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haplotypes and for categories related to glyco-
sylation among genes with a shared coding SNP
(tables S9 and S14).

Given that viruses frequently use host glycans
to gain entry into host cells and some bacteria imi-
tate host glycans to evade the host immune sys-
tem (33-35), these enrichments suggest that the
targets of balancing selection that we identified
likely evolved in response to pressures exerted
by human and chimpanzee pathogens, mirroring
what is known about other genes under balancing
selection in humans [(/, 17, 18, 36) and ref-
erences therein]. Moreover, the observation that
variation at loci that lie at the interface of host-
pathogen interactions was stably maintained for
millions of years is consistent with the hypothesis
that arms races between hosts and pathogens can
result not only in transient polymorphisms but
also, in the presence of a cost to resistance, to a
stable limit cycle in allele frequencies in the host
4,9, 37).

We found several instances of ancient bal-
ancing selection in humans in addition to the two
previously known cases. Our analysis suggests
that this mode of selection has not only involved
protein changes but also the regulation of genes
involved in the interactions of humans and chim-
panzees with pathogens and points to membrane
glycoproteins as frequent targets. Because we
deliberately focused on the subset of cases of
balancing selection that are the least equivocal—
requiring variation at two or more sites to be
stably maintained in the two species from their
split to the present—we likely missed balanced
polymorphisms with a high mutation rate to new
selected alleles [that is, with high allelic turnover
(38)], in which the ancestral segment has been
too heavily eroded by recombination, as well as
any instance in which balancing selection pres-

sures are more recent than the human-chimpanzee
split. Thus, it seems likely that many more cases
of balancing selection in the human genome re-
main to be found.
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Topology-Driven Magnetic Quantum
Phase Transition in Topological Insulators

Jinsong Zhang,™* Cui-Zu Chang,“?* Peizhe Tang,'* Zuocheng Zhang,* Xiao Feng,? Kang Li,
Li-li Wang,? Xi Chen,” Chaoxing Liu,® Wenhui Duan," Ke He,?t Qi-Kun Xue,™ Xucun Ma,? Yayu Wang™t

The breaking of time reversal symmetry in topological insulators may create previously unknown
quantum effects. We observed a magnetic quantum phase transition in Cr-doped Bi»(Se,Te1.)s
topological insulator films grown by means of molecular beam epitaxy. Across the critical point,

a topological quantum phase transition is revealed through both angle-resolved photoemission
measurements and density functional theory calculations. We present strong evidence that the bulk
band topology is the fundamental driving force for the magnetic quantum phase transition. The
tunable topological and magnetic properties in this system are well suited for realizing the exotic
topological quantum phenomena in magnetic topological insulators.

he metallic surface states of three-dimensional
(3D) topological insulators (TIs) are pro-
tected by time reversal symmetry (TRS)

(1-3). Although breaking the TRS is generally
detrimental to these states, it may also lead to
exotic topological quantum effects. Examples

include image magnetic monopoles (4), a quan-
tized anomalous Hall effect (3, 6), giant magneto-
optical effects (7), and a dissipationless inverse
spin-Galvanic effect (8). A key step for realizing
these previously unknown quantum states is to
tune the magnetic ordering in TIs in a controlled
manner and investigate the interplay between
magnetism and topological order.

With their large bulk gap and a single-surface
Dirac cone, Bi,Te; and Bi,Ses (9—117) are widely
used as hosts for TRS-breaking perturbations. In
Mn-doped Bi,Te; single crystals, magnetization
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measurements demonstrate a ferromagnetic (FM)
state with a Curie temperature (7¢) ofup to 12 K
(12). On the cleaved surface of an Fe-doped Bi,Se;
single crystal, angle-resolved photoemission spec-
troscopy (ARPES) reveals the opening of an
energy gap at the Dirac point (/3). Iron (Fe) atoms
deposited on the surface of a Bi,Sej; single crystal
are found to create odd multiples of Dirac-like
surface states (/4). Scanning tunneling micros-
copy on the surface of magnetically doped TI
crystals demonstrates that breaking TRS can lead
to previously unknown quasiparticle interference
patterns (/5) and strong spatial variations for
the helical surface states (/6).

Most of these previous studies focused on
the effect of magnetism on the topological sur-
face states; however, little is known about how
the magnetic ordering is affected by the topolog-
ical property. Because the Z, bulk topology is
the most fundamental identity of a TI, it probably
also plays a role in determining the phases and
phase transitions in magnetically doped TIs. To
test this conjecture, we fabricated chromium (Cr)—
doped Biy(Se,Te; )5 TI films using molecular
beam epitaxy (/7). By varying the mixing ratio
of Bi,Se; and Bi,Tes, we can actively modify
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the strength of spin-orbit coupling (SOC), which
is essential for the band inversion of TIs. In the
resulting Bi,_,Cry(Se,Te,_y)3 (Fig. 1A), the Cr
dopants substitute Bi sites, and Se/Te atoms are
randomly mixed. All of the films have the same
thickness d = 8 quintuple layers (QLs), so that
they are in the 3D regime with decoupled sur-
faces (18). The Cr content is fixed at y = 0.22
because at this doping level, the density of local
moments is high enough to sustain long-range
magnetic order, and the SOC strength is reduced
to the verge of a topological phase transition (/9).

Magneto transport measurements on the TI
films (Fig. 1B) are made in the presence of an
external magnetic field (/) perpendicular to
the film plane. At the base temperature 7= 1.5 K,
the Hall effect of the 8-QL Bi; 73Crg2,Tes film
(Fig. 1C) shows a hysteretic loop and a nearly
square-shaped positive jump, the hallmarks of
anomalous Hall effect (AHE) in FM conduc-
tors (20). The total 2D Hall resistivity pyy can
be expressed as pyx = RAM(T, H) + RnH, where
M(T, H) is the magnetization and R and Ry are
the anomalous and normal Hall coefficients, re-
spectively. Both the anomalous Hall resistivity
and the coercive force (H,,.;) decrease as 7 rises.
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The Hall traces become fully reversible at 7 >
20 K; thus, the T of this film is around 20 K.
The normal Hall effect at high A has a negative
slope for the entire temperature range (fig. S2),
indicating the existence of electron-type charge
carriers. The magnetoconductivity (MC) curves
taken at 7’ < T show butterfly-shaped hysteresis
at weak H (Fig. 1D), as commonly observed in
FM metals. MC keeps increasing at higher H,
which is indicative of the weak localization (WL)
of charge carriers instead of the weak antilocal-
ization (WAL) in pristine Bi,Te; (21).

The Cr-doped Bi,Se; exhibits a very different
transport behavior. At 7=1.5 K, the Hall trace of
Bi; 78Cro 2>Ses film (Fig. 1E) has a pronounced
negative curvature at weak / but shows no ob-
servable hysteresis, which is consistent with the
field-induced AHE in paramagnetic (PM) ma-
terials without spontaneous magnetization. The
MC curves also show no sign of hysteresis even at
the base temperature (Fig. 1F). MC changes from
positive at low 7 to negative at high 7, which is
consistent with the WL-to-WAL crossover reported
previously (22). The possible existence of in-plane
ferromagnetism in the Bi; 75Cr»,Se; film is ruled
out by magnetization and magneto transport
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Fig. 3. ARPES measurements on Biy 75Cro 2,(Se Teq)s films. (A to F) ARPES

band maps and (G to L) the MDCs taken at 120 K along the K-I'-K direction on
Biy 75Cro.2(Se Teq.)3, withx =0, 0.22, 0.52, 0.67, 0.86 and 1.0. The blue and
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red dashed lines in (A) to (C) indicate the surface states with opposite spin
polarities. In (D) to (F), an energy gap A opens between the bulk valence band
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measurements with A applied along the film
plane (fig. S12).

To uncover the origin of the sharp contrast
between the magneto transport properties of Cr-
doped Bi, Te, and Bi,Ses, we fabricated Cr-doped
Biy(Se,Te;_y)s, an isostructural, isovalent mix-
ture of Bi,Tes and Bi,Ses. The Hall traces are
displayed in Fig. 2, A to E, measured on five
Bi1_7gCr0_22(SexTel,x)3 films with 0.22 <x<
0.86. The three Te-rich samples with x < 0.52
all show a hysteretic response at low 7, reflecting
FM ordering. As the Se content is increased to
x = 0.67, however, the hysteresis disappears,
and the system becomes PM. The sign of the
AHE also reverses to negative right at this doping.
With further increase of x to 0.86, the system re-
mains PM, and the negative AHE becomes more
pronounced. The FM-to-PM phase transition can
also be seen in the MC curves (fig. S4) (17).

The Hall curves of all the Bi; 75Crg»2(Se Te)s
films measured at 7= 1.5 K are summarized in
Fig. 2F, revealing a highly systematic evolution
of H.oer and the intercept Hall resistivity pyx0
(fig. S6A). Because the magnetism of the system
can be characterized by the AHE, we can con-

struct a magnetic phase diagram by plotting the
pyx0 values of each sample and at each 7' (Fig. 2G).
At the base temperature, the phase diagram is
separated into two distinct regimes: an FM phase
with positive pyx0 and a PM phase with negative
pyXO. Because the transition between the two
magnetic phases occurs at the ground state, it is
a quantum phase transition (QPT) driven by the
change of chemical composition. The quantum
critical point (QCP) x. ~ 0.63 can be estimated
from the interpolated x value when pyxo changes
sign (fig. S6B). The solid symbols in Fig. 2G
indicate the T of each sample determined by the
temperature when H,,., becomes zero.

ARPES measurements on Bi; 75Cro 20(SeTey )3
uncover a surprising feature. The ARPES band
maps displayed in Fig. 3A were taken at 7= 120 K,
when all the samples are in the PM state. The
Fermi level of all the samples lies above the Dirac
point, which is consistent with the negative slope
of the normal Hall effect. The three samples
with x < 0.52 show well-defined gapless surface
states with linear dispersions. The surface-state
features can be better identified by the dual-peak
structures around the I” point in the momentum

REPORTS I

distribution curves (MDCs) (Fig. 3, Gto I). As x
is increased to x = 0.67 (Fig. 3D), however, the
surface state features can no longer be resolved,
and a small energy gap starts to appear at the I"
point of the band structure. With further increase
of x up to x = 1, the surface states are always
absent, whereas the gap amplitude keeps in-
creasing. Because the surface states derive from
the nontrivial bulk topology, their absence for
x > 0.67 suggests that the bulk band structure
in this regime is topologically trivial. Therefore,
the ARPES results reveal a topological QPT, a
transition from the TI to trivial band insulator,
accompanying the magnetic QPT. The ARPES
patterns are very similar to that in BiTI(S;_5Ses)»
TIs, showing the topological QPT induced by S
substitution of Se (23, 24).

The topological QPT is also corroborated
through density functional theory (DFT) calcu-
lations (/7). The signature of a topological QPT
in the bulk band structure, a gap closing point
at the critical SOC strength, can be seen clearly
in the DFT results on Cr-doped Bi,Se; (fig. S7).
The topological QPT is caused by the reduced
SOC strength resulting from the Cr substitution
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Fig. 4. Theoretical calculations of the band structure and magnetic properties.
DFT-calculated bulk band structure of Bi; 75Crg.»5(Se,Te.)s, with (A) x = 0, (B)
0.58, (€) 0.67, (D) 0.72, and (E) 1.0. (F) The topological phase diagram.
Between x = 0.5 and critical point x. = 0.66, the bulk band structure is inverted.

Above that, the band structure becomes normal. (G) The calculated spin
susceptibility of the four-band model for different y and M. (H) Anomalous Hall
conductivity 6,y as a function of Mo with G,; = 0 and G, = 0.02 eV at fixed u =
0.4 eV showing the sign reversal of o, across the topological QPT.
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of Bi. At sufficiently high Cr doping, the SOC
is not strong enough to invert the bands, leading
to a trivial bulk topology (/9). In contrast, for
Cr-doped Bi,Te; our DFT calculations show
that the bulk band remains inverted for Cr con-
tent up to y = 0.25 (figs. S8 and S9). The more
robust band inversion is a result of the larger SOC
strength of Te as compared with Se. The calcu-
lated band structures of Bi; 75Crg25(SexTe; )
with varied x (Fig. 4, A to E) show a transition
from inverted to normal bands caused by the re-
duced SOC strength with increasing Se/Te ratio.
The calculated bulk gap at the T" point is sum-
marized in Fig. 4F, which clearly shows a topo-
logical QPT near x ~ 0.66, which is in agreement
with the experiments.

With the correlation between the magnetic
and topological QPTs firmly established, we turned
to a more fundamental question: Which phase
transition is the driving force, and which one is
the consequence? Two pieces of evidence support
the scenario that topology determines the mag-
netic ordering. First, in our Bi 75Cro2(SexTe14)s
samples the Cr content is fixed, and only the
Se/Te ratio is varied. This provides a knob for fine-
tuning the SOC strength—hence, the bulk band
topology—but the magnetic property is not directly
affected. Therefore, the magnetic QPT should be a
secondary effect of the topological QPT. Second,
the ARPES results show that even at high 7 when
all the samples are in the PM state, the two regimes
separated by the QCP already develop different
topologies. At low 7, the magnetic ground states
form following the preformed topological charac-
ter, with the FM phase resulting from the nontrivial
topology and transitioning to the PM phase when
the bulk turns topologically trivial.

The topological origin of the magnetic QPT
is further supported by the effective model cal-
culations (/7). We calculated the z-direction
spin susceptibility (y,,) of eight QL magneti-
cally doped TI films using an effective four-band
model (Fig. 4G) as a function of the chemical
potential (i) and the mass term (Mp). In the in-
verted regime with M, <0, ¥, always remains a
large value when p is around the gap, as a con-
sequence of the van Vleck mechanism (5); the
second-order matrix element is strongly enhanced
when the bulk bands become inverted. The topo-
logically nontrivial phase thus strongly favors
an FM ordering, which naturally explains the
topology-driven magnetic QPT discovered in the
experiments. The van Vleck mechanism is fur-
ther supported by the magnetization measurements
(fig. S10), which show that the ferromagnetism
occurs in the bulk rather than on the surfaces
(25, 26). The out-of-plane magnetic anisotropy
(fig. S11) is also consistent with the van Vleck—
type FM order in TIs (5).

To reveal the physical origin of the AHE sign
change at the QCP, we calculated o, based on
the four-band model, with two additional Zeeman
splitting terms, G,; and G, from the exchange
coupling between the electrons and magnetic im-
purities (/7). The oy, value is summarized in

Fig. 4H as a function of M with fixed chemical
potential, which clearly uncovers a sign change
when the band gap is reversed, which is in good
agreement with the experimental observation. The
close correlation between the sign of AHE and
topological QPT suggests that it can be used as
a transport fingerprint for the bulk topology. This
is not unexpected given the growing recognition
of'the topological nature of the intrinsic AHE in
recent years (27, 28). The extrinsic AHE, which
may be present in realistic materials, is ignored
here because it typically dominates in highly me-
tallic materials, whereas the disordered TI films
studied here are poorly conductive (20).

The topologically nontrivial FM states with
tunable magnetic properties revealed here provide
an ideal platform for realizing the exotic magne-
toelectric effects proposed by theory. The topology-
driven magnetic QPT may also inspire new ideas
for topological-magnetic phenomena and spintronic
applications in TIs with broken TRS. We cannot
completely rule out all other possibilities for
the disappearance of FM ordering across the
topological QPT. For example, the ARPES re-
sults (Fig. 3) show that the properties of itinerant
carriers also change with Se content, which may
affect an itinerant-driven FM mechanism.
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Ultrafast Tryptophan-to-Heme
Electron Transfer in Myoglobins
Revealed by UV 2D Spectroscopy

Cristina Consani,™* Gerald Aubéck,™* Frank van Mourik,* Majed Chergui®t

Tryptophan is commonly used to study protein structure and dynamics, such as protein folding, as a
donor in fluorescence resonant energy transfer (FRET) studies. By using ultra-broadband ultrafast
two-dimensional (2D) spectroscopy in the ultraviolet (UV) and transient absorption in the visible range,
we have disentangled the excited state decay pathways of the tryptophan amino acid residues in

ferric myoglobins (MbCN and metMb). Whereas the more distant tryptophan (Trp’) relaxes by energy
transfer to the heme, Trp™* excitation predominantly decays by electron transfer to the heme. The excited
Trp™*~heme electron transfer occurs in <40 picoseconds with a quantum yield of more than 60%,
over an edge-to-edge distance below ~10 angstroms, outcompeting the FRET process. Our results raise
the question of whether such electron transfer pathways occur in a larger class of proteins.

sional spectroscopies has opened entirely

new perspectives for the study of bio-
chemical dynamics, thanks to their abilities to
visualize correlations and interactions between
chromophores of the protein (/). This is particu-
larly interesting when it comes to finding the path-
ways of electron and/or energy transfer in proteins,
which are key processes in bioenergetics. Whereas

The advent of optical-domain multidimen-

vibrational multidimensional spectroscopy in the
infrared (IR), which detects the couplings between
vibrational dipoles, was established in the early
1990s, it was only in mid-2000 that the first study
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Fédérale de Lausanne, CH-1015 Lausanne, Switzerland.
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