Intertwined dipolar and multipolar order in the triangular-lattice magnet TmMgGaO,
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Abstract Certain.magnetic materials exhibit exotic hidden-order phases, Ia vvh.ich the order parameters are not dire;tly accessible to convgntional
magnetic measurements. Here we study the rare-earth triangular-lattice magnet TmMgGaO,. Clear magnetic Bragg peaks at K points are
observed with sharp and highly dispersive spin excitations that cannot be explained by a magnetic dipolar order, but instead is the direct consequence of
the underlying multipolar order that is “hidden” in the neutron diffraction experiments. We demonstrate that the observed unusual spin correlations and
thermodynamics can be accurately described by a transverse field Ising model on the triangular lattice with an intertwined dipolar and multipolar order.

0 meV K point
0.485K y
0.7K

w
o
w
o

E=0 meV
Q=(1/3, 1/3, 0)
® PANDA

O LET

N
N

Intensity (arb. unit)

N
o
T
N
o

E=
o
- @
o
o

1
2
3)

C,/T (J/mol/K?)

—_—
N
1
—
N
1
=
o
—
o
I
—_—
o
I

Intensity (cts/min)
Intensity (cts/min)

Intensity (x103 cts/min)
Intensity (x103 cts/min)

o
o

1 10
Temperature (K)

o
o

1 . ] . 1 . ] . 1 . 1 ) -10 -10 L ] 1 1
0.2 0.3 0.4 0 2 i -0.04 -0.02 0 0.02 0.04 0 2 4

(H, 2/3-H, 0) (r.l.u.) Temperature (K) (-H+1, 2K, 0) (r.L.u.) (H, 2/3-H, 0) (r.l.u.)

E=0 meV, T=5 K

/

E=0 meV, 7=0.05 K

50 100 150 200 250 300
Temperature (K)

(un -que) Aususyy

a, b, Schematic diagram of TmMgGaQO, crystal structure. ¢, A photogra
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of a representative single crystal. d, Magnetic heat capacity and the (H,H,0) (rl.u) (H,H,0) (rl.u) (H#112, H-1/2,0) (rl.u)
corresponding magnetic entropy (0 T). e, Temperature dependence of the a, b, Constant energy cuts across the magnetic dipolar Bragg peak, the K
magnetic susceptibility. The inset shows the linear fitting of the inverse point, and the temperature dependence of its intensity. ¢, d, Constant
susceptibility with Curie-Weiss temperature of -19.1 K. 1, Field dependence energy cuts and temperature dependence around the magnetic multipolar
of the magnetization at 2 K. Linear fitting of the magnetization at high field Bragg peak, the T point. ef Momentum dependence of the magnetic
gives Lande-g factor of 12.11(5) (solid blue line). Bragg peak at the K point. g, L dependence of the elastic signals at K point.
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a-g, Measured spin wave excitations at 7=0.05 K. h-n, Calculated spin wave dispersion by _
inear spin wave theory (Ji = 0.54 meV,J5* = 0.026 meV, h =0.62meV ). Due to the LN — {\
multipolar nature, only $%# are considered. o, Sketch of the reciprocal space. p, Schematic of “
the three-sublattice magnetic structure. The multipolar components (S* and §Y) form a ferro-
multipolar order while the dipolar one (§%) leads to the ordering at K points.
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MODEL: The low energy degrees of freedom of Tm3* ions is a pair of nearly degenerated M o

singlets (denoted as |W*)) that are separated by an energy gap h induced by the crystalline ’ _014“* ; ""0-4 ‘ }_}

electric field. The effective spin-1/2 operators can be defined as: L Gl xt
ST = i/2(1Wr KW | = [P, S = 172(1WFNWF | = WX D, SF = 17219 KW |+ 197 XD

The transverse components $* and S§Y are time-reversal even and transform as multipolar moments under space group operations that do not couple to
neutrons and external field directly while the §% component are odd under time reversal and transform as dipoles. The effective model is the transverse

field Ising model that takes the form:
H= ) jiSisi+ ) jESisi—h ) S}
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