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ABSTRACT

Although stoichiometric CrTe is difficult to synthesize because of the appearance of Cr vacancies, ferromagnetic Cr;_, Te compounds have
attracted increasing attention. This work investigates single crystalline (Cryo Bg;)Te with the Cr vacancies filled by B to stabilize the
hexagonal crystal structure and shift the Fermi energy. The structural and magnetic properties have been characterized by experimental
measurements and ab initio calculations. A collinear spin structure with an easy axis along ¢ is observed at high temperature, whereas the
magnetic moments localized at the Cr atoms gradually tilt away from the c-axis below 140 K. A maximum tilt angle of 30° is observed at a

temperature of 2 K.

© 2020 Author(s). All article content, except where otherwise noted, is licensed under a Creative Commons Attribution (CC BY) license (http://

creativecommons.org/licenses/by/4.0/). https://doi.org/10.1063/5.0002118

Cr;_, Te compounds have attracted increasing attention since the
discovery of their ferromagnetism. Different crystalline and magnetic
Cr;_, Te phases have been reported for 0 < x < 0.4. Different Cr con-
tents x also result in a different Curie temperature (T) and saturation
magnetization." Cr;_, Te has a hexagonal structure similar to binary
CrTe, which has Tc= 340 K. However, although the Te layers are fully
occupied in both cases, Cr;_, Te has Cr vacancies in every second Cr
layer. The Cr vacancies induce small deviations from the hexagonal
symmetry, leading to monoclinic Cr;Tey, trigonal Cr,Tes, and trigonal
and monodlinic CrsTeg In particular, CrsTeg is a strong uniaxial ferro-
magnet.”" However, at higher Cr concentrations, the magnetic struc-
ture is more complicated. For instance, a canted ferromagnetic
structure was observed at low temperature by neutron diffraction™®
and magnetization measurements." Although the tendency to create
vacancies makes the synthesis of stoichiometric CrTe difficult, the
defects determine the magnetic moment of Cr and the magnetic struc-
ture of Cr, _, Te, leading to a lower saturation magnetization and T.

The present work reports the magnetic and electronic properties
of (Cryo By 1)Te single crystals, where the Cr vacancies are filled by B,
stabilizing the hexagonal structure as well as shifting the Fermi energy

and melting point. Measurements of the structural and magnetic prop-
erties are compared with ab initio calculations.

Single crystals of (Cryo Bg1)Te were grown by a step-by-step
annealing process. Pure Cr (99.99%), Te (99.9999%), and B (99.999%)
were ground into small pieces and mixed in an alumina tube. The alu-
mina tube was sealed in a quartz tube filled with 20 kPa Ar. To reduce
the evaporation of Te, the latter tube was heated gradually in the series:
annealing to 873 K for 3 days, 1073 K for 1 day, and 1473 K for 5 days.
Then, because a fast cooling is of vital importance, as a slow cooling
would lead to the precipitation of Cr, the tube was cooled by immer-
sion into ice water. The composition has been characterized by both
energy-dispersive x-ray spectroscopy (EDS) and wavelength-
dispersive x-ray spectroscopy (WDS). The samples have a homoge-
neous Crysg B34 Tesgg composition that, using Te as the reference,
corresponds to Cryg By o7 Teyo. This is in agreement with their nomi-
nal composition within the uncertainty of the methods used.

X-ray diffraction (XRD) and Laue patterns of the powder, taken
at room temperature with Cu K, radiation, are shown in Fig. 1. As
seen, the hexagonal structure is confirmed. Binary CrTe crystallizes in
the B8, structure (prototype: NiAs, hP4, P 6;mmc, 194)” with Cr and
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Te layers alternating. For (Cr;_, B,)Te with x < 1, it is assumed that
B replaces only Cr atoms of every second Cr layer. Consequently, Cr
atoms are in two different environments: the Cr atoms in the unper-
turbed layer are labeled Cr’ and those in the layer with substituted B
are labeled Cr'’. The resulting Cr; _, B, (x < 1) structure belongs to
space group P3ml (164), with Cr' (97.3%) in Wyckoff position la
(0,0,0) (in brackets, the site occupations from Rietveld refinement are
given) and Te (98.6%) in 2d (2/3,1/3,1/4). Site 1b (0,0,1/2) is partially
occupied by Cr' (79.6%) and randomly distributed B (19.9%). The lat-
tice constants a=4.0184 A and c¢=6.2684 A are in agreement with
the values previously reported for similar compounds.””

The electronic and magnetic structures were calculated from first
principles in the local spin density approximation using the SPRKKR®
computer program in its full potential, fully relativistic mode. In this
mode, instead of using a perturbational approach to the spin-orbit inter-
action, the spin-polarized Dirac equation with the 4-component
Kohn-Sham wavefunction is solved. In particular, the generalized gradi-
ent approximation of Perdew et al.” was used for the parametrization of
the exchange-correlation functional. In the calculations for (Cryg By ;) Te,
the random occupation of the 1b sites in the Cr-B layer was modeled
through the coherent potential approximation implemented in SPRKKR.
It should be noted that the calculations did not converge when B
replaced Cr in both layers.

The fully relativistic electronic structure calculated is shown in
Fig. 2. The smearing and broadening of the dispersion is a result of the
chemical disorder scattering caused by the random distribution of Cr"
and B on site 1b. The density of states reveals the exchange splitting of
the Cr 3d valence states. The density of the minority states exhibits a
minimum at the Fermi energy (¢) resulting from a pseudogap.

Magnetization was measured using a vibrating sample magne-
tometer (MPMS 3, Quantum Design). The magnetic properties of
(Croo By1)Te single crystals are summarized in Fig. 3. The Curie tem-
perature found is Tc = 336 K. The magnetic moment at 2K is 2.8 g,
which results in an average total magnetic moment per Cr atom
of mc, =3.11 ug. The ab initio calculations result in spin ()
and orbital (m;) magnetic moments per Cr atom, which are m!
=3.706 g, m} = 0.007 i, for Cr' and m! = 3.717 i, mi' = 0.009
for Cr”. The overall magnetic moments in the four-site primitive cell
are m; =6.483 yy and m; = —0.016 up. The negative value of the
overall orbital moment results from polarization of the Te atoms.
However, as seen, the orbital moments are negligible. The magnetic

(a) powder XRD (b) Laue
[ ] LA 1 2
- Leate
| Bragg positions ]
o Tobs = eate
z = o
Z S
g ] g g ] 9
= g -a IS 2
2 S l 'S %’ &) "
~ |
[ | I ren 1]
A N E
1 ~+ T
30° 40° 50° 60°

Scattering angle 20

FIG. 1. Crystal structure of (Crog Bys)Te. The very tiny 2020 reflexion of the
powder XRD is not indexed. Only the 1013 reflexion is marked and indexed in the
Laue pattern.
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FIG. 2. Calculated electronic structure of (Crgg Bg 4)Te: (a) the Bloch spectral func-
tion, E(k), and (b) the spin-resolved density of states, n(E).

moments calculated for the Cr atoms are rather site-independent
although they are higher than the average ones obtained experimentally.

The dependence of the magnetization along the ¢- and g-axes on
the temperature is shown in Figs. 3(a) and 3(b), respectively, for differ-
ent applied magnetic fields. At an applied field of 1T, the saturation
magnetization M, increases to 90 Am*/kg. At a low temperature and
low field, a kink caused by spin reorientation appears, shifting in tem-
perature with the size of the applied field. At a low magnetic field
(0.01T), the transition temperature Tsz is approximately 140K,
decreasing rapidly as the field along the c-axis increases, dropping to
118 K at 0.1 T. Conversely, it increases slightly to 142 K under a 0.45 T
field along the a-axis. The spin reorientation is also observed in the
AC susceptibility measurements of Fig. 3(c). Besides the Hopkinson
effect'’ observed near Tc, the AC susceptibility drastically decreases
below 140K to almost zero when the field is along the c-axis, while it
slightly increases at temperatures below Tz when the field is along the
a-axis. The magnetization curves for both field directions at 300
and 2K after correction of the demagnetizing factor are shown in
Figs. 3(d) and 3(e), respectively. At 300K, the magnetization of the
crystal saturates at a small field along the c-axis, whereas a field of up
to 0.44 T is required to saturate the sample along the g-axis. This is a
typical easy-axis-type behavior. Therefore, the in-plane anisotropy can
be assumed to be negligible. At 2 K, the magnetization along ¢ saturates
fast, similar to the 300 K case. However, at approximately 0.22 T along
the a-axis, it displays a sudden curvature that does not exist in the linear
curve of 300 K. This is because of the spin reorientation caused by the
applied magnetic field. The coercivity along the c-axis at 2 K and 300 K
is 0.011 T and lower than 0.003 T, respectively. Note that, below Tgg, the
saturation magnetic field Hg, along the a-axis, i.e., the anisotropy field
H,, decreases gradually for decreasing temperature, different from nor-
mal easy-axis magnets. The magnetocrystalline anisotropy, calculated as
explained in Ref. 11, is shown in Fig. 3(f). The anisotropy constant K;
decreases from 240 kJm ™ at 200K to —100 kJm™> at 2 K, whereas K,
increases from —40 kjm > at high temperature to 100 Km > at 2K.
The negative K; and K, > —K;/2 indicate an easy-cone-type structure
with the cone angle given by sin (0) = \/—K, /2K,."""”

To determine the relation between the tilt angle and temperature,
the magnetization of a single crystal is measured under a rotating mag-
netic field of 0.05 T, as shown in Fig. 3(g). Because the sample is cubic,
it has a uniformly shaped anisotropy. Above Tgg, the angular depen-
dence of the magnetization has a sinusoidal shape, with the largest
value obtained along c¢. However, below Tsg, the curve gradually
becomes asymmetric because of hysteresis, as shown from the
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FIG. 3. Measured magnetic properties of (Cro g Bo.1)Te. (a) and (b) Temperature dependence of the magnetization at different applied magnetic fields along the (a) c-axis and
(b) a-axis. The second step in the M(T) curve of (b), marked by an arrow, does not correspond to a transition but rather resembles the decrease in the anisotropy field. (c) AC
susceptibility, evidencing spin reorientation. (d) and (e) Hysteresis M(H) loop at (d) 300K and (e) 2K. The black, dashed lines are linear fits of the initial magnetization. (f)
Magnetocrystalline anisotropy at different temperatures. (g) Angular dependence of the magnetization (0.05 T), where 0° and 90° correspond to the c- and a-axes, respectively.
(h) Temperature dependence of the tilt angle. (i) Schematics of the remanent magnetization below (left) and above (right) the spin reorientation transition.

evolution of the tilt angle with the temperature shown in Fig. 3(h).
The tilt angle can be identified from the shoulders of the magnetiza-
tion, which are indicated by arrows in Fig. 3(g). As seen, it decreases
gradually from approximately 30° at 2K to 0° at Tgg. The asymmetric
shape of the magnetization curves is a result of non-equivalent direc-
tions. One is closer to the initial magnetization direction than the
other. The angles obtained from the shoulders agree with those
deduced from K; and K,. The value in Fig. 3(g) is smaller than that in
Fig. 3(a) under 0.05 T, because of the cooling history. Figure 3(a) origi-
nates from a field cooling process, while the sample in Fig. 3(g) was
cooled without the applied field and then magnetized initially along
the a axis. The coercivity at low temperature is of the same order as
the applied field (0.05T) and influences the measured value too.
Figure 3(i) illustrates the alignment of the magnetization in the rema-
nent state. At high temperature, the spins as well as the remanence
(M,) are parallel to the c-axis. Below T, the major component along
the c-axis is compensated to reduce the stray field, whereas the minor
component in the basal plane is not completely compensated, leading
to a net M,. When the field is lower than the coercivity—as is the case
in the AC susceptibility measurements—the domain wall motion is
forbidden; as a result, the AC susceptibility becomes zero. At moderate
fields, instead, the behavior is that of an easy-axis magnet.

X-ray absorption spectra (XAS) were measured at the TPS45A
beamline'” of the NSRRC synchrotron (Taiwan). The Cr L3 XAS
spectra measured at 300K for (Cryg By ;)Te and Cr,Os, which were
used as a reference, are shown in Fig. 4. The spectrum of (Crgo Bo)Te
is less structured and is shifted to lower energy by approximately

2-3¢€V relative to Cr,Os. This is attributed to the metallic nature of
(Cro.9 Bg.1)Te and to a change in the multiplet structure, i.e., to a differ-
ent coupling of the 2p corehole with the 3d valence states of Cr. The
energy shift can be understood by an increased covalence or a decrease
in the charge transfer from oxygen to tellurium, which results in a
gradual decrease in the charge transfer energy.

LoF T T —
0.5 B
(Cr, B, )Te ]
0901 0.0
0.5
(a) XAS (c) SPRKKR
00 1 1 1 1 _05 1 1 1 1
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FIG. 4. X-ray absorption and magnetic circular dichroism. (a) XAS spectra of (Crog
Bo.1)Te and Cr,05. (b) XMCD spectra measured for (Crog Bo4)Te. (c) and (d)
Simulated Cr XMCD spectra obtained by (c) first principles and (d) atomic
ligand-field multiplet calculations. (All intensities are normalized to the maxima at
the L3 edge.)
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X-ray magnetic circular dichroism (XMCD) was measured to
obtain a deeper understanding of the magnetic properties. The mea-
surements were carried out at 10 K under a magnetic field of 6 T and
at 100% circular polarization at the DEIMOS beamline of the SOLEIL
synchrotron (France). Figure 4(b) shows the results of the measure-
ments. For comparison, the results of the first principles calculations
are reported in Fig. 4(c). The measured and calculated data are in
agreement with a previous report on the Cr-Te system.'* As seen, the
ab initio calculations reproduce the shape of the experimental spectra.
The Cr 2p binding energies for the first Cr atom are calculated to be
Ej,, = —549.02 ¢V and E| , = —557.66 €V and only 37 meV higher
for the second Cr atom. For both atoms, the spin-orbit splitting is
Aso ~ 8.6 eV, in agreement with the calculated value. The difference
between the experimental and calculated spectra is caused by the sec-
ondary electron background in the measurements, which is not pre-
sent in the calculations. However, further deviations may appear
because of incomplete photon polarization or magnetization in the
experiment.

To obtain the spin magnetic moment, the spin sum rule is com-
monly used."” However, a strong overlap between the L, and L5 edges
leads to a large underestimation of the spin moment.'*™'¥ Therefore,
atomic ligand-field multiplet calculations were performed using the
XTLS code.'” The CrTeg cluster parameters were set to Uzy=5.5¢€V,
Upa=7.0eV, A =1.0eV, 10Dg = 1.0eV, V(ty) = 1.56eV, V(e,)
=2.94¢V, and H,,=0.02¢eV along the z direction. The Slater inte-
grals were scaled to 75% of the Hartree-Fock values. In the multiplet
calculations, the charge transfer energy A needed to be reduced from
5.2¢€V for Cr,05” to 1.0eV for (Croo By ;)Te. This accounts for the
increased covalence, corresponding to a lower charge transfer energy,
when comparing Te with O. As shown in Fig. 4(d), the multiplet cal-
culations, similar to the ab initio ones, reproduce the measured
XMCD spectra of Fig. 4(b). The spin and orbital moments of Cr
obtained from the multiplet calculation are 2.98 up and 0.09 ug,
respectively. This leads to a total moment of 3.07 ug, in good agree-
ment with the measurements. Instead, the orbital moment obtained
from XMCD is larger than the one obtained from the fully relativistic
ab initio calculations by a factor 10.

In the current work, the structural and magnetic properties of
synthesized (Crgy By ;)Te single crystals have been investigated. The
structural, electronic, and magnetic measurements, including the
XMCD ones, have been discussed and compared with ab initio

ARTICLE scitation.org/journal/apl

calculations. From our detailed magnetic investigations, it is concluded
that (Cry ¢ Bg1)Te has a collinear spin structure with an easy axis along
¢ at high temperature. Below 140K, the magnetic moments localized
at the Cr atoms gradually tilt away from the c-axis. The tilt angle is
field- and temperature-dependent, having its maximum of 30° at 2 K.

This research was partially supported by ERC Advanced Grant
(No. 742068) TOPMAT. Support from the Max Planck-POSTECH-
Hsinchu Center for Complex Phase Materials is gratefully
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