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Magnetic proximity coupling to Cr-doped Sb,Te; thin films
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Using soft x-ray absorption spectroscopy we determined the chemical and magnetic properties of the magnetic
topological insulator (MTI) Cr:Sb,Te;. X-ray magnetic circular dichroism (XMCD) at the Cr L, 3, Te M, s, and
Sb M, 5 edges shows that the Te 5p moment is aligned antiparallel to both the Cr 3d and Sb 5p moments, which
is characteristic for carrier-mediated ferromagnetic coupling. Comparison of the Cr L, 3 spectra with multiplet
calculations indicates a hybridized Cr state, consistent with the carrier-mediated coupling scenario. We studied
the enhancement of the Curie temperature, T¢, of the MTI thin film through the magnetic proximity effect. Arrott
plots, measured using the Cr L3 XMCD, show a T = 87 K for the as-cleaved film. After deposition of a thin
layer of ferromagnetic Co onto the surface, the 7¢ increases to ~93 K, while the Co and Cr moments are parallel.
This increase in T¢ is unexpectedly small compared to similar systems reported earlier. The XMCD spectra
demonstrate that the Co/MTI interface remains intact, i.e., no reaction between Co and the MTI takes place. Our
results are a useful starting point for refining the physical models of Cr-doped Sb,Tes, which is required for

making use of them in device applications.

DOLI: 10.1103/PhysRevB.95.224422

I. INTRODUCTION

Topological insulators (TIs) are of key significance due
to their exotic physical nature and promising electronic
properties [1,2], which could lead to advancements in low-
power consumption devices for a range of applications [3].
Three-dimensional TIs have gapless topological surface states
protected by time-reversal symmetry (TRS), which take the
form of linearly dispersed Dirac cones with spin-momentum
locking [4]. These states are resilient to weak disorder or
impurities [5], however, by breaking the TRS a gap can be
opened at the Dirac point. This has led to both the prediction
and observation of exotic quantum phenomena. Most notably
the quantum anomalous Hall effect (QAHE), a fundamental
quantum transport phenomenon, has been observed [6]. It
is thought that this effect will be the key to unlocking
major advancements in dissipationless quantum electronics
[7]. The breaking of TRS can be achieved through two
different methods, which result in the application of a magnetic
field: via proximity to a ferromagnetic layer, or by achieving
magnetic long-range order in the TI by doping (e.g., with
Fe [8], Mn [9], or Cr [10]). Magnetically doped TIs (MTIs)
have exhibited giant spin-orbit torque, tunable via the use
of an electric field, demonstrating potential applications for
spintronics [11].

V- and Cr-doping of (Sb,Bi),(Se,Te); have proven to be
some of the most promising ways of producing MTIs [12—14],
allowing for the experimental verification of the QAHE [15].
For Cr-doped Bi,Ses, it has previously been demonstrated that
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the ferromagnetic transition temperature, 7¢, can be enhanced
from 7-19 K through the deposition of a Co layer onto the
surface of the MTI [16]. Despite this more than doubled T¢
it is still well below accessible temperatures for practical
applications. On the other hand, magnetic ordering at much
higher temperatures has been reported for Cr,Sb,_, Tes thin
films, such as 125 K for x = 0.42 [14] and 190 K for x = 0.59,
following a nearly linear increase with Cr doping [17].

The 3d states of the transition metal impurities play an
important role in MTIs by providing additional mechanisms
of ferromagnetic coupling [18,19], although these mechanisms
have yet to be experimentally confirmed. Recently, it has
become clear that the proposed Van Vleck mechanism [20,21]
is not sufficient to explain the more complex coupling
mechanism in these systems [22].

Recently, we reported the structural, electronic, and mag-
netic investigation of molecular beam epitaxy (MBE)-grown
Cr,Sby_,Te; thin films (x = 0.15, 0.26, 0.42) using x-ray
diffraction (XRD), atomic force microscopy, superconducting
quantum interference device (SQUID) magnetometry, mag-
netotransport, and polarized neutron reflectometry, showing
these materials retain good crystalline order [14]. X-ray
magnetic circular dichroism (XMCD) measurements on Cr-
doped (Sb,Bi),Tes were recently reported by Ye et al. [18].
In the current paper, we report on the magnetic proximity
coupling of these materials. We investigate the magnetic
properties of in situ cleaved Crg3,Sb; ¢sTes thin films before
and after deposition of a Co overlayer using XMCD. The
isothermal magnetization curves are measured by XMCD as
a function of field in order to produce Arrott plots [23],
revealing the ¢ of the sample both before and after deposition.
It is found that—unlike other systems—the proximity effect
between the Co layer and MTI layer is weaker than might have
been expected. It would be important to understand why this
is the case in order to fully utilize this method of enhancing
the properties of MTIs for device applications.
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II. EXPERIMENTAL

MBE was used to grow Cr-doped Sb,Tes thin films on
c-plane sapphire substrates, with a typical film thickness of
~40 nm. For the Sb,Te; growth, a Sb:Te flux ratio of 1:10
was maintained. Cr was provided out of a high-temperature
effusion cell, while maintaining a flux ratio of (Sb+Cr):Te
of 1:10. The thin film deposition took place at a substrate
temperature of 250°C. A detailed description of the growth
procedure can be found in Ref. [14].

Structural and magnetic characterization was carried out us-
ing XRD and SQUID magnetometry (for details see Ref. [14]).
Out-of-plane XRD measurements show that the films are free
from secondary phases, such as chromium tellurides, which
have T¢s between 180 and 340 K [24]. The shift of the
Sb,Tes peak positions to higher angles is consistent with the
Cr atoms substituting Sb in the crystal structure. This is due
to a reduction in the Cr-Te bond length, when compared to
the Sb-Te bonds, since Cr has a smaller ionic radius [14].
SQUID magnetometry demonstrates that the samples are
ferromagnetic with a coercive field of ~50 mT at 5 K, and
with an out-of-plane easy axis (saturation field = 200 mT)
and an in-plane hard axis (saturation field = 2 T). The T¢
of the film, defined by the minimum of the first derivative
of the temperature-dependent magnetization [14], is ~72 K.
However, the accuracy of the SQUID result is quite low, owing
to the large background signal. The method of derivative-based
Tc is systematically underestimating its value, see, e.g.,
Ref. [25]. The shift in the Sb,Te; peaks in XRD, and the
minimum of the first derivative of the temperature-dependent
magnetization from SQUID, also give an indication of the
doping concentration of the film. By comparing these sets
of data to identical samples with varying Cr abundance,
which have had their concentration measured accurately using
Rutherford back-scattering spectrometry a Cr concentration of
~6.4 at.% was estimated.

The Cr-doped Sb, Te; sample was characterized using x-ray
absorption near edge structure (XANES) and extended x-ray
absorption fine structure measurements (EXAFS) at the Cr K
edge on beam line B18 at the Diamond Light Source [26].
The XANES results show that the energy position of the edge
jump is the same as for the reference sample CrSe, revealing
a similar local electronic environment, in which the Cr is
nominally divalent. Analysis of the EXAFS results show Cr-Te
distances with coordination number N = 6 and radial distance
R =2.776 A. This clearly demonstrates that the Cr enters
substitutionally into the Sb sites with octahedral symmetry.
This is consistent with the fact that after doping the XRD does
not show a lattice expansion in the ¢ direction, which would
occur if the Cr enters into the van der Waals gap. The crystal
structure of the Cr-doped Sb,Te; is shown in Fig. 1, where the
substitutional Cr in an octahedral environment is surrounded
by six nearest-neighbor Te atoms.

XMCD measurements were performed on beam line ID32
at the European Synchrotron Radiation Facility (ESRF) in
Grenoble. X-ray absorption spectroscopy (XAS) was mea-
sured at the Co and Cr L,3 and Sb M, s edges in total-
electron-yield (TEY) mode, giving a surface sensitive probing
depth of 3-5 nm [27]. The samples were cleaved in ultrahigh
vacuum to ensure a pristine surface. The samples were in situ
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FIG. 1. Crystal structure of Cr-doped Sb, Te; showing the quintu-
ple layers (Te-Sb-Te-Sb-Te), which are separated by the van der Waals
gap (indicated by arrows). The Cr dopant is shown substitutional on
a Sb site, which is surrounded by six Te atoms. The relative spin
orientations can be summarized as (Cr,Sb)1-(Te)| and are indicated
by the arrows in the figure.

magnetized with an initially applied field of 1 T. The XMCD
was obtained by taking the difference between XAS spectra
with the helicity vector antiparallel and parallel to the initially
applied magnetic field, respectively. In the case that a field was
applied during the measurements both the helicity and the field
were reversed to check the consistency of the XMCD signal
[27]. Measurements were carried out with the sample both
normal to the incident x rays and at an angle of 54.7° (magic
angle) to accommodate for the perpendicular magnetization
directions of the Co and the MTI. In uniaxial symmetry, as for
thin films, the anisotropic contribution in the spin and orbital
moments disappears at the magic angle [28,29].

After performing measurements on the pristine sample, Co
was evaporated from an e-beam evaporator situated inside
the XAS measurement chamber (base pressure <1 x 107°
Torr) at T < 10 K. This low-temperature evaporation prevents
clustering of the Co atoms [30]. The Co layer needs to be
magnetic at remanence, which requires a thickness >3 nm, as
determined by the material’s characteristic exchange length.
On the other hand, the Co layer needs to be thin enough
that it does not suppress too much the TEY signal from the
underlying MTT layer. To ensure the Co layer was magnetic,
XMCD measurements were carried out periodically during the
different stages of evaporation by flipping the x-ray helicity.
The XAS and XMCD lineshape and intensity were recorded
during this process at both the Co and Cr L, 3 edges to ensure
they remained consistent with clean Cr and a subsequently
grown clean ~3-nm-thick Co film.

III. RESULTS

A. XAS and XMCD spectra

Figure 2(a) shows the Cr L, 3 XAS and XMCD measured
in TEY for the in situ cleaved Cr, Sb,_, Te; sample (x = 0.32).
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FIG.2. Cr L,3 XAS and XMCD of an in situ cleaved
Crg3,Sb; g3 Tes film measured in zero field at 10 K with normal
incidence of the incident x rays. An initial field of 1 T was
applied before the measurement. (a) Experimental spectra for left-
and right-circularly polarized x rays, together with the average and
difference (XMCD) signals. The small negative peak at 573.4 eV in
the XMCD (marked by a circle) originates from the Te M5 edge.
(b) Calculated average XAS and XMCD spectra for a hybridized Cr
ground state with 70% d* and 30% d° character.

The XAS of the Cr L3 shows mainly a double peak structure,
where the first peak (marked by a dashed vertical line) is much
more dichroic than the second peak ata ~0.5 eV higher energy.
In contrast, for bulk Cr,Bi,_, Ses, as reported in Refs. [13,16],
this second peak is much lower in intensity. It is important
to note that this second peak is not due to oxidation. As was
shown in Ref. [13], the main contribution from the surface
oxide is at 1.5 eV higher energy, coinciding with the reference
spectrum for Cr,O3. The XMCD line shape of Cr, Sb,_,Tes is
very similar to that reported for bulk Cr,Bi,_,Ses, including
the small shoulder at 0.6 eV below the L3 maximum and
the characteristic sharp negative peak in the L, edge at
584.6 eV (see Refs. [13,16]). Note that despite the negative
dip, the overall intensity of the Cr L, is still positive, and
thus opposite to the L3 edge, as imposed by the 2 p spin-orbit
coupling [31].

The Cr L, 3 absorption largely coincides with the Te My s
absorption edges. This is the main reason for the strongly
sloping background of the XAS, which almost completely
cancels out in the XMCD difference spectrum—except for a
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FIG. 3. In situ cleaved Crj3,SbgesTes film measured at the Sb
M, s edges (3d — 5p) in 8 T field at 3 K. (a) XAS measured using
left-circularly (black curve) and right-circularly (red curve) polarized
x rays and (b) corresponding XMCD.

small negative peak at 573.4 eV exposing the Te M5 [encircled
in Fig. 2(a)], with the same sign as the Cr L3 XMCD. The Te
M5 XMCD changes sign for opposite field direction (keeping
the helicity fixed) and also changes sign for opposite helicity
(keeping the field fixed), just as the Cr L3 XMCD.

The Sb M, s XAS and XMCD spectra are presented in
Fig. 3, which shows that the leading sharp peaks are dichroic,
evidencing an induced magnetic moment on the Sb sites.
The Sb Ms XMCD has opposite sign compared to the Cr
L3 XMCD.

Figures 4(a) and 4(b) show the Co L, 3 XAS and XMCD
spectra measured at 10 K after the deposition of a thin Co layer
onto the cleaved Cr,Sb,_,Tes; sample. Clearly, the XMCD
measured at remanence by switching the x-ray helicity shows
that the Co layer is ferromagnetic with a moment aligned
parallel to that of the Cr dopants. Figure 4(c) shows the Cr
L, 3 XMCD taken before and after Co deposition. The spectra
are almost identical. After deposition a small reduction is
visible for the low-energy shoulder of the XMCD at 575.1 eV
[see inset in Fig. 4(c)]. The same effect was also observed
for Cr,Biy_,Se; [16], suggesting a more general origin. We
ascribe this reduction to a small increase in delocalization of
the Cr 3d states after Co deposition. Overall, Fig. 4(c) clearly
demonstrates that there is no significant interfacial reaction
between the MTI and Co layer, and that the chemical state
of the Cr in the MTI is not altered. It excludes that there is
any significant Cr diffusion into the Co film, or vice versa.
Furthermore, the valence state of the Cr dopants remains the
same, since the presence of Cr’™ would give rise to a peak
structure at ~1.5 eV higher photon energy.

B. Arrott plots

For the practical determination of the Curie temperature,
Tc, of amaterial, one is confronted with several issues. For one,
it has to be ensured that the sample is in a single domain state.
This usually requires the application of a magnetic field, which
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FIG. 4. In situ cleaved Crj3,Sb; ¢sTe; film after Co deposition.
(a) XAS and (b) XMCD measured at the Co L, 3 edge in an applied
magnetic field of 1 T (red) and at remanence (blue), at a temperature
of 10 K, and with an incident angle of the x rays of 54°, as shown
by the geometry in the inset. (c) Comparison of the Cr L, 3 XMCD
signals before (black line) and after (green line) Co deposition. The
inset shows a blow up of the small shoulder at 575.1 eV.

in turn affects the (apparent) 7¢ of the sample. Furthermore,
if the coercive field is particularly small, it is difficult to
observe the closure of the hysteresis loop at T¢c. The most
reliable method for determining 7¢ of a ferromagnet is offered
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by the Arrott-Noakes criterion [32], which minimizes the
contribution arising from domains and magnetic anisotropy.
In the case of a conventional second-order ferromagnetic
transition, the Arrott plot should show positively sloped
straight lines if the magnetic field is high enough so that
possible domain or stray-field effects become negligible.

The Arrott-Noakes equation is given as [32]

A\ T—-Tc (MmN
— = +(—) 6]
M T M,

where M is the magnetization, H is the applied field, T
is the temperature, and 77 and M, are material dependent
parameters. In the mean-field theory, 8 =0.5and y =1, in
which case Eq. (1) simplifies to

M2—A£+B(T—T) 2)
- M C)s

with A = (M;)? and B = —(M,)?/ T;. An Arrott plot consists
of a set of isotherms for M? vs H /M. In the high-field region,
these isotherms are expected to be parallel straight lines,
whereas disorder in a system can lead to a bending towards
lower applied fields [33,34].

The Arrott plot for the as-cleaved sample is depicted in
Fig. 5(a), where M is obtained by using the background-
corrected Cr L3 XMCD asymmetry. Figure 5(b) shows the
Arrott plot, produced in the same manner, for this sample
after the Co deposition. For all isotherms the intercepts with
the M? axis were determined by fitting parallel straight lines
with the same gradient to the high-field region [dotted lines
in Figs. 5(a) and 5(b)]. The intercept is positive for T < T¢
and negative for T > T¢. Equation (2) means that 7¢ is equal
to that temperature for which the isotherm passes through the
origin, i.e., where the M? intercept is zero. Figure 5(c) shows
the M? intercepts gathered for the sample with and without
Co deposition, from which we can obtain the zero crossings.
For the as-cleaved sample, Tc ~ 87 K, whereas after the Co
deposition the T¢ rises to ~93 K, which represents a rather
modest increase.

IV. DISCUSSION
A. Chemical state

If a Cr dopant enters into the lattice interstitially, or into
the van der Waals gap, i.e., if it does not form a strong
bond, it would likely lose its electrons to the conduction band,
thus effectively behaving as a donor. X-ray spectroscopy can
be used to determine the valence state of the Cr dopants,
thus allowing for a determination of their environment. In
Fig. 2(b) calculated spectra are shown using atomic multiplet
theory in which spin-orbit and electrostatic interactions are
treated on equal footing, including crystal-field interaction and
charge hybridization [31]. There is good agreement with the
measured data, most notably for the XMCD spectra. Fitting the
XMCD spectrum by multiplet calculations, the local ground
state for Cr is found as W, = 0.7 W(d*L) + 0.3 ¥(d%) in an
octahedral crystal field of 10Dg = 1.5 eV with a spin moment
mg ~ 3up/Cr atom, where L represents a hole state on the
adjacent atoms. As mentioned in Sec. II, the energy position
of the edge jump for the Cr K-edge XANES also indicated a
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FIG. 5. Arrott plots for the Cr magnetization of (a) an as-cleaved
Cro3,Sb;¢sTes sample and (b) after in situ Co deposition. The
isothermal variations of M? are plotted as a function of H /M, where
H is the applied field and M is the magnetization as measured by
the XMCD asymmetry of the Cr L; peak using TEY. In both plots,
straight lines were fitted (shown as dotted lines) to the three data
points obtained at the highest fields at each temperature. (c) The M?
intercepts, collected from (a) and (b), are plotted against temperature.
The straight lines are guides to the eye. The temperature at which the
M? intercept goes through zero corresponds to the Curie temperature.
The values for the as-cleaved (black line) and Co decorated (red line)
surfaces are 86.7 K and 92.7 K, respectively. The error bars of the
data points in (c) are smaller than the size of the circles and squares.
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divalent Cr state. Such a nominally divalent character (Cr d 4L)
can be ascribed to the hybridization between the Cr d(e,) and
the Te p bands, which are located just above and below the
Fermi level, respectively. This result is similar as we reported
for Cr,Bi,_, Se; [13,16], which corresponds to a substitutional
doping scenario in which Cr replaces Sb. Further indication
for substitutional doping can be obtained by comparing the
ionic radii. Sb** and Te?~ have ionic radii of 76 and 103 pm,
respectively, whereas Cr** (high spin), Cr*™ (low spin), Cr’™,
Cr*t, and Cr’* have ionic radii of 80, 73, 61.5, 55, and
49 pm, respectively [35]. Therefore, the best-suited ion for
substituting Sb>* is Cr?*.

Thus, similar to the case of Cr-doped Bi,Ses, there is
a strong indication that Cr is nominally divalent when it
substitutes for formally Sb** in the Sb,Tes lattice. However,
as in the case of the Sb-Te bond in Sb,Tes, which is not purely
ionic but has a substantial covalent character, the Cr-Te bond
also has a covalent character. The apparently isoelectronic
substitution of Cr for Sb is the main reason that there is a rather
weak charge carrier (hole) dependence on the Cr concentration.
The strong p-d hybridization is an important indicator for
determining the type of exchange coupling mechanism in a
semiconductor.

B. Exchange interaction

The signs of the XMCD spectra enable us to derive the
(anti)ferromagnetic coupling between the different ionic sites,
which in turn might provide a clue for the ferromagnetic order-
ing mechanism. The Sb My 5 absorption (Fig. 3) corresponds
to a 3d — Sp transition, whereas on the other hand the Cr
L, 3 absorption corresponds to a 2p — 3d transition. The
interchange of the orbital quantum numbers between initial
and final state in these transitions reverses the sign in the
magnetic moment determination [27]. Thus the opposite signs
for the XMCD at these two edges corresponds to a parallel
coupling between the Sb 5p and Cr 3d moments [36].

The XMCD measurements show that the field dependence
of the Sb and Cr XMCD is very similar, hence the moments
couple together. Since the Sb XMCD is two orders of
magnitude smaller than that of the Cr, we did not measure
the full field and temperature-dependent magnetization curves
for Sb.

Figures 2(a) and 4(c) show that just below the Cr L3 edge
there is an additional peak at 573.4 eV, which is not present for
Cr,Bi,_,Ses [16]. This photon energy corresponds to the Te
M;5 absorption edge, indicating a magnetic moment residing on
the Te site. The Te M, s absorption corresponds toa3d — Sp
transition. Therefore, since the Te M5 and Cr L3 XMCD have
the same sign, the Te 5p and Cr 3d moments are aligned
antiparallel. The relative spin orientations can be summarized
as (Cr,Sb)1-(Te)J and are indicated in Fig. 1.

This type of alignment is in agreement with a carrier-
mediated coupling mechanism, similar to the traditional dilute
magnetic semiconductor Mn-doped GaAs [19,37]. The polar-
ized As (Te) valence holes mediate the ferromagnetic coupling
between the Mn (Cr) ions in Mn,Ga;_,As (Cr,Sb,_,Te3), so
that the magnetic moments induced at the Ga (Sb) and As
(Te) sites couple parallel and antiparallel, respectively, with
the Mn (Cr), as has been confirmed by XMCD [38]. Further
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evidence for such a carrier-mediated mechanism arises from
the fact that the Curie temperature is proportional to the doping
concentration, as previously shown for Cr,Sb,_, Tes [14].

Li et al. [21] reported for V-doped Sb,Tes an energy shift
of 0.6 eV in the V L, 3 XAS when the sample is cooled from
room temperature to 7 = 10 K, which they ascribe to the onset
of ferromagnetism within the Van Vleck model. For Cr-doped
Sb,Te; we observe no change in the energy position of the Cr
L, 3 spectrum as a function of temperature, hence suggesting
that the Van Vleck model might play no role.

Our experimental results are in agreement with those of
Ye et al. [18] for Cr:(Sb,Bi),Te; and Peixoto et al. [22] for
V:(Bi,Sb),Tes. They agree also with the recent spin-polarized
first-principles calculations by Vergeniory et al. [39]. These
calculations showed two different exchange mechanisms
determining the magnetic order in transition-metal-doped
Sb,Tes, namely the double-exchange interaction via the Te
and the indirect exchange coupling via free carriers. The
strongest exchange interaction is found between magnetic
moments located on different Sb planes but within the same
quintuple layer (QL). This interaction occurs via a Te atom
lying between two impurities and is of double-exchange type.
In addition, the magnitude of the exchange coupling between
adjacent atomic layers is as large as for the in-plane interaction
between the nearest magnetic moments, which is an indirect
exchange interaction mediated by free-carrier sp states [40].
Furthermore, these spin-polarized first-principles calculations
show that the magnitude and sign of the exchange constants
strongly depend on the filling of the d states. The Cr 3d
impurity exhibits a high density of states near the Fermi level.

C. Proximity coupling

The XMCD spectra in Fig. 4 show that the moments of
the deposited ferromagnetic Co layer are parallel to those
of the Cr dopants. The Arrott plots measured using the Cr
L; XMCD (Fig. 5) reveal only a modest enhancement in
Tc due to proximity coupling, which is a rather unexpected
result. For instance, for Fe/(Ga, Mn)As, where the Fe and
Mn moments are antiparallel, a significant enhancement of the
Curie temperature has been reported [41]. Also in the case of
Cr,Bi;_,Ses on the ferrimagnetic insulator Y;FesO;, a large
increase in T was found [42].

In our case the enhancement in 7¢ is not as large as one
might expect from a magnetically doped system in proximity
with a ferromagnetic material. It is easy to think of the situation
where the strength of the magnetization of the Co layer would
be enough to pull the Cr magnetization direction into alignment
with it, thus enhancing the magnetic transition temperature.
The fact that the Co layer, a good ferromagnet as demonstrated
by XMCD, is not sufficient to polarize the Cr moments above
T¢ very significantly demonstrates the robustness of the long-
range ferromagnetic order in Cr,Sb,_, Tes.

Referring to the spin-polarized first-principles calculations
[39], in the case of Fe or Co impurities, due to an occupied
minority spin-d state at the Fermi level, the magnitude of the
exchange interaction increases but becomes negative because
of the large exchange splitting and the narrow band character
of the occupied d orbitals. Since the exchange interaction in

PHYSICAL REVIEW B 95, 224422 (2017)

the case of Co dopants is negative, this might similarly weaken
the proximity coupling.

Unfortunately it would not be reliable to use Fe as a
proximity layer, instead of Co. The Fe atoms partly penetrate
into the surface and their magnetic moments are reduced due
to the chemical interaction with the Te and Sb atoms of the
two topmost layers [43].

Another reduction of the proximity coupling could arise
from the magnetic anisotropy. Spin-polarized scanning tunnel-
ing microscopy (STM) of CrgsSb; 9sTe; showed that while
the bulk bands possess an out-of-plane magnetic easy axis the
topological surface state is spin polarized in the plane [44].

Since the easy axis of the Co overlayer is in-plane, while
the MTI easy axis is out-of-plane, the question arises whether
this would influence the 7. However, since in the Arrott
plot the value of T¢ is determined from the extrapolation
of the high-field magnetization, it should be insensitive to
the magnetic anisotropy. While for low fields the magnetic
anisotropy gives a different magnetization behavior along
different magnetization directions, the magnetic anisotropy
should not change the value of 7¢ because this value is defined
in zero magnetic field, i.e., where there is no direction of the
magnetic field.

V. CONCLUSION

Using soft x-ray absorption spectroscopy we determined
the chemical and magnetic properties of Cry3,Sb; gsTes thin
films. Comparison of the signs of the XMCD at the Cr L, 3,
Te My s, and Sb M, s edges shows that the Te 5p moment is
coupled antiparallel to both the Cr 3d and Sb 5p moments.
This behavior is characteristic for carrier-mediated coupling
as found, e.g., in the dilute ferromagnetic semiconductor
(Ga, Mn)As. Comparison of the Cr L,3 spectral shapes
with multiplet calculations indicates a hybridized Cr state
of 70% d* and 30% d> character in octahedral crystal-field
symmetry. This hybridization is another indication pointing
towards carrier-mediated coupling.

Arrott plots measured using the Cr L3 XMCD show a Curie
temperature of ~87 K for the as-cleaved film. After deposition
of a thin layer of ferromagnetic material in the form of Co
onto the surface, T¢ is raised to ~93 K. The XAS and XMCD
spectra demonstrate that the Co/MTI interface remains intact,
i.e., no reaction between Co and the MTI takes place. The
small enhancement of 7¢ due to proximity coupling means
that long-range ferromagnetic order in Cr-doped Sb,Te; is
surprisingly robust.

Our results provide a useful starting point for developing
a more precise model of Cr-doped Sb,Tes. They are also in
agreement with recent spin-polarized first-principles calcula-
tions by Vergeniory et al. [39] and afford a deeper insight into
the origin of magnetism in MTIs.
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