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ABSTRACT: Two series of Mn-substituted rare-earth zinc arsenides RE,_,Mn,Zn, ,As,
(RE = Eu—Lu) and RE, Mn,Zn, As, (RE = La—Nd, Sm, Gd) were prepared by reaction
of the elements at 750 °C. Both series are derived from ideal empirical formula REM,As,
(M = Mn, Zn) and adopt crystal structures related to the trigonal CaALSi,-type (space
group P3ml) in which hexagonal nets of RE atoms and [M,As,] slabs built up of edge-
sharing M-centered tetrahedra are alternately stacked along the c-direction. For compounds
with divalent RE components (Eu, Yb), the fully stoichiometric and charge-balanced formula
REM,As, is obtained, with Mn and Zn atoms statistically disordered within the same
tetrahedral site. For compounds with trivalent RE components, the RE sites become
deficient, and the Mn atoms are segregated from the Zn atoms in separate tetrahedral sites.
Within the series RE;_,Mn,Zn,_.As, (Gd—Tm, Lu), the parent CaAlSi,-type structure is
retained, and the Mn atoms are disordered within partially occupied interstitial sites above
and below [Zn,_,As,] slabs. Within the series RE,_,Mn,Zn,_.As, (RE = La—Nd, Sm, Gd),
the c-axis becomes doubled as a result of partial ordering of Mn atoms between every

other pair of [Zn,_,As,] slabs. Attempts to synthesize Gd-containing solid solutions with the charge-balanced formula
Gdyg;Mn,Zn,_,As, suggested that these phases could be formed with up to 50% Mn substitution. Band structure calculations
reveal that a hypothetical superstructure model with the formula La, 33MnZn;As, would have no gap at the Fermi level and that
slightly lowering the electron count alleviates antibonding Mn—As interactions; a spin-polarized calculation predicts nearly
ferromagnetic half-metallic behavior. X-ray photoelectron spectroscopy confirms the presence of divalent Mn in these

compounds.

B INTRODUCTION

Many ternary pnictides of the form AB,X, adopt either the
tetragonal ThCr,Si)-type (I4/mmm) or the trigonal CaAl,Si,-
type (P3ml) structure. The ThCr,Si,-type phases form for a
wide variety of B components' > and have long been renowned
for their diverse physical properties, such as superconductivity
in BaFe,As,-based materials.*”” The CaAlSi,-type phases form
for a more restricted set of B components®*~'* and have been
identified as possible candidates for thermoelectric materi-
als.”>~?! In both cases, doping is an important strategy for opti-
mizing and improving properties; for example, superconduc-
tivity is induced in BaFe,As, through hole doping (in
K,Ba,_,Fe,As,),* and thermoelectric transport properties
can be tuned in YbZn,Sb, through isovalent doping (in
Ca,Yb,_,Zn,Sb,).”* Because subtle structural changes can often
take place in the course of these chemical modifications,
“substitution” is perhaps a more appropriate term than
“doping.”

It is desirable to extend the versatility of AB,X, phases with
the CaAl,Si,-type structure among ternary pnictides and to
identify other potential applications of this class of compounds.
All CaAlSi,-type phases known so far appear to conform quite
strictly to the requirement of d°, d°, or d'° configurations for
the B component.”®~'* There is also a weaker condition of an
ideal valence electron count of 16 e”/fu., corresponding to a
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charge-balanced formulation and, in principle, the presence of a
small band gap between filled valence and empty conduction
bands, leading to the semiconducting behavior required in
thermoelectric materials. This electron count is occasionally
violated, as in REALSi, and REAL,Ge, (17 e”/f.u.), because the
expected band gap has vanished; semimetallic behavior devel-
ops instead.'"'” Ternary pnictides satisfying both conditions
are well-known for AM,Pn, (A = alkaline-earth or divalent rare-
earth metal; M = Mg, Mn, Zn, Cd; Pn = P, As, Sb, Bi).>® These
can be extended to phases containing rare-earth metals as the A
component, while maintaining the electron count, through
formation of defects in ternary arsenides RE,qZnyAs,>* or
through aliovalent substitution with two different metals as the
B component in quaternary pnictides REMM'Pn, (M = Ag, Cu;
M’ = Mn, Zn; Pn = P, As, Sb).zs_33 Through these investi-
gations, there is now greater understanding of the influence of
the chemical substituents on the size of the band gap. For
example, judicious combinations of M and M’ components
(such as Cu—Zn) may narrow the band gap so that the valence
and conduction bands just touch.*® In this way, solid solutions
GdCu,Zn, P, (10 < x < 1.3) are formed in which the
electron count can deviate from 16 e”/fu.>" Similar types of
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limited solid solutions have been found in the related silicides
GdMn,AL_,Si, (0 < x < 0.25) and germanides GdZn,Al,_,Ge,
(0 < x < 1.0)."""* Efforts are now underway to evaluate
thermoelectric properties tuned through appropriate substitu-
tion in solid solutions of various phosphides (Ca/Yb)(Mn/
Cu/Zn),P,***> and antimonides (Ca/Eu/Yb)(Mn/Zn/
Cd),Sb,.*"*! The presence of two-dimensional slabs in
CaAlSi,-type phases conforms with the realization that simple
layered structures with anisotropic bonding may be favorable
for exhibiting the low thermal conductivity required for good
thermoelectric performance.*” Substitution with Mn may
impart interesting magnetic properties, although these have
not yet been investigated in detail. It is worth noting, however,
that Li;,,Mn,Zn,_.Pn (Pn = P, As) have recently been touted
as “new-generation” dilute ferromagnetic semiconductors; ***
they adopt a filled zincblende-type structure, from which the
CaAl,Si)-type structure can be derived.

We have been systematically investigating the ternary rare-
earth zinc arsenide systems RE—Zn—As, which contain not only
CaAl,Si,-type phases (REZn,As, (RE Eu, Yb) and
RE,4Zn,As, (RE = La—Nd, Sm)),***”***~* byt also many
other phases with diverse structures (REZn,As; (RE = La—Pr);
REZn4,Asy, REZn;Ass, REZn,_.As,n(REAs) (n = 3, 4, S, 6)
for RE = La—Nd, Sm; Eu,Zn,As,, Eu;,ZneAs),). " >* Man-
ganese substitution appears to be viable in these systems, as
suggested by the formation of the two compounds Ce,-
(Mn,Zn),_,Ass and Ces(Mn,Zn),_,As, within the homologous
series REZn,_,As,n(REAs), which is derived from the
intergrowth of CaAl,Si)-type slabs with rock salt-type slabs
[REAs] of variable thickness.”> Herein we report the prepa-
ration of quaternary arsenides in which the partial substitution
of Mn for Zn leads to two distinct series forming for the earlier
(REZ_yMann4_xAs4; RE = La—Nd, Sm, Gd) versus later rare-
earth members (REl_yMannz_xAsz; RE Eu—Lu). The
RE,_,Mn,Zn,_ As, series is closely related to the parent RE-
defective arsenides RE,gZn,As,, but the RE, Mn,Zn, As,
series has a doubled trigonal c-parameter. The structural effects
of Mn substitution are more complicated than anticipated and
are explored within the series Gd,,Mn,Zn,_,As,. Band struc-
ture calculations were carried out to examine how the band gap
is influenced by this Mn substitution. X-ray photoelectron
spectra (XPS) were collected to probe the valence state of the
Mn atoms in these compounds.

B EXPERIMENTAL SECTION

Synthesis. Starting materials were freshly filed RE pieces (99.9%,
Hefa), Mn powder (99.99%, Aldrich), Zn shot (99.99%, Aldrich), and
As lumps (99.999%, Alfa-Aesar). These elements were initially com-
bined on a 0.3-g scale with the loading composition of RE;s;MnZnAs,
to target the preparation of defective CaAl,Si,-type phases for various
RE components. Subsequent energy-dispersive X-ray (EDX) analysis
suggested slightly different compositions than those loaded for some
crystals resulting from the syntheses, corresponding to approximately
10% RE, 10% Mn, 40% Zn, and 40% As. Ultimately, the RE/Mn/Zn/
As ratios used in obtaining the title compounds were 0.67:1:1:2 for the
RE,_,Mn,Zn,_,As, (RE Eu—Lu) series and 1:1:4:4 for the
RE,_Mn,Zn,_.As, (RE = La—Nd, Sm, Gd) series. The mixtures
were loaded into fused-silica tubes, which were evacuated and sealed.
The tubes were heated at 500 °C for 2 d, heated to 750 °C over 20 h,
held at this temperature for 7 d, and then cooled to room temperature
over 10 h. The preheating step at 500 °C was included to minimize
loss of the volatile components (Zn and As). Powder X-ray diffraction
(XRD) patterns were collected on an Inel powder diffractometer
equipped with a curved position-sensitive detector (CPS 120) and a
Cu Ka, radiation source operated at 40 kV and 20 mA. The products
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consisted of the title compounds as the major phases, with binary
arsenides and small amounts of other ternary arsenides as minor
phases, as shown in representative powder XRD patterns (Figures S1
and S2 in Supporting Information). Phase relationships in arsenide
systems remain poorly understood, and further work is in progress to
elucidate them. To promote the growth of crystals suitable for struc-
ture determination, the as-prepared samples were reheated at 800 °C
for 2 d, heated to 1050 °C over 20 h, held at this temperature for 7 d,
slowly cooled to 500 °C at a rate of 3 °C/h, and then cooled to room
temperature over 2 d. Crystals tended to grow as thinner plates in the
RE,_Mn,Zn,_.As, (RE La—Nd, Sm, Gd) series than in the
RE,_,Mn,Zn,_ As, (RE = Eu—Lu) series. Crystals obtained from these
reactions were examined by EDX analysis on a JEOL JSM-6010LA
scanning electron microscope. Mn is distributed uniformly within
these crystals, as seen in elemental maps for a representative sample
(Figure S3 in Supporting Information). These analyses generally agree
with the expected chemical compositions based on the formulas de-
duced from the single-crystal structure determinations below (Table S1
in Supporting Information). However, the observed Mn content in
some of the RE,_,Mn,Zn, ,As, members was somewhat larger than
the expected value of 9 atom % based on the average formula of
RE; Mny,Zn, ¢As,. This discrepancy can be attributed to systematic
errors in the EDX analysis caused by partial peak overlap of Mn K and
RE L lines for some of these compounds; it may also reflect an actual
variation in composition depending on the RE member or inaccuracies
in occupancy refinements in the structure determinations.

Structure Determination. Intensity data were collected at room
temperature on a Bruker PLATFORM diffractometer equipped with a
SMART APEX II CCD area detector and a graphite-monochromated
Mo Ka radiation source, using @ scans in 5—8 batches at different ¢
angles with a frame width of 0.3° and an exposure time of 12—20 s per
frame. Face-indexed absorption corrections were applied. Structure
solution and refinement were carried out with use of the SHELXTL
(version 6.12) program package.>

For the series of RE,_,Mn,Zn,_ .As, (RE = Eu—Lu), the unit cell
parameters (a

~
~

4 A ¢~ 7 A) and the intensity symmetry were
consistent with the centrosymmetric trigonal space group P3ml
adopted by the expected CaAl,Si,-type structure.* For the divalent RE
members of this series (RE = Eu, Yb), direct methods revealed the
locations of the three sites within this structure: 1a (0, 0, 0) occupied
by RE atoms, 2d (1/3, 2/3, ~0.63) occupied by a statistical mixture of
Mn and Zn atoms, and 2d (1/3, 2/3, ~0.26) occupied by As atoms.
When the occupancies of the transition-metal site were allowed to
vary, with the constraint that they sum to unity, they converged to
0.22(2) Mn/0.78(2) Zn in the Eu member and 0.16(3) Mn/0.84(3)
Zn in the Yb member. The RE and As sites were found to be fully
occupied, although a slight Yb substoichiometry of 0.95(1) was found
in the Yb member. The resulting formulas, EuMn,,Zn, 4As, and
YbMny3Zn, ;As,, are electron-precise or very nearly so, with the as-
sumption that Mn and Zn atoms are divalent. For the trivalent RE
members of this series (RE = Gd—Tm, Lu), refinement of similar
models based on the CaAl,Si,-type structure led to elevated dis-
placement parameters for the RE sites (Ueq ~ 0.03 A?), implying that
they are partially occupied. When freed, the occupancies of the RE
sites converged to 0.51—0.53 for most members (RE = Gd—Er) but to
slightly lower values of 0.42—0.43 for two later ones (RE = Tm, Lu).
Inspection of the difference Fourier maps revealed residual electron
density at 2d (1/3, 2/3, ~0.82), typically ~10 e”/A3, that is close to
the original transition-metal site at 2d (1/3,2/3, ~0.63). Because these
two sites are within ~1.3 A from each other, they were each allowed to
contain a disordered mixture of Mn and Zn atoms, with the constraint
that the total occupancy over both sites sum to unity. In general, these
refinements led to occupancy ranges from 0.0(1) to 0.1(1) Mn and
from 0.7(1) to 0.8(1) Zn in the site at 1/3, 2/3, ~0.63, in contrast to
ranges from 0.0(1) to 0.3(1) Mn and from —0.1(1) to 0.1(1) Zn in the
site at 1/3, 2/3, ~0.82. That is, there is a primary site that is clearly
preferred by Zn atoms and a secondary site that shows a slight pre-
ference for Mn atoms. To treat subsequent refinements on a consistent
basis, we applied a simplified structural model containing only Zn
atoms in the primary site and Mn atoms in the secondary site,
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constrained such that their occupancies sum to unity, while the RE site
was allowed to be partially occupied. The resulting formulas, generally
RE(sMng4Zn, ¢As, for most members, suggest slightly more
pronounced RE deficiencies relative to the electron-precise ones
assumed for the related ternary arsenides RE s,Zn,As,. As a test of the
consistency of this refinement procedure, two data sets for separate
crystals of the Gd-containing member obtained from the same reaction
batch were collected. The resulting formulas from the structure
refinements on these crystals were Gdys(1)Mng4o(1)Z0; 60(1)AS, and
Gdy.51(1)Mng 43(2)Z0y 57(2)As,, in good agreement with each other.

For the series RE, Mn,Zn, .As, (RE = La—Nd, Sm, Gd), the
intensity symmetry also suggested the trigonal space group P3m1, but
there is a doubling in the unit cell c-parameter to ~14 A. This doubling
can be clearly seen in a comparison of the Okl nets for crystals of
Gd,_,Mn,Zn,_,As, versus Gd, ,Mn,Zn, .As, which was found to
occur in both possible forms (Figure 1). Direct methods provided a

(a)

Gd_,Mn,Zn,_,As,

(b)

Gd,_,Mn,Zn,_,As,

Figure 1. Okl nets for crystals of (a) Gd,_,Mn,Zn,_.As, and (b)
Gd,_,Mn,Zn,_,As,.

model corresponding to a superstructure of the CaAlSi,-type (with
two RE, two transition-metal, and two As sites). Refinement of this
model indicated full occupancy for the RE site at la (0, 0, 0) but
partial occupancy of ~0.2—0.3 for the RE site at 1b (0, 0, 1/2).
Inspection of difference Fourier maps revealed residual electron
density corresponding to a third transition-metal site close to (within
~12 A) an existing one. Each of these sites was allowed to be
occupied by a mixture of Mn and Zn atoms, with the constraint that
the occupancies of the two closely spaced ones (at 1/3,2/3, ~0.33 and
1/3,2/3, ~0.41) sum to unity. These refinements led to occupancies
of 0.0(2) Mn/0.6(2) Zn (at 1/3, 2/3, ~0.33), 0.2(2) Mn/0.2(2) Zn
(at 1/3, 2/3, ~0.41), and 0.1(1) Mn/0.9(1) Zn (at 1/3, 2/3, ~0.80).
Again, to simplify the structural analysis, we applied an ordered model
in which Mn atoms exclusively occupy the site at 1/3, 2/3, ~0.41, and
Zn atoms occupy the other two sites. For most members, subsequent
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refinements gave resulting formulas of RE, ;Mng¢Zn; As,, essentially
in agreement with expectations according to charge balance. For a
couple of the structures, such as the Nd-containing member, this sim-
plification leads to slightly worse agreement factors and slightly higher
residual electron density in the difference map; however, for ease of
comparison, we prefer to retain this ordered structural model for all
members.

Atomic positions were standardized with the program STRUCTURE
TIDY.” The compounds RE,_Mn,Zn, As, (RE = Gd—Tm, Lu)
contain an extra transition-metal site relative to the CaAl,Si,-type
structure; because this standardization changes the choice of equiva-
lent positions, we opted to retain coordinates to match with the parent
structure in these cases. Abbreviated crystallographic data are
summarized in Tables 1 and 2, positional and displacement parameters
are listed in Tables 3 and 4, and selected interatomic distances
are listed in Tables S and 6. Full crystallographic details are listed in
Tables S2 and S3 in Supporting Information. Further data, in the form
of crystallographic information files (CIFs), are available as Supporting
Information.

Band Structure Calculation. Tight-binding linear muffin tin
orbital band structure calculations were performed within the local
density and atomic spheres approximation with use of the Stuttgart
TB-LMTO-ASA program (version 4.7).°® With cell parameters and
atomic coordinates taken from the experimental crystal structure of
La, 3Mng¢Zn; As,, an idealized model La,;;MnZn;As, was consid-
ered, based on a hypothetical 1/3a X 4/3a superstructure in the lower-
symmetry space group P31m (No. 157) and an ordered distribution of
the partially occupied Lal (33%), Mn (50%), and Znl (50%) sites.
The basis set consisted of La 6s/6p/5d/4f, Mn 4s/4p/3d, Zn 4s/
4p/3d, and As 4s/4p orbitals, with the La 6p and As 4d orbitals being
downfolded. Integrations in reciprocal space were carried out with an
improved tetrahedron method over 384 irreducible k-points with the
first Brillouin zone. The calculations were performed initially without
spin polarization and then repeated with spin polarization included.

XPS Analysis. YbMng;Zn, ;As,, ErgsMng,Zn, ¢As,, and
Nd,; ,Mn, yZn;,As, were chosen as representative samples to be exam-
ined by XPS. Yb,0; was also measured as a standard sample con-
taining trivalent Yb. XPS spectra were collected on a Kratos AXIS
Ultra spectrometer equipped with a monochromatic Al Ka X-ray
source (operated at 12 mA and 12 kV) and a hybrid lens (with spot
size of 700 ym X 400 ym). The samples were finely ground, pressed
into pellets (6 mm diameter, 1—3 mm thickness), and secured onto a
sample bar with double-sided tape. The samples were transferred via a
load-lock into the analysis chamber, which was held at a pressure
between 1077 and 107° Pa. The samples were sputter-cleaned with an
Ar*-ion beam (4 kV, 10 mA) until the intensity of the O Is peak
remained constant, indicating that no further surface oxides could be
removed. Yb,03, ErysMny,Zn, 4As,, and Nd, ,Mn, ¢Zn; ,As, were each
sputtered for 5 min, whereas YbMng3Zn, ;As, required an additional
S min of sputtering to reduce background noise levels. The presence of
a shoulder in the Mn 2p spectra indicated that slight reduction
occurred as a result of this Ar* sputtering procedure. Survey spectra
were collected with pass energy of 80 eV, step size of 0.4 eV, and dwell
time of 0.1 s over the range of 1100 to 0 eV. They confirmed the
presence of all expected elements. High-resolution Yb 4d and Mn 2p
spectra were collected with pass energy of 20 eV, step size of 0.1 eV,
and dwell time of 0.2 s over ranges determined from the survey
spectra. These spectra were calibrated to the C 1s peak located at
284.8 eV arising from adventitious carbon. Because the Mn 2p signal
for YbMn,;Zn, ;As, was found to be weaker than the others, this
spectrum was collected with a step size of 0.05 eV. All spectra were
analyzed with use of the CasaXP$ software package.>® The background
was removed through a Shirley function, and the peaks were fitted to
pseudo-Voigt (70% Gaussian and 30% Lorentzian) profiles to account
for instrumental and experimental broadening effects. The uncertainty
of this spectrometer is generally estimated as better than +0.1 eV on
the basis of previous measurements, but this must be counterbalanced
by the relatively low concentration of Mn in these samples. Charge
neutralization was required only for the Yb,O; standard and was
applied to maximize signal intensity and minimize peak widths.
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Table 1. Crystallographic Data for RE;_,Mn,Zn,_.As, (RE = Eu—Lu)*

formula

EUMnO.M(é)Zn1.56(6)ASZ
Gdo.sz(l)Mno.4o(1)an.éo(l)Asz
TbO.SZ(l)Mn0.42(1)zn1.58(1)A52
Dyos31yMng.g(1)Zn; 55(1)AS2
H00.53(I)Mn0.39(1)an.61(1)ASZ
Er0.51(1)Mn0433(1)zn1.62(1)A52
Tm0.43(1)Mn0.21(1)Zn1.79(1)A52
Ybo.%(1)Mno,3z(s)znms(6)A52
Lug 42(1yMng 200120, g0(1)AS2

“For all structures, Z = 1, T = 296(2) K, A = 0.710 73 A, space group P3m1 (No. 164). “R(F) = YIIF,| — IEl/YIF,| for F,2 >

fw (amu) a (A)
427.95 4234(2)
355.03 4.109(3)
355.87 4.1135(4)
362.32 4.1023(9)
363.93 4.091(3)
360.04 4.103(S)
351.03 4.0980(18)
441.84 4.1682(6)
348.48 4.0932(9)

c(4) V(&)
7.198(4) 111.74(14)
6.703(5) 98.02(13)
6.7246(7) 98.54(2)
6.7197(16) 97.93(4)
6.700(11) 97.1(2)
6.722(7) 98.02(19)
6.664(3) 96.91(7)
6.9478(10) 104.54(3)
6.6433(14) 96.39(4)

pe (g cm™)
6360
6.014
5.997
6.143
6223
6.099
6015
7.018
6.003

(X [w(E> — F2)*)/ XwF, 1% w™ = [6*(F,?) + (Ap)* + Bp], where p = [max(F,%,0) + 2F.*]/3.

# (mm™")
37.86
35.88
3625
37.49
38.50
38.13
38.16
4712
38.75

R(F)®  R(EY*
0.026 0.043
0.034 0.060
0.025 0.050
0.031 0.062
0.032 0.072
0.031 0.045
0.021 0.045
0.018 0.040
0.021 0.050

20(F.?). ‘R(F,’) =

Table 2. Crystallographic Data for RE, Mn,Zn,_.As, (RE = La—Nd, Sm, Gd)*

formula
Lal.zs(1)Mno,93(2)Zn3Ao7(2)A54
Cel.}O( I)Mno.ss(s)zns.17(3)AS4
Pr 1.25(1)Mno.gs(z)zns.os(z)A54
Ndl.25( 1)Mn0.95(3)zn3.os(3)A54
Sm 54(1)Mngg7(4) 203 13(4)AS4
Gd1.24(1)Mn0,93(3)zn3,07(3)A54

fw (amu) a (A)
72233 4.159(2)
734.66 4.156(5)
727.39 4.1533(4)
731.55 4.1283(17)
738.52 4.1240(19)
746.45 4.1180(14)

c(4) V(&)
13.639(7) 204.3(2)
13.569(16) 203.0(5)
13.5629(13) 202.61(4)
13.513(6) 199.45(14)
13.507(6) 198.9(2)
13.500(5) 198.27(15)

pe (g cm™)
5.870
6010
5.961
6.091
6.164
6.252

p (mm™)
32.53
33.69
33.81
34.84
36.04
37.27

R(E)®  RSEH)°
0.052 0.113
0.044 0.125
0.033 0.097
0.067 0.144
0.051 0.153
0.048 0.135

“For all structures, Z = 1, T = 296(2) K, A = 0.710 73 A, space group P3m1 (No. 164). bR(F) = NIE,| — IE/YIF| for F,2 > 26(F,2). “R,(EF,*) =
[Zlw(F,? = 2/ XwF "% wt = [6*(F)) + (Ap)* + Bp), where p = [max(F,%0) + 2FZ]/3.

Table 3. Atomic Coordinates and Equivalent Isotropic Displacement Parameters (A%)* for RE,_Mn,Zn,_As, (RE = Eu—Lu)

EuMﬂo.M(e)an.ss(s)Asz

RE in 1a (0, 0, 0)
occupancy

U,

Mn in 2d (1/3, 2/3, z)
occupancy

z

U,

Zn in 2d (1/3, 2/3, z)
occupancy

z

U,

As in 2d (1/3, 2/3, z)
z

Uy

RE in 1a (0, 0, 0)
occupancy

Ueq

Mn in 2d (1/3, 2/3, z)
occupancy

V4

Ueq

Zn in 2d (1/3,2/3, z)
occupancy

z

Uy,

Asin 2d (1/3,2/3, 2)
z

Uy

1 0.517(4)
0.0164(5)

0.0123(3)

0.22(3)
0.6283(2)
0.0138(5)

0.78(3)
0.6283(2)
0.0138(5)

0.26553(15)
0.0105(3)
Efo.51(1)Mn0.38(1)Zﬂ1.6z(1)A52

0.511(3)
0.0203(4)

0.190(5)
0.821(2)
0.052(5)

0.810(5)
0.6274(3)
0.0244(5)

0.24177(15)
0.0168(3)

Gdo.sz( 1 )Mn0_40( 1 )an.éo( 1 )As,_

0.195(6)
0.825(2)
0.042(4)

0.805(6)
0.6262(3)
0.0214(6)

0.24252(18)
0.0141(4)

0.516(4)
0.0167(3)

0.209(5)
0.816(2)
0.058(4)

0.791(5)
0.6259(2)
0.0225(4)

0.24267(12)
0.0137(3)

Tmo.43(1)M“0.21(1)Zn1.79(1)ASz

0.434(3)
0.0207(4)

0.105(5)
0.830(4)
0.068(8)

0.895(5)
0.62910(16)
0.0195(3)

0.23759(10)
0.0137(2)

“U,q is defined as one-third of the trace of the orthogonalized Uj; tensor.

TbO.SZ(l)MnoAZ(X)an.SS(I)ASZ

0.526(4)

DY0.53(1)M110.42(1)Zn1.ss(1)A52

0.0192(4)

0.210(6)
0.818(3)
0.052(5)

0.790(6)

0.6262(3)
0.0250(6)

0.24278(16)
0.0160(3)
Yb0.95(I)Mn0.32(6)zn1.68(6)A52

0.945(4)
0.01103(18)

0.16(3)
0.63102(15)
0.0122(3)

0.84(3)
0.63102(15)
0.0122(3)

0.25508(11)
0.0094(3)

H00.53(1)Mno.39(1)zn1.61(1)A52

0.526(4)
0.0223(5)

0.194(6)
0.818(3)
0.053(5)

0.806(6)
0.6269(3)
0.0258(6)

0.24212(17)
0.0181(4)
Lu0.4z( 1 )Mno.zo( 1)Zn1.so( 1)A52

0.419(3)
0.0213(3)

0.098(4)
0.836(6)
0.076(9)

0.902(4)
0.62957(16)
0.0202(3)

0.23669(10)
0.0139(2)

B RESULTS AND DISCUSSION

Within ternary RE—Zn—As systems, CaAl,Si,-type phases were
previously restricted to REZn,As, (RE = Eu, Yb), containing

divalent RE components only.
cently extended to REyZnyAs, (RE = La—Nd, Sm), con-

taining early trivalent RE components but with formation of
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27,28,45—48

They have been re-
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Table 4. Atomic Coordinates and Equivalent Isotropic Displacement Parameters (A%)” for RE, Mn,Zn, .As, (RE = La—Nd,

Sm, Gd)

RE1 in 1b (0, 0, 1/2)
occupancy

Usq

RE2 in 1a (0, 0, 0)
occupancy

U,
Mn in 2d (1/3, 2/3, z)
occupancy

z

Uy

Znl in 2d (1/3, 2/3, z)
occupancy

z

Uy

Zn2 in 2d (1/3, 2/3, z)
occupancy

z

U,

eq
Asl in 2d (1/3,2/3, z)
z

Ueq

As2 in 2d (1/3, 2/3, z)
z

U

Laj 55(1)Mngg32)-

03,07(2)A84

0.246(10)
0.039(3)

1
0.0165(4)

0.466(12)
0.4095(8)
0.034(3)

0.534(12)
0.3364(4)
0.0230(16)

1
0.79987(16)
0.0186(5)

0.13326(12)
0.0125(4)

0.61635(14)
0.0180(4)

Cey300)Mngg33)-

Zn3,17(3)AS4

0.300(10)
0.036(2)

1
0.0185(4)

0.414(13)
0.4099(10)
0.037(3)

0.586(13)
0.3324(4)
0.0225(15)

1
0.80160(18)
0.0174(6)

0.13196(14)
0.0114(4)

0.61568(16)
0.0162(5)

Pry551)Mnggsa)

1305(2)AS4

0.253(8)
0.035(2)

1
0.0147(3)

0.477(10)
0.4087(7)
0.038(2)

0.523(10)
0.3331(3)
0.0215(11)

1
0.80174(13)
0.0169(4)

0.13056(9)
0.0100(3)

0.61690(11)
0.0162(3)

“U,q is defined as one-third of the trace of the orthogonalized Uj; tensor.

Nd, 55(1yMngs(3)-
Zn; 5(3)As4

0.249(14)
0.044(5)

1
0.0132(5)

0.476(17)
0.4097(12)
0.031(4)

0.524(17)
0.3339(7)
0.020(2)

1
0.8020(2)
0.0157(7)

0.12920(18)
0.0091(5)

0.6176(2)
0.0153(6)

Sm 54(1yMng g7(4)-

Z“3A13(4)A54

0.240(10)
0.031(3)

1
0.0226(6)

0.436(18)
0.4086(14)
0.034(4)

0.564(18)
0.3324(7)
0.024(2)

1
0.8035(2)
0.0196(8)

0.12714(19)
0.0132(6)

0.6185(2)
0.0186(6)

Gdl.ZA(l)MnO.%(})'
Zn; 57(3)As4

0.242(9)
0.033(3)

1
0.0166(4)

0.468(15)
0.4079(11)
0.034(3)

0.533(15)
0.3318(6)
0.0220(18)

1
0.8037(2)
0.0186(6)

0.12611(15)
0.0105(4)

0.61946(17)
0.0177(5)

Table S. Interatomic Distances (A) for RE,_Mn,Zn,_.As, (RE = Eu—Lu)

EuMn4Zn, ¢As, GdosMny,Zn, ¢As, Tby sMng4Zn; 6As, Dy, sMng4Zn, ¢As, HopsMng4Zn, ¢As,
RE—As ( X 6) 3.103(1) 2.876(2) 2.882(1) 2.876(1) 2.865(2)
RE—Mn ( X 6) 3.624(2) 2.647(7) 2.678(7) 2.667(8) 2.660(10)
Mn—As ( X 3) 2.561(1) 2.415(3) 2.408(3) 2.403(3) 2.396(4)
Mn—As 2.612(2) 2.799(15) 2.869(16) 2.857(18) 2.84(2)
Zn—As ( X 3) 2.561(1) 2.530(2) 2.534(1) 2.527(1) 2.520(2)
Zn—As 2.612(2) 2.572(3) 2.577(2) 2.576(2) 2.578(5)
Zn—Zn ( X 3) 3.064(2) 2.914(3) 2.917(2) 2.913(2) 2.910(3)
ErosMng4Zn, ¢As, Tmy 4Mny,Zn, gAs, Yb, ¢Mng;Zn, 7As, Lug4Mng,Zn, gAs,
RE—As ( X 6) 2.873(2) 2.847(1) 2.989(1) 2.838(1)
RE—Mn ( X 6) 2.658(7) 2.623(13) 3.516(1) 2.602(15)
Mn—As ( X 3) 2.406(4) 2.409(6) 2.533(1) 2.412(7)
Mn—As 2.830(16) 2.72(3) 2.612(1) 2.66(4)
Zn—As ( X 3) 2.527(3) 2.527(1) 2.533(1) 2.525(1)
Zn—As 2.592(3) 2.609(2) 2.612(1) 2.610(1)
Zn—Zn ( X 3) 2.924(3) 2.926(2) 3.018(1) 2.924(1)
Table 6. Interatomic Distances (A) for RE,_Mn,Zn,_As, (RE = La—Nd, Sm, Gd)
La; ,MnggZn;,As, Ce;3MngsZn;,As, Pr;,Mn, ¢Zn;pAs, Nd, ,Mn,; gZn; 0As, Sm; ,Mng4Zn; As, Gd;,MngoZn;,As,
RE1-As2 ( X 6) 2.878(2) 2.867(3) 2.875(1) 2.864(2) 2.869(2) 2.873(2)
RE1-Mn ( X 6) 2.700(S) 2.693(7) 2.698(4) 2.677(7) 2.682(9) 2.683(7)
RE2—Asl ( X 6) 3.012(2) 2.994(3) 2.981(1) 2.955(2) 2.936(2) 2.924(1)
Mn—As2 ( X 3) 2.427(2) 2.425(4) 2.423(1) 2.412(3) 2.409(3) 2.406(2)
Mn—As2 2.821(11) 2.792(14) 2.823(9) 2.808(16) 2.835(19) 2.856(14)
Znl—As2 ( X 3) 2.486(2) 2.501(3) 2.492(1) 2.472(3) 2.472(3) 2.467(2)
Znl—Asl 2.771(6) 2.719(7) 2.747(5) 2.766(9) 2.772(10) 2.777(8)
Zn2—As2 2.503(3) 2.523(4) 2.507(2) 2.493(4) 2.499(4) 2.488(3)
Zn2—Asl ( X 3) 2.569(2) 2.563(3) 2.568(1) 2.558(2) 2.559(2) 2.559(1)
Znl—Zn2 ( X 3) 3.037(4) 3.010(5) 3.016(3) 3.009(6) 3.006(7) 3.000(5)
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defects to satisfy the ideal electron count of 16 e~/fu.** We
initially attempted to prepare the defective RE 4,Zn,As, phases
containing later trivalent RE components (RE = Gd—Tm, Lu),
using various synthetic conditions ranging from 750 to 1050 °C,
but were unsuccessful. Given the existence of the Mn-containing
counterparts REMn,As, (RE = Eu, Yb),** we also attempted to
prepare defective RE,;Mn,As, phases containing various
trivalent RE components, to no avail. Thus, it was surprising
to discover that partial Mn substitution enables the preparation
of two extensive series of quaternary arsenides, RE,_,Mn,-
Zn,_,As, (RE = Eu—Lu) and RE, ,Mn,Zn, As, (RE = La—Nd,
Sm, Gd), for all possible RE components (except Pm, of course).
The syntheses of these compounds are beset by difficulties posed
by volatilization of Zn and As at high temperatures, so that the
products normally contain admixtures of binary arsenides such
as ZnyAs,. However, slow cooling from 1050 to 500 °C was
successful in the growth of single crystals to permit detailed
structural analysis. Further optimization of synthetic conditions is
in progress to improve the phase purity of these samples.

Individual RE members from these series were characterized
by single-crystal structure determinations. The average com-
positions obtained from structure refinements were RE-
Mny4Zny ¢As, (RE = Eu, Yb), REgsMny,Zn; 6As, (RE = Gd—
Tm, Lu), and RE, ;Mn,¢Zn;,As, (RE = La—Nd, Sm, Gd). For
concreteness and simplicity, we use these average formulas in
subsequent discussion when referring to these sets of com-
pounds. They crystallize in the trigonal space group P3m1, but
the c-axis is doubled in RE,;MngyZny,As,, which can be
regarded as a superstructure of RE,sMn,,Zn, ¢(As,. A plot of
the cell parameters (with c-axis and cell volume V halved in
RE, ;Mng4Zny,As, for comparison to the subcell) illustrates the
expected lanthanide contraction, but with deviations observed
for members containing the larger divalent Eu and Yb
components (Figure 2).
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Figure 2. Plots of cell parameters for REMn, sZn, ;As, (RE = Eu, Yb),
RE,Mn,Zn; (As, (RE = Gd—Tm, Lu), and RE, ;Mny¢Zn; ;As, (RE =
La—Nd, Sm, Gd).

The parent CaAl,Si)-type structure is retained for RE-
Mny,Zn, ¢As, (RE = Eu, Yb), in which a disordered mixture of
Mn and Zn atoms occupy the unique transition-metal site,
surrounded by As atoms forming M-centered tetrahedra that
share their edges to build up [M,As,] slabs. These slabs are
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REo sMng.4Zni 6As;
(RE = Gd=Tm, Lu)

RE13Mno9Zn3 1Ass

REMng.4Zn1 6As2
) (RE = La-Nd, Sm, Gd)

(RE=Eu, Yb

Figure 3. (a) REMny,Zn,(As, (RE = Eu, Yb) with CaAl,Si,-type
structure, (b) REosMng,Zn;¢As, (RE = Gd—Tm, Lu) with defect
CaAl,Si,-type structure, and (c) RE,;MngyZn; As, (RE = La—Nd,
Sm, Gd) with partially ordered defect CaAlLSi,-type structure; all
contain [M,As,] slabs alternately stacked with nets of RE atoms. The
RE sites are either fully (dark blue) or partially occupied (faded blue).
The interstitial Mn sites are partially occupied (faded blue-green). The
Zn sites in (b) and the Znl sites in (c) are partially occupied (green).

interleaved with hexagonal nets of fully occupied RE sites, each
surrounded by As atoms in octahedral geometry (Figure 3a).
These quaternary arsenides may be assumed to be members
of solid solutions formed between the known parent ter-
nary arsenides REMn,As,*® and REZn,As, (for RE = Eu,
Yb).>7?¥%7% ndeed, for the Eu-containing quaternary com-
pound, the cell parameters (a = 4.234(2) A, c = 7.198(4) A) are
intermediate between those of EuMn,As, (a = 4.287(1) A,
¢ =7225(1) A)*® and EuZn,As, (a = 4211(1) A, ¢ = 7.181(1)
A).* If a linear relationship is assumed between cell parameters
and concentration (Vegard’s law), a composition of 30% Mn and
70% Zn is obtained, in good agreement with the precise compo-
sition of EuMnyZn, ;As, determined in the structure refine-
ment. However, comparison of the cell parameters for the Yb-
containing quaternary compound (a = 4.168(1) A, c = 6.948(1) A)
with those of YbMn,As, (a = 4226(3) A, ¢ = 6.964(5) A)* and
YbZnyAs, (a = 4157(1) A, ¢ = 6954(1) A)* reveals anomalous
behavior. Although the g-parameter is intermediate and sug-
gests a composition of 83% Zn, in agreement with the refined
formula YbMn,;Zn, -As,, the c-parameter is even lower than
for the end-members (i.e, a negative deviation from Vegard’s
law). Mixed valency of Yb has been proposed in YbZn,As,, with
evidence taken from magnetic measurements.** The introduc-
tion of smaller Yb®" species, whose concentration could con-
ceivably vary within a solid solution, would then act to contract
the unit cell parameters more than expected. Alternatively,
there may be subtle effects related to the competition between
inequivalent Zn—As vs Mn—As bonds within the tetrahedral
sites, as discussed below, that are responsible for this anomaly.
Elucidation of the full solid solutions REMn,Zn, ,As, (RE =
Eu, Yb) and determination of the crystal structures of addi-
tional members will be helpful in clarifying these effects.

The formation of these quaternary arsenides REMn4Zn; ¢As,
(RE = Eu, Yb) also tests an important structural feature of
CaALSi,-type phases. Within the M-centered tetrahedra, there is
an inequivalence between the three lateral or “rib” bonds and the
one vertical or “handle” bond. Both experimental observations
and theoretical studies indicate that the three rib bonds are
normally shorter than the handle bond for M atoms with d°

dx.doi.org/10.1021/ic501053v | Inorg. Chem. 2014, 53, 8431—-8441



Inorganic Chemistry

(e.g, Mg, Al) and d'° configurations (e.g, Zn, Cd),” whereas the
trend is more muted or even reversed for M atoms with d* con-
figurations (e.g, Mn).” Although full crystal structures are not
available for all the parent ternary arsenides REMn,As, and
REZn,As, (RE = Eu, Yb), their bond lengths can be estimated
with the assumption of atomic coordinates taken from related
CaAl,Si,-type structures. The distinction predicted for these two
types of M—As bonds, depending on the d-configuration of M, is
demonstrated clearly in EuMn,As, (2.622 A ribs, 2.601 A handle)
versus EuZmyAs, (2.549 A ribs, 2.614 A handle) (Figure 4), and

Figure 4. Lengths (A) of rib and handle bonds within metal-centered
tetrahedra in EuMn,As, (left), EuMn,,Zn,¢As, (center), and
EuZn,As, (right).

in YbMn,As, (2.579 A ribs, 2.507 A handle) versus YbZn,As,
(2.520 A ribs, 2.595 A handle). The driving force for this bond
inequivalence is the filling of some antibonding states for the
handle bonds near the Fermi level, which can be avoided in the d°
case if a low-spin configuration is adopted.”” In the quaternary
arsenides, the larger concentration of Zn atoms and the greater
electronic flexibility of Mn atoms together result in the normal
situation of shorter rib than handle bonds (i.e., 2.561(2) A ribs,
2.612(2) A handle in EuMnyZn, (As, (Figure 4); 2.533(1) A
ribs, 2.612(1) A handle in YbMn,;Zn; -As,).

Replacing the divalent RE with late trivalent RE metals
results in the series of quaternary arsenides RE,sMn4Zn; ¢As,
(RE = Gd—Tm, Lu) containing deficiencies in the RE site as
well as a secondary transition-metal site close to the original
one. Because refinements suggest a preference of Zn atoms for
the primary site and Mn atoms for the secondary site, we
have assumed an ordered model. The Zn atoms reside within
[Zn, ¢As,] slabs, whereas the Mn atoms partially occupy (~0.2)
interstitial sites located above and below these slabs, in the
space made available by the RE vacancies (Figure 3b). The Zn-
centered tetrahedra within the slabs exhibit shorter rib (2.52—
2.53 A) than handle Zn—As bonds (2.57—2.61 A), in accor-
dance with expectations; the As—Zn—As angles around the base
of these tetrahedra (108.3—108.6°) remain similar to those
(110.7-111.5°) in REMn,,Zn, (As, (RE = Eu, Yb). The Mn
atoms are also surrounded in tetrahedral geometry by three As
atoms capping one [Zn; 4As,] slab and a fourth As atom cap-
ping the adjacent [Zn,4As,] slab. These Mn-centered tetra-
hedra are more distorted, with much shorter rib (2.40—2.42 A)
than handle bonds (2.66—2.87 A) and wider As—Mn—As
angles (116.1—117.4°) around the base of these tetrahedra.
Perhaps a better description of the Mn coordination is CN3 + 1.

The appearance of RE defects in quaternary arsenides
RE,(Mn,,Zn,; ¢As, (RE = Gd—Tm, Lu) can be rationalized in
the same way as in the previously reported ternary arsenides
RE,4Zn,As, (RE = La—Nd, Sm),** namely, to reduce the
number of valence electrons to satisfy charge balance require-
ments when trivalent RE components are introduced. If
divalent Mn and Zn atoms are assumed, the ideal charge-
balanced formula is RE¢Mn,,Zn, ¢As,, but the observed RE
deficiencies are somewhat more pronounced. Note that a slight
deviation was also seen in Ce¢;Zn,As,, the only member of
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REy4,Zn,As, that has been structurally refined.** Alternatively,
the formula RE;sMny,Zn,cAs, would be almost perfectly
charge-balanced if Mn®" species are assumed instead. In any
event, these chemical formulas should be accepted cautiously
because structural refinements of occupancies may be
correlated with other factors (such as absorption corrections).
Moreover, as mentioned in the introduction, exceptions to the
ideal electron count are permissible when there is no band gap
at the Fermi level, a notion to be tested by a band structure
calculation discussed further below. As in RE,¢,Zn,As, (RE =
La—Nd, Sm), no vacancy ordering was apparent in
RE,sMn,Zn, ¢As, (RE = Gd—Tm, Lu), as evaluated by the
absence of superstructure reflections or diffuse scattering in the
X-ray diffraction patterns (Figure S1 in Supporting Information
and Figure 1). In the related ternary sulfides RE, ¢,Cu,S,, which
also adopt defect CaAl,Si,-type structures, there is evidence
that short-range ordering may take place.®"* Various stacking
sequences can be envisioned for the hexagonal RE nets, each
containing an ordered distribution of 33% vacancies (and 67%
occupied sites), such that proximity of RE vacancies in adjacent
nets is avoided. Long-range ordering within these sequences is
frustrated by the occurrence of frequent stacking faults. The
situation in REy(Mn,,Zn; ¢As, (RE Gd—Tm, Lu) is
complicated by the occurrence of vacancies not only in the
RE sites, but also in the Mn and Zn sites.

It is thus remarkable that partial long-range ordering does
occur, in a different manner than described above, through
substitution with the early trivalent RE metals in the series
RE, ;Mny4Zn; As, (RE = La—Nd, Sm, Gd). The formula is
nearly twice that of RE,sMng,Zn, ¢As,, reflecting a doubling
of the c-parameter. In this superstructure, hexagonal nets
of completely filled RE2 sites alternately stack with nets of
partially filled (~0.3) RE1 sites (Figure 3c). Within the
[Zn, ¢As,] slabs, there is now a differentiation between fully
occupied Zn2 sites adjacent to the filled RE2 nets and partially
occupied (~0.6) Znl sites adjacent to the defective RE1 nets.
As before, the Mn atoms reside in interstitial sites within the
defective layers. Curiously, although the Znl-centered tetrahe-
dra retain the expected distinction of bonds to the surrounding
As atoms (shorter ribs, 2.47—2.50 A; longer handle, 2.72—
2.78 A), the Zn2-centered tetrahedra show a reversal (longer
ribs, 2.56—2.57 A; shorter handle, 2.49-2.52 A). Although the
structure refinements do indicate clear site preferences for the
Mn and Zn atoms, partial disorder cannot be completely ruled
out, which may account for this bond length reversal. We think
that the combination of substitutional and positional disorder
(Mn vs Zn) and the presence of RE defects present many com-
peting size and electronic factors that complicate the structural
analysis. For example, an alternative explanation for the rather
short Zn1—As2 and Mn—As2 distances of ~2.5 A is that they
compensate for the “underbonding” of the As2 atoms next to
vacant RE] sites. Moreover, there is growing recognition that in
AB,X, compounds with the CaAl,Si,-type structure, the A
cations may participate in covalent interactions with the [B,X;]
slabs, notwithstanding earlier assumptions that their role was
not significant.'* The contrast between the partially ordered
series RE;3;MngZn; As, (formed for the earlier RE metals)
and the disordered series RE, Mng,Zn; ¢As, (formed for the
later RE metals) suggests that such interactions may indeed be
important. Note that the RE1—As2 distances straddling the
interstitial Mn sites are nearly invariant (2.86—2.88 A), whereas
the RE2—As] distances decrease gradually (from 3.01 A in the
La member to 2.92 A in the Gd member); these observations
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suggest that Mn—As bonds dictate the spacing between one
pair of [Zn,As,] slabs, while RE—As bonds are optimal
between the other pair of [Zn, ¢As,] slabs.

With slightly different loading compositions used in the
syntheses of the Gd-containing compounds, members belong-
ing to both series, GdysMny,Zn, 4As, and Gd;,Mng¢Zn;,As,,
could be obtained. In principle, vacancy ordering could be
promoted through use of extended annealing times and slow
cooling. Although these procedures do improve crystal quality
(as gauged by sharpness of X-ray diffraction peaks), they did
not alleviate the disorder even in the Gd;,Mnj¢Zn; As, super-
structure. We investigated the possibility for the existence of a
solid solution through preliminary experiments with loading
compositions Gdy¢;Mn,Zn,_,As, (for x = 0, 0.05, 0.1, 0.3, 0.5,
1.0, 1.5, 2.0) adhering to the ideal electron count. The products
were not single-phase and contained admixtures of various
binary arsenides, probably because of problems with volatiliza-
tion described earlier. It appears that CaAl,Si,-type phases can
be formed up to a Mn loading composition of x = 1.0 (i.e., 50%
Mn), and evidence for superstructure peaks occurs for loading
compositions of x = 0.3—1.0 (i.e, 15-50% Mn) (Figure S4 in
Supporting Information); the true compositions undoubtedly
contain lower Mn concentrations. The ternary end-member
Gd,¢,;Mn,As, did not form. In addition to the disorder of Mn
and Zn atoms, there is also the possibility for a homogeneity
range in the Gd content, which will require future investigations
on Gd;_,Mn,Zn,_,As, to probe the extent of Gd deficiencies ().

The partial substitution of Mn (d°) for Zn (d'°) presents an
interesting scenario for the electronic structure. A small band
gap is expected for most AB,X, phases with the CaAl,Si,-type
structure when the B component has a d'* (or d°) configu-
ration. However, the Fermi level will necessarily cross a d-band
when the B component has a d° configuration, as previously
shown for a [Mn,P,]?" slab. Taking the idealized formula as
La, ;3MnZn;As,, which would be electron-precise if divalent
Mn and Zn atoms are assumed, we can propose a 4/3a X \/ 3a
superstructure (Figure S). The Lal nets contain an ordered

RE1

Figure 5. Possible \/ 3a X \/ 3a superstructure (with unit cell outlined
in dashed lines) for idealized model La,3;MnZn;As, containing
ordered occupation of 33% La, 50% Mn, and 50% Znl1 sites.

distribution of the 33% filled sites. The Mn and Zn1 sites, each
50% occupied, are within ~1.0 A of each other and cannot be
simultaneously occupied within the same slab (Figure 3c).
Instead, we imagine that they segregate into [MnZnAs,] and
[Zn,As,] slabs, with long 2.8 A Mn—As bonds connecting
them. The density of states (DOS) curve for this hypothetical
superstructure was determined from band structure calculations
(Figure 6a). The features of the DOS curve are generally
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Figure 6. (a) Density of states (DOS) and its atomic projections for
La, ;3MnZn;As,. (b) Crystal orbital Hamilton population (COHP)
curves for La—As, Mn—As, and Zn—As interactions. The Fermi level is
at 0 eV.

consistent with the formulation (La>*), 33(Mn?*)(Zn**);(As>"),
derived from the Zintl concept in which the electropositive La
atoms fully transfer their valence electrons to the anionic slabs.
Thus, empty La-based states are mostly found above the Fermi
level, and filled As 4s and 4p states are found below. The Zn 3d
states are completely filled (—8 eV), whereas the Mn 3d states
are partially filled (—1 to +1 €V). Most of the bonding stability
comes from the occupation of Mn—As and Zn—As bonding
levels, derived from significant mixing of Mn 3d or Zn 3d
with As 4s/4p states, but there are also important covalent
contributions to La—As bonding, as seen in the crystal orbital
Hamilton population (COHP) curves (Figure 6b). The
integrated COHP values (—ICOHP) are 2.4 eV/bond for
Mn—As, 1.7 e€V/bond for Zn—As, and 1.0 eV/bond for La—As
interactions. Note that the states near the Fermi level are
antibonding for the Mn—As interactions, but only weakly bond-
ing for the Zn—As and La—As interactions. Thus, the possibility
exists to alleviate the antibonding Mn—As interactions by re-
ducing the electron count to lower the Fermi level slightly. This
partial oxidation could be manifested experimentally through
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greater La or Mn deficiencies, as suggested by the formula
La, ,Mn,¢Zn; ,As, refined in the structure determination, or by
invoking the presence of some Mn** species. Low-spin Mn is
implicit in the filling of the d-band near the Fermi level, but the
conclusions are unchanged if high-spin Mn is assumed, for
which there would be an even greater driving force to reduce
the electron count.

The large spike in the DOS near the Fermi level is derived
from mostly Mn 3d states and suggests an electronic instability.
In a spin-polarized calculation of La;;;MnZn;As,, the DOS
curve reveals that such a high polarization is indeed predicted
(Figure 7), with a large energy stabilization of 2.6 eV/cell. The
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Figure 7. DOS curve for spin-polarized La;;3;MnZn;As,, with
contributions from Mn states identified by the shaded regions.

magnetic moment is calculated to be 3.6 yp. This compound is
nearly a ferromagnetic half-metal: for the spin-up electrons, the
Fermi level falls in a pseudogap with almost zero DOS, whereas
for the spin-down electrons, it intersects the bottom of the
conduction band.

To acquire experimental evidence for the valence state
assignments, XPS spectra were collected for YbMng3Zn, ,As,,
ErysMng,Zn; 4As,, and Nd;,Mn,(Zn;,As, as representative
members of the different series of quaternary arsenides. Among
the RE components, only the Yb valence is really subject to
question. The Yb 4d spectrum for YbMn,;Zn, ;As,, obtained
after a sputtering procedure was applied to eliminate surface
oxides, reveals the presence of both Yb** and Yb*" (Figure 8a).
The Yb 4d;,, core-line peak at 184.9 eV is identical to that in
Yb,05, measured as a Yb**-containing standard. Many of the
undulations in the fine structure for YbMn,;Zn, ;As, are also
found in Yb,O;, with the exception of a prominent low-energy
shoulder at 181.3 eV that is consistent with the 4d core-line
peak for Yb**.** In a similar XPS study on the related anti-
monide YbZn,Sb,, both Yb** and Yb** were also found to be
present, but it was suggested that formation of Yb,0O; within
grain boundaries is likely responsible for the residual Yb** sig-
nature.'® Given this caveat, the occurrence of mixed-valent Yb
in YbMn5Zn, ;As, remains inconclusive.

The formal assignments of Zn*" and As*~ are hardly dispu-
table, but it is unclear if Mn*" is exclusively present in all cases.
The Mn 2p spectra for YbMng;Zn, ;As,, ErysMny,Zn, ¢As,,
and Nd;,Mn, yZn;oAs, confirm that Mn?** is indeed the
dominant species present (Figure 8b). The spectra can be
resolved into three component peaks (A—C), consistent with
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Figure 8. (a) Yb 4d XPS spectra for YbMn,;Zn, ;As, and Yb,0;. (b)
Mn 2p XPS spectra for YbMng;Zn,,As,, Nd;,Mn, Zn;4As,, and
ErysMng,Zn, 4As,. The components marked A—C are discussed in the
text.

other Mn**-containing compounds.**®* Peak A, the main Mn
2p3,, core-line peak, occurs at 640.1 eV for YbMn,;Zn, ;As,,
641.0 eV for Nd,,Mn, (Zn;(As,, and 640.9 eV for
ErgsMng,Zn, ¢As,. These binding energies (BE) are higher
than they are in elemental Mn (639.7(8) eV), within the ranges
exhibited by various Mn?**-containing compounds (MnS,
640.5—642.1 eV; MnO, 641.2(5) eV; (Ga,Mn)As, 641.0 eV),
and lower than they are in Mn*'-containing compounds
(Mn,0,, 641.6(2) eV).°"7> The BE of 640.1 eV in
YbMny;Zn; ,As, is noticeably shifted relative to the others (as
seen in the spectrum, offset vertically for clarity, in Figure 8b),
but we attribute this observation to a slight reduction caused by
Ar" sputtering procedure, which had to be performed for a
longer time to improve the poor signal quality in this sample
containing low Mn concentrations. Peak B is located to slightly
lower BE from the core-line peak; this shoulder results from the
Ar" sputtering procedure and is commonly found in Mn®**
systems.**®° Peak C is an important diagnostic feature: it is a
metal-to-ligand shakeup satellite peak that occurs only for Mn**
and is absent for Mn** and Mn**.">"7% It is found at 645.8 eV
for Nd, ,Mn, yZn; (As, and 645.2 eV for Ery;Mn,,Zn, ¢As,, but
is difficult to locate for YbMn,3Zn, ,As, probably because it was
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weakened in relative intensity through the increased sputtering
time until it became buried beneath the background. The
XPS results do strongly imply that Mn®" is present in these
compounds.

B CONCLUSIONS

Many subtle factors are at play in the partial substitution of Mn
for Zn in these rare-earth zinc arsenides with the CaAl,Si,-type
structure. In the simplest case involving the divalent RE com-
ponents, the compounds REMn, ,Zn, ¢As, (RE = Eu, Yb) keep
the parent structure; the Mn and Zn atoms disorder within the
same tetrahedral site, and the distinction between rib and
handle bonds in this site is controlled by the Zn atoms. In the
more complex cases involving the trivalent RE components, the
vacancies introduced into the hexagonal nets permit Mn atoms
to occupy alternative tetrahedral sites close to the original Zn
sites. For RE, (Mn, ,Zn, ¢As, (RE = Gd—Tm, Lu), considerable
disorder ensues from the occurrence of RE vacancies, probably
in the form of stacking faults of the hexagonal RE nets, as well
as from the split Mn/Zn sites. For RE; ;MngyZn; As, (RE =
La—Nd, Sm, Gd), the disorder is partially resolved through the
segregation of completely filled RE nets and 33% occupied RE
nets. The distinction between these two series, for the early
versus late trivalent RE members, supports the proposal that
the A-cation in AB,X, phases with the CaALSi,-type structure
does participate in bonding with the [B,X,] slabs and can thus
indirectly influence electronic properties. Given the relatively
high concentration of Mn in these quaternary arsenides, the
electronic structure is dominated by a partially filled Mn-based
d-band near the Fermi level, as shown for La; ;;MnZn,As,, so
that metallic behavior is predicted. We believe that Mn can
likely be introduced at lower concentrations while a band gap
is retained, so that the resulting compounds may be good
candidates as magnetic semiconductors. Attempts to prepare
Gd-containing solid solutions suggest that the Mn concen-
tration can indeed be varied, but further efforts are required to
optimize phase purity before magnetic measurements can be
performed.
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