Tight-binding Hamiltonian

First, we introduce the tight-binding Hamiltonian we use to describe Gamma valley twisted TMD here following ‘I valley
transition metal dichalcogenide moire bands’.
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After Fourier transformation for moire potential,
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Here, parameter 6 = 1.2°,V; = 33.5,V, =4,V; =5.5,m* = 0.87m,,a, = 0.318nm g;? are reciprocal lattice vector
linking the ‘s’ nearest shell like below

We choose cut-off of G points from Gamma point as below
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After diagonalization, we plot up-most 9 bands as the picture shown in MacDonald’s paper
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Flat band Hamiltonian with Coulomb interaction at half filling

Next, we project Coulomb interaction on top-most two bands and assume flat band limit at half filling. The Hamiltonian



now is
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Here Ay n(k,k +q + G) = X u:n,(;/(k)un,a'(k +q + G), u, ¢ (k + q + G) is the eigenvector of band n at momentum

V(q+G)~ 6 4mtanh(q-d)

C YN aan here we take 8 = 1.2,¢, = 1,d = 2a,, for computation for now. Again, we

pointk +q + G.

make a cut-off for momentum transfer g + G as the yellow points below (take 6 X 6 momentum points as an example)
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Ground states, Single-particle excitations and correlations

Here we introduce how we get ground states, single-particle excitations and correlations by noticing SU(2) symmetry for
spin. First, one notice spin-polarize (SP) is one of degenerated ground states for this positive semidefinite Hamiltonian since

Amm(k, k) = 1and pgiq|pFEt) = 0. Then we can define a raising operator AT = ¥, c,l‘_m_sck,m,_s, one can easily check

[Pg+6,AT] = 050 that [H,, AT] = 0 and (A1) |yF¥4) is also a ground state. Since here n = 0,1,2, ..., 2N, there are 2N + 1

degenerate ground states because of spin SU(2).

One can see the energy for exciting a particle with spin s on state [pF4!) is equal to the energy for exciting a particle from
empty, which can be achieved by diagonalizing H; in single-particle basis
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Then one finds one single-particle excitation state from |1pF%!) with excitation energy & ; is c,J{,LSh/)f’;”), HICZILSIIIJE?” =
Sk.1CZ,1,s|¢f?”)- And single-particle excitation from (Af)nwf’;”) will have the same excitation energy & ; since

Hycl, (A1) [Pty = (A1) Hyel | [Py = e 1l (A1) [ipF4th). Plot single-particle excitation (SE) for 6 x 6

momentum points as an example
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Single-particle correlations (or single-particle Green’s functions) can also be achieved by normalizing all ground states and
single-particle states. First, (yFu[ypFully = 1 so that [pF4!) is already normalized. Since [A, AT] = Zk,m(C;r,m,_ka,m,—s -

n!(2N)!

Clj,m,sck,m,s) = N_s - N, <¢fgll|An(AT)n|¢flsL”) =n(2N —n+ DI |An_1(AT)n_1| PEulty = (2N—-n)!

. Then we define

normalized ground states [1h,) = | (A1)" [ypFult). For normalizing ¢, (A1)" [Py, one notice Ac] | ([ipFully = 0
n!(2N)! k1,s k,1,s
n _ n—1 12N-1)!
s0 that (YFel o1 A" (AT) ¢ | ([F¥) = n(2N — n) (Ut |ck,1_sAn HAT)T el | WEE) = G We define

normalized single-particle excitation states |1, 1) = /(5,12121\]1 3 . 15(AT) |ypFully = Zfﬁn C]l-,lelpn)- At the same time,
n n n

one can compute (W (A", ooy s (A1) [WIE) = I Am(AY)"[WESH) — (I ey 587 (A1) el S| 1Y) =

n!(2N)! _ n!(2N-1)! _ n!(2N-1)! n (2N-1-n)!(2N—-n) \ ) Fully _

(2N-n)!  (2N-1-n)! (2N—1—n)!(2N— ) s0 that we can define [y, ;.- 1> \/ nl(2N-1)In k'l-S(A ) Yp=s7) =

2N . . . . ..
f; Cr1,5|¥n). Now we are ready to write down single-particle correlations at low temperature limit
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With the same spirit, Gy, () = %e‘”k'z + %e‘(ﬁ ~Dekz,

Order parameter, continuous exciton excitations

For 2D system, we know SU(2) symmetry cannot spontaneously break so that there should be no magnetism. But magnet
susceptibility is allowed. According to SU(2) symmetry, we define ‘order parameters’ Oy 4, 0, 4 as below
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We discuss this part according to g = 0 and g # 0 two cases.

When g = 0, one can check [0y, pg+¢] = [020, Pg+c] = 050 that [0, H;] = [0,,, H;] = 0. By noticing commutation

relation [0, At] = —0,, = N_ — N, we can normalize state 0,.o(A")" |¢fg”) =n(2N-n+1) (AT)n_ll Phully 4

(A*)n+1|1pf’;”). That will be 0, o|1,) = VRN —n + D|h,_1) +/(n + 1) (2N — n)|¢h,.4,). Combine all results above,

we can see the excitation defined by 0, , at low temperature limit should be
<0x,0(T)0x,0(0)) = <0x,0(0)0x,0(0))
Tr(e PH0,05,)
- Tr(e—AH)
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At the same time, (0,,(7)0,,(0)) at low temperature limit can also be easily calculated
(OZ,O(T)OZ,O(O)) = (02,0(0)02,0(0))
3 Tr(e_ﬁHOZIO 0210)
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One can see (0, o(7)0,,,(0)) = (0,,(7)0,,(0)) and both do not decay with 7, which should be a natural result from SU(2)
symmetry.

When g # 0, one can check [0, 4, H;| # 0,[0,,, H;] # 0 generally, so that (0, ,(t) 0, 4(0)) and (0, ,(1)0,,,(0)) will
decay with t (But it seems it is not the case in this single band model, maybe one need a better tight-binding model).
Anyway, the steps below are general and can be applied when there is a better model. First, one can see for p # 0,

Full| an ~T t N\, Fully ;
(WFut|A T A (AY)"|pEety = 8y, k,6m,m, On, n, A, Which means

n . . .
c):_ml_sl Chipnys, (A7) [WE¥!) can form a group of orthogonal basis. Of course, one can derive Green’s function by

computing A here like what we have done in single-particle case, we will not discuss this part since there should be lots of
exponential components at a single momentum p for O, , or 0, , generally (Again, not the case here where [Ox,q, H,] ~
0,[0,4, H;| ~ 0 because of A, (k + p, k +p + q + G) = Ay (k, k + q + G)). By computing

[HI' Clj,ml,sck+p,n1.—s] (AT)n |1/)1_~"§¢ll

= Z V(g +G) Z[/’ln,m(k, k+q+ G A, (e + G + G, K)C], Corpmo s

q+G#0 mn

— 2 nktpk+p+q+G)Apm, (k+q+G, k)C11-+q,m,ka+q+p,n,—s

+ Ak + D + g+ Gk + P Ay n(k + Pk +p +q +6)cf 1 Crrpmos] (A7) [pFEL)

one can diagonalize and derive exciton excitations with different momentum p
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Here the blue line represents the lowest 10 c,limllslckﬂ,,nl,s2 excitations with momentum p and red line represents single-

particle excitations with momentum p. Zoom in for observing the lowest two excitations, one will see figure below
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Contrast with TBG at chiral limit with neutral filling below, one can see different p all have almost zero-energy excitations.
This result comes from A,, ,(k +p, k +p + q + G) = Ay, (k, k + q + G), which is the result we only fold one band to
form moire flat band and wavefunctions of this band are very similar at little moire dispersion region.
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