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The combination of topological properties and magnetic order can lead to new quantum states
and exotic physical phenomena, such as the quantum anomalous Hall (QAH) effect. The size of
the magnetic gap in the topological surface states, key for the robust observation of the QAH
state, scales with the magnetic moment of the doped 3D topological insulator (TI). The pioneering
transition-metal doped (Sb,Bi)2(Se,Te)s thin films only allow for the observation of the QAH effect
up to some 100 mK, despite the much higher magnetic ordering temperatures. On the other hand,
high magnetic moment materials, such as rare-earth doped (Sb,Bi)2(Se,Te)s thin films, show large
moments but no long-range magnetic order. Proximity coupling and interfacial effects, multiplied in
artificial heterostructures, allow for the engineering of the electronic and magnetic properties. Here,
we show the successful growth of high-quality Dy:BisTes/Cr:SboTes thin film heterostructures.
Using x-ray magnetic spectroscopy we demonstrate that high transition temperature Cr:SbyTes can
introduce long-range magnetic order in high-moment Dy:BisTes — up to a temperature of 17 K —
in excellent agreement with first-principles calculations, which reveal the origin of the long-range
magnetic order in a strong antiferromagnetic coupling between Dy and Cr magnetic moments at the
interface extending over several layers. Engineered magnetic TI heterostructures may be an ideal

materials platform for observing the QAH effect at liquid He temperatures and above.

PACS numbers: 75.30.Hx; 78.70.Dm; 75.50.Pp; 73.61.Ng

I. INTRODUCTION

The quantum anomalous Hall (QAH) effect [1-3], the
final member to complete the quantum Hall trio [4], is
characterized by dissipationless edge currents in the ab-
sence of an applied magnetic field, whereby the resis-
tance is quantized in units of h/e?. The QAH effect
emerges in magnetically doped 3D topological insula-
tors (TIs), in which time-reversal symmetry is broken
and a magnetic gap opens around the Dirac point of the
undoped TI. Cr-doped, and also V-doped (Sb,Bi)sTes
have been the key material for observing the QAH ef-
fect [5, 6]. These films have useful electronic properties,
even at higher Cr doping levels [7-9], and the magnetic
ordering temperature can be above 100 K without loss
of crystalline quality [10]. Nevertheless, the observation
of the QAH effect has been restricted to very low tem-
peratures (<300 mK) despite the much larger ordering
temperatures of the magnetic TIs [5, 6], which has been
ascribed to extreme Dirac-mass disorder [11]. Despite
being well-behaved structurally, substitutional Cr dop-
ing into this materials class (replacing Bi*T), was found
to lead to nominally divalent Cr and covalent bonding,
thereby altering the structural and magnetic properties
[12, 13].

In an attempt to increase the useful QAH-effect tem-
perature, a number of doping approaches have been ex-
plored, such as co-doping with different transition metals
[14], modulation doping to separate the dopant from the
charge-carrying surface state layer [15, 16], and doping
with higher magnetic moment rare earth ions [17, 18], to
name a few. Whereas co-doping leads to further com-
plications in this materials class [14], modulation dop-
ing with Cr has led to the first successful observation
of the axion insulator state [19, 20]. Modulation doping
of heterostructures, i.e., non-uniform doping, is a well-
established technique in ITI-V semiconductors leading to
ultrahigh electron mobilities [21]. It relies on the sep-
aration of the donors, which can lead to ionized impu-
rity scattering, from the conduction paths of the carriers
near the interface [22]. In this spirit, magnetic modula-
tion doping can lead to reduced disorder in the path of
the topological surface state, yet being able to open the
required magnetic gap.

Another approach is to dope the TT with a higher mag-
netic moment dopant, such as 4f rare earth elements.
As the size of the magnetic gap is directly dependent on
the size of the magnetic moment [23], doping with, e.g.,
Dy with an effective magnetic moment of 10.6 pp/atom
could allow for lower doping concentrations. Another ad-



vantage of rare earth dopants is that they substitute Bi
iso-electronically [24], leading to less charge scattering.
BisTes thin films have been successfully highly doped
with Ho [25], Gd [24], and Dy [17], however, no ferromag-
netic long-range order has been detected. Nevertheless,
even in the absence of long-range ferromagnetic order, a
gapped topological surface state band has been observed
in Dy-doped BisTes [18]. A similar behavior has been
found in Biy_,Cr,;Ses thin films. There, the gap opening
has been attributed to short-range ferromagnetic order
resulting from inhomogeneous doping and the formation
of Cr clusters [26], which could be ruled out for Dy-doped
BisTes by high-angle annular dark field scanning trans-
mission electron microscopy studies [18].

In order to combine the advantages of the high-
temperature order in Cr-doped systems with the high
magnetic moments of rare earth element-doped films,
yet avoiding the respective shortcomings, we have ex-
plored magnetically doped BisTes/SbyTes heterostruc-
tures [27-29]. We demonstrate the successful growth of
high quality magnetic TT heterostructures using molecu-
lar beam epitaxy (MBE). The heterostructures consist of
well defined bilayers of Dy-doped BisTes and Cr-doped
SboTes as characterized by in-situ reflection high en-
ergy electron diffraction (RHEED) and x-ray diffraction
(XRD). We use x-ray absorption spectroscopy (XAS)
and x-ray magnetic circular dichroism (XMCD) to in-
vestigate the chemical and magnetic properties of the
heterostructures, and to unambiguously determine the
magnetic order of the Dy-doped layers. To separate
near-surface effects, such as oxidation, from the inherent
properties of the heterostructure we use both surface-
sensitive total-electron-yield (TEY) detection and x-ray
transmission detected by luminescence yield (LY). The
clear presence of an XMCD signal at remanence suggests
ferromagnetic ordering of the Dy. Isothermal magnetiza-
tion curves (Arrott plots), obtained element-specifically
at the Dy Mj edge, yield ferromagnetic ordering up to
17 K. The neighboring Cr layers show an ordering tem-
perature of ~70 K. Using first-principles calculations,
we find that while a Cr:SbyTes single-layer is ferromag-
netically order, the Dy:BisTes single-layer is paramag-
netic. Surprisingly, the exchange interaction between Dy
moments is positive and very strong, but only within
the Bi layer between the nearest neighbors. By intro-
ducing the Cr:SbyTes/Dy:BisTes interface, and through
hole-induced polarization, the magnetic interaction in the
vicinity of the interface is enhanced, extending over sev-
eral layers. This demonstrates that through engineering
of the heterostructure, the high moment of the rare earth
can have long-range magnetic order through the proxim-
ity to a Cr-doped TT layer.

II. METHODS
A. Sample growth

The thin film heterostructures were synthesized by
molecular beam epitaxy (MBE) using established recipes
for the Dy:BisTes and Cr:SbyTes layers [12, 17, 30, 31].
The c-axis oriented films were grown on c-plane sapphire
substrates using elemental sources in an MBE system
with a base pressure of 1x107!®mbar. Bi, Sb and Te
(6N purity) were evaporated from standard effusion cells,
while Cr (6N purity) and Dy (4N purity) were evaporated
using high temperature cells. Flux ratios of ~100:10:1
for Te:(Sb,Bi):(Cr,Dy), as measured by an in-situ beam
flux monitor (BFM), were maintained throughout the
growth. First, a ~3-nm-thick undoped BisTes film was
deposited at a substrate temperature of 200°C, which was
then annealed at a substrate temperature of 250°C in a
background flux of Te [17, 32]. The heterostructure was
then grown on top of this layer starting with Dy:BisTes,
and followed by Cr:SboTes. The heterostructures con-
sist of n bilayer repeats, whereby each bilayer is made up
of equally thick Dy:BisTes and Cr:SboTes layers. The
layer thicknesses were calibrated by x-ray reflectivity. For
surface-sensitive x-ray spectroscopy measurements, the
heterostructures were capped with a layer of Bi, which
has an optimal thickness to both protect the sample from
oxidation, yet allow for soft x-ray spectroscopy to be car-
ried out.

The quality of the layers across the interfaces was
monitored using in-situ reflection high-energy electron
diffraction (RHEED). The RHEED patterns exhibit
streaks during the growth of each layer, indicating
smooth, two-dimensional layers.

B. Structural characterization

X-ray diffraction (XRD) and x-ray reflectometry
(XRR) were carried out using a Bruker D8 Discover
diffractometer with Cu-K«; radiation using a Ge (220)
2-bounce monochromator in combination with 2.5° Soller
slits and 0.6 mm beam mask. Depending on the mode,
we either used 2.5° Soller slits in combination with a scin-
tillation counter for both XRD and XRR. The crystalline
quality and phase of the layers in the heterostructure are
determined using out-of-plane XRD (scanning along the
[-direction). The c-axis lattice constants are obtained
by fits to the observable (0 0 [) order reflections (with [
= 3, 6, ...), which are indexed according to the BisTes
and SbeTes unit cells. The film thicknesses reported in
the paper, as well as the RMS (root-mean square) sur-
face roughnesses, which were found to be between 1.0 nm
(Dy:BizTez) and 1.5 nm (Cr:ShoTes), were obtained us-
ing XRR. The film stoichiometries were determined to be
Dyo.72Bi1.28Tez and Crg 425b; 58 Tes.



C. X-ray spectroscopy

X-ray absorption spectroscopy (XAS) and x-ray mag-
netic circular dichroism (XMCD) measurements were
performed on beamline 110 at the Diamond Light Source
(Didcot, UK) and beamline 29 (BOREAS) at ALBA
(Barcelona, Spain). XAS was measured at the Cr Lgy 3,
Dy My 5, and Sb M, 5 edges in both total-electron-yield
(TEY) mode, providing surface-sensitive measurements
with a probing depth of 3-5 nm, and fluorescence-yield
(FY) mode, which is more bulk sensitive [33, 34]. TEY
worked better for the Cr, as it is contained in the top
layer, while F'Y worked better for Dy, which is in the sec-
ond layer. On the other hand, luminescence-yield (LY)
mode probes the entire stack of the heterostructure. In
LY, the transmitted x-rays which are not absorbed in
the sample stack give rise to x-ray excited optical lumi-
nescence in the sapphire substrate. The emitted optical
photons exit through a hole in the back of the sample
holder and are detected by a photodiode [see inset of
Fig. 3(a)].

Prior to the measurements, the samples were field-
cooled in a field of 6 T. The applied magnetic field is
always along the beam direction. The TEY measure-
ments were carried out with the sample at an angle of
54.7°, i.e., the magic angle, at which the anisotropic con-
tributions to the spin and orbital moments disappear
[35, 36], to accommodate for the expected perpendicu-
lar magnetization direction of the Cr:SbyoTes (easy axis
out-of-plane [31]). Single-layer Dy:BisTes, on the other
hand, are expected to have the easy axis in-plane [17].
The measurements in LY were carried out with the x-ray
beam at 21° incidence in order to optimize the LY from
the sample and substrate combination. The XAS spectra
were calculated by taking the negative logarithm of the
LY intensity after normalizing it by the incident beam
intensity.

The XMCD was obtained by taking the difference be-
tween XAS spectra with the helicity vector antiparallel
and parallel along the beam direction, respectively.

D. Theoretical calculations

First-principles calculations were performed using a
self-consistent multiple scattering Green function within
the density functional theory in a generalized gradient
approximation [37]. The method specially designed for
semi-infinite systems such as surfaces, interfaces and het-
erostructures [38]. Relativistic effects were taken into ac-
count by solving the full relativistic Dirac equation within
a full potential approximation [39]. The doping was sim-
ulated within a coherent approximation [40] within the
multiple scattering theory [41]. Strongly localized Dy 4f
states were treated within a GGA+U approximation [42]
using the Hubbard parameter U = 6eV. The exchange
interaction between magnetic moments was estimated via
the magnetic force theorem as it is formulated within

the multiple scattering theory [43]. The Curie tempera-
ture was determined using a random phase approxima-
tion for the magnonic Green function and temperature
dependent magnetization utilizing the Tyablikov decou-
pling [44]. The crystalline structure and the stoichiom-
etry of studied systems was adopted from the current
experiment.

III. RESULTS
A. Synthesis of the magnetic TI heterostructures

The heterostructures consisting of Dy-doped BisTes
and Cr-doped SbyTes bilayers were grown by MBE on
c-plane sapphire (AloO3 [0001]) substrates. First, a ~3-
nm-thick BisTes seed layer was deposited using our es-
tablished two-step method [17, 32], followed by alternat-
ing sequences of 4-nm-thick Dy:BisTes and Cr:SbyTes
layers at a substrate temperature of 250°C [12, 17, 30,
31]. For the magnetic spectroscopy studies, we chose a
sample with 10 bilayer repeats. For protection against
oxidation, the samples were capped with a Bi layer.

In-situ  reflection high-energy electron diffraction
(RHEED) was used to observe the quality of the sur-
face of each deposited layer as shown in Fig. la,b.
The RHEED patterns exhibit clear streaks, indicative
of smooth surfaces. The two characteristic RHEED pat-
terns, obtained along the [1010] [Fig. 1(a)] and [1120]
[Fig. 1(b)] azimuths of ¢-plane sapphire, repeat every 60°
revealing the symmetry of the BisTes and SbyTes films
(space group R3m) [17, 31].

B. X-ray based structural characterization

X-ray reflectometry (XRR) and x-ray diffraction
(XRD) were used to probe the structural properties of the
heterostructure samples. Figure 1(c) shows XRD mea-
surements of a representative magnetic TI heterostruc-
ture. In the spectrum, the (0 0 [) reflections are la-
beled. Note that while Dy-doping of BiyTez leads to an
increased c-axis lattice constant (up from 30.43 A) [17],
Cr-doped SbsTes has a smaller lattice constant (down
from 30.458 A), consistent with substitutional doping by
a smaller ion (Cr replacing Sb) [31]. Note that Dy doping
into BiyTes is also a substitutional [17]. The presence
of superlattice peaks (see inset) is indicative of a well-
ordered multilayer structure with well-defined interfaces.
The bilayer thickness can be estimated to ~8 nm by mea-
suring the distance between a main Bragg peak and the
satellites. The reflections for an undoped BisTes/ShoTes
heterostructure are consistent with previously published
data on c-axis oriented systems [28]. The XRR data
[Fig. 1(d)] was fitted using a 10-bilayer model (red curve,
simulation), giving Cr:ShoTez and Dy:BisTes thicknesses
of 3.5 nm and 3.8 nm, respectively, with roughnesses of
around 1 nm.
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FIG. 1. Structural properties of grown heterostructure. RHEED patterns obtained of the Cr:SbyTes surface during growth,
after (a) n = 2 and (b) n = 5 bilayer repeats. Patterns obtained along the [1010] azimuth are shown on the left, and along the
[1120] azimuth of c-plane sapphire on the right. (c) X-ray diffraction (26-w scan) of the Dy:BizTes/Cr:SbaTes heterostructure
grown on c-plane sapphire. The inset shows the superlattice peaks around the (0 0 15) Bragg peak. (d) X-ray reflectivity scan
(black dots), and simulation (red line) as a function of momentum transfer Q.

C. Magnetic spectroscopy

XAS and XMCD measurements for the heterostruc-
ture sample were carried out at the Cr Lo 3 and the
Dy, Te, and Sb M, 5 edges in total-electron-yield (TEY),
with a probing depth of 3-5 nm, and fluorescence-yield
and luminescence-yield (LY), which probe the entire het-
erostructure [34]. The magnetic field was always applied
along the x-ray beam. Figure 2(b) shows the Cr Lo
edges in surface-sensitive TEY mode, carried out at re-
manence at a temperature of T'= 3 K. As reported previ-
ously for single-layer Cr:SbyTes, the Cr L3 shows a dou-
ble peak structure where the first peak, which is 0.5 eV
below the second peak, is more dichroic [45]. Compar-
ison with a CryOj3 reference sample demonstrates that
the heterostructure surface is not oxidized, which is due
to the Bi cap. Oxidation would leads to a Cr?** peak
which is at 1.5 eV higher energy than the predominantly
Cr?* peak found here. The XMCD is in good agreement
with previously published data for single-layer Cr-doped
ShoTes [45], where fitting of the spectrum by multiplet
calculations [46] gives a local ground state for the Cr
dopant of U, = 0.7V (d*L) 4+ 0.3 ¥(d?) in an octahedral
crystal field of 10Dg = 1.5 eV, with L representing a hole
on the adjacent atoms. The overall intensity of the L3
and Ly peak is negative and positive, respectively, as a
result of the 2p core spin-orbit interaction. The Cr Lo 3
edges largely coincide with Te My 5 resulting in a slop-
ing background of the XAS, which in the XMCD almost
exactly cancels out, apart from a small negative peak
at ~573 eV and positive peak at 583 eV, characteristic
of Te My 5. The Te My edge shows a negative XMCD
signal, just as the Cr Lg edge. Since the azimuthal quan-
tum numbers for the orbitals in these two electric-dipole
transitions are opposite (Te 3d — 5p and Cr 2p — 3d,
respectively), this means that the Te and Cr moments
are antiparallel [34, 45].

Figure 2(c) shows the Cr Ly 3 edges at remanence at
T = 1.6 K as measured in LY mode, which averages over
the entire heterostructure. The LY spectra retain all of
the characteristics discussed above for the TEY spectra,
demonstrating the homogeneity of the heterostructure.
Note that for practical reasons the TEY measurement
was carried out in a different end station on a different
sample.

Figure 2(d) shows the LY spectra at the Dy M5 edge,
taken in remanence at T = 1.6 K. The XAS is in good
agreement with the characteristic shape for Dy3*, which
is composed of three sharp peaks which are each spaced
~2 eV apart [47]. The spectra for left-circular and right-
circular polarization, I, and Iy respectively, are dis-
tinctly different, as previously reported for single-layer
Dy:BisTes [17, 48]. At remanence there is a small but
clear-cut XMCD signal, which suggests that the Dy in
the heterostructure has ferromagnetic order at 1.6 K. The
integrated Dy M5 XMCD has the same sign as the Cr
L3, which indicates that the averaged Dy moments are
aligned along the direction of the Cr moments. For the
spectra in Fig. 2(d) we obtain an asymmetry at the Dy
M5 peak maximum equal to Aexp = (I —1g)/(I+1g) =
—0.025. Comparing this to the theoretical value Agung =
—1.217 calculated for the Hund’s rule ground state Dy>+
4f9 (°Hy5/5) with an effective 4f magnetic moment jeg
= 10.65 up/atom [48], we obtain for the heterostructure
tor = 0.22 up/Dy atom (~2% of the Apung value) at
1.6 K in remanence. The Dy was also measured in TEY
but the signal was very weak since it was concealed by
the Cr:SbyTes layer on top.

Figure 2(e) shows the XAS and XMCD measurements
in LY at the Sb M5 edges in an applied field of 6 T
at T = 3K. The XMCD shows sharp peaks indicating
an induced magnetic Sb moment, which is a hallmark
of ferromagnetically ordered single-layer Cr:ShoTes [45].
Since the M35 is positive and M, is negative for the Sb
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FIG. 2. XAS and XMCD spectra of Dy:BisTes /Cr:SbyTes thin film heterostructure. The red (blue) XAS spectra were measured
with right (left) circular polarization. (a) Schematics of the configuration interaction for the Cr dopant showing the initial- and
final-state energy levels in the XAS transition. The 3d® and 3d*L states are strongly hybridized (mixed), where the L is a hole
on the ligands. In the final state, the 2p®3d° L state is lowered in energy by the core-hole potential with respect to the 2p°d*
state. In the picture, the energy splittings due to Coulomb and exchange interactions, spin-orbit splitting, and crystal-field
interaction are omitted, but are all included in the calculation on an equal basis. (b) Test of the Bi cap. Cr Lz3 XAS and
XMCD in remanence at 3 K, measured in surface-sensitive TEY. Owing to the Bi cap, the spectra do not show a Cr3* oxide
peak, which would be 1.5 eV above the predominantly Cr®>" peak (as seen from the Cr2O3 XAS reference (green)). A small
negative peak in the XMCD at 573 eV is indicative of the Te M5 edge. (¢) Cr L2,3 XAS and XMCD in remanence at 1.6 K,
measured in LY. (d) Dy M5 XAS and XMCD in remanence at 1.6 K, measured in LY. (e) Sb M, 5 XAS and XMCD at 1.6 K
in a field of 6 T, measured in LY. The ~8 eV wide absorption structure, which onset coincides with the Sb M4 peak, originates
from the O K edge of the sapphire substrate that is visible in LY but absent in TEY.

3d — bp transitions, which is opposite in sign to the
L3 and Lo, respectively, of the Cr 2p — 3d transitions,
we can conclude that the Sb moments point along the
direction of the Cr moments. This is consistent with a
hybridization between the Cr 3d and Sb 5p states.

Element-specific XMCD hysteresis loops [34] were ob-
tained at T'= 1.6 K for both Cr and Dy by sweeping the
applied field with the photon energy tuned to the Cr Lg
and Dy M5 peak maxima. Figure 3(a) shows the hystere-
sis loops measured in LY. The loops measured in TEY
are similar in shape but noisier and therefore not included
here. Figure 3(a) shows that the Cr moment saturates at
a field of 3T. The Dy hysteresis loops are shown in Fig-

ure 3(b). The maximum field available for the LY mea-
surements was insufficient to saturate the Dy moments,
which saturate at ~77T. In single-layer Dy:BisTes mea-
surements [17], on the other hand, the saturation magne-
tization is only ~4 T, which means that the presence of
the Cr:SbyTes strongly influences its magnetic behavior.

In order to accurately determine the Curie temper-
ature, Tq, for each magnetic layer type separately, we
employed the Arrott criterion [49]. As a measure for
the element-specific magnetization, M, as a function of
the applied field H, we use the XMCD peak asymme-
tries measured at the respective edges [50]. This method
gives a reliable way to determine the T¢ by minimiz-
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ing magnetic contributions from multidomain states and
magnetic anisotropies. Arrott plots consist of isotherms
of M? vs. H/M plots. At magnetic fields that are large
enough to overcome stray fields and domain states, the
Arrott plot will show a straight line for each isotherm.
Such a behavior is representative of a second-order ferro-
magnetic phase transition within the framework of mean-
field theory. At lower applied fields, disorder in the sys-
tem will lead to a bending of the isotherms [51]. Figure
4(a) shows the Arrott plot with M obtained from the
Cr L3 XMCD peak asymmetry in TEY. Parallel straight
lines with matching gradients are fitted to the high field
region in order to determine the H/M intercepts, which
are positive for temperatures above T¢ and negative for
those below it. The T can be determined as the tem-
perature at which the isotherm passes through the origin,
i.e., where M? = 0. Figure 4(b) shows the collection of
H/M intercepts for the different temperatures, demon-
strating a Tc of (70 + 2) K for the Cr dopants. This
value matches closely to that of single-layer Cr:ShyTes of

similar doping concentration [31].

Figure 4(c) shows the Arrott plot measured using the
background-corrected Dy M5 XMCD asymmetry in FY.
In this case, a fit with a global slope was not possible,
owing to disorder [51]. Instead, linear fits with varying
slopes above and below the transition temperature were
carried out. The T¢ for the Dy is found to be (17+1) K,
which is much different from the paramagnetic or anti-
ferromagnetic behavior in single-layers and bulk crystals
of rare earth-doped BisTes [17, 24, 25].

In order to further understand the coupling mechanism
between the different layers in the heterostructure, possi-
bly leading to a change in magnetic anisotropy, angular-
dependent XMCD measurements at the Cr Lg edges were
carried out (T = 3K, zero applied field). Single-layer
Cr:SbyTes and Dy:BiyTeg are expected to have their easy
axis out-of-plane and in-plane, respectively.

Figure 5 shows the Cr Ly XMCD peak asymmetry in
TEY at remanence as a function of the incidence angle
of the x-ray beam. The x-ray helicity vector P is along
the beam direction, as shown in the inset. The XMCD
asymmetry is proportional to the projection of the Cr
magnetization M onto P. The blue dots represent the
data points for Cr obtained in remanence at 3 K, which
were fitted with a sine function (red curve). Thus the
angular dependent XMCD shows that the averaged Cr
moments have an out-of-plane easy magnetization direc-
tion. This demonstrates that the orientation of the mag-
netic anisotropy for the Cr moments is not affected by the
incorporation in a heterostructure. The complementary
Dy measurement in TEY, on the other hand, showed no
clear anisotropy within the experimental error bar.

IV. DISCUSSION

In order to improve the understanding of the coupling
effect between different types of layers, theoretical calcu-
lations were performed. In the case of heterostructures
of ferromagnetically doped TIs and (anti)ferromagnetic
materials, where enhanced proximity coupling was able
to introduce interfacial spin textures [50, 52—54], a deeper
understanding has been reached by a combination of the-
oretical modeling and experiment. Here, to elucidate
the obtained experimental results, we performed first-
principles calculations for the electronic and magnetic
structure of Cr:SboTes and Dy:BisTes single-layer films
and their interfaces. The magnetic properties were stud-
ied within the Heisenberg model, in which the entering
exchange parameters Jy;, describing the magnetic inter-
action between magnetic moments, were determined from
first-principles using the magnetic force theorem as it is
implemented within the multiple scattering theory [43].
The calculated Jy; in the studied systems are presented in
Fig. 6, which shows the dependence of the exchange pa-
rameters on the interatomic distances. A positive value
of Jo; means ferromagnetic coupling, while a negative
sign indicates antiferromagnetic interaction.
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FIG. 5. Magnetic anisotropy of the Cr dopants at remanence.
Cr Lz XMCD peak asymmetry measured in TEY in zero field
as a function of the incidence angle 6 of the beam with re-
spect to the surface normal, as shown in the inset. The x-ray
helicity vector P is along the beam direction. The XMCD
asymmetry is proportional to the projection of the Cr mag-
netization M onto P. The blue dots represent the data points
for Cr obtained in remanence at 3 K, which are fitted with a
sine function (red curve). The angular behavior shows that
the easy direction of the Cr moments is along the surface nor-
mal. Instead, no clear angular dependence could be observed
for the Dy moments in TEY.

First, the magnetic interaction in a Cr:SbyTes single-
layer film is predominantly positive [Fig. 6(a), blue line],
implying a relatively strong ferromagnetic coupling be-
tween the Cr moments. The estimated Curie tempera-
ture was found to be 102 K, which is higher than the ex-
perimental value determined in the current experiment
(70 K). The discrepancy between theory and experiment
can be attributed to a presence of various defects such
as vacancies and other imperfections in real materials,
which can substantially reduce Tc. A strong impurity
state at the Fermi level in the majority spin channel
[see the density of state (DOS) shown in Fig. 7(a)] sug-
gests the Zener type of exchange interaction in this sys-
tem [55, 56]. On the other hand, in a Dy:BiyTes single-
layer, holes are formed almost equally in both spin chan-
nels [Fig. 7(b)], which leads to paramagnetism in this
system. The exchange interaction between Dy moments
is positive and very strong but only within the Bi layer
between the nearest neighbors. The magnetic coupling
between different layers is very small and can not force
any magnetic order. Nevertheless, according to our simu-
lations, each Dy:Bi layer is ferromagnetic with T¢ = 5 K.
However, the absence of magnetic coupling between the
layers destroys any magnetic order in the system as a
whole: the ferromagnetic layers are frustrated. This pic-
ture changes at a Cr:SbyTes/Dy:BisTes interface. The



2
T T T T T 1T | — | — T T T T T 1T
8 |- (a) ® — Cr:Sb,Te, | 24 ; (b) 2 — T T __ -
® — — Cr:Sb,Te,/Dy:Bi,Te, 20 H S ‘A\ » N 0
- S
* E o Mg Aee | B
6 b . 16 £ = N Py
s L ls L0 7 11s [
o, [/k ) [ B U] S U RPN B
£ 41\ 1E 4 £ 6 8 10 12 £ 4|
S |k 1.3 Interatomic distance (A) 4 3 o
ﬁo wO 4 (A) ] wo
[N 6
2 - — .
= - O B
a4 ® — Dy:Bi,Te, _ 8-
0 - ® — — Cr:Sb,Te,/Dy:Bi,Te, _| -
! | ! | ! | ! 3 ! | ! ! | ! -10 ! | | ! | !
4 6 8 10 12 4 6 8 10 12 4 6 8 10 12

Interatomic distance (A)

Interatomic distance (A)

Interatomic distance (A)

FIG. 6. Exchange coupling between the magnetic moments in single-layer Cr:SbsTes, Dy:BisTes films and across their interface.
The exchange constant Jo; in (a) Cr:SbaTes and (b) Dy:BixTes for single layers (blue color) and at the Cr:SboTes/Dy:BizTes
interface (red color). The inset in (b) shows the long-range magnetic interaction on an expanded scale. (¢) Coupling between
Dy and Cr moments across the interface: blue line gives the interaction between Dy moment in the interfacial layer and Cr
moments in SbaTes and red line gives the interaction between Cr moment at the interface and Dy moments in BisTes.

hole in the majority spin channel of Cr:ShyTes polarizes
the hole in Dy:BiyTes [Fig. 7(d)] and leads to an en-
hancement of the magnetic interaction in the vicinity of
the interface. First, the magnetic coupling between Dy
and Cr moments is strong and negative, indicating an-
tiparallel alignment of the moments [Fig. 6(c)]. Second,
the exchange interaction extends over several layers: a
Cr moment at the interface interacts strongly with Dy
moments in the first (Joypy = —9.6 €V) and the sec-
ond (Jer,py = —6.1 €V) neighboring layers, forcing them
to be antiparallel to the Cr moments, but parallel to
each other. Moreover, the proximity with Cr:SbyTes en-
hances the amount of almost free electrons in Dy:BisTegs,
which leads to a stronger indirect exchange interaction
between the Dy 4 f electrons via the conduction electrons
[Ruderman-Kittel-Kasuya-Yosida (RKKY)]: the corre-
sponding exchange parameters are enhanced on the long-
range scale [see inset in Fig. 6(b)]. The estimated Curie
temperature of Dy:BisTes in the vicinity of the interface
was found to be 23 K, which is very close the experimen-
tally obtained value of 17 K.

The proximity to Dy:BisTes also affects the magnetic
interaction in Cr:SbyTes. The coupling between Cr mo-
ments in the film and the Dy moment at the interface,
Jpy,cr, is almost the same as in the previous case, Jor Dy
[Fig. 6(c)], but the interaction between the Cr moments
is larger [Fig. 6(b), red line]. Especially the interaction
between the second nearest layers is enhanced. However,
the Curie temperature of the Cr:ShsTes layer increases
only by 19 K, which is not observed in the current exper-
iment (possibly because of a presence of defects or other
imperfections).

In the calculation, the Cr:SbyTes layer has out-of-
plane magnetization, which is indeed confirmed by the
angular dependent measurement of the XMCD. For the
Dy:BisTes layer the magnetization is in-plane. At the in-
terface the antiferromagnetic interaction between Cr and
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o
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FIG. 7. Calculated densities of states. Single-layer films of (a)
Cr:SbaTes, (b) Dy:BizsTez and at the Cr:SbaTes/Dy:BisTes
interface for (c) Cr:SbeTes and (d) Dy:BizTes layers. The
contribution of the magnetic atoms is shown in dark blue

color. Positive (negative) ordinates correspond to the spin up
(down) DOS.

Dy is very strong and dominated by Cr, so that both
layers have out-of-plane magnetization. However, for the
Dy moments further away from the interface the situation
can be different, similar to the situation in heterostruc-
tures of the (in-plane) antiferromagnet CrSb and (out-of-
plane) ferromagnetically ordered Cr-doped (Bi,Sb)sTe;
[52]. According to the measured XMCD the averaged
Dy moment of the overall layer is aligned along the di-
rection of the Cr moment.



V. SUMMARY AND CONCLUSIONS

In summary, Dy-doped BisTes films show a sur-
prisingly high ferromagnetic ordering temperature of
~17 K, when incorporated into a heterostructure with
a Cr:SbyTes film that has a high 7. The MBE-grown
heterostructures are of high crystalline quality, with
well-defined interfaces. Our comprehensive x-ray spec-
troscopy study unambiguously shows that the Dy-doped
films are ferromagnetically ordered at remanence. By
comparing surface and bulk-sensitive XAS and XMCD
we can conclude that the magnetic behavior is repro-
ducible throughout the stack. The Arrott plots using
XMCD precisely determine the T of both the Dy and Cr
within the heterostructure. The significant enhancement
of the T¢ of Dy:BisTes due to proximity coupling is a very
encouraging finding, which has been fully explained by
our first-principles calculations. Whereas a single layer
of Cr:SbyTes is strongly ferromagnetic ordered, single-
layer Dy:BisTes is paramagnetic. Nevertheless, the ex-
change interaction between Dy moments is leading to fer-
romagnetic order within the layer, while the interlayer

coupling is negligible. At a Cr:SbyTes/Dy:BiyTes inter-
face, Dy and Cr moments couple strongly through hole-
induced polarization, resulting in ferromagnetic order in
Dy:BiyTes in the vicinity of the interface. The theoreti-
cally calculated value of 23 K is close the experimentally
obtained value of 17 K. It is clear that the design of TI
heterostructures holds the key to progress in the field of
QAH-effect physics, paving the way for dissipationless
spintronics applications.
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