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ABSTRACT: To date, the quantum anomalous Hall effect has
been realized in chromium (Cr)- and/or vanadium(V)-doped
topological insulator (Bi,Sb),Te; thin films. In this work, we use
molecular beam epitaxy to synthesize both V- and Cr-doped Bi,Te;
thin films with controlled dopant concentration. By performing
magneto-transport measurements, we find that both systems show
an unusual yet similar ferromagnetic response with respect to
magnetic dopant concentration; specifically the Curie temperature
does not increase monotonically but shows a local maximum at a
critical dopant concentration. We attribute this unusual ferromag-
netic response observed in Cr/V-doped Bi,Te; thin films to the
dopant-concentration-induced magnetic exchange interaction,
which displays evolution from van Vleck-type ferromagnetism in
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a nontrivial magnetic topological insulator to Ruderman—Kittel—Kasuya—Yosida (RKKY)-type ferromagnetism in a trivial diluted
magnetic semiconductor. Our work provides insights into the ferromagnetic properties of magnetically doped topological insulator
thin films and facilitates the pursuit of high-temperature quantum anomalous Hall effect.
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he quantum anomalous Hall (QAH) effect is a

topological quantum state with quantized Hall resistance
and zero longitudinal resistance in the absence of external
magnetic fields.' > The dissipationless chiral edge states of the
QAH insulators provide us with a unique opportunity to
develop next-generation electronics, spintronics, and topo-
logical quantum computations with low energy consump-
tion.””® To realize a QAH insulator, the material system must
possess both band topology and magnetism.” The most
convenient approach for achieving these two essential
ingredients is doping magnetic ions into a topological insulator
(TD).">"" In magnetically doped TIs, the exchange interaction
mechanism is analogous to that in conventional diluted
magnetic semiconductors.'>"? Through this approach, the
QAH effect has been realized to date in two magnetically
doped TI systems, i.e., Cr- and/or V-doped (Bi,Sb),Te; (refs
1, 10, 11, 14—16). In these two systems, Cr and V atoms are
magnetic impurities that substitute the Bi/Sb sites!” (Figure
1a). The formation of the ferromagnetic order breaks time-
reversal symmetry and opens a magnetic exchange gap at the
Dirac point of the TI. When the Fermi level is tuned into the
magnetic exchange gap, the magnetic TI becomes a QAH
insulator. To date, the critical temperature of the QAH state
observed in these magnetically doped TI films/heterostruc-
tures is still limited to ~10 K (refs 1, 14, 18). Here the critical
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temperature of the QAH state is defined as that at which the
ratio between the Hall and longitudinal resistances at zero
magnetic field is greater than 1 (ref 1). Studies of the
ferromagnetic response in Cr- and/or V-doped Bi,Te; as a
function of the dopant concentration can help us understand
the magnetic exchange interactions and thus facilitate the
exploration of higher temperature QAH insulators.

Two common magnetic exchange interactions have been
proposed to be responsible for the formation of the
ferromagnetic order in magnetically doped TIs. One is the
van Vleck-type exchange interaction, which originates from the
nonzero matrix elements of the spin operators between the
bulk conduction and valence bands.”'® The local magnetic
moments are coupled without the assistance of itinerant
carriers (Figure 1b). The van Vleck-type exchange interaction
relies on the strength of spin—orbit coupling (SOC) and is
usually significantly enhanced by the appearance of an inverted
band structure in a material. The van Vleck-type exchange
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Figure 1. Two types of exchange interaction in magnetically doped TI films. (a) Schematic atomic structure of the Cr- or V-doped (Bi,Sb),Te,
with the QAH state. Cr/V substitutes for the Bi/Sb sites. (b) van Vleck-type magnetic exchange interaction. van Vleck-type ferromagnetism is
induced by the mixing of the bulk conduction and valence bands and thus can be significantly enhanced in a system with inverted band structure. It
is usually insensitive to itinerant carriers. (c) RKKY-type magnetic exchange interaction. In RKKY-type ferromagnetism, local magnetic moments
are coupled through itinerant carriers. (d—f) ARPES band maps of 10 QL Bi,Te; (d), (Bi,_,V,),Te; (x = 0.05) (e), and (Bil,yCry)zTe3 (y =0.07)
(f). All these samples were grown on bilayer graphene-terminated 6H-SiC(0001) substrates. All ARPES measurements were performed at room
temperature. The chemical potential of Bi,Te; films moves toward the Dirac point, indicating that hole-type carriers are introduced by doping Cr/
V.
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Figure 2. Transport results of 10 QL (Bi;_,V,),Te; films with different V dopant concentration x. (a—g) Temperature dependence of the
longitudinal resistance p,, of 10 QL (Bi,_,V,),Te; films: (a) x = 0.02; (b) x = 0.07; (c) x = 0.09; (d) x = 0.11; (e) x = 0.13; (f) x = 0.18; (g) x =
0.23. The hump features marked by arrows indicate the Curie temperature, T¢. (h—n) Temperature dependence of the zero magnetic field Hall
resistance p,,(0) of 10 QL (Bi,_,V,),Te; films: (h) x = 0.02; (i) x = 0.07; (j) x = 0.09; (k) x = 0.11; (I) = 0.13; (m) x = 0.18; (n) x = 0.23. The
arrows indicate the critical temperatures at which pyx(O) is vanishing.

interaction is thought to be a prerequisite for the realization of ferromagnetic order can be altered by tuning the carrier
the QAH effect in magnetically doped T1s (refs 1, S, 10, 11, 15, density and/or electric field.”**

16). In addition, since the magnetically doped TI is also a In this work, we use molecular beam epitaxy (MBE) to
special kind of diluted magnetic semiconductor, its ferromag- synthesize V- and Cr-doped Bi, Te; films with different dopant

concentrations and perform in situ angle-resolved photo-
emission spectroscopy (ARPES) and ex situ electrical transport
measurements on these films. ARPES results show that the V/
Cr doping introduces hole carriers in Bi,Te; films and moves
their chemical potential toward the charge-neutral point.
Transport results show that the Curie temperature of V/Cr-
doped Bi,Te; films does not increase monotonically and shows

netic response can also be mediated through itinerant carriers
by the Ruderman—Kittel-Kasuya—Yosida (RKKY) exchange
interaction (Figure lc)."”" In particular, when the magnetic
dopant concentration is high, the SOC of a magnetically doped
TI will be greatly reduced."**™** This will make the inverted
band structure fade away, and the RKKY-type ferromagnetism

will take over in magnetically doped TIs (refs 1, 6). In most a local maximum at a critical dopant concentration. Since the
conventional diluted magnetic semiconductors, the Curie Cr/V doping also reduces the SOC of Bi,Te;, prior studies
temperature shows a monotonic increase with dopant have demonstrated that heavy Cr/V doping can drive it from a
concentration.'”'® For a fixed dopant concentration, the nontrivial T1 to a trivial semiconductor."*°~%* We attribute the
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Figure 3. Transport results of 6 QL (Bil_},Cry)zTe3 films with different Cr dopant concentration y. (a—g) Temperature dependence of p},x(O) of 6
QL (Bil,yCry)zTe3 films: (a) y = 0.05; (b) y = 0.07; (c) y = 0.10; (d) y = 0.12; (&) y = 0.14; (f) y = 0.17; (g) y = 0.22. The arrows indicate the

critical temperatures at which p,,(0) vanishes.

unusual ferromagnetic response observed in Cr/V-doped
Bi,Te; thin films to an evolution of the dopant-concen-
tration-induced magnetic exchange interaction, i.e., from the
van Vleck-type ferromagnetism in a nontrivial TI that crosses
over to the RKKY-type ferromagnetism in a trivial diluted
magnetic semiconductor.

All (Bi;_,V,),Te; (0 < x <0.23) and (Bi;_,Cr,),Te; (0 <y
< 0.29) films used in this work were synthesized in an
ultrahigh vacuum MBE chamber (Omicron Lab 10), which
was connected to an ARPES chamber. Both chambers have a
base vacuum of ~2 X 107" mbar. The Cr/V doping
concentration x or y is determined by the temperature of the
V/Cr source and later calibrated by inductively coupled plasma
atomic emission spectroscopy (ICP-AES)."' The in situ
ARPES measurements were carried out using a Scientia
R3000 analyzer with an unpolarized He-la light (~21.2 eV).
Our MBE-grown V/Cr-doped Bi,Te; films were characterized
by atomic force microscopy (AFM), scanning tunneling
microscopy (STM), X-ray diffraction (XRD), and ARPES
measurements (Supplementary Figures 1 to S). The electrical
transport studies were carried out in a Physical Property
Measurements System (Quantum Design, 2 K, 9 T) with the
magnetic field applied perpendicular to the film plane. Six
terminal mechanically defined Hall bars were used for electrical
transport measurements.

We first performed ARPES measurements on undoped
Bi,Te; (Figure 1d), V-doped Bi,Te; (Figure le), and Cr-
doped Bi,Te; (Figure 1f and Supplementary Figure 4) films
with a thickness of 10 quintuple layers (QLs). For undoped
Bi,Te;, the Dirac point is buried in the bulk valence bands.
The Dirac point is located at (E — Eg) ~ —250 meV, reflecting
the electron-type carriers.””*® This observation is in agreement
with the negative slope of the Hall traces (Supplementary
Figures 6a, 13a, and 18a). At a small V/Cr concentration in
Bi,Te;, the gapless Dirac surface states (SSs) still appear but
the chemical potential moves closer to the Dirac point. The
Dirac point is located at (E — Ez) ~ —148 meV for the x =
0.0S sample (V doping) (Figure le) and ~ —142 meV for the y
= 0.07 sample (Cr doping) (Figure 1f). Therefore, the V/Cr
ions act as hole donors in these V/Cr-doped Bi, Te; films. With
further increase of the V/Cr dopant concentrations, a large
number of hole carriers are introduced, which move the
chemical potential across the bulk valence bands. In addition,
the Dirac point is pulled out of the bulk valence bands with V/
Cr doping (Figure le,f and Supplementary Figures 4 and ).

Next, we carried out electrical transport measurements on
both 10 QL (Bi,_,V,),Te; (0 < x < 0.23) and 6 QL
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(Bi;_,Cr,),Te; (0 < y < 029) films on heat-treated
SrTiO,(111) (Figures 2 and 3). Figure 2a—g shows the
temperature dependence of the longitudinal resistance p,, of
10 QL (Bi,_,V,),Te; films with different V dopant
concentrations x. For the x = 0.02 sample, the p, value
decreases with decreasing T, showing metallic behavior. At T ~
7.5 K, a hump feature is observed (Figure 2a). Such behavior
in the p,—T curve of magnetic materials has been associated
with the paramagnetism-to-ferromagnetism phase transition,
primarily due to spin-disorder scattering.””*" This feature is
often used to determine the magnetic ordering temperature
(ie, Curie temperature, Tc) of the ferromagnetic materi-
als.””*° We next gradually increase x in V-doped Bi,Te, films.
For the x < 0.09 samples, the hump feature in p,—T curves
moves toward higher temperatures. The values of T
determined by the hump feature are ~14.7 K for x = 0.07
and ~18.9 K for x = 0.09 samples, respectively (Figure 2b,c).
In addition, we also find that the samples tend to show
insulating behavior with increasing « in this regime, which is
likely a result of the neutralization between the hole carriers
introduced by the V doping and the original electron carriers in
intrinsic Bi,Te; (Figure le). With a further increase in x, the
samples still show an insulating behavior, but the hump feature
in p,,—T curves moves toward lower temperatures. For the x =
0.11 and x = 0.13 samples, Tc ~ 142 K and 10.8 K,
respectively (Figures 2d,e). The lower T with a larger «x is
unusual, and unlike the behavior in most conventional diluted
magnetic semiconductors.'”'® For the x > 0.13 samples, the T
value increases with increasing x again. T is found to be ~16.2
K for x = 0.18 and ~25.3 K for x = 0.23 samples (Figures 2f
and 2g). At very low temperatures (i.e., <5 K), the upturn in
pu—T curves is likely a consequence of the Anderson
localization-induced insulating phase (Figure 2a—g).

To validate this unusual T response in V-doped Bi,Te;
films, we performed anomalous Hall (AH) measurements on
these 10 QL (Bi,_,V,),Te; (0 < x < 0.23) films under
different temperatures. The T value can be determined by the
temperature at which the AH resistance at zero magnetic field,
Py:(0), vanishes. At T = 2 K, all V-doped Bi,Te; samples show
square-shaped hysteresis loops, demonstrating the long-range
ferromagnetic order with perpendicular anisotropy (Supple-
mentary Figures S and 18). These ferromagnetic hysteresis
loops shrink and show a linear p,,—u,H dependence at ~T of
the samples. We plot p,,(0) as a function of T and find that the
T¢ value determined by AH measurement is slightly lower than
that determined by the hump feature in its corresponding p,,—
T curve, but within 1.5 K (Figure 2h—n). We note that the
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Figure 4. Evolution of dopant-concentration-induced exchange interaction in magnetically doped Bi,Te;. (a,b) V dopant concentration x-
dependent T (a) and p,, (b) of 10 QL (Bi,_,V,),Te; films. (c,d) Cr dopant concentration y-dependent T (a) and p,, (b) of 6 QL (Bil_yCry)zTe3
films. Here the T values are determined by the p,,(0)—T curves and the p,, values are acquired at T = 2 K. (e) Schematics of the evolution of the
electronic band structure (i.e., nontrivial to trivial) and the chemical potential position (i.e., electron- to hole-doped) with increasing V (Cr) dopant
concentration x (y). The error bars in panels a and c are estimated from different T determinations, including the Arrott plots, the pyx(O)—T
curves, the hump feature in p,,—T curves, and the disappearance of the Hall hysteresis loop in raw data. The error bars in panels b and d are
estimated from the variability of the standard resistor and the accuracy of the thermometers, the voltmeters, and the current sources.

values of T¢ determined by the p,,(0)—T curves also show an
increase—reduce—increase behavior with a local maximum for
the x = 0.09 sample (Figure 2h—n).

A similarly unusual ferromagnetic response is also observed
in Cr-doped Bi,Te; films. Compared to 10 QL
(Bi,_,V,),Te;(0 < x < 0.23) films, the diminished bulk
conduction contribution in 6 QL (Bi;_,Cr,),Te; (0 < y <
0.29) films smears the hump feature in their p,,—T curves
(Supplementary Figure 12). Therefore, we performed AH
measurements on 6 QL (Bi;_,Cr,),Te; (0 < y < 0.29) films
with a narrow temperature interval ~1 K near T
(Supplementary Figures 15 and 16). Figure 3a—g shows the
temperature-dependent p,,(0) of 6 QL (Bi;_,Cr,),Te; films
with different y. T determined by the temperature at which
P,:(0) becomes 0 is ~9 K for y = 0.05, ~15 K for y = 0.07, ~22
K for y = 0.10, ~30 K for y = 0.12, ~26 K for y = 0.14, ~19 K
for y = 0.17, and ~27 K for y = 0.22 samples. The T values of
Cr-doped Bi,Te; films also show a clear increase—reduce—
increase behavior with a local maximum for the y = 0.12
sample. We note that the unusual ferromagnetic response is
also observed in two more batches of 10 QL V-doped Bi,Te;
films on hydrogen-passivated Si(111) substrates and 5 QL Cr-
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doped Bi,Te; films on sapphire (0001) substrates (Supple-
mentary Figures 18 to 26).

To summarize the unusual ferromagnetic response in V/Cr-
doped Bi,Te; films, we plot their T values and p,, values at T
= 2 K as a function of magnetic dopant concentration «x (y)
(Figure 4a—d). As shown above, the T value of the V-doped
Bi,Te; films increases with x for 0 < x < 0.09, decreases with x
for 0.09 < x < 0.13, and increases again with x for x > 0.13
(Figure 4a). We find that p,., shows a peak at x = 0.13 (Figure
4b), concomitant with a local minimum of T. The Cr-doped
Bi, Te; films show similar behaviors. T increases with y for 0 <
y < 0.12, decreases with y for 0.12 < y < 0.17, and increases
again with y for y > 0.17(Figure 4c). Similar to the behavior of
the V-doped films, p,, shows a peak where a local minimum of
T is found at y ~ 0.17 (Figure 4d). As noted above, the V/Cr
doping inevitably introduces hole carriers into Bi,Te;, which
consequently move the chemical potential toward the charge
neutral point. Heavy V/Cr doping may make the chemical
potential cross the bulk valence bands. This explains why p,,
shows a peak with varying x or y. The maximum of p,, usually
corresponds to the charge neutral point.”**' We note that the
value of T¢ increases with increasing x or y in either the van
Vleck-type exchange interaction regime (i.e., 0 < x < 0.09 and
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0 <y <0.12) or the RKKY-type exchange interaction regime
(i, 0.13 <x <0.23 and 0.17 < y < 0.29), probably indicating
both RKKY- and van Vleck-type exchange interactions rely on
the density of magnetic moments, ie, the V/Cr doping
concentration x or y in our MBE-grown (Bi,_,V,),Te; and
(Bil,J,Cry)zTe3 films.

Finally, we propose a phenomenological model to under-
stand the physical origin of the unusual ferromagnetic response
in V- and Cr-doped Bi,Te; systems. In addition to the
introduction of hole carriers, as discussed above, the V/Cr
doping also reduces the SOC of Bi,Te; and thus drives it from
a nontrivial TT to a trivial semiconductor.”**~** For low V/Cr
doping, i.e., 0 < x < 0.09 for Vand 0 < y < 0.12 for Cr, the V/
Cr-doped Bi, Te; film is still located in the nontrivial TT regime
(Figure 4e). Its inverted band structure, particularly when its
chemical potential crosses Dirac SSs, generates considerable
spin susceptibility and thus the van Vleck-type exchange
interaction is dominant in V/Cr-doped Bi,Te; films. There-
fore, the Curie temperature T increases because the V/Cr
ions in Bi,Te; introduce more electronic states in the total spin
susceptibility,s’19 while p,, increases due to the reduced
electron carrier density. We note that since the maximum of
the bulk valence bands along the I'=M direction is usually
higher than the Dirac point in undoped Bi, Te; (refs 27, 28, 32,
33), a minor hole carrier-mediated RKKY exchange interaction
may appear when the chemical potential starts to cross the
bulk valence bands.>**** For high V/Cr doping, ie., x > 0.13
for V doping and y > 0.17 for Cr doping, V/Cr-doped Bi,Te;
film becomes a trivial semiconductor and the inverted band
structure disappears (Figure 4e). The V/Cr-doped Bi,Te; film
is then simply a conventional diluted magnetic semiconductor,
in which the van Vleck-type exchange interaction is negligible
and the RKKY-type exchange interaction is dominant. We note
that the van Vleck-type exchange interaction becomes
negligible at the local minimum of T¢ (ie, x ~ 0.13 for V
and y ~ 0.17 for Cr), which coincidentally is near the charge
neutral point. This apparent coincidence might be an artifact of
the limited data points in our experiments.

For the Bi,Te; films with intermediate V/Cr doping, i,
0.09 < x < 0.13 for V doping and 0.12< y < 0.17 for Cr
doping, the van Vleck- and RKKY-type exchange interactions
coexist and compete with each other.”*™*° In this region, an
increase of V/Cr doping greatly reduces the carrier density and
thus weakens the contribution of the RKKY-type exchange
interaction. Moreover, the increase of V/Cr doping further
reduces the SOC of Bi,Te;, which drives it to behave as a
trivial semiconductor,””>* so the van Vleck-type exchange
interaction tends to be less favored. Therefore, the total
magnetic exchange interaction becomes weak and thus T
decreases with increasing magnetic dopant concentration x or
y. Based on our above analysis, the V/Cr dopant-concen-
tration-induced quantum phase transition between nontrivial
TI and trivial semiconductor phases likely occurs near x = 0.09
for V doping and y = 0.12 for Cr doping. The latter value for
the Cr-doped Bi,Te; system agrees well with that from our
recent studies on QAH multilayer heterostructures.””””

To summarize, we fabricated a series of V/Cr-doped Bi,Te,
films with different V/Cr dopant concentrations and found an
unusual ferromagnetic response in these films, ie, a local
maximum of the Curie temperature T at critical V/Cr dopant
concentrations. By careful analysis, we attributed this unusual
ferromagnetic response in V/Cr-doped Bi,Te; systems to an
evolution of the magnetic exchange interaction, ie. the
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crossover from van Vleck-type exchange interaction in the
nontrivial TT regime to RKKY-type interaction in the trivial
semiconductor regime. We conclude that the unusual
ferromagnetic response of the V/Cr-doped Bi,Te; films is
primarily due to the two roles of the V/Cr doping: (i) it
introduces a large number of hole carriers and makes the
chemical potential pass through the charge neutral point and
cross the bulk valence bands; (ii) it reduces the SOC of Bi,Te,
and drives it from a nontrivial TI to a trivial semiconductor.
Our work provides insights into the magnetic exchange
interactions in magnetically doped TI films/heterostructures
and lays down the requirements and constraints on how to
pursue the higher temperature QAH effect and other novel
topological phases therein.
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