidence that the RMC
algorithm converged reliably and that the resulting spin con-
figurations are meaningful. Representative fits produced from
this combined 3SL+RMC fitting approach are shown by the
solid red curves in Fig. 5(b) for 3, 4.1, 6.1, and 10 K. These fits
clearly correct the mismatches left by the 3SL model, indicat-
ing that the RMC-produced Ising spin configurations should
be representative of the types of correlations present in the
system beyond just the 3SL correlations.

We now look for evidence of the formation of V-AV pairs
by inspecting the spin configurations produced by the RMC
algorithm [see e.g. Fig. 1(b)]. A home-built python script
counted the number of V-AV pairs in each configuration, al-
lowing us to find the average number of V-AV pairs formed
per RMC configuration among the 110 configurations for each
temperature. We designate this quantity as . A vortex and
antivortex were considered to form a bound pair if they shared
any constituent pseudospins. For an Ising configuration on the
triangular lattice, only two types of bound pairs are possible
under this definition, both of which are shown in Fig. 1(b). To
determine whether the RMC fits provide evidence for prefer-
ential V-AV formation around the expected KT transition tem-
perature, we performed a hypothesis test for the difference in
means, where the null hypothesis is that the RMC fits per-
formed on the data do not show any preference for V-AV pair
formation beyond what would be expected from completely
random Ising spin configurations. The test statistic of interest
is then . To implement this hypothesis test, we generated
1000 distinct sets of 110 random Ising spin configurations of
the same size as the RMC-generated configurations. We cal-
culated for each set of 110 random configurations, and
from the resulting 1000 values of , we constructed its under-
lying null distribution. This distribution is highly Gaussian40,
with a mean of 0.56 V-AV pairs per configuration and a stan-
dard deviation of 0.08. We can now compare the value
determined from the RMC fits at each temperature with the
null distribution, allowing us to conclude whether or not the
RMC fits show a preference for V-AV pair formation.

Fig. 5 Inset shows the calculated from the RMC fits at
3, 4.1, 6.1, and 10 K as the black squares. The mean of the
null distribution is given by the horizontal dashed line, and
the shaded region represents one standard deviation above and
below the mean. The value of at 10 K is very close to the
mean of the null distribution, indicating no preference for V-
AV pair formation. At 6.1 K and 4.1 K, however, increases
sharply and falls well outside the expectation for random spins
given by the null distribution. At these two temperatures, we
can reject the null hypothesis (and therefore accept the alter-
native hypothesis that the RMC fits preferentially result in the
formation of V-AV pairs) with high degrees of certainty cor-
responding to statistical p-values of 0.001 and 0.015, respec-
tively. This demonstrates a clear tendency for V-AV pair for-
mation at temperatures in the immediate vicinity of the pro-
posed upper KT transition, precisely where the proliferation
of vortices would be expected. As the temperature is lowered
further to 3 K, decreases again, falling to approximately
one standard deviation above the mean of the null distribu-
tion. In this case, we can reject the null hypothesis with con-
siderably less confidence ( ), though it is still gener-

ally consistent with the preferential formation of V-AV pairs
at this temperature. It is also consistent with the notion that as
the temperature decreases toward the lower KT transition, the
3SL order becomes increasingly dominant at the expense of
the KT correlations giving rise to the V-AV pairs. In any case,
these findings give strong support to the formation of V-AV
pairs around 4–6 K and should be considered as evidence for
the proposed upper KT transition in TmMgGaO .

VIII. SUMMARY

In summary, the magnetometry and neutron scattering re-
sults presented here establish TmMgGaO as a strong candi-
date for a solid-state system realizing KT physics. Our inelas-
tic neutron scattering measurements confirm the transverse-
field Ising model on the triangular lattice as the foundation
to understand the magnetism in TmMgGaO and help clar-
ify the role played by structural disorder. Magnetometry re-
veals two transitions around 0.9 K and 5 K, consistent with
the theoretical predictions for a KT phase bounded by these
transitions. Elastic and energy-integrated neutron scattering
measurements confirm the presence of 3SL correlations in the
ground state, which become gradually weaker and shorter-
range as the temperature is raised. Investigation of the spin
correlations in the proposed KT phase in real space via mPDF
analysis suggests a tendency to form bound vortex-antivortex
pairs around 5 K, which is the hallmark of the proposed KT
transition. Structural disorder does not appear to play a domi-
nant role in the zero-field physics of TmMgGaO , in contrast
to YbMgGaO 23,28–30. Our work motivates future studies on
the interplay between structural disorder effects and quantum
magnetism, while also highlighting the value of mPDF analy-
sis of short-range spin correlations in real space.
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T. Proffen, and S. J. L. Billinge, J. Phys.: Condens. Mat. 19,
335219 (2007).

42 P. Juhás, C. L. Farrow, X. Yang, K. R. Knox, and S. J. L. Billinge,
Acta Crystallogr. A 71, 562 (2015).

43 K. A. Ross, L. Savary, B. D. Gaulin, and L. Balents, Phys. Rev. X
1, 21002 (2011).

44 S. Toth and B. Lake, Journal of Physics: Condensed Matter 27,
166002 (2015).

45 P. Toledano and J.-c. Toledano, Landau Theory Of Phase Transi-
tions, The: Application To Structural, Incommensurate, Magnetic
And Liquid Crystal Systems, Vol. 3 (World Scientific Publishing
Company, 1987).

46 H. E. Fischer, Comparison of diffraction data from a reactor
source versus a spallation source for perfoming magnetic PDF-
analysis (a Round Robin test). Institut Laue-Langevin (ILL)
(2019).

47 H. E. Fischer, G. J. Cuello, P. Palleau, D. Feltin, A. C. Barnes,
Y. S. Badyal, and J. M. Simonson, Appl. Phys. A 74, s160 (2002).

48 D. A. Keen and R. L. McGreevy, Journal of Physics: Condensed
Matter 3, 7383 (1991).



Supplemental Information—
Neutron scattering investigations of proposed Kosterlitz-Thouless transitions in transverse-field

Ising model triangular lattice antiferromagnet TmMgGaO4

Zhiling Dun,1 Marcus Daum,1 Raju Baral,2 Henry E. Fischer,3 Huibo Cao,4 Yaohua Liu,4 Matthew B. Stone,4 Jose A.
Rodriguez-Rivera,5 Eun Sang Choi,6 Qing Huang,7 Haidong Zhou,7 Martin Mourigal,1 and Benjamin A. Frandsen2

1School of Physics, Georgia Institute of Technology, Atlanta, GA 30332, USA
2Department of Physics and Astronomy, Brigham Young University, Provo, UT 84602, USA

3Institut Laue-Langevin, BP 156, 38042 Grenoble Cedex 9, France
4Neutron Scattering Division, Oak Ridge National Laboratory, Oak Ridge, TN 37831, USA

5NIST Center for Neutron Research, Gaithersburg, MD 20899, USA
6National High Magnetic Field Laboratory, Florida State University, Tallahassee, FL, 32306, USA

7Department of Physics and Astronomy, University of Tennessee, Knoxville, TN 37996, USA
(Dated: April 15, 2021)

ADDITIONAL NEUTRON SCATTERING DATA

Additional neutron scattering data from MACS measure-
ments are shown in Fig. S1. As mentioned in the main text,
our measured Q-maps at selective constant energy transfer
(E) are consistent with a previous report [? ], and is clearly
much sharper in reciprocal space than that at 5.5 T. This again
demonstrates that the structural disorder plays a more signif-
icant role in the magnetism of TmMgGaO4 under magnetic
fields than that in the zero field.

Unsymmetrical magnetic diffuse scattering data from
CORELLI measurement at 2 K and 50 mK is shown in Fig. S2
(a) (b), respectively.

ATOMIC AND MAGNETIC PDF ANALYSIS

A representative fit to the atomic PDF using the pub-
lished crystallographic structure is shown in Supplementary
Fig. S3, showing reasonable agreement between the data and
the model. The mPDF analysis was carried out using the
diffpy.magpdf python package. For the fits using the three
sublattice (3SL) model, the finite correlation length was im-
plemented by multiplying the ideal (i.e. perfectly correlated)
peak intensity for each distinct Tm-Tm coordination shell
by exp (−r/ξ), where ξ is the correlation length. We note
that this correlation length must be multiplied by π to al-
low for a correct comparison with the correlation length ex-
tracted from the peak widths in the elastic neutron diffraction
data. This is because the Fourier transform of exp (−|r|/ξ)
yields a Lorentzian with a FWHM of 2/ξ, yet the correlation
length determined from the diffraction peak widths is defined
as 2π/FWHM. Thus, the values of ξ determined from the
mPDF fits must be multiplied by π to be comparable to the
values of ξ determined from the diffraction data. The correla-
tion lengths extracted from the mPDF analysis shown as solid
blue circles in Fig. 4(e) of the main text have been multiplied
by π to account for this. The magnetic form factor F (Q) of
the Tm3+ ions was modeled as a Gaussian function with an
optimized FWHM to provide the best fit to the data. When

performing the convolution of the magnetic form factor with
the calculated mPDF pattern, the form factor was truncated at
8 Å−1 to match the experimental Q range for obtaining the
mPDF patterns.

In the main text, we note that the 3SL model fails to cap-
ture certain features of the mPDF data, particularly the peaks
at the 3rd, 4th, and 5th nearest neighbor distances. We per-
formed mPDF fits with the 3SL model on data produced from
a Fourier transform up to 8 Å−1 (these are the data sets shown
in the main text) as well as data from a Fourier transform
only up to 6.5 Å−1 , allowing us to investigate whether the
misfits in the 3SL model could be due simply to termination
errors in the Fourier transform. We demonstrate that this is
not the case in Supplementary Fig. S4, which displays the
3SL fit to the 4 K data generated with Qmax = 8 Å−1 and
Qmax = 6.5 Å−1 . The blue and orange curves represent the
data and calcualted mPDF, respectively, while the offset green
curve is the fit residual. The vertical lines show the NN dis-
tances between Tm ions. A large positive peak at the 3rd NN
distance is clearly visible in the fit residual for both choices of
Qmax, along with smaller features in the fit residual at the 4th
and 5th NN distances. The fact that these misfits with the 3SL
model are robust even for different choices of Qmax demon-
strates that they cannot simply be caused by termination errors
in the Fourier transform. The magnetic form factor F (Q) was
truncated at the appropriate value of Qmax for both fits, cap-
turing the prominent termination ripples (e.g. those seen on
either side of the large negative peak at the 1st NN distance)
reasonably well.

The combined 3SL and reverse Monte Carlo (RMC) fits
were performed on configurations of Tm atoms forming a cir-
cle of diameter 50 Å in the ab plane. All spins within an inner
circle of diameter 30 Å were taken in turn as the origin for
the calculation of the mPDF. As explained in the main text,
each step of the RMC algorithm included a least-squares op-
timization of a scale factor for the Ising spin component, a
scale factor for the 3SL component, and the correlation length
ξ for the 3SL component. 110 RMC fits were done for each
temperature, producing a narrow distribution of the goodness
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FIG. S1. Inelastic neutron scattering measurements using MACS spectrometer.Top: Q-map at different constant energy transfer (E) in zero
magnet field (µ0H = 0T) measured with final neutron energy transfer,Ef = 3.8 meV. Bottom, in a magnetic field of µ0H = 5.5T measured
with final neutron energy transfer, Ef = 5 meV.
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FIG. S2. Unsymmetrical magnetic diffuse scattering data of
TmMgGaO4 measured on CORELLI spectrometer at (a) T = 2 K,
and (b) T = 50 mK. Here, r.l.u. stands for reciprocal lattice unit.
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FIG. S3. Total PDF Gtotal(r) of TMGO at 50 K, together with a fit
using the published crystallographic structure.

values, with minimal correlation between the parameters (see
Supplementary Fig. S5). A portion of a representative spin
configuration generated from the RMC algorithm applied to
the 4 K data is shown in Supplementary Fig. S6. Red and
blue circles represent up and down spins, respectively, while
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FIG. S4. Magnetic PDF fit using the 3SL model for the 4 K data
generated from a Fourier transform up to 8 Å−1 (a) and 6.5 Å−1

. The thick blue curve represents the data, the orange curve is the
calculated mPDF, and the offset green curve is the fit residual. The
vertical lines represent nearest neighbor distances between Tm ions.

the small black circles and black arrows represent the pseu-
dospins. The white and black stars represent the centers of
vortices and antivortices, respectively, with the gray lines trac-
ing the outline of each vortex or antivortex. In this example,
one V-AV bound pair of each type is seen, together with a
single unbound vortex.

Finally, we display the null distribution of the test statistic
np (see main text) in Supplementary Fig. S7, together with the
values of np extracted from the RMC refinements performed
at 3 K, 4.1 K, 6.1 K, and 10 K. The null distribution has a
mean of 0.560 and a standard deviation of 0.085 and is highly
Gaussian in character. The values of np for 3 K, 4.1 K, 6.1 K,
and 10 K are 0.626, 0.746, 0.819, and 0.568, respectively.
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FIG. S5. (a) Histogram of the goodness of fit values R for the 110 RMC refinements performed for the 4 K data. (b)-(d) Correlation plots
for the three parameters refined in the RMC process for the 4 K data, obtained from the 110 RMC fits performed for the 4 K data. No strong
correlation is observed between the parameters.
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FIG. S6. A portion of a representative spin configuration produced
from the RMC refinements. In this case, the refinement was done
to the 4 K data. Red and blue circles represent up and down spins,
respectively. The black arrows represent the pseudospins defined for
each triangle. In the case of a pseudospin with zero magnitude, only
a small black dot representing the pseudospin site is seen. The white
and black stars represent the centers of vortices and antivortices, re-
spectively. The surrounding gray line segments trace the path of each
vortex or antivortex.
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FIG. S7. The blue bars form a histogram of the values of np (the
average number of V-AV pairs per Ising spin configuration for a set
of 110 randomly generated Ising configurations of the same size as
the RMC box) extracted from 1000 distinct sets of 110 random Ising
configurations. The colored symbols show the value of np for spe-
cific temperatures, extracted from the results of 110 RMC refine-
ments performed at each temperature.
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