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Fig. 1. Sketch of the hopping term of the Hamiltonian.
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Fig. 2. (a) Singularities in derivative of ground state energy

indicate phase transitions. Data is from ¢1/K =1,
to/K = 0.3; (b) phase diagram for non-interacting case;
(c1)—(c3) the current pattern used to distinguish the
3 phases. Direction and thickness of an arrow indicate the
direction and strength of the current on the plotted bond.
The strengths are normalized by the strongest local current.
The sizes of the points indicate the density strengths and
are normalized by the largest density. The current patterns
are from ED calculations for ¢/m=0.1, 0.6, 0.9 when
tl/K: 1, tQ/K:0.3.
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Fig. 3. (a) Nearest overlaps from ED calculations. Data is
from t1/K =1,t2/K =0.3; (b) when t1/K =1, as t2/K
decays, the overlap with t1/K =t2/K =1 state decays
from 1 smoothly; (c) generally all local currents in the sys-
tem reverse sign in ¢ = m. The staggered hopping makes
the process the first order phase transition. Data is from
t1/K =1.
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Fig. 4. (a) Phase diagram for HCB when t1/K =1, to/K = 0.3, n = N/(2L); (b) VN entropy and the corresponding fitted central
charge for three phases in the phase diagram above. ¢/n = 0.3,0.64,0.8 are from horizontal current, vortex and vertical current
phase respectively. The points are VN entropy data in PBC finite system. Solid lines and central charge are fitted from formula(7).
The staggered hopping has made the VN entropy also staggered. Data is from L =64, N = 12; (c) horizontal current phase to
vertical current phase transition for L = 64, N = 25. The average horizontal current and average vertical current will swap their
strong and weak relations in the transition point. In order to reduce the boundary effect in average currents, we used the L/2part in
the middle of the ladder; (d) horizontal current to vortex and vortex to vertical current phase transition. The nearest overlap shows
that in horizontal and vertical current phases the ground state changes smoothly, and numerically oscillates in the vortex phase.

Data is from N = 4.

n = 0.5 Mott 4§ [ f£7E Mott-Meissner #HF1 Mott- WX L T RE R R 0, Mott X E 0. ¥ A R~
TABHER. (B EEBRIT I Mott 255 2 AH AR AT DMRG 75 1| () i 1oy GE R 7 230 7 2240 R 3 2
ti/K =1, ty/K =03/ E ' n =025 Mott £k I WL HLffREBR A P, Bl n = 0.253HFT, RGTE 1, to
AL IR BEAR, R ST IR TR], 3k 4528 [ HUAF ZERRIN A Mott AH, t1, t2 22 5l /NI R MR AR, 22
FE— A, AR 0, WA B S Si Ak FEBRAT AR5 BT MR Mott FUFHAS (18] 5(a)).
ML ) T 28 FAR AR5 AR &, 3X A4 Mott M AN 43 A BT AR P 7 RE BB, X FITCAH BV R BE
L AR, LS DR T A5 AN 0 A 728 1 A g T T HFRERR A9 22 00 2 — B Ay 181, A5 2 R e AT 2 T AR
FE AT (] 5(c)), 13Xt A4 BT ik i i 271 (3) U R 2 Yok w iy (B 5(b)).
XORTE], A A PR ¢, 60 1Y 22, ISR 4% AR RUAFTE T A BRIT 55 A IX 38k, TS A R 1
Mott ZeJ2 Uifay 34 2] BRIE I A 3k e 11 g, MZ SRt /K =1, ty/K = 030, &5

BEAR RS R (SF)-Mott AHAZ, F5 55| A VAR e, S I DX s | AR [l L —
Wy B LR AE PR A (chargegap), FiL AT REBR 2 R 4¢ RS 23 B8, (EAE Mott [X & R AFEAEAZS (4N
PR O T I BE R 1T, U -Mott AH AR & 5(c)), FrLA% Mott [X 3% LEH1 5T HIFR i Mott-
AEFH L7 AEBRE A5 A 0 JBI/R. ZEIIT2ANR T, #8 BI5IH.
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Fig. 5. (a) Phase diagram for n =0.25 filling when
t1/K = 1; (b) the homogenous phase and vortex phase are
distinguished from the inhomogeneity of densities and cur-
rents. Data is from ¢1/K =1, t2/K =0.9; (c) the
n = 0.25 Mott line for ¢1 /K =1, to/K = 0.3. The average
vertical current surpasses the average horizontal current
smoothly, during the process the current patterns have per-

fect periodicity of 2 and the density is homogenous.
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BT, L = 64—100, /K = 1

Table 1.  PBC central charges (¢) are accurately
checked in several points in typical regions. The ta-
ble has listed the points' position in the phase dia-
gram, the judged charge gap and current phase pro-

perties, and the corresponding central charge evidence,
L =64-100, {,/K = 1.

(t2/K, ¢/m) Region in phase diagram c
(0.9000, 0.1000) A = 0, not vortex 1.00
(0.9000, 0.8000) A =0, vortex 2.00
(0.8500, 0.5000) A > 0, not vortex 0.01
(0.8500, 0.6125) A > 0, vortex 0.98
(0.8000, 0.9750) A =0, not vortex 1.02
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Abstract

Hofstadter ladder describes a Boson ladder under a uniform magnetic field and supports nontrivial energy
band and fractional quantum Hall states. Staggered hopping is illuminated from the SSH model and proved to
have non-trivial effects on current phases. We introduce staggered hopping on Hofstadter ladder to study the
novel current phases. Exact diagonalization (ED) and density matrix renormalization group (DMRG) methods
have been employed to study the current phases of the ladder in noninteraction and strong interaction (hard
core boson) cases. By observing energy singularities and the new flux patterns when increasing the staggered
hopping strength, we extend Meissner and vortex phase to horizontal current phase, vertical current phase and
vortex phase. The horizontal current phase has stronger chiral currents in horizontal direction, which is the long
direction of the ladder. The vertical current phase has stronger chiral currents in vertical direction. The above
two phases do not break translational invariance while the vortex phase does. The current patterns of horizontal
current phase are proved to be continuously deformed form the Meissner phase, and the vortex phase has
similar signatures. The vertical current phase is only visible when the hopping is staggered. These phases
generally exist in noninteraction regimes and interacting superfluid regimes. We have defined new quantities
(i.e. current inhomogeneity and nearest overlap) to characterize different quantum phases. In noninteraction
case, the horizontal current phase go through the vortex phase to enter the vertical current phase by second
order phase transitions, but in strong interaction case such a change can be directly made in a first order phase
transition. The direct transition is made in higher fillings with almost identical flux. Surprisingly, the three
phases turn into only two phases in Mott regimes, and the phase transition between the horizontal current
phase and the vertical current phase has disappeared. We call the new phase as Mott-homogenous phase. The
staggered hopping has exotic effects in strong interaction case. For n = 0.25 filling, the staggered hopping
shrinks the region of vortex phases and produces Mott-SF transition. When the staggered hopping is weak, the
system achieves Mott-SF transition just by varying the flux. This research can enrich current phases in lattice

systems and illuminate further studies on chiral currents.

Keywords: quantum phase transition, numerical simulation, Hofstadter ladder, chiral current
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