
subsequently deload all atoms into the jmF ¼ þ1i spin
state while mapping the occupied crystal momentum kx to
free-particle momentum [14]. We image this distribution
after a 13.1 ms TOF, revealing kmin. The Peierls phase,
shown as crosses in Fig. 3(a), is !=" ¼ kmin=kL.

In the sudden method, we test the robustness of the
Peierls phase ! by first adiabatically loading to ! ¼ #"
(the condensate sits at the edge of the Brillouin zone) and
then suddenly changing both!z and!rf [18] to new values
(changing both ! and t). This results in momentum space
oscillations centered at kmin. After a time # we release the
BEC, and measure as above. We fit the crystal momentum
dynamics with kxð#Þ¼kminþ"kxcosð2"#f&þ$Þ, where
"kx is the amplitude, and $ is an overall phase shift whose
average value is 0:9ð1Þ" for these measurements [14].
Figure 3(a) (circles) shows the measured Peierls tunneling
phase as a function of !z.

Measurements from the adiabatic and sudden methods
are in good agreement with each other and their expected
values [Fig. 3(a), dashed curves], highlighting the precise
experimental control offered by our rf-Raman induced
effective Zeeman lattice. This agreement also demon-
strates the robustness of our engineered Hamiltonian to
deliberate variations in !rf of up to 0:25EL, as was antici-
pated by the absence of !rf in the large !R expression for
!. We find that the hopping phase is unaltered by small
changes in !rf even when t changes significantly.

The sloshing amplitude j"kxj is displayed in Fig. 3(b).
For large initial j"kxj (shaded region) we observe the
depletion of BEC atoms and a strong damping of the center
of mass oscillation (evident from the departure of the

oscillation amplitude from the value predicted by single-
particle arguments). Both of these effects are signatures of
an energetic instability in the dynamics of a BEC moving
in a combined harmonic plus periodic potential [19]. The
region of strong damping observed in our system coincides
with the expected range "kx > 0:5kL (shaded gray region)
of this dynamical instability [19]. Figure 3(c) displays the
tunneling amplitude t, obtained from f&. For comparison, a
sinusoidal lattice would require a depth of V0 ' 8EL to
give similar parameters.
Having discussed the behavior of atoms in the lattice’s

lowest band, we now explore the full lattice by suddenly
turning it on, diabatically projecting a ground state BEC
into higher bands. At the beginning of such a pulse, an
ordinary periodic potential would first spatially modulate
the BEC’s phase before the atoms begin to move [20]; our
effective Zeeman lattice induces such a modulation but in a
spin-dependent manner. We focus on the !R ( !rf and
!R ) !rf tight-binding regimes and investigate the spin
and spatial structure of our lattice. Our data extends well
beyond the short-time phase modulation regime.
In the absence of either Raman or rf coupling, there is no

lattice. As indicated in Fig. 4(a), we use two different
methods to introduce our lattice on an initial spatially
uniform state: (i) starting with a rf-dressed state (with
kx ¼ 0), we suddenly (ton < 1 %s) turn on the Raman

(a)

(b)

FIG. 2 (color online). Effective mass. (a) Comparison of the
oscillations of a BEC in the jmF ¼ *1i state to those in a rf-
Raman-dressed BEC [@!R ¼ 12:4ð9Þ EL and @!rf ¼ 2:04ð6Þ
EL]. The curves are fits to a sinusoid from which we obtain
fx ¼ 14:0ð1Þ Hz and f& ¼ 5:3ð1Þ Hz, thus m&=m ¼ 7:0ð3Þ and
t ¼ 0:015ð1ÞEL. (b) Measurements of m&=m as a function of!R

and !rf . The curves depict the expected m&=m ratio.

(a)

(b)

(c)

FIG. 3 (color online). Peierls transformation. (a) Peierls phase
! measured using adiabatic (crosses) and sudden (circles)
changes of !z. Vertical lines denote the first Brillouin zone.
(b) Sloshing amplitude after suddenly changing !z. We ob-
served strong damping of oscillations in the region shaded in
gray. (c) Tunneling amplitude t measured from oscillation fre-
quency. The rf coupling was modulated as a function of !z to
test the robustness of the Peierls phase !. The Raman coupling
was held at @!R ¼ 10:0ð8ÞEL. The dashed curves correspond to
the expected behavior calculated from HrfþR, and the pink bands
arise from the experimental uncertainty in !R.
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