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Supplementary Note 1: Speci�c Heat and Phonon Correction

The temperature dependent speci�c heat Cp of YbAlO3 is shown in Supplementary Fig. 1.

A sharp peak anomaly is observed at TN = 0.88 K in zero �eld, indicating a phase transition

into the long-range antiferromagnetic (AFM) order at lower temperatures. By applying a

magnetic �eld along the a-axis, the peak is gradually suppressed, and �nally disappears

in high �elds. The lattice contribution of the phonons is estimated through the zero �eld

speci�c heat of the nonmagnetic isostructural compound YAlO3, shown as empty circles in

Supplementary Fig. 1a. The magnetic speci�c heat in di�erent �elds is then extracted as

CM = Cp − Cphonon, as shown in Supplementary Fig. 1b, and all the magnetic speci�c heat

data shown below and in the main text are extracted in the same way.
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Supplementary Figure 1. Speci�c heat and phonon correction. (a) Temperature dependence of

speci�c heat Cp of YbAlO3 (solid circles) and YAlO3 (empty circles), measured in di�erent magnetic

�elds applied along the a-axis. (b) Magnetic speci�c heat CM in di�erent magnetic �elds after the

correction for the phonon contribution.

Supplementary Note 2: Two Magnetic Sublattices and Staggered Field

Supplementary Figure 2 illustrates the magnetic structure of YbAlO3 in zero �eld. The

Yb moments are con�ned in the ab-plane at z = 1/4c (Supplementary Fig. 2a) and z = 3/4c

(Supplementary Fig. 2b). A static magnetic order is established in YbAlO3 below TN =

0.88 K, and the magnetic con�guration of AxGy is selected by the dipole-dipole interaction.

As indicated by the red dashed lines, the calculated dipole-dipole interactions between near

neighbors are J1 = −0.058 K, J2 = −0.037 K, J3 = −0.10 K and J4 = 0.03 K in the z = 1/4c

plane, assuming a static moment on each Yb site of 3.8 µB/Yb. The magnetic moments in

z = 3/4c are antiparallel to moments in z = 1/4c, and the magnetic interactions are of the
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Supplementary Figure 2. Magnetic structure of YbAlO3. (a)-(b) Magnetic Yb moment con�gura-

tions in planes at z = 1/4c (a) and z = 3/4c (b), respectively. The black solid and gray dashed lines

indicate the unit cell for two magnetic sublattices. The red dashed lines indicate the near neighbor

dipole-dipole interaction between the Yb Ising like moments, and this interaction leads to a net

staggered �eld Bst, with opposite directions in z = 1/4c and z = 3/4c planes, as indicated by the

big red (a) and green (b) arrows. (c)-(d) Two separated magnetic sublattices with one-dimensional

Yb AFM chains along the c-axis, where the Yb moments have the same local Ising axis in each one

magnetic sublattice.

same magnitude, but with opposite signs. In the ordered state, the molecular �eld produced

by these interactions results into a staggered �eld Bst = −2
∑4

i=1 Ji ' 0.33 K. Since the

dipole iteration is long range, we have extended this calculation to about forty-eight near

neighbors, and the staggered molecular �eld saturates to about 0.49 K, which is quite close

to the best �t Bst = 0.27J ∼ 0.66 K used in the DMRG calculation in the main text. With

the picture of two sublattices in a staggered �eld (Supplementary Fig. 2c,d), one can clearly

see one dimensioanl (1D) Yb antiferromagnetic (AFM) chains along the c-axis emerging

from the three dimensional perovskite crystal structure. This observation naturally leads to

the 1D Hamiltonian (1) proposed in the main text.
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Supplementary Figure 3. INS spectra of YbAlO3 along the wave vector (0K1) direction. (a)-(c)

Energy dependent INS spectrum integrated over wave vectorH = [−0.2, 0.2] r.l.u. and L = [0.9, 1.1]

r.l.u., measured in zero �eld and at di�erent temperatures 10 K (a), 1 K (b), and 0.05 K (c), as

indicated. The dashed line in (c) is described in the text. (d) Energy cuts measured at temperature

0.05 K, integrated over wave vector H = [−0.2, 0.2] r.l.u., L = [0.9, 1.1] r.l.u., K = [0, 0.2] r.l.u. and

K = [0.9, 1.1] r.l.u., respectively. The vertical dashed lines indicate the peak positions of 0.32 meV

at Q = (0, 0, 1) and 0.36 meV at Q = (0, 1, 1).

Supplementary Note 3: Estimation of interchain interaction

As expected from the two-magnetic-sublattice model, where one-dimensional spin chains

run along the c-axis, we observe a spinon continuum along the (00L) direction with only weak

modulation in the direction perpendicular to the chain. Supplementary Figure 3a-c shows

the inelastic neutron scattering (INS) spectrum of YbAlO3 at di�erent temperatures along

the wave vector direction (0K1). At T ∼ 10 K, well above the magnetic phase transition,

thermal �uctuations are large enough to destroy the interchain coupling in the ab-plane, and

a broad �at continuum is observed (Supplementary Fig. 3a) with non-observable dispersion

along the (0K1) direction. At T ∼ 1 K, i. e. just above the ordering transition, short-range

correlations start to build up with broad di�use scattering developing around Q = (0, 0, 1),

and a weak variation is observed in the spectrum (Supplementary Fig. 3b). Static (ordered)

magnetic moments emerge upon further lowering the temperature down to 0.05 K, which is

deep inside the AFM order, and the resulting e�ective staggered �eld opens a gap at the
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Supplementary Figure 4. Calculated magnetic neutron scattering factor in the (0KL) scattering

plane. (a) Contour plot of the magnetic form factor (|F (Q)|2) of Yb3+. (b) Contour plot of the

polarization factor (1−Q̂zQ̂z), with the magnetic Ising moments constricted at an angle ϕ = ±23.5◦

with the a-axis. (c) Contour plot of the antiferromagnetic static spin structure factor (S(Q)) for

nearest neighbor exchange along the c-axis. (d) Contour plot of the overall cross section (after

including the magnetic form factor) (a), polarization factor (b), and the AFM static structure

factor (c).

AFM wave vector Q = (0, 0, 1) (Supplementary Fig. 3c). At this temperature, the lowest

peak of the dispersion along (0K1) can be phenomenologically described as

Ek =

√
[2J ′ (1− cos kπ)]2 + E2

0 , (1)

where J ′ is the interchain coupling and E0 is the gap opened by the staggered �eld at

L = 1. Energy cuts taken at Q = (0, 0, 1) and (0, 1, 1) are shown in Supplementary Fig. 3d.

With �tting parameters J ′ = 0.04 meV, and E0 = 0.32 meV, the above dispersion relation

reproduces the peak positions: 0.32 meV at (0, 0, 1) and 0.36 meV at (0, 1, 1). This analysis

indicates that the e�ective interchain interaction is roughly 20% of the intrachain exchange:

J ′/J ' 0.04/0.21 ' 0.19.

Supplementary Note 4: Polarization Factor and Longitudinal Fluctuations

DC magnetization and CEF studies suggest well separated doublets for the Yb3+ ion in

YbAlO3. Since the �rst exited CEF levels are high (29 meV ∼ 345 K), the low temperature
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magnetic properties are dominated by the ground state doublets, which can be e�ectively

described as pseudo-spin S=1/2 states with anisotropic g-tensors:

Mz = Ms =3.8µB/Yb, gzzeff = 7.6, (2)

Mxy = Mc =0.23µB/Yb, gxxeff = gyyeff = 0.46, (3)

where z is chosen along the local moment easy axis. This Ising-like g-tensor anisotropy does

not necessarily lead to anisotropic interactions, but it manifests in the magnetic neutron

scattering cross-section [1, 2]:

d2σ

dΩdE
∝ |F (Q)|2

∑
αβ

(δαβ − Q̂αQ̂β)(gαβ)2Sαβ(Q, E). (4)

Here |F (Q)|2 is the magnetic form factor of Yb3+, δαβ − Q̂αQ̂β is the polarization fac-

tor, and Sαβ(Q, E) is the dynamical spin structure factor of di�erent components. Since

(gzz)2/(gxx)2 ' 273, transverse contributions to the total magnetic scattering can be ne-

glected and the overall magnetic scattering is dominated by longitudinal �uctuations:

d2σ

dΩdE
∝ |F (Q)|2(1− Q̂zQ̂z)(g

zz)2Szz(Q, E) +O
(
(gxx)2

)
+O

(
(gyy)2

)
. (5)

The magnetic polarization factor can be obtained from the angle between the Yb moments

and the a-axis (ϕ = ±23.5◦):

1− Q̂zQ̂z = 1− Q2
ksin

2ϕ

Q2
k +Q2

l

=
Q2
kcos2ϕ+ Q2

l

Q2
k +Q2

l

. (6)

Assuming AFM interactions between nearest-neighbor Yb ions along the c-axis, we can also

obtain the static magnetic structure factor

S(Q) =

∫
S(Q, E) dE = |

∑
i

mie
−iQ·ri|2

= 2|m|2 ·
[
sin2 π(l + 0.12k)

2
+ sin2 π(l − 0.12k)

2

]
, (7)

where mi are the Yb magnetic moments located at positions ri [3]. The Yb atoms form

into a zig-zag chain along the crystal c-axis in the orthorhombic perovskite structure, with

small distortions in a and b directions (Supplementary Fig. 2). The distortion angle along

the a-axis is about ∼ 2.2◦, which is negligible for scattering in the (0KL) plane. The larger

distortion angle ∼ 9.9◦ along the b-aixs introduces an additional wave vector dependence
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Supplementary Figure 5. Experimental magnetic INS spectrum of YbAlO3 in the (0KL) plane.

(a),(d) Constant energy cut integrated over E = [0.1, 0.8] meV, and wave vector H = [−0.2, 0.2]

r.l.u., L = [0.9, 1.1] r.l.u., measured at temperatures 1 K (a), and 0.05 K (d), respectively. The blue

lines are the calculated form factor (|F (Q)|2) only, and the red lines are the product of the calculated

form and polarization factors. (b),(e) Constant energy cut integrated over energy E = [0.1, 0.8]meV,

and wave vector H = [−0.2, 0.2] r.l.u., K = [−0.2, 0.2] r.l.u., measured at temperatures 1 K (d), and

0.05 K (e), respectively. The red lines are the calculated magnetic structure factor. (c),(f) Contour

plots of the INS spectrum in the (0KL) scattering plane, integrated over energy E = [0.1, 0.8] meV,

at temperatures 1 K (c), and 0.05 K (f), respectively.

with l±0.12k in the scattering factor, making the spectral weight around L = 1 more spread

at higher values of wave vector K.

The calculated magnetic form factor (|F (Q)|2), polarization factor (1 − Q̂zQ̂z) and AF

static spin structure factor (S(Q)) are shown in Supplementary Fig. 4a-c. The overall

magnetic scattering factor is plotted in Supplementary Fig. 4d. The calculated wave vector

dependence of the magnetic scattering can be directly compared to the experimental results,

as presented in Supplementary Fig. 5.

The wave vector dependence along the (0K1) direction, measured at temperatures 1 K

and 0.05 K, is shown in Supplementary Fig. 5a,d, respectively. The blue lines are the

calculated form factor (|F (Q)|2), which changes about 10% along the K direction, while

the additional 20% changes are well captured when the polarization factor is included (red

lines). The polarization factor is a constant for K = 0 and the intensity variation along

the (00L) direction is dominated by the spin structure factor S(Q). As shown in Supple-
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Supplementary Figure 6. Comparison of the spin excitation spectra. (a) Experimental INS spectrum

at 1 K (the experimental Néel temperature is TN ≈ 0.88 K). (b) Longitudinal spin structure factor

Szz(Q, E) of model Eq. (2) in the main text, computed by DMRG at T = 0. (c) Longitudinal

spin structure factor Szz(Q, E) of the classical spin model (8) at 0.5 K (the corresponding Néel

temperature is TN ≈ 0.45 K), obtained from the Landau-Lifshitz dynamics (the energy E has been

rescaled by
√
3/2 to account for the size of S = 1/2).

mentary Fig. 5b,e, both the L-dependence below and above the AFM phase transition are

well described by the calculated magnetic structure factor (red lines). The experimental

INS spectrum integrated over E = [0.1, 0.8] meV in the (0KL) scattering plane is shown

in Supplementary Fig. 5c,f, where an overall consistency is observed with the calculated

pattern shown in Supplementary Fig. 4d. This demonstrates that the magnetic scattering

is dominated by longitudinal �uctuations along the local easy-axis of the Yb moments.

Supplementary Note 5: Comparison of paramagnon and two-spinon contin-

uum

In the main text, we have shown that the magnetic excitations of YbAlO3 have a two-

spinon continuum at T = 1 K (Fig. 3a), right above the Néel temperature TN . The spectrum

is consistent with our T = 0 DMRG calculation (Fig. 3c). Furthermore, the broadening of

the experimental data can also be captured by a �nite temperature tDMRG calculation [4].

While everything is consistent with the two-spinon continuum, it is still interesting to

ask if one can obtain the same excitation spectrum from the paramagnon picture. For this

comparison, we use the 3-dimensional version of the e�ective model, with classical spins:

H = J
∑
〈ij〉

Si · Sj + Jinter
∑
〈ij〉′

Szi S
z
j , (8)

where 〈ij〉 denotes the nearest neighbor bonds along the chain, and 〈ij〉′ denotes the nearest

neighbor bonds in between chains. Following the best �t from the main text, we use J =
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Supplementary Figure 7. Energy cuts of the spin excitation spectrum. (a) Energy cut at wave

vector H = [−0.2, 0.2] r.l.u., K = [−1, 1] r.l.u., L = [0.9, 1.1] r.l.u., and L = [0.4, 0.6] r.l.u. at

1.0 K, and the red line is the energy cut of Szz(Q, E) from T = 0 DMRG calculation with zero

staggered �eld Bst = 0. (b) Energy cut at wave vector H = [−0.2, 0.2] r.l.u., K = [−1, 1] r.l.u.,

L = [0.9, 1.1] r.l.u., and L = [0.4, 0.6] r.l.u. at 0.05 K, and the red line is the energy cut of the

T = 0 DMRG calculation with staggered �eld Bst/J = 0.27. In both (a) and (b), the simulated

intensity are scaled by the same factor to match the experimental data (the arti�cial oscillations in

the simulated curve are from the �nite size e�ect). (c) Energy cut at wave vector H = [−0.2, 0.2]

r.l.u., K = [−1, 1] r.l.u., L = [0.9, 1.1] r.l.u., and L = [0.4, 0.6] r.l.u. at 1.0 K, and the red line is

the energy cut of Szz(Q, E) from Landau-Lifshitz spin dynamics at T = 0.5 K. The vertical gray

bar indicates the instrumental resolution, which is much narrower than the experimental spinon

continuum.

0.21 meV, Jinter ≈ Bst

2
≈ 0.028 meV.

To calculate the excitation spectrum of the classical spin model (8), we �rst use Monte-

Carlo simulation with Metropolis update to obtain the spin con�gurations in thermal equi-

librium, on a 6
√

2× 6
√

2× 40 lattice (40 being along the chain direction). After achieving

thermalization from completely disordered spin con�gurations, we time-evolve the spins with

Landau-Lifshitz dynamics, using in total 3× 104 dynamical steps. The longitudinal compo-

nent of structure factor is obtained by Fourier transformation of the spin correlation function

〈Sz(ri, 0)Sz(rj, t)〉, averaged over 32 independent replicas.

Supplementary Figures 6 and 7 show the comparison between the experimental INS

spectrum and theory. While all of them show broad continuum centered aroundQ = (0, 0, 1),

the details are clearly di�erent: away from Q = (0, 0, 1), the DMRG calculation captures

correctly the coherent excitations (Supplementary Fig. 7(a),(b)), while the Landau-Lifshitz

simulation produces di�use-like scattering at low energy (Supplementary Fig. 7(c)), i.e. a
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(a) (b)

Supplementary Figure 8. Quantum critical scaling of YbAlO3. (a) Contour plot of the calculated

deviation from scaling as functions of νz and 2 − ν(d + z), using the magnetization data (see

Fig. 7a-b in the main text). The white dashed lines indicate the global minimum at νz = 1.04 and

2−ν(d+z) = 0.51. (b) Calculated deviations for di�erent scaling parameters around the minimum

position.

simple paramagnon picture does not apply when the temperature is right above TN.

Supplementary Note 6: Quantum critical scaling

The �eld dependence of the magnetization is presented in Fig. 7a in the main text.

Following Ref. 5, we de�ne the deviation from scaling as:

Deviation(ν, z) =
∑
i,j

∑
i′,j′

[
dM

dB
(Ti, Bj)−

dM

dB
(Ti′ , Bj′)]

2. (9)

As shown in Supplementary Fig. 8a, the minimum deviation is reached for

νz = 1.04 (10)

2− ν(d+ z) = 0.51, (11)

which is consistent with a free fermion �xed point: ν = 1/2, z = 2 and d = 1.
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