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We report on the observation of ferromagnetism in epitaxial thin films of the topological insulator

compound Bi2Se3 with chromium doping. The structural, magnetic, and magnetoelectrical

properties of Bi2Se3 were investigated for Cr concentrations up to 10%. For a Cr content up to

�5% the films are of good crystalline quality, with the lattice parameter a decreasing and the

lattice parameter c increasing with increasing Cr concentration. The Curie temperature reached a

maximum TC¼ 20 K for 5.2% Cr. Well-defined ferromagnetic hysteresis in the magnetization and

in the magnetoresistance was also observed in these films. VC 2012 American Institute of Physics.

[doi:10.1063/1.3688043]

Topological insulators (TIs) are materials with a bulk

band gap but have a conducting surface state.1–4 This surface

state has two special properties: it exhibits a relativistic-like

linear energy-momentum dispersion, analogous to graphene,

and its conducting character is protected by time-reversal

symmetry. The latter confers on the surface state its topolog-

ical protection, i.e., the surface state remains gapless even in

the presence of moderate disorder. The unique geometry,

non-degenerate band structure, and topological characteris-

tics of the TI surface states have generated extraordinary in-

terest in the physics community and have led, together with

graphene, to the emergence of a paradigm of “relativistic”

condensed matter physics.2–4

Among the various early discovered TI materials based

on Bi compounds,1,5–8 Bi2Se3 is one of the most promising

candidates for electronic applications: it has a single Dirac

cone in the Brillouin zone and a relatively large bulk energy

gap of 300 meV, which may be sufficient for room tempera-

ture applications.5,6,8 TIs may also be of interest for future

spintronics technology since the helical Dirac surface states

may potentially be used to carry spin currents with little heat

dissipation.2–4,9 Additional spin functionality may occur

with the development of ferromagnetism in Bi2Se3, which is

interesting in itself, because the combination of magnetism

with TIs can lead to exotic phenomena, such as the point-

charge-induced magnetic monopole and topological contri-

butions to the Faraday and Kerr magneto-optical effects.10

Ferromagnetism has been found in several doped TIs: in V-,

Cr-, and Mn-doped single crystals of Sb2Te3,11–15 Fe- and

Mn-doped single crystals of Bi2Te3,15–17 and Fe-doped sin-

gle crystals of Bi2Se3,18 although the latter report suggests

that the magnetism may be partly induced by inclusions and

may not be due to ferromagnetism of the bulk matrix. Mn-

doped single crystals of Bi2Se3 were found to have a spin-

glass behavior,19 and a recent report found antiferromagnet-

ism in highly Cr-doped (15%) Bi2Se3 bulk crystals.20 Low

temperature MBE growth has the potential of allowing for

higher doping concentrations, a fact that was exploited in

thin films of Cr-Sb2Te3, in which a Curie temperature of

190 K was found.21 Our present letter focuses on ferromag-

netism in thin films of Cr-Bi2Se3.

In most conventional diluted magnetic semiconductors

it is understood that the exchange interaction requires the

presence of free carriers, typically in concentrations of the

order of 1019–1020 cm�3.22 This range of carrier concentra-

tion is undesired in TIs since the contribution to the conduc-

tion from the bulk may then dominate over the surface

contribution. Hence, a ferromagnetic TI with low bulk con-

duction should not depend on this interaction. Recently, it

has been predicted that materials such as Cr-doped Bi2Se3

could be magnetic.23 In this material, the carrier concentra-

tion is expected to be low since Cr substitutes for Bi without

adding carriers. In Cr-doped Bi2Se3, the exchange interaction

is mediated by band electrons, in contrast to conventional

diluted magnetic semiconductors, and in the ultrathin limit it

is expected to give rise to the quantum anomalous Hall effect

(QAHE): a quantized Hall conductance in the absence of an

external magnetic field when the chemical potential is tuned

in the bulk gap.23

In this letter we report on the observation of ferromag-

netism in Cr-doped Bi2Se3 films. Bi, Se, and Cr were co-

evaporated under ultra high vacuum conditions by molecular

beam epitaxy (MBE). The MBE chamber had a base pressure

of 5� 10�10 Torr, and samples were grown at 220 �C on

Si(111) substrates. The Cr concentrations reported below

refer to the total atomic Cr percentage Crx(Bi2Se3)1�x in the

range x¼ 0–10%, as measured by energy dispersive x-ray

analysis. The films with low doping are highly textured, with

the c-axis perpendicular to the surface plane, as shown in

Fig. 1 by the strong (00l) x-ray diffraction (XRD) peaks. For

samples with x� 5.9%, no XRD peaks from the crystalline

Cr-Bi2Se3 phase are observed. The c lattice parameter

increases as function of Cr doping: from 28.68 6 0.02 Å to

28.9 6 0.1 Å for a film with x¼ 5.2%.a)Electronic mail: P.P.J.Haazen@student.tue.nl.

0003-6951/2012/100(8)/082404/3/$30.00 VC 2012 American Institute of Physics100, 082404-1
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The crystal quality deteriorates with increasing Cr con-

centration. However, at low concentrations the samples are

highly crystalline: in low-x samples, x� 1.3%, a clear six-

fold periodicity was observed upon in-plane rotation about

the (0120) diffraction peak, indicating that these films are

close to being epitaxial. In this doping regime, rocking

curves on the Bi2Se3 peak have a FWHM of 3.9�. Samples

with higher Cr concentrations are more polycrystalline, and

their rocking curves have a FWHM up to 6.8� for x¼ 5.2%,

but remain highly textured as can be seen in Fig. 1.

From the (0120) peak, which can be found by offsetting

the x-ray source and detector from the original Bragg-

Brentano geometry that was used for the scans of Fig. 1, we

determined that the a lattice parameter decreased from

4.11 6 0.02 Å for an undoped film to 4.02 6 0.02 Å for

x¼ 1.3% Cr doping. Because of the loss of Bi2Se3 crystallin-

ity, the (0120) peak was not detected in samples with

x> 1.3%, so the change of the lattice parameter a could not

be determined for these samples. The increase in the c lattice

parameter is not expected if only the substitution of Bi by Cr

is considered, because the ionic radius of Cr is smaller. In

copper-doped Bi2Se3, the role of chromium is dual; it is both

substituting for the bismuth in the lattice and incorporated

inside the Van der Waals gap of the crystal structure between

quintuple layers.24 A similar mechanism can cause the

increase of the c-axis in the Cr-doped films, especially at

high doping concentrations. Although the behavior of Cu

can be controlled by the growth conditions, the increase in

lattice parameter c, 0.07–0.09 Å for �2% Cu doping, is simi-

lar to what we observe for Cr-doping, which is expected

because the ionic radii of Cu and Cr are of similar magni-

tude. Furthermore, at high concentrations, interstitial defects

could play a significant role in explaining the increase in the

c lattice parameter.

The in-plane magnetic properties of the samples were

measured with a superconducting quantum interference de-

vice (SQUID) magnetometer (Quantum Design XL-5). Fig-

ure 2 shows the low-temperature magnetic moment

normalized per Cr ion as a function of applied field. A clear

hysteresis loop is visible for x¼ 5.2% at T¼ 4 K. For lower

concentrations (e.g., x¼ 1.3%), the hysteresis is almost neg-

ligible at T¼ 4 K, but it is present at lower temperatures.

This can also be seen in the magneto-resistance (MR) signal

as shown in the inset of Fig. 2, measured on a Hall-bar pat-

terned film with x¼ 1.3% Cr at T¼ 1 K. Although the coer-

cive field is negligibly small at T¼ 4 K (as determined by

the SQUID and MR), at T¼ 1 K it is approximately

H¼ 80 Oe. Hence, even our low Cr-doped, highly crystalline

films show clear ferromagnetic behavior. Furthermore, it

confirms that the magnetism originates from the entire film

instead of magnetic clusters since transport measurements

are less sensitive to isolated ferromagnetic particles. The re-

sistivity of low-doped films is �5� higher than undoped

films grown in our MBE apparatus.25 The carrier concentra-

tion is dominated by Se vacancies, and the addition of Cr

appears to have a negligible effect on the carrier concentra-

tion.26 Instead, the increase in resistivity is attributed to a

decrease in mobility due to the existence of grain boundaries

in the deteriorating crystal structure.

The measured magnetic saturation moment per chro-

mium ion is l/lB� 2 for the lowest doped films, whereas

l/lB¼ 3 is expected in a system where all of the chromium

is fully aligned in the Cr3þ state and assuming a total

quenching of the orbital moment. This discrepancy points to

the fact that not all Cr contributes to the ferromagnetism (by,

for example, the formation of an antiferromagnetic substance

such as Cr or CrSe) or to the Cr being in a different valence

state than the expected Cr3þ. For high concentrations

(x> 5.2%), the moment per Cr drops significantly. This

trend can also be seen in the temperature dependence of the

magnetization, normalized per Cr ion, at an applied field of

H¼ 100 Oe, as shown in Fig. 3. With increasing Cr concen-

tration, the Curie temperature increases first until it reaches

TC� 20 K for x¼ 5.2% then decreases for higher x values.

The significant drop of the magnetic moment per Cr ion for

x> 5.2% coincides with the loss of the Cr-Bi2Se3 crystallin-

ity. A similar behavior can be seen in the inset of Fig. 3,

where we consider the saturation moment per Cr atom as a

function of Cr content at T¼ 4 K, which decreases sharply

beyond x¼ 5.2%. This strong dependence is further evidence

that the magnetism indeed originates from the crystalline Cr-

Bi2Se3 phase. Up to x¼ 5.2%, the Cr substitutes mainly for

the Bi, resulting in an increase in magnetic moment and Cu-

rie temperature. Beyond that concentration, the added Cr

breaks up the long range crystalline order and consequently

FIG. 1. (Color online) X-ray diffraction scans of thin film samples of Cr-

Bi2Se3 with various atomic percentages of Cr. Inset: lattice parameters as

function of Cr concentration x.

FIG. 2. (Color online) Magnetic moment per Cr ion as a function of applied

magnetic field at T¼ 4 K. Inset: MR signal in a sample with x¼ 1.3% at

T¼ 1 K, showing a clear hysteresis.

082404-2 Haazen et al. Appl. Phys. Lett. 100, 082404 (2012)
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the ferromagnetic order ceases to increase. Thus, the magne-

tism is related to the doping concentration and resulting crys-

tallinity, and other magnetic impurities are unlikely. Cr

clustering would also not give rise to ferromagnetism since

Cr is antiferromagnetic as are CrxSey compounds. This was

also experimentally verified by growing CrxSey films which

were found to have no magnetic signature.

As discussed in the introduction, electrostatic gating of

TI thin films27,28 is of interest because it might drive the sys-

tem into the QAHE state. The present 70 nm thick Cr-Bi2Se3

films are too thick to gate them effectively, and the coupling

between the top and bottom surfaces is too small to observe

the QAHE. Yu et al.23 predicted that the Curie temperature

drops only by about 10 K in thinner films due to finite-size

effects. Our results therefore indicate that ultra-thin films of

Cr-Bi2Se3 would still have a Curie temperature in a tempera-

ture range easily obtainable in experiments and would there-

fore be excellent candidates for QAHE and other magnetism/

TI experiments.

In summary, we have studied ferromagnetism in MBE-

grown epitaxial Cr-doped Bi2Se3 thin films and investigated

their dependence on Cr concentration. The highest TC of

about 20 K can be achieved by a doping of 5% Cr. The mag-

netic moment and Curie temperature depend strongly on the

Cr concentration. Several observations point to the intrinsic

nature of the ferromagnetism in Cr-Bi2Se3. These include the

strong magnetoelectrical coupling in the MR, the intrinsic

antiferromagnetism of Cr and CrSe, and the simultaneous

degradation of the ferromagnetism and the Bi2Se3 crystallin-

ity. However, further investigation is required to establish

the exact mechanism for ferromagnetism in these films and

the possibility to observe the QAHE.
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