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Abstract

The effect of substitution of up to two Te atoms by Se atoms on the crystal structure, the magnetic and electronic properties has been
studied in the system Crs+ v Teg_,Se,,.

Trigonal basic cells with space group P — 3ml for Cr( + Q> and trigonal supercells (doubling of the unit cell in all directions) with
space group P — 3ml for Crs 1 Os (1 +x) = 1.27, 1.32, 1.36; (5+x) = 5.08, 5.28, 5.44; O = Te, Se; Te:Se = 6:2) have been identified in
X-ray powder diffraction patterns and Rietveld refinements as high-temperature and low-temperature phases, respectively. The crystal
structures are related to the hexagonal NiAs-type structure with metal vacancies in every second metal layer. The magnetic properties are
closely related to the Cr content and the structure type. Cluster-glass and spin-glass behavior at low temperatures are observed for high
and low Cr contents, respectively. For the same Cr content, the phases with trigonal basic cells have higher values for the Curie
temperature T, and the freezing temperature 7}, and larger magnetization than those for the phases with trigonal supercells. For the same
structure type, the values for 7./7T¢ do not show a linear relationship with the change of Cr content but exhibit a V-shape fashion.

Our experimental investigations were accompanied by spin-polarized relativistic Korringa—Kohn—Rostoker (SPR-KKR) electronic
structure calculations. Cr deficiencies as well as atomic disorder on the chalcogen sites was accounted for using the coherent potential
approximation (CPA) alloy theory. Calculation of the exchange coupling parameters J;; provided the basis for subsequent Monte Carlo
simulations of the magnetic properties at finite temperatures.
© 2006 Elsevier Inc. All rights reserved.
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1. Introduction magnets, a key ingredient in high performance spintronic

devices [1].

Binary and quasi-binary chromium chalcogenides show
a rich variety of magnetic and electrical properties that
depend sensitively on the actual stoichiometry and the kind
of chalcogenide anion [1-10]. Some of these compounds
have been predicted to be excellent half-metallic ferro-
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The chromium tellurides (Cr(;_yTe, Cr3Tes, Cr,Te; and
the dimorphic CrsTeg) [2] are ferromagnetic metals;
chromium selenides (Cr(;_)Se, Cr3Se4, Cr,Ses, CrsSeg) [3]
and sulfides (CrS, CrsSq, CrsSy, CrsSs, CrsSg) [3b,4] are
predominantly antiferromagnetic and show either a me-
tallic or semiconducting behavior.

These phases crystallize with ordered defect structures
intermediate between the NiAs and the CdI, structure
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types. Each phase exists within a certain homogeneity
range of the Cr content. The different structure types with
specific arrangements of metal atom vacancies depend on
the actual composition and details of the sample prepara-
tion. In general, the presence of structural disorder and
competing exchange interactions complicate the elucida-
tion of the magnetic behavior and for many of these phases
the magnetic properties have not been investigated so far.
In several preceding publications we reported the crystal
structures and physical properties of Crsy,Teg [5,6],
CrsosSes [7], and Crs, ,Sg [8]. Subsequently, we investi-
gated the influence of anion and cation substitution in
CrsTeg phases onto the crystal structure, physical proper-
ties and electronic structure. Especially we studied the
quasi-binary phases Crsi,Te;Se and  Crs_,Ti, Teg
(0<x<5) and found remarkable changes of the crystal
structures and the magnetic properties [9,10].

The present contribution reports new results of a
continuing study of the effect of anion substitution of up
to two Te atoms by Se in the non-stoichiometric phases
Crsy Tes_,Se,.

The paper is organized as follows: After a description of
the two different structural modifications originating from
different synthesis conditions, we present and discuss the
results of the magnetic measurements. In the last section
the results of accompanying theoretical investigations are
discussed. Electronic structure calculations have been
performed using the spin-polarized relativistic Korringa—
Kohn—Rostoker (SPR-KKR) method in combination with
the coherent potential approximation (CPA) within the
framework of local spin density approximation (LSDA).
Calculations of the exchange coupling constants provided
the basis for subsequent Monte Carlo simulations of the
magnetic properties at finite temperatures.

2. Experimental
2.1. Synthesis

Cra+0n0> (1+x)=1.27, 1.32, 1.36) high temperature
phases with trigonal unit cells were prepared by reaction of
Cr (99.99%, Heraeus), Te (99.999%, Retorte) and Se
(99.95%, Retorte) powders in evacuated silica tubes
according to the composition range Cr:Q = 5.00:8.00 —
5.40:8.00. Each starting mixture was heated up to 1223 K at
a rate of 20 K/h and held at this temperature for 6 days.
The temperature was then decreased to 1073 K at a rate of
100 K/h and held at this temperature for 2 days and finally
quenched to room-temperature in a water bath.

Cris 00 ((5+x)=5.08, 528, 5.44) low temperature
phases with trigonal supercells were prepared by annealing
the Cr(; 4 )0, samples. The annealing procedure was as
follows: The Cr(; +)Q> samples were loaded in evacuated
silica tubes. The temperature was raised to 1223 K at a rate
of 100 K/h and held at this temperature for 2 days. Then
the temperature was decreased to 723 K at a cooling rate of

20K/h and held at this temperature for 6 days before
quenching into a water bath.

For Cr contents lower than 38.84at%, non-reacted
elemental Te/Se impurities were identified in the X-ray
powder patterns and the unit cell parameters are very close
to those of Cr;,;0,. For Cr contents higher than
40.48 at%, compounds with the monoclinic Crs;,Tey
structure type (space group: I2/m) were observed.

2.2. Chemical analysis

The compositions of the samples were determined
by the ICP (Inductively Coupled Plasma) technique
yielding  Cr;2705/Crs030s:  Criazzoa2@2  Cri3:05/
Crs230s: Crl.322(l)Q2a and Cry 3605/Crs 44 0g: Cr1A362(18)Q2~

2.3. Powder X-ray diffraction and Rietveld refinement

X-ray powder patterns in the 20-range of 10-100° with
sufficient statistics suitable for Rietveld refinements were
collected on a STOE STADI P diffractometer in transmis-
sion geometry using CuKa radiation (4 = 1.54056 A) with
a position sensitive detector. Rietveld refinements were
done with the program package FULLPROF [11]. The
background was interpolated by linear splines between
selected points. The profiles of the reflections were modeled
using a pseudo-Voigt function (3 parameters). Preferred
orientation was treated using March’s function. The
atomic coordinates and isotropic displacement parameters
B, were refined assuming a common parameter for the
Te/Se atoms. For the Cr(; 1 )0, phases, the position Crl is
found to be fully and the Cr2 position is only partially
occupied. Te and Se atoms are distributed statistically over
the 2d site and the ratio of the Te:Se occupancy was fixed at
6:2. In total 13 structural parameters were refined. For the
Cr(s + x)Og phases, the Cr2 and Cr3 positions are fully and
the Crl and Cr4 positions are only partially occupied. Te
and Se atoms are distributed statistically on the 2d and 6i
sites. In total 21 structural parameters were varied. The
refined parameters are listed in Table 1. Fig. 1 shows a plot
of the final Rietveld refinement for Crs44Q0g. Table 2 lists
the atomic coordinates for two representative examples,
Cr; 270, and CrsgQs. Selected interatomic distances are
compiled in Table 3.

2.4. Magnetic measurements

The dc-magnetization measurements were performed
with a MPMS SQUID magnetometer in the temperature
range of SK<T<300K in a field of 0.01 and 1T. Zero-
field-cooled (ZFC) and field-cooled (FC) magnetization
measurements (Mzrc and Mgc) were done in the following
way. The samples were cooled in zero field to 2 K, a field of
100 Oe was set immediately after 7= 2 K was reached, and
Mzgc data were recorded upon warming from 2 to 300K;
finally Mgc data were recorded on cooling from 300K
back to 2 K.



Z.-L. Huang et al. | Journal of Solid State Chemistry 179 (2006) 2067-2078 2069
Table 1
Crystal data and structure refinement parameters of Cr(; 1 Q> and Crs+)Os (Q = Te, Se; Te:Se = 6:2)
Formula Crg+00> Cres+0s
(I+x) or (5+x) 1.27 1.32 1.36 5.08 5.28 5.44
Crystal system Trigonal Trigonal
Space group P-3ml P-3ml
aA) 3.8226(1) 3.8334(1) 3.8430(1) 7.6443(2) 7.6747(1) 7.6885(2)
¢ (A) 5.9793(2) 6.0102(1) 6.0455(2) 11.9717(4) 12.0455(3) 12.1088(4)
V(A% 75.664(2) 76.487(2) 77.322(2) 605.84(2) 614.44(2) 619.90(3)
Z 1 2
20 range (deg) 10-100 10-100
Nobs 41 41 42 221 246 213
Nier 13 13 13 21 21 21
Ryp 4.08 4.32 3.97 4.56 4.69 4.74
R, 3.49 3.67 3.16 3.54 3.72 3.55
GOF/y? 1.37 1.39 1.58 1.66 1.59 1.79
DW 1.0732 1.0730 0.9130 0.9107 0.9471 0.8591
Rprage 4.76 5.13 5.40 3.99 5.16 3.97
Rp 4.67 5.81 6.90 8.67 9.66 943
Notes: The reliability factors values have the standard definitions. DW is the Durbin-Watson statistics.
2001 T T 7T Table 2
I Atomic coordinates for representative Cr; »70, and Crs 0sQg
24000 L ] Atom  Site x y z Bio(A?)  sof
I tr-Cry 2702
z 16000 L ] Crl la 0 0 0 3.91(6) 1
s I ] Cr2 1b 0 0 0.5 3.91(6) 0.27
B Tel 2d 3-Jan 3-Feb 0.2545(3) 2.44(2) 0.75
g L 1 Sel 2d 3-Jan 3-Feb 0.2545(3)  2.44(2) 0.25
= 8000 + g
= i 1 tr-Crs 080
| Crl 1b 0 0 0.5 4.79(5)  0.576(12)
o I ) 1 J i N TS J Cr2 6i 0.5022(6) 0.4978(6) 0.2515(13)  4.79(5) 1
O O v AT T T AT Cr3 2¢ 0 0 0.2480(16)  4.79(5) 1
r 1 Cr4 3e 0 0.5 0 4.79(5)  0.528(12)
. ! p I; . : — Tel 2d 3-Jan 3-Feb 0.3902(7) 3.56(2)  0.75
80001 0 >3 26 o o 100 Te2 24 3-Feb 3-Jan 0.1254(7)  3.56(2)  0.75
20 ) Te3 6{ 0.1617(4) 0.8383(4) 0.1208(5) 3.56(2) 0.75
Te4 6i 0.8315(4) 0.1685(4) 0.3695(5) 3.56(2)  0.75
Fig. 1. Rietveld refinement plot for Crs44Qg with peak markers and Sel 2d 3-Jan 3-Feb 0.3903(7) 3.56(2) 0.25
difference plot. Se2 2d 3-Feb 3-Jan 0.1254(7) 3.56(2)  0.25
Se3 6i 0.1617(4) 0.8382(4) 0.1208(6) 3.56(2) 0.25
Se4 6i 0.8315(4) 0.1685(4) 0.3695(5) 3.56(2)  0.25

2.5. Differential scanning calorimetry

Differential scanning calorimetric experiments (DSC)
were performed for Crs44Qg using a thermal analyzer
(Netzsch STA 449C) completely integrated into a glove box
operated under argon (p(O,, H,O) <0.1 ppm) to prevent
hydrolysis and oxidation during sample preparation. A
sample of 66.80mg was loaded in a sealed niobium tube
and the DSC data were collected between 293 and 1573 K.
The heating and cooling rate was 10 K/min.

2.6. Theoretical investigations

The electronic structure of the Cr(;;,)Q, system was
calculated self-consistently using the spin polarized relati-
vistic SPR-KKR method in the atomic sphere approxima-
tion (ASA) mode [12-15]. The details of the method have

been described elsewhere [14,15]. Exchange and correlation
effects were treated within the framework of local density
functional theory, using the parametrization of Vosko et al.
[16]. The CPA is used to describe the random distribution
of Te/Se atoms within the chalcogen planes and the
random distribution of the vacancies within the Cr layers
[17,18]. Because of the rather large unit cell of the
Cr(s+x0Os system we focused the calculations on the
Cr(j + xO> systems.

The effective exchange coupling parameters J; of a
magnetically ordered system can be calculated among
others on the basis of first order perturbation theory. A
corresponding expression that was derived by Lichtenstein
et al. [19] within the framework of the KKR formalism is
used here. This approach has the great advantage that it
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Selected interatomic distances (A) for Cr(;+ 0> and Crs + ) Os

tr-Cry 270>

tr-Cry 30>

tr-Cry 3602

Cr1-Crl 3.8226(1)
Cr2-Cr2 3.8226(1)
Cr1-Cr2 2.9896(1)
Cr1-01 2.6807(10)
Cr2-01 2.6506(10)

Cr1-Crl 3.8334(1)
Cr2-Cr2 3.8334(1)
Cr1-Cr2 3.0051(1)
Crl-Q1 2.6880(14)
Cr2-01 2.6623(13)

Cr1-Crl 3.8430(1)
Cr2-Cr2 3.8430(1)
Cr1-Cr2 3.0228(1)
Cr1-Q1 2.6966(10)
Cr2-Q1 2.6728(10)

tr-Crs 08 Os tr-Crs 280 tr-Crs 44 0s
Cr2-Cr2 3.772(7) Cr2-Cr2 3.579(6) Cr2-Cr2 3.701(12)
3.873(7) 4.095(6) 3.987(12)

Cr3-Cr2 3.822(3)
Cr4—Cr4 3.8221(1)

Cr1-Cr3 3.017(19)
Cr2-Cr4 3.011(16)

Cr3-Cr2 3.842(3)
Cr4—Cr4 3.8373(1)

Cr1-Cr3 3.086(16)
Cr2-Cr4 3.061(11)

Cr3-Cr2 3.847(5)
Cr4—Cr4 3.8443(1)

Cr1-Cr3 3.078(18)
Cr2-Cr4 3.085(12)

Crl-04 6 x 2.724(4) Cr1-04 6 x 2.704(3)

Cr2-01 1 x 2.620(9)
Cr2-02 1 x 2.831(9)

Cr1-04 6 x 2.722(6)

Cr2-01 1 x 2.785(11)
Cr2-02 1 x 2.650(11)

Cr2-01 1 x 2.648(12)
Cr2-02 1 x 2.790(12)

Cr2-0Q3 2 x 2.744(10)
Cr2-04 2 x 2.598(10)
Average 2.687

Cr2-03 2 x 2.676(8)
Cr2-04 2 x 2.685(7)
Average 2.696

Cr2-0Q3 2 x 2.705(11)
Cr2-04 2 x 2.656(11)
Average 2.693

Cr3-03 3 x2.627(12)
Cr3-04 3 x2.663(11)
Average 2.645

Cr3-03 3 x 2.637(9)
Cr3-04 3 x 2.645(9)
Average 2.640

Cr3-03 3 x2.658(12)
Cr3-04 3 x2.670(12)
Average 2.640

Cr4-Q2 2 x 2.669(5)
Crd4-Q3 4 x 2.667(4)
Average 2.668

Crd4-Q2 2 x 2.676(5)
Cr4-Q3 4 x 2.670(3)
Average 2.672

Cr4-Q2 2 x 2.676(5)
Cr4-03 4 x 2.670(3)
Average 2.664

can be applied to disordered or substoichiometric systems
as well. Performing a Fourier transformation for the
resulting exchange coupling constants leads to the magnon
dispersion relation E(g). This in turn can be used in
combination with the random phase approximation (RPA)
Green’s function approach [20] to determine the critical
temperature of the system. Because this approach assumes
an ordered system it is not immediately applicable to the
substoichiometric systems considered here. For that reason
the so-called virtual crystal approximation has been
applied that replaces the incompletely occupied Cr sub-
lattice (see below) by a fully occupied one with the
exchange coupling parameter scaled down according to
the occupation number.

A more detailed insight into the magnetic properties at
finite temperatures has been obtained by performing
Monte Carlo (MC) simulations. The results presented
below have been obtained on the basis of a classical
Heisenberg Hamiltonian using the calculated exchange
coupling constants. The MC simulation to study the
temperature dependence of the magnetization has been
performed by cooling gradually the alloy system from a
high temperature (cooling simulation). A lattice of
6 x 6 x 6 cells with periodic boundary conditions has been
used. In the present investigations we use a simplified
model and consider only the interactions between the Cr

magnetic moments, taking into account only the nearest
and next-nearest neighbor interactions for Cr atoms.
Corresponding simulations for the cooling curves of
Cry 70, have been made without (ZFC) and with (FC)
an external magnetic field included in the underlying
Hamiltonian.

3. Results and discussion
3.1. Crystal structures

The crystal structure parameters of the high temperature
phases Cr(; + v,0> and low temperature phases Crs 1 y)QOg as
obtained from the Rietveld refinements of X-ray powder
diffraction patterns (see Fig. 1) are compiled in Table 1.
Compared to the patterns of Crg 0>, the powder
diffraction patterns of Crs+ y)QOs revealed weak additional
reflections which could be indexed on the basis of a trigonal
supercell with all cell parameters being doubled. The
additional reflections are weak indicating the close
structural relationship of the phases, but they were always
clearly seen (see Fig. 2) and allowed to distinguish the two
phases.

With increasing Cr content the trigonal cell parameter a
and c in both series increase in a linear fashion (Fig. 3). For
the phases with the trigonal basic cell, the ¢ and ¢
parameters change from 3.8226, 5.9793 to 3.8430,
6.0455 A; while for phases with the supercell, the a, ¢ axes
increase from 7.6743, 11.9717 to 7.6885, 12.1088 A. The
increase of the ¢ lattice parameter is about two times of
that of the a@-axis, implying that the expansion along the ¢
direction is more significant than within the ab plane.
Compared with Crg 40> (Q = Te/Se; Te:Se = 7:1) [9],
the @ and ¢ parameters for Cr; ; x)O» with Te:Se = 6:2 are
smaller. For example, the a and ¢ lattice parameters for
Cris640> (Te:Se=7:1) [9] are 3.8740 and 6.0179A,
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Fig. 2. Local XRD patterns for a trigonal basic cell (I) and trigonal
supercell (IT).
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Fig. 3. Dependences of cell parameters on chromium content in Cr(; 4+ Q> (a) and Crs+ Qs (b). Dotted lines are used as guides for the eyes.

AN A

-

V.
A;;x\-/

Cr1
Q1/Q4
Cr2/Cr3

Q2/Q3
Cr4

Fig. 4. Crystal structures of trigonal Cr(; 1 ,,Q> with basic cell (a) and trigonal Crs 4 Qg with supercell (b).

respectively, whereas for Cr;,7Q, (Te:Se = 6:2) they are
3.8226 and 5.9793 A indicating that a higher Se content in
CrsTeg_,Se, leads to a contraction of the unit cell
parameters.

Plots of the crystal structures of trigonal Cr(; 1 ,,Q> and
Cr(s+ Qs are presented in Fig. 4. The structures can be
viewed as a variant of the hexagonal NiAs-type structure
but with additional metal atom vacancies. The Q atoms are
hexagonal close packed and the Cr atoms occupy the
octahedral interstices. Thus, completely filled and deficient
metal atom layers are stacked alternatively along the c-axis.

Within the layers, CrQg octahedra share common edges,
while CrQg octahedra in neighbored layers have common
faces and relatively short Cr—Cr separations along the
crystallographic c-axis result. The shortest Cr—Cr distances,
ranging from 2.99 to 3.02 A for the Cr(; + Q> phases and
from 3.01 to 3.09 A for the Cr(s Qs phases, respectively,
are listed in Table 3. Such short Cr—Cr distances allow
weak bonding interactions between these metal centers.
The partial occupancy of metal atom sites in the deficient
layers prevents the formation of infinite Cr—Cr atom chains
along the c-axis.

An interesting feature of these structures is the differ-
ences of Cr—Q distances in the completely filled and in the
deficient metal atom layers. In the Cr(;+ )O> phases, the
CrQg octahedra are nearly regular (Table 3). The Cr1-Q1

distances range from 2.6807 to 2.6966 A within the
completely filled metal layers and from 2.6506 to
2.6726 A within the deficient metal layers. For the
Cr(s+x0Os phases, the CrQs octahedra are markedly
distorted and especially the angles around Cr2/Cr3
significantly deviate from ideal values. In addition, the
Cr2-Q bond lengths scatter between 2.598(10) and
2.785(11)1& for CrspsQs and from 2.648(12) to
2.790(12)A for Crs44Qg (Table 3). In the phases that
crystallize in the supercell, the distortion of CrQg octahedra
and the existence of the torsion in the Cr substructure seem
to weaken the coupling of magnetic moments and affect the
magnetic properties.

The transition from the Crs+ Qs phases exhibiting the
supercell to the phases Crq /0> was studied by differ-
ential scanning calorimetry. An example for a compound
with the trigonal supercell (Crs 44Qg) is presented in Fig. 5.
A sharp peak at 1524 K is assigned as the melting point of
Crs.440g, and the broad shoulder before this peak may be
caused by the transition from the trigonal supercell to the
trigonal basic cell. The shoulder starts at about 1063 K and
it is ascribed to an endothermic vacancy order—disorder
transition. The reversibility of the transition is confirmed
by the cooling curve of the DSC shown in the inset of
Fig. 5. In addition, the reversibility was further confirmed
by identifying the high temperature or low temperature
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Fig. 5. DSC trace of Crs44Qs sealed in a Nb tube with a heating rate
10 °C/min. The inset is the enlarged one between 800 and 1200 K. Dotted
lines are used as guides for the eyes.

phases by annealing the sample above or below 1063 K,
respectively, for several cycles, with quenching mode and
by powder X-ray diffraction. This transition originates
from the intralayer disordering of metal vacancies in the
alternating partially filled metal layers. Similar order—
disorder phenomena occurring at elevated temperatures
were reported for Cr;Tey and CrsTeg [3g,h].

The substitution of two Te atoms by two Se atoms in
CrsTeg has led to the formation of the high temperature
Cr(+ 0> phases with a trigonal basic cell and low
temperature Crs Qg phases with a trigonal supercell.
Such substitution invokes changes of the magnetic inter-
actions. The disorder of the Cr atoms in the metal deficient
layers, and the random distribution of Te and Se atoms in
the anion layers may generate magnetic frustration, thus
introducing spin-glass or cluster-glass behavior in these
materials as will be discussed below.

3.2. Magnetic properties

The temperature dependence of the inverse magnetic
susceptibilities for Cr4 0> ((1+x) =127, 1.32, 1.36)
and Cris0s (5+x)=5.08, 528, and 5.44) (H=1T)
are plotted in Fig. 6. In all cases, y(7) obeys the Curie—
Weiss law y(T) = C/(T — 0p) in the temperature range of
200-300 K. Note that the data are not corrected for the
paramagnetic contribution of the conducting electrons and
the diamagnetic contributions from closed shells. The
evaluated effective magnetic moment pu.r and the para-
magnetic Curie temperature 0p are listed in Table 4. The
values for puer are between 4.10 and 4.40 ug per Cr atom,
slightly larger than the expected spin-only moment of
3.87 g for Cr’*. In the temperature region between 300
and 600K the magnetic moments per Cr atom are still
larger than the spin-only value and amount to about
4.15 pp for the different compounds. Such a high value for
Lefr 18 quite unusual for Cr’™", but was often observed for

n
120 - Cr 9, l'..-éi
Cr1 32Q2 .l-. ﬁﬁé
—A— Cr,..Q, - "
_ Crs osQa -'..:éﬁﬁ ’
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Fig. 6. Temperature dependencies of the inverse magnetic susceptibility of
CI‘(] +,\’)Q2 and Cr(5+x)Q8 at field of 1 T.

Table 4

Magnetic characteristics for Cr; + )0, and Crs+ ) 0Os

I+x or Heff‘a epa [K] H* [T] Tmin/Tmuxa Tc [K] Tf [K]
S+x [1g/Cr] K]

1.27 4.10 53 1 200/300 64 58
1.32 4.40 15 1 200/300 56 48
1.36 4.30 111 1 200/300 82 63
5.08 4.27 24 1 200/300 —° >
5.28 4.35 -9 1 200/300 16 b
5.44 4.28 103 1 200/300 72 58

“egr and 0, are the results of fits of Curie-Weiss law to the magnetic
susceptibilities. H is the applied field. Tiin/Tmax indicate the range of the
fit.

®The values are not well defined.

chromium chalcogenides [21]. It may be due to an electron
transfer from Q to Cr via d—p hybridization [22]. In an ionic
picture the coexistence of Cr’" (&%) and Cr*" (&%) is
required for the two compounds with the lowest Cr
content, and Cr’* and Cr*" (d*) should coexist in the
two Cr rich phases. In the former cases the effective
magnetic moment should be slightly smaller than 3.87 ug,
and for the Cr rich samples a larger magnetic moment is
expected.

The paramagnetic Curie temperatures are quite large
and positive for Cry30> (111 K) and Crs44Qs (103 K),
indicating strong predominant ferromagnetic exchange
interactions. For Cr; 70, (53K) and Crs¢3Qg (24K) the
values are lower, and they are small positive or negative for
Cr1320> (15K) and Crs305 (=9 K).

In order to characterize the magnetic behavior of these
compounds at low temperatures, the temperature depen-
dence of ZFC/FC magnetization was measured. Fig. 7
shows the Mypc and Mygc curves for Crg 40> and
Cr(s+ 0 0s.

Several observations should be shortly highlighted: (a) a
thermal irreversibility for the ZFC/FC magnetization exists
for all samples below a freezing temperature Ty (b) for the
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same Cr/Q ratio, the phases with trigonal basic cells show a
stronger magnetization and have higher 7, and T} values
(Table 4, T. and T; as defined in Refs. [9,10]) than the
phases with trigonal supercells; (c) for the same structure
type, basic cell or supercell, Cr; 360> and Crs 44Qg with the
highest Cr content show the strongest magnetization and
have the highest values for T, and T} The other two series,
Cr1270>/Crs080g and Cry3,0,/Crs230s, have a similar
magnitude of magnetization with lower T} values for the
Cr; 320,/Crs 230y series.

Fig. 7a shows the magnetization curves Mzrc and Mgc
for Cr; 70, and CrsogQg that are characteristic for spin-
glass behavior. The FC trace is almost flat below the
freezing temperature [23]. A sharp freezing temperature T¢
of 58K is seen for Cr; »70,. In contrast, for Crsg3Qg the
freezing regime is broadened and the freezing temperature
is less well defined. In addition, a small hump around 200 K
is observed in both the FC and ZFC curves of Cr;»70-,
which we tentatively interpret as spin reorientation
processes.

The magnetization curves for Cry3,Q> and Crs,30g
(Fig. 7b) show a small difference compared with that of
Cry 2705 and Crs 0gQg. The FC trace exhibits a small increase
below the freezing temperature of 48K for Cry3,0,. For
Crs.030g the value for Tt is not well defined. Considering the
small magnitude of the FC magnetization, we describe such
phenomenon as spin-glass or spin-glass-like behavior.

The magnetization Mzrc and Mgc for Cry36Q, and
Crs544Q0g is shown in Fig. 7c. The curves are completely
different from those in Fig. 7a and b with respect to the
magnitude of the magnetization and the temperature

dependence. The ZFC magnetization curve displays a
broad maximum at 63K for Cr;3s0-> and at 58K for
Crs544Q0g, and in the FC curve a sharp and continuous
increase with decreasing temperature occurs below T.

Such a behavior is different from that of typical spin-
glass behavior and rather resembles that of a ferri- or
ferromagnet with the broad maximum in the FC traces
originating from domain re-orientations as the temperature
approaches the transition temperature from below.

In a previous investigation we reported the effect of
anion and cation substitution in CrsTeg [9,10]. We
characterized the phases CrgyQ2 (Q=Te, Se,
Te:Se = 7:1) and Cr4Ti;Teg which crystallize with trigonal
basic cells and in a monoclinic system, respectively. They
show very similar magnetization irreversibilities as de-
scribed above. A similar splitting of FC and ZFC
magnetization curves has recently been reported and was
interpreted as cluster-glass properties (CG) for the follow-
ing materials: Lag;Srg3;Mng7Coy 303 [24(a)], LagsSrgs
CoO; [24(b), (o)), Fey;TiSy  [24(d)], CagoSmy,
MnO; [24(e)], and the molecular-based magnet
Ki_5,Coy 4 JFe(CN)¢]- yH,O [24(f), (g)]. The rapid rise
of the magnetization around 7, observed for Cr; 350> and
Crs5440g may be associated with the occurrence of finite
range ferromagnetic ordering, forming spin clusters near
the critical temperature, and the clusters are randomly
frozen as T is further decreased. A ‘quasi’-critical
temperature or Curie temperature 7, and a freezing
temperature 7y may be defined like in [9,10] as the
temperatures where the minimum of dyrc)/dT occurs
and where dyzrc)/dT intersects zero. Using the Curie
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Fig. 8. Tentative magnetic phase diagram for Cr(; +)0>. Dotted lines are
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IFM: intra-cluster ferromagnetism or short-ranged FM ordering, i. e. the
formation of clusters.

temperature T, and the freezing temperature 7%, a tentative
magnetic phase diagram may be suggested for the
Cr( + 0> series (Fig. 8). It reveals that the lowest values
for T, and T; are observed for the Cr;3;, Q> phases
(Table 4). In the low temperature region spin- and cluster-
glass properties occur for low and high Cr contents,
respectively. This finding may be related to the ratio of the
number of Cr atoms distributed over the vacancies and their
specific local distribution patterns in the metal-deficient layers.

Another important remark is about the comparison with
the results of our former study of Cr(; Q> (Q = Te, Se;
Te:Se = 7:1) [9]. In general, for the same Cr:Q ratio the
phases of the 7:1 series exhibit a stronger magnetization
and have higher values for T, and T5.

In order to explain the observed magnetic properties, the
following chemical, structural, and magnetic exchange
mechanisms have to be taken into consideration:

(i) A continuous increase of the concentration of Cr by
changing the ratio of Cr:Q, i.e. the number of magnetic
moments per unit volume should lead to a continuous
variation of the transition temperatures. However, a
minimum is found for the CI‘]A32Q2/CI'5A28Q8 phases
and its origin will be explored in the next section.

(i1) The ratio of Te:Se: a higher Se content in Crs,,
Teg_,Se, shortens the Cr—Cr separation thus increas-
ing antiferromagnetic exchange interactions and leads
to a decreasing magnitude of magnetization, the Curie
temperature, and the freezing temperature.

(ii1) In the phases crystallizing with supercells, the distor-
tion of CrQg octahedra in the completely filled metal
atom layers, and the dislocation of Crl and Cr4 in the
metal atom deficient layers weaken the magnetic

interactions, thus resulting in a reduced magnetization
and lower values for T, and Ty compared to the system
with trigonal basic cells.

(iv) The structural disorder implies a random distribution
of Te and Se atoms in the anion layers and the disorder
of Cr atoms in the metal atom deficient layers (Cr2 in
the basic cell and Crl and Cr4 in the supercell).
Structural disorder induces magnetic disorder, and
competition of ferromagnetic and antiferromagnetic
interactions through Cr—Te—Cr, Cr—Se—Cr bridges and
Cr—Cr interactions may lead to a frustration.

In summary, the coexistence of disorder and frustration
thus induces a gradual shift from a ferromagnetic re-
entrant spin-glass observed for m-CrsTeg [10] to a cluster-
glass behavior in the Crs , Te;Se series [9] to spin-glass and
cluster-glass properties in the Crs TegSe, series.

3.3. Band-structure calculations

The electronic band structure of Cr chalcogen com-
pounds is dominated in the valence band regime by the
exchange-split d-bands of the Cr-atoms that hybridize with
the chalcogen p-states. The semi-core band at lower
binding energy on the other hand, originate primarily
from chalcogen s-states. Fig. 9 shows the corresponding
results for Cry »70, (with Q = Teg 755€¢.»5 in the following)
obtained for the energetically favored antiferromagneti-
cally ordered configuration with the magnetic moments
on the sites Crl and Cr2 being antiparallel. While panel
Fig. 9(a) shows the spin and component resolved contribu-
tions together with the total DOS, in Fig. 9(b) and (c) the
spin-resolved d-like DOS for sites Crl and Cr2 are
separately displayed. In addition to the results for AFM
Cry»70,, corresponding DOS curves for ordered CrQ have
been added in Fig. 9(b) and (c) (dashed lines). This
reference compound shows preferential ferromagnetic
(FM) order with the two Cr sites being equivalent.
Obviously, the incomplete occupation of the Cr2 sites in
Cri 70, leads—compared to the ordered compound
CrQ—to a change from FM to AFM ordering. In addition
one notes a broadening and smearing of the d-like DOS on
the Cr2 sites of Cr;,70, in Fig. 9 due to the random
occupation of this sub-lattice.

The DOS curves in Fig. 9 clearly demonstrate that the
electronic structure of Cr( 0> depends very sensitively
on the magnetic ordering and on the composition. In
addition there will be a dependency on the occupation of
the two nonequivalent Cr sites for the substoichiometric
compounds. Our previous experimental and theoretical
investigations had already indicated that a complete
occupation of site Crl and an incomplete for site Cr2 is
favored compared to the situation with both sites being
occupied to the same extent. This finding was confirmed
within the present work. Moving Crl atoms to site Cr2
leads to a monotonous increase of the energy until both
lattice sites are equally occupied (Fig. 10). It is obvious
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from Fig. 10 that the energy curve is not perfectly
symmetric around the transfer value of 6o, = 0.365 Cr
atoms. This is due to the lattice distortions with respect to
the perfect NiAs structure that was kept fixed within the
present study. The result that site Cr1 should be completely
occupied and the remaining Cr atoms should occupy site
Cr2, applies also for the other Cr concentrations con-
sidered here.

Apart from the site occupation also the lattice para-
meters and atomic coordinates within the unit cell can in
principle be determined theoretically. Because of the large
computational efforts connected with an optimization of
all these parameters, total energy calculations have been
performed for Cr( 0, only in order to optimize the
lattice parameters « while keeping the experimental values
of the c/a ratio constant. The lattice parameters corre-
sponding to the minimum of the total energy are plotted in
Fig. 11. They increase with increasing Cr concentration,
which is in accordance with the experimental findings.
However, as found in many LSDA-based studies the
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theoretical lattice parameters turned out to be about 2.7%
too low compared with the experimental values. Applying
the parametrization of the exchange correlation potential
on the basis of the general gradient approximation (GGA)
[25] should remove this shortcoming of the LSDA
approach.

The magnetic moments of the various nonequivalent
atoms in Cr( + v 0> obtained for the optimized magnetic
configuration, the site occupation and lattice parameter a
are given in the first 3 columns of Table 5. We note that the
absolute value of the Cr local magnetic moment increases
with the Cr concentration. However, in the partially
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Fig. 11. The lattice parameters a of Crq +Q> with (1+x)=1.27, 1.32
and 1.36 calculated for a fixed c/a ratio in comparison with experiment.
Dotted lines are used as guides for the eyes.

Table 5
Calculated magnetic moments (ug) in Cr( 1 v(Teg 755€9.25)2

x=0.27 x=0.32 x=0.36 CrQ CrQ CrQ
(ax —0.27, AFM) (ayx =927, FM) (FM)
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occupied Cr layer this increase is essentially more
pronounced. Inspecting the change of the induced mag-
netic moments of Te and Se, the simultaneous decrease of
their absolute values is recognized. These concentration
dependent changes of local magnetic moments are related
to the change in the hybridization of Te and Se p-states
with the Cr d-states of the two adjacent nonequivalent Cr
layers. Obviously, with increasing Cr concentration x the
various moments approach values corresponding to the
ideal antiferromagnetic configuration of the NiAs struc-
ture. However, as demonstrated by the results for CrQ
given in column 4 of Table 5 and obtained for the
antiferromagnetic configuration, the ideal spin-compen-
sated configuration is not reached because of lattice
distortions described above. Column 5 (Table 5) gives
corresponding results for CrQ obtained for the ferromag-
netic configuration. With respect to the AFM configura-
tion, it is primarily the moment of Cr2 atoms that changes
the sign and increases in magnitude. The influence of the
lattice parameters is demonstrated by the results listed in
column 7 (Table 5). As may be expected, an increase of the
lattice parameters leads to an increase of the magnetic
moments.

The results presented in Table 5 correspond to ideal
collinear spin-configurations with the magnetic moments
located on sites Crl and Cr2 being either parallel (FM) or
antiparallel. In spite of this restriction they nevertheless
supply a suitable reference system to deal with the complex
spin configurations and the finite temperature magnetism
of Cr chalcogen compounds. This is achieved by calcula-
tion of the effective exchange coupling constants J;. The
corresponding calculations have been performed for the
equilibrium lattice parameters, i.e. those corresponding to
the minimum of the total energy. The Cr1-Crl, Cr2—Cr2
and Crl-Cr2 exchange coupling constants for the alloys
with (1+x) = 1.27, 1.32, 1.36 are compared in Fig. 12. The
largest concentration dependence is observed for the
interactions with the first and second neighboring Cr
atoms. In addition, a non-monotonic change of the

Crl 2732 2782 2809  2.746 2.746 3.057  exchange coupling parameters between certain atoms
Cr2 —1.283 —1451 —1.502 —2.247 2.318 2.656  occurs when the concentration of Cr increases (Fig. 12).
Te —-0.130 —-0.122 —-0.113 0.006 —0.018 —0.030 : o] : :
We bel hat th he m: : for th -
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Fig. 12. Theoretical exchange coupling constants for Cr 1 Q> with (1 +x) = 1.27, 1.32 and 1.36 for (a) Crl1-Crl, (b) Cr2-Cr2 and (c¢) Cr1-Cr2 atom

pairs. Dotted lines are used as guides for the eyes.
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of the calculated Curie temperature discussed in detail
below. Adopting the virtual crystal model and performing
a Fourier transform of the exchange coupling constants J;;
rescaled according to the corresponding concentration
allows determining the critical temperature 7, on the basis
of the RPA method. The results obtained for Cr(; 1,0, for
various concentrations are displayed in Fig. 13. Although
the numerical results fall somewhat below the experimental
data, they nevertheless reproduce the concentration depen-
dence of T, quite well. As already mentioned above, this
variation of 7, with concentration x seems to be caused by
the non-monotonous dependence of the exchange coupling
constants J; on x. In addition to the application of the
RPA method, the critical temperature 7, has been
determined by means of Monte Carlo simulations as
described above. The results obtained by this way are
shown in Fig. 13 and reproduce the experimental data quite
well. Again the variation with concentration has to be
ascribed to that of the exchange coupling constants.

4. Conclusion

Different sample preparation conditions yield pure
Crq + 0> phases with a trigonal basic unit cell and pure
Cr(s + x)Os phases with a trigonal supercell with Cr contents
ranging from 38.84 to 40.48 at%. The substitution of two
Te by two Se atoms in CrsTeg leads to a further decrease of
T., compared to the previously studied CrsTe;Se substitu-
tion system. Increasing the number of Se atoms implies
more antiferromagnetic interaction paths via the Se bridges
and shorter Cr—Cr distances, thus introducing more
magnetic frustration into the 3D lattice. The ferromagnetic
re-entrant spin-glass CrsTeg thus changes its character first
to a cluster-glass behavior in the CrsTe;Se system, and then

to spin-glass and cluster-glass behavior in the CrsTegsSe,
system, depending on the Cr content and structure type.

Accompanying SPR-KKR-CPA band structure calcula-
tions give detailed insight into the electronic structure of
the Cr(; 1) Q> phase. This includes related ground state
properties as well as equilibrium lattice parameters, site
occupation and magnetic ordering. Subsequent Monte
Carlo simulations on the basis of the calculated exchange
coupling constants reproduce the experimental critical
temperature 7, in a very satisfying way. In particular, the
concentration dependence of 7, could be traced back to the
concentration dependence of the coupling constants.
Corresponding investigations on the computationally more
demanding Crs 1 ,Og phases are in progress.

Studies of compounds with a higher degree of Se
substitution are in progress. Our recent neutron TOF
diffraction studies show the coexistence of FM and AFM
long-range order at low temperatures for both m-CrsTeg
and m-Cr4Ti;Teg, and only short-range order for m-
Cr35Ti; sTeg and tr-CryTirTeg. They will be reported in
forthcoming publications. Neutron scattering experiments
are scheduled to determine the magnetic structures and the
Te/Se atom distribution.
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