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Quantum Monte-Carlo study on quantum spin ice under the magnetic field
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Frustrated quantum magnets provide an

１．

intriguing laboratory for realizing novel states of
condensed matter. In particular, quantum spin

on quantum spin ice under the [111] magnetic
field have been called for.
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indeed evidenced by our previous unbiased
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ice with a 2/3 magnetization plateau. An increase

We have adopted a quantum Monte-Carlo

in the field induces a direct discontinuous

method with a modified directed loop algorithm

transition to a fully polarized state through a
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We have computed a [111] magnetization

𝑚 = ∑𝑟∈𝑇𝑅 𝑐r 𝑆𝑟𝑧 and an ionized monopole charge
𝛿𝑄 = |∑𝑟∈𝑇𝑅 𝑆𝑟𝑧 | per each tetrahedron as well as
two components of the transverse spin stiffness,
which is equivalent to one fourth of the monopole

Fig.1:
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normal and parallel to the [111] field direction.

tetrahedral. It contains alternately stacked

The results for 𝐽⊥ ⁄𝐽 = −0.15 are shown in Fig.2.
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and
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layers along a [111] direction (arrow).

value of temperature T, 𝑚 arises from 0 with a
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finite slope, while both ρ(111) and ρ[111] steeply
decay to zero, pointing that the monopole
superfluid at the zero magnetic field dies out
quickly. Further increasing 𝐵 up to 𝐵1 ~0.4𝐽, 𝑚
increases up to 2/3 and is pinned at the 2/3
plateau up to 𝐵2 ~1.4𝐽. In these low-field ranges,
monopoles are prevented from living on a longtime scale, so 𝛿𝑄 = 0, as in kagome spin ice. With
further increasing 𝐵 above 𝐵2 , 𝑚 restarts
increasing from 2/3 and simultaneously, 𝛿𝑄 ,
ρ(111) , and ρ[111] also start increasing from zero.
This defines a monopole supersolid showing a
partial ionization

0 < 𝛿𝑄 < 1 of monopoles and

a long-range transverse spin order. The spin
stiffness is strongly anisotropic with ρ(111) being
an order of magnitude larger than ρ[111] ,
indicating that the transverse spin order is
triggered by correlations within kagome layers.
A further increase in 𝐵 drives a phase transition
to the inonic monopole insulator with ρ(111) =
ρ[111] = 0 . It has also been found that with
increasing 𝐽⊥ ⁄𝐽 , 𝐵1 and 𝐵3 increase while 𝐵2
decreases.
４．

Our

extensive

quantum

Monte-Carlo

simulations have uncovered the global phase
diagram of a minimal quantum spin ice model in
the space of 𝐽⊥ ⁄𝐽 , 𝑇 , and 𝐵 . Two-step
discontinuous transitions from pyrochlore spin
ice through kagome spin ice to the fully polarized
3-in, 1-out state in classical spin ice under the
[111] magnetic field is replaced with successive
transitions from a U(1) quantum spin liquid
though a quantum variant of kagome spin ice
showing the 2/3 magnetization plateau state to
the monopole supersolid, and then to the fully

Fig.2: Quantum Monte-Carlo results on 𝑚,

polarized state in the case of quantum spin ice.

𝛿𝑄 , ρ(111) , and ρ[111] for 4×103 spins and

The nature of the kagome spin ice plateau state
is studied in another project Q16210.
５．

We request a renewal of the project in the

FY2016, to complete calculations beyond 𝐽⊥ ⁄𝐽 =
−0.15 probably up to 𝐽⊥ ⁄𝐽 ~ − 0.5 to observe
that the kagome spin ice plateau shrinks. It is

𝐽⊥ ⁄𝐽 = −0.15.
also crucial to perform 𝑇 = 0 calculations in
order to directly tackle the topological properties
of the U(1) quantum spin liquid ground state and
the kagome plateau state.
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[Oral presentation at an international symposium]
Shigeki Onoda, “Resolving controversies on quantum spin ice: Yb2Ti2O7 and Tb2Ti2O7”, International
Conference on Highly Frustrated Magnetism 2016 (Taipei, Taiwan, September 7, 2016).
Troels Arnfred Bojesen and Shigeki Onoda, “Quantum spin ice under a [111] magnetic field: from
pyrochlore to kagome”, 2017 American Physical Society March Meeting (New Orleans, USA, March 15,
2017).

