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クーロン力で相関する電子が生み出す多彩な量子状態が実現
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強相関系の量子臨界点近傍に
非従来型超伝導が発現

多彩な物質群：Cuprate, 
Fe-pnictide, Nickelate…
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物質のトポロジカルな性質は連続的変形の元で保持
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電子の幾何学的な性質に由来した物性が発現

散逸のないトポロジカルな伝導現象

量子ホール効果
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トポロジカル絶縁体

トポロジカル表面状態

強相関系とトポロジーが結びつくことで従来の物性物理学の枠組みを超えたトポロジカルな量子多体現象が発現
強相関トポロジカル系

• 電子が本来持つ自由度が分数化(分裂)したトポロジカルな準粒子励起
• 有限のエンタングルメントエントロピーで特徴付けられるトポロジカル秩序相
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FIG. 1. Crystal structure, resistivity, and specific heat

of UTe2. a, Crystal structure of UTe2. The gray and
green spheres represent U and Te atomos, respectively. b, c,
Structure of the superconducting gap � for Au (b) and Biu

(i = 1, 2, 3) (c) symmetries for spherical Fermi surface (blue
sphere). The B1u, B2u, and B3u states have point nodes (red
points) along c, b, and a axis, respectively. d, Temperature
dependence of resistivity. The inset is an enlarged view for
low temperatures. The residual resistivity ⇢0 is obtained by
a fit to ⇢(T ) with ⇢0 + AT 2 (dashed line). e, H-T phase di-
agram determined by resistivity measurements. The linear
extrapolations to T = 0 yield the upper critical fields µ0Hc2

of ⇠ 12T for H k a and ⇠ 17T for H k c. The inset shows
an enlarged view near Tc.
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where mij ≡ ∂(∆R/R)i/∂!j, and i and j follow the Voigt notation (the val-
ues from 1 to 6 correspond to xx, yy, zz, yz, zx and xy, respectively). 
The nematic susceptibility in the D6h point group corresponds to the 
elastoresistance coefficient m11 − m12 with the E2g symmetry, whereas 
the totally symmetric mode with the A1g symmetry is given by the elas-
toresistance coefficient m11 + m12 − 2νsm13/(1 − νp), where νp = −!yy/!xx 
(νs = −!zz/!xx) is the effective Poisson’s ratio between the x and y (z) direc-
tions (Fig. 3a and Supplementary Fig. 1). We used two independent 
methods, namely, four-probe and modified Montgomery methods38, 
to evaluate the strain-induced changes in resistance (Fig. 3b,c), from 
which we obtained the elastoresistance coefficients with the E2g and 
A1g irreducible representations given by
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respectively. Here the strain ! acts as a field, and the nematic order 
parameter is evaluated by the induced resistance anisotropy (∆R/R).

Figure 3d shows the temperature dependence of the rotational- 
symmetry-breaking E2g component, which corresponds to the even- 
parity nematic susceptibility, in comparison with that of the isotropic 
A1g component. The two methods give consistent results, showing 
sharp anomalies at TCDW, which are related to the resistive kink anomaly 
associated with the CDW transition (Supplementary Information). 
Most importantly, the temperature dependence of the E2g component 
shows no discernible anomaly around T* and no divergent behaviour 
above T* within the noise level of order 1. Here we emphasize that 
although below TCDW, the crystal symmetry changes to D2h due to the 

c-axis stacking of kagome layers35, the present argument under the D6h 
point group can still be valid above TCDW since T* > TCDW.

To gain further insights into the nematic phase transition, we 
investigated the influence of the c-axis component of the field. For 
this purpose, we conically rotated H (µ0∣H∣ = 3 T) as a function of φ 
keeping θ = 60° in the torque magnetometry measurements for sample 
#1 (Fig. 4a). At 120 K, τ(φ, 60°) shows two-fold oscillation, similar to 
τ(φ, 90°). Surprisingly, τ(φ, 60°) below T ≈ 120 K exhibits clear jumps 
as well as hysteresis loops as a function of φ near φ ≈ −30° and φ ≈ 150°. 
Emphasizing the characteristic of torque as a thermodynamic quantity, 
the observable discontinuity in its value, and subsequently, the diver-
gence in its first derivative, directly indicates a first-order phase transi-
tion. What is remarkable is that τ(φ, 60°) exhibits a local minimum at  
φ ≈ 45° at 112 K, whereas it shows a maximum at 120 K, indicating  
that the phase of τ(φ, 60°) between φ ≈ −30° and 150° below T ≈ 120 K 
shifts around 120°–180° from that at higher temperatures. In Fig. 4b, 
H is conically rotated at different θ angles, keeping the in-plane field 
constant (µ0Hab = 2.1 T) at 100 K. The jump suddenly appears when  
θ exceeds 39°, indicating the presence of the threshold field along  
the c axis. Figure 4c depicts the magnitude of the torque jump in 
the angular variation ∆τ (>0 at φ ≈ −30°) (Fig. 4a). The jump appears 
slightly below T* and its magnitude is rapidly enhanced with decreasing  
temperature. Then, the jump height is substantially suppressed by the 
CDW transition. The direction of the jump becomes opposite (∆τ < 0) 
below T ≈ 85 K and disappears below T ≈ 70 K.

Since CsV3Sb5 is a paramagnetic system with no local magnetic 
moments, the angular variation should be a continuous sinusoidal 
curve, as observed in the in-plane field rotation of Ŋ°º

Ţʌ

. The jump  
and hysteresis loop in the angular variation in torque are typically 
observed in ferromagnetic and ferrimagnetic materials. However,  
we can exclude the possibility that the jump and hysteresis loop are 
caused by ferromagnetic impurities. In fact, no jump and hysteresis is 
observed in the in-plane field rotation. In addition, the jump disappears 
at low temperatures below TCDW, demonstrating that the jump is inti-
mately related to the nematic state above TCDW. Moreover, we paid 
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Fig. 4 | Broken time-reversal symmetry and loop current orders.  
a, Magnetic torque τ(φ) of sample #1 in the conically rotated magnetic field of 
∣µ0H∣ = 3 T and θ = 60° as a function of azimuthal angle φ. The arrows indicate the 
sweep directions of the field. Jumps and hysteresis loops are observed at around 
φ = −45° and 135°. The curves are offset for clarity. b, Magnetic torque τ(φ) of 

sample #1 in the conically rotated magnetic field with a fixed in-plane component 
µ0Hab = 2.1 T. The out-of-plane component of the field µ0Hc = 2.10, 1.75, 1.50 
and 1.00 T. The curves are offset for clarity. c, Temperature dependence of the 
amplitude of the jump. The error bars are uncertainty between the up and down 
sweeps. d, Single-q iCDW state. e, Triple-q iCDW state with chirality.
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一次相転移を検出
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結晶格子上で
ループ電流が
流れる秩序状態

銅酸化物高温超伝導体の
擬ギャップ状態で実現？

ループ電流秩序？
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