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Cr,Ge,Teg is proposed as an insulating ferromagnetic substrate for the growth of tetradymite-type
topological insulators, based on a refined characterization of its transport, magnetic, optical, and
calculated electronic properties. It is found to be a soft ferromagnet with no visible magnetic
domains over relatively large length scales and to be highly insulating with an indirect band gap
and low carrier concentration. Further we present the fabrication of Bi,Te;-Cr,Ge,Teg
heterostructure samples by chemical vapor deposition and show that crystals of the two phases are
oriented such that the hexagonal Te planes are aligned at their interfaces. © 2013 AIP Publishing LLC.

[http://dx.doi.org/10.1063/1.4822092]

INTRODUCTION

Topological insulators (TIs) have recently emerged as
an active topic of research in condensed matter physics,
motivating the further development of the concept of topol-
ogy in materials studies.'™ It is known that the unconven-
tional conducting surface states on 3D TIs are protected by
time-reversal (TR) symmetry.® Through breaking the TR
symmetry as a result of the presence of ordered magnetic
moments in bulk of a 3D TI, a new phenomenon called the
quantum anomalous Hall effect (with quantized Hall con-
ductance in the absence of an external magnetic field) may
be observed.” A primary obstacle to realizing this prediction
is the difficulty in obtaining homogeneous magnetically
doped TIs.® There have also been numerous proposals to use
TI surface states as a platform for topological quantum com-
putation. These proposals require placing the TIs in intimate
contact with a ferromagnetic insulator,”'® and recently an al-
ternative strategy has been suggested'' to achieve this goal
by depositing a layer of heavy atoms with large spin-orbit
coupling on a magnetically ordered insulating substrate.
These proposals involving a ferromagnetic insulator would
avoid the aforementioned problem of incorporating the TI
surface states and the ferromagnetism in the same material.

We propose that lamellar materials of the magnetic 3d
transition elements can be ideal candidates for substrates due
to their layered structures and localized magnetic moments.
Among these materials, single crystals of Cr,Ge,Teg have
been synthesized and are known to display a ferromagnetic
transition at 61(*1) K.'? Further, this compound is one of a
handful of known ferromagnetic insulators. The pattern of
the topmost Te surface layer upon cleaving Cr,Ge,Teq fol-
lows the same basic hexagonal geometry array as that found
in the tetradymite family of TIs (such as Bi,Te; (Ref. 13)),
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making Cr,Ge,Teq a natural fit as a substrate for epitaxial
growth of members of the currently most studied TIs.

In this report, we reinvestigate the crystal structure of
crystals of Cr,Ge,Teq grown from flux and refine the under-
standing of its magnetic, optical, and transport properties.
Our magnetization and magneto-optical measurements indi-
cate that Cr,Ge,Teg is an extremely soft ferromagnetic mate-
rial with no detectable hysteresis (coercive field < 100 Oe).
The saturation moment is ~3 up/Cr>". Optical spectra reveal
a band gap of ~0.74eV. Electronic structure calculations
show that the band gap is indirect and is a consequence of
the strong Hund’s rule coupling of Cr*". Finally, we report
the growth of Bi,Te; on a Cr,Ge,Teq substrate via metalor-
ganic chemical vapor deposition (MOCVD). Bi,Tej; crystal-
lizes in two morphologies on the substrates, as oriented
triangular islands (~2 yumXx 2 um in size) and continuous thin
films (~400 umx 400 yum in size, ~100nm in thickness).
Electron Backscattered Diffraction (EBSD) reveals a consist-
ent 30° rotation around the ¢ axis of the unit cells of Bi,Tes
and Cr,Ge,Teq, confirming that BiyTe; is epitaxially grown
on the Cr,Ge,Teg substrate.

EXPERIMENTAL

To grow single crystals of Cr,Ge,Teq, starting materials
of high purity elemental Cr (99.99%), Ge (99.999%), and Te
(99.999%) were employed, mixed in a molar ratio of 2:6:36;
the extra Ge and Te were used as a flux.'> The materials
were heated to 700 °C, held for 20 days and then slow cooled
to 500°C over a period of 1.5 days. This was followed by
centrifugation to remove the flux. The resultant platelet sin-
gle crystals are a few millimeters in size and have a silvery
luster. Before carrying out structural or property characteri-
zation, the samples were annealed in sealed evacuated quartz
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tubes at ~400 °C in a horizontal tube furnace with a temper-
ature gradient to remove the residual Te flux. The purity of
the crystals was then investigated on a Bruker D8 Focus
powder X-ray diffractometer operating with Cu Ku radiation
and a graphite diffracted beam monochromator (PXRD). The
single crystal X-ray diffraction study was conducted on a
Bruker APEX II diffractometer using Mo Ko radiation.

Temperature-dependent resistivity and Hall measure-
ments were carried out using a Quantum Design Physical
Property Measurement System (PPMS). Silver paint was
used to make contacts for both measurements. Magnetic sus-
ceptibilities and the temperature and field dependences of
the magnetization were measured by using the PPMS. The
Optical transmittance of Cr,Ge,Tes was measured at 292 K
between 50 and 900 meV using a modified Bruker Vertex
80v FTIR spectrometer.

Magneto-optical imaging of the component of the mag-
netic induction perpendicular to the sample surface was con-
ducted by utilizing the Faraday effect in bismuth-doped iron
garnet ferrimagnetic films with in-plane magnetization.'*
When linearly polarized light passes through such a film and
reflects off the mirror sputtered on its bottom, it picks up a
double Faraday rotation proportional to the intensity of the
magnetization along the light path, perpendicular to the indi-
cator (and sample) surface. This component of magnetization
is proportional to the perpendicular component of the mag-
netic induction at a given location on the sample surface.
Observed through a linear analyzer at close to a 90° angle to
the polarizer, a real-time 2D image is obtained where the in-
tensity is proportional to the perpendicular component of the
magnetic field on the sample surface.'* For the low-
temperature experiment, a flow-type liquid “He cryostat with
the sample in vacuum was used. The sample was positioned
on top of a copper cold finger, and an indicator film is placed
on top of the sample. Spatial resolution was determined by
several factors, mostly by the distance from the film to the
sample surface, estimated to be about 2—4 um. The cryostat
was positioned under a polarized-light reflection, Leica
DMLM, microscope, and the color images were recorded
with high-resolution cooled CCD camera.

The electronic structure calculations were performed in
the framework of density functional theory (DFT) using the
WIEN2K (Ref. 15) code with a full-potential linearized aug-
mented plane-wave and local orbitals [FPLAPW +1lo]
basis!¢!8 together with the Perdew Burke Ernzerhof (PBE)
parameterization'® of the generalized gradient approximation
(GGA) as the exchange-correlation functional. The plane
wave cut-off parameter Ry rKyax was set to 7, and the irre-
ducible Brillouin zone was sampled by 300k-points. The lat-
tice parameters and atomic positions obtained in this work
were employed for the structural input.

Finally, a Cr,Ge,Tes-Bi,Tes heterostructure was grown
by using MOCVD.?**! A single-crystal flake (~1 mm x 1 mm
x 7 um) of Cr,Ge,Tegq was mechanically exfoliated as a sub-
strate and stored in dry N, prior to growth. For Bi,Te; growth,
the substrate was heated to a growth temperature of 280 °C in
a 600 sccm flow of H, at 100 Torr. Once the substrate reached
the growth temperature, vapors of diisopropyl telluride
(DiPTe) and trimethyl bismuth (TMBi) were introduced into
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the gas stream, resulting in precursor partial pressures of
Ppipre = 2.8 x 10> Torr and Pryg;=7 x 10 ®Torr in the
growth chamber. The precursors thermally decompose at the
sample, producing atomic bismuth and tellurium for crystal
growth. After 30 min, the TMBIi flow was stopped, terminating
growth, and the sample is cooled to 100°C with continued
DiPTe flow.

RESULTS AND DISCUSSION

The crystal structure of Cr,Ge,Te¢ is shown in Figure 1.
The X-ray diffraction pattern (Figure 1) from the basal plane
crystal surface of a Cr,Ge,Teq single crystal only shows
(003n) reflections, which indicates that the ¢ axis is perpen-
dicular to the platelets. The details of the structural charac-
terization, based on single crystal X-ray diffraction, are
given in Table I. Te layers, following a hexagonal ACAC
stacking sequence, form the vertices of layers of edge-
sharing octahedra; half of the octahedra are left empty in
layers to create a van der Waals gap. Within a filled layer of
octahedra, instead of a random mixture of Cr and Ge, 1/3 of
the octahedra are filled by Ge-Ge dimers while the other 2/3
are filled by Cr ions. As a result, the Cr ions within one layer
form a honeycomb-like pattern. The space group of
Cr,Ge,Teq is R-3, resolving ambiguities due to the presence
of crystal twinning in an earlier report.'?

The zero-field cooled (ZFC) magnetic susceptibilities
(not shown), y=M/H, were measured between 10 and
300K, in an applied field of 1500 Oe perpendicular (H // c)
to the crystal basal plane. By fitting the high-temperature
region of the susceptibility to the Curie-Weiss law

1% = C/(T-0), (1)

where 6 was determined to be ~80K, indicating that
Cr,Ge,Teg has dominantly ferromagnetic interactions. The
field-dependent isothermal magnetizations were measured at
temperatures of 10, 30, 50, and 70 K, with an increasing field

T T b T T T
l (006) 1
B ; IGe-Ge
Cr,Ge,Te, E‘ 407 e Ci
) CuKa Te
5 —— (00I) reflections
g
©
> ey (0012)
2 (003) - ¢
i L ar-t—bb
ofF
10 20 30 40 50 60
20 (deg)

FIG. 1. The X-ray diffraction pattern from the basal plane crystal surface of
Cr,Ge,Teg only shows (003 n) reflections, which indicates that the ¢ axis is
perpendicular to the platelets. The inset shows the crystal structure of
Cr,Ge,Tes, with Ge,Teq and CrTeg octahedra colored gray and green,
respectively. One third of the octahedra are filled by Ge-Ge dimers while the
other 2/3 is filled by Cr ions.
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TABLE 1. Structural characterization of Cr,Ge,Teq (T =300 % 2 K). Space group R-3 (No. 148), a =6.8286(4) 10%, ¢ =20.5640(12) /DX, 711 unique reflections,
R, (all reflections) = 0.0271, wR, = 0.0392, twin domain proportions = 0.78896/0.21104, GooF (goodness of fit) = 1.099.

Atom \V)’Ck.a X y z U| 1b U22b U33b U|2b

Te 18f 0.33651(4) 0.29896(4) 0.082116(12) 0.01140(14) 0.01091(14) 0.01511(15) 0.00579(11)
Ge 6¢ 1/3 2/3 0.10874(3) 0.0105(2) 0.0105(2) 0.0189(4) 0.00524(10)
Cr 6¢ 0 0 0.16578(5) 0.0097(3) 0.0097(3) 0.0141(5) 0.00486(15)

“The Wyckoff position, a shorthand notation for atomic positions.

® Anisotropic displacement parameters, describing the atoms’ thermal vibrations around their mean positions, in A2

from —5T to +5T (shown in Figures 2(a) and 2(b)). The
magnetizations exhibit a dramatic increase up to ~5000 Oe
for H // ab and ~2500 Oe for H // ¢ below the ferromagnetic
transition temperature (T.) of 61(%1) K.'? Their saturated
magnetization values reach ~3 uB per Cr atom at 10K, con-
sistent with the expectation for high spin configuration state
for Cr’". Here the ¢ axis is the easy axis. The magnetization
along the ¢ axis saturates below 3000 Oe. The magnetization
loop on varying the applied field from —5 to 5T (Figure
2(c)) shows no measurable hysteresis to our level of preci-
sion, about 100 Oe, and a remnant magnetization is undetect-
able at the 100 Oe scale even at the low temperature of 5K,
indicating that Cr,Ge,Teq is an extremely soft ferromagnetic
material.

Further and direct confirmation of the soft ferromagnet-
ism is obtained by magneto-optical imaging. Figure 3(a)
shows images recorded at 5 K in magnetic fields of 200, 400,
and 600 Oe from left to right, respectively. The almost rec-
tangular sample becomes clearly visible with a uniform in-
tensity (proportional to the local magnetic field) much
greater than the surroundings, indicating a magnetic induc-
tion much greater than the applied field, which is only possi-
ble in a ferromagnetic material. In fact, this image is similar
to what is often obtained in soft ferromagnets such as trans-
former steel or various ferrites. The difference, however, is
that in the case of Cr,Ge,Teq there is a large interval of
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FIG. 2. (c) The magnetization with applied field perpendicular to the basal
crystal surface from —5 to 5T at 5K. No magnetic hysteresis (coercive
field < 100 Oe) was detected, indicating that Cr,Ge,Teg is a very soft ferro-
magnetic material. (a), (b) Insets show the field-dependent isothermal mag-
netizations measured at temperatures of 10, 30, 50, and 70K, with the
applied field parallel or perpendicular to the basal plane crystal surface.

magnetic fields where the magnetic induction is proportional
to the applied field, indicating that the material has only
moderate magnetic permeability; this is in contrast to the
very high values found for soft steel, for example, which sat-
urates its magnetization already in low, Oersted-level fields.
Another significant observation for the current purposes is
the apparent absence of ferromagnetic domains. Usually, this
is associated with diminishing magnetocrystalline anisot-
ropy>” and indicates that the magnetic structure is such that
the energy of formation for a domain wall is prohibitively
high and the wall width is too large to serve the purpose of
reducing the overall magnetostatic energy.
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FIG. 3. (a) Magneto-optical images of an almost rectangular shaped single
crystal of Cr,Ge,Teg at T=S5K. There is a mirror between the sample sur-
face and the indicator film, so all observed contrast comes solely from the
magnetic field and not the physical shape of the sample, which is optically
invisible. From left to right, the magnetic field was H=200, 400,
and 600 Oe, respectively. No ferromagnetic domains can be observed.
(b) Temperature dependence of the normalized magnetization M(T)/M(0)
(blue plot) and normalized intensity in the sample region (dark red stars).
The good agreement between the two techniques indicates that Cr,Ge,Teg is
a very soft ferromagnet without magnetic hysteresis. Four magneto-optical
images are shown at different temperatures, and the intensity of the sample
stands out below ferromagnetic transition temperature. Note that some
images contain various “defects”—spots and streaks. These are optical arti-
facts due to dirt, grease, dust, and scratches on the substrate or mirror of the
indicator films, and they do not affect the underlying imaging of magnetic
fields in any way.
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To confirm the ferromagnetism and compare the
magneto-optical and magnetization measurements, the mag-
netic field intensity on the surface as a function of tempera-
ture while warming through the transition was measured
(Figure 3(b)). The result, normalized to give 1 at T — 0 is
shown in Figure 3(b). The results show very good agreement
between the two techniques, which can only be the case for a
very soft ferromagnet without magnetic hysteresis (or
domains). The sample exhibits a clear transition temperature
with temperature-independent behavior below the transition;
these are characteristics of ferromagnetism.

Resistivity and Hall measurements were taken from
room temperature down to low temperatures (26 K for resis-
tivity and 60K for Hall measurement) to characterize the
electronic state of Cr,Ge,Teg. Figure 4(b) shows a plot of re-
sistivity vs. 1/T; semiconducting behavior is shown. By line-
arly fitting the plot to the equation

p = po % exp(Ea/2ksT), ©)

a transport energy gap (E,) of ~202meV was determined.
The carrier type was found from Hall measurement to be
p-type. Linearly fitting the plot of log carrier concentration
(p) vs. 1/T (Figure 4(a)) within the high temperature region
gives an energy gap of approximately 196 meV, which is
consistent with that deduced from the resistivity measure-
ment. We suggest that the p-type defects may dominate the
system due to Ge vacancies

Gege — Vg + 30", 3)

the defect type suggested by first-principles study to have the
lowest formation energy in the related compound rhombohe-
dral GeTe.'® The resistivity of Cr,Ge,Teq at SOK is about
24%x10*Q cm, and its carrier concentration at 60 K is about
2.1 x 10" cm™ (the carrier concentration is too low to be
detected below 60K in our apparatus), indicating it to be a
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FIG. 4. (a) The linear fits of carrier concentration p and (b) resistivity p of
Cr,Ge,Teg. Both resistivity and Hall measurements were taken from room
temperature down to low temperatures (26 K for resistivity and 60 K for Hall
measurement). (c) The IR transmission spectrum of Cr,Ge,Tes. Above
0.4eV, two distinct absorption edges are observed at 0.5eV and 0.74eV,
which are likely due to indirect bandgap transitions. The band gap is consist-
ent with the high-wavenumber edge of transmittance, which is ~0.74 eV.
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good insulator below its ferromagnetic transition temperature.
At 300K, the resistivity is about 0.46 Q cm, and the carrier
concentration is 8.3 x 10'®cm ™. The IR transmission spec-
trum is presented in Figure 4(c). The data show a clear signa-
ture of Fabry-Pérot interference below 0.4eV, indicative of
high surface quality. Above 0.4eV, two distinct absorption
edges are observed, one at 0.5eV and one at 0.74 eV. The ori-
gin of the absorption at 0.5eV is not clear at this time, but the
high-energy edge of transmittance (0.74eV) unambiguously
corresponds to an energy gap between valence and conduction
bands.

The results of the calculation for the density of states
and band structure of Cr,Ge,Tes are shown in Figure 5.
Calculations were performed under the restricted (pT =p])
and unrestricted (p] # p|) spin formalisms; in the unre-
stricted case, the Cr was set as spin up. In the case where the
spin up and spin down electron populations are constrained
to be equal, we calculate a metallic band structure. The
Fermi level in this case would be located at a high peak in
the density of states (DOS), which belongs to Cr 3d states
and can be attributed to the half-filled t,, manifold. This is in
agreement with previous calculations.'> However, this elec-
tronic picture is inconsistent with the well known chemical
character of t2g3 Cr’" in octahedral coordination in insula-
tors, which exhibits very strong Hund’s rule coupling and
consequently 3 unpaired electrons in the #,, orbitals. This
type of coupling is best described in electronic structure cal-
culations through the use of unrestricted spin formalisms,
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FIG. 5. (a) Calculated electronic density of states of Cr,Ge,Teg in the unre-
stricted spin formalism, allowing for Hund’s rule coupling. A gap is visible
in both spin channels. The Cr t,, and e, orbitals are indicated. (b) Band
structures of Cr,Ge,Teq for the majority (left) and minority (right) spin
channels. The band gap is indirect, between I' and L in the minority spin
channel.
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where the spin up and spin down populations are allowed to
vary independently. The Hund’s rule coupling is a single-ion
effect and does not depend on the presence of long range
magnetic ordering in the material. Using this formalism for
the Cr,Ge,Teg band structure calculation results in a band
gap in both the majority and the minority spin channels
(Figure 5(a)). This is the chemically reasonable electronic
state of the system, and further comparison of the total ener-
gies between two models shows that the energy of the unre-
stricted, Hund’s rule consistent spin formalism is 2.84eV
lower per formula unit, which strongly supports it as the
more accurate way to describe the system.

The electronic structure calculations (Figure 5(b)) reveal
that the band gap is indirect, between the I" (valence band)
and the L and F points (conduction band) in the minority
spin channel. The predicted size of the indirect band gap
between the valence band and minority spin channel in the
conduction band, 0.43 eV, corresponds with one of the edges
observed in the optical transmission experiments, as does the
0.7eV gap in the majority spin channel. Further work would
be required, however, to conclusively associate features in
the optical spectra with those in the calculation.

The magnetic moment is calculated to be 3 ug per Cr
atom, which is in good agreement with the expectations for
a Cr’" state as well as with the experimental results. Figure
5(a) shows the total DOS as well as the contribution from
the Cr 3d states to both spin channels. The majority spins
have a filled 7, manifold and an empty e, manifold,
whereas both 7, and ¢, manifolds are empty for the minor-
ity spins, which also agrees with the expectations for Cr>"
ions in an octahedral geometry. Therefore, the insulating
character of Cr,Ge,Teg is merely a natural consequence of
the strong Hund’s rule coupling of Cr>", and this material
is not a Mott insulator.

J. Appl. Phys. 114, 114907 (2013)

Cr,Ge,Teg is reasonably closely lattice matched to the
two most heavily studied topological insulator materials,
Bi,Se; (mismatch 4.8%)* and Bi,Te; (mismatch 10.3%).%*
This fact is promising for the prospect of creating a topologi-
cal insulator-ferromagnetic insulator junction, a long-
standing goal of research in the field of topological insulator
materials.”> Although Bi,Te; does not exhibit the mid-gap
Dirac point that draws most attention to Bi,Ses, several prac-
tical advantages have led to the intensive study of Bi,Tes TI
surface states in various contexts.”® In the present case of
CVD growth on Cr,Ge,Teg, an advantage is that the precur-
sor DiPTe can be used for Bi,Te; deposition. DiPTe pyro-
lyzes at sufficiently low temperatures that the substrate is
well preserved, which is not true of the major Se precur-
sors.”” Using this method, we have created high quality
Cr,Ge,Teg-Bi,Tes heterostructures.

After MOCVD deposition of Bi,Tes, crystallographi-
cally oriented triangular islands covered a large portion of
the Cr,Ge,Teq substrate, with the rest remaining smooth. On
inspection within a scanning electron microscope (SEM), the
flat islands were observed to have dimensions on the scale
2 um x 2 um x 50 nm (Figure 6(a)). To study their composi-
tion, energy dispersive spectroscopy (EDS) was performed
locally, on and off numerous islands. With the beam focused
on the substrate, a composition of 21.0% Cr, 16.9% Ge, and
61.8% Te (mol. %) was measured, consistent with the
expected composition of Cr,Ge,Teq and the few percent
error characteristic of the technique. On the other hand,
when focused on an island the electron beam generates
X-rays both in the island and in the underlying substrate. In
this case, a composition of 27.4% Bi, 61.6% Te, 5.8% Cr,
and 5.2% Ge (mol. %) was detected, i.e., close to a
Bi,Te; + Cr,Ge,Teg composition. On the continuous depos-
ited film, the EDS signature was similar to that observed on

O Te of Cr,Ge,Te,
Te of Bi,Te,

possss L

FIG. 6. Heteroepitaxy of Bi,Te; on Cr,Ge,Teg. (a) Electron backscatter diffraction patterns generated from spots ~100nm in size on the triangular islands
(top) and away from the islands (bottom) were indexed to the structures of Bi,Te; on Cr,Ge,Teg, respectively, with a relative rotation of the unit cells by 30°
around their ¢ axes. (b) SEM inspection at a 60° viewing angle. (left) A uniform growth of aligned triangular islands formed on the Cr,Ge,Teq surface, inter-
spersed with pyramidal structures. EDS confirmed both species to be Bi,Tes. (center) Some islands show evidence of strain relaxation, likely due to the non-
zero lattice mismatch. (right) About 30% of the substrate was covered with a continuous single crystalline Bi,Te; film (~400 umx 400 um in size). (c) (left)
The crystal structure of the Bi,Te;-Cr,Ge,Teg heterostructure. Each compound is displayed by one cell-edge length along its ¢ axis. The quintuple Te-Bi-Te-
Bi-Te layer in Bi,Te; and the triple Te-(Cr,/3/Ge,/3)-Te layer in Cr,Ge,Teg are labeled as QL and TL, respectively. There is a van der Waals gap between the
two compounds. (right) A 30° rotation of the unit cells aligns the interfacial Te layers of the two crystals. The unit cells of Cr,Ge,Tegs and Bi,Te; are outlined
by black solid lines and blue dotted lines, respectively. A high degree of ordering was observed, despite the lattice mismatch and the distortion of the geometry
of the Te plane in Cr,Ge,Teg.
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the islands, implying that a continuous Bi,Tes film grew in
this region (~400 um x 400 um in size, ~100nm in thick-
ness) as large islands merged together (Figure 6(a) right).

To structurally characterize the heterostructure, local
EBSD was performed separately on the Bi,Te; islands and
the adjacent Cr,Ge,Teg substrate regions. Automatic diffrac-
tion pattern indexing (Oxford Instruments Flamenco soft-
ware) positively identified the Bi,Te; and Cr,Ge,Teq
structures of islands and substrate, respectively, as shown in
Figure 6(a). Further, the crystallographic orientations were
directly compared in several pairs of substrate/island diffrac-
tion patterns. The pairs of unit cells had an average rotational
offset of 29.9° = 0.7° around the c-axis, with c-axes parallel
within 0.1° = 0.4°. In the region of the substrate with a con-
tinuous film, very similar Bi,Te; EBSD patterns were col-
lected at numerous points, showing the film (~30% of the
substrate area) to be continuous single crystalline Bi,Tes.

Both Bi,Te; and Cr,Ge,Teg are layered compounds. In
Bi,Tes, the fundamental building block is a sandwich of five
atomic layers (a quintuple layer, “QL”), Te-Bi-Te-Bi-Te,
while in Cr,Ge,Teg, the fundamental building block is three
atomic layers (a triple layer, “TL”), Te-(Cr,;3/Gey/3)-Te.
Each building block is charge balanced, and there are van
der Waals gaps between them. The crystal growth of com-
pounds of this type follows in a block-by-block fashion, and
crystal cleavage always happens at the van der Waals Gaps.
Therefore the exposed atomic layer of the Cr,Ge,Teq sub-
strate is a Te atomic layer. The same argument holds for the
deposited Bi,Tes, where the first layer has to be Te, as is
also dictated by charge balance at the interface. Thus the pro-
posed Cr,Ge,Tes-Bi,Tes interface, although not quantita-
tively characterized at the atomic level in this study, must be
as shown in Figure 6(c) left.

The 30° rotation observed in EBSD is consistent with
the alignment of the hexagonal lattices at the interfacial Te
planes between BiTe; and Cr,Ge,Teg (Figure 6(c)
right).Despite the lattice mismatch, it is clear that Bi,Te; is
epitaxially grown on top of Cr,Ge,Teg; this can be attributed
to the flexible character of the van der Waals bonding
between the Bi,Te; layer and the Cr,Ge,Teq substrate.
Nevertheless, there appeared to be some evidence of strain
relaxation at the interface, as corrugation features can be
observed in some of the Bi,Te; islands (Figure 6(b) center).
We expect that the highest quality films will eventually be
obtained in future growth of Bi,Ses films on the Cr,Ge,Teg
surface, due to the reduced lattice mismatch.

CONCLUSION

In summary, the crystal structure and physical properties
of the layered ferromagnetic insulator Cr,Ge,Teq were rein-
vestigated. The material is highly insulating and has a ferro-
magnetic T, of 61 K. No magnetic hysteresis was detected
within the sensitivity of our magnetization measurements,
indicating that Cr,Ge,Teg is an extremely soft ferromagnetic
material. This conclusion is confirmed by direct magneto-
optical imaging that shows uniformly magnetized samples
without resolvable ferromagnetic domains, behavior similar to
that displayed by soft ferrites, with, however, the lower
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magnetic permeability resulting in much larger saturation
fields for the current material. Combining the optical transmit-
tance spectra and electronic structure calculations indicates an
indirect band gap of ~0.74 eV, while the small energy gap of
~196-202 meV detected by transport measurements suggests
the existence of p-type defect states. Finally, high quality
Bi,Te; was grown in two forms via MOCVD on Cr,Ge,Teg-
oriented triangular islands and continuous thin film. EBSD
reveals a 30° rotational offset around the ¢ axis between the
unit cells of Bi;Tes and Cr,Ge,Teg, confirming that Bi,Tes is
epitaxially grown on top of Cr,Ge,Teq with the hexagonal Te
planes at the interface in good registry.

We propose that by further optimizing growth conditions,
larger continuous thin films of Bi,Te; can be achieved on
Cr,Ge, Teg to facilitate device fabrication and fundamental stud-
ies that require large material surfaces such as angle resolved
photoemission spectroscopy (ARPES). In addition, this success-
ful heterostructure growth of a tetradymite type compound on
the insulating ferromagnet Cr,Ge,Teg serves as a model system
for numerous variations, such as BiTel(001)-Cr,Ge,Teg,
Bi,Se;(001)-Cr,Ge,Teg, and SnTe(111)-Cr,Ge,Teg, or simply
depositing heavy elements such as elemental Bi on Cr,Ge,Tes,
providing a platform for studying the interaction between topo-
logical surface states or Rashba split states and ferromagnetism.
The fact that the magnetization along the ¢ axis saturates below
30000e in Cr,Ge,Teq ensures that any interesting properties
that may be displayed by this heterostructure can be observed
with a low field.
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