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Crystals of SrMnsSbs and BaMnaSbs were grown using Sn flux and characterized by powder
and single-crystal x-ray diffraction, respectively, and by single-crystal electrical resistivity p, heat
capacity Cp,, and magnetic susceptibility xy measurements versus temperature 7', and magnetization
versus field M (H) isotherm measurements. SrMn2Sbs adopts the trigonal CaAlsSis-type structure
whereas BaMnaSbs crystallizes in the tetragonal ThCraSiz-type structure. The p(7') data indicate
semiconducting behaviors for both compounds with activation energies of > 0.35 eV for SrMn2Sbo
and 0.16 eV for BaMnaSba. The x(T') and Cy(7T) data reveal antiferromagnetic (AFM) ordering
at Tn = 110 K for SrMn2Sbs and 450 K for BaMnaSba. The anisotropic x(7° < Tn) data also
show that the ordered moments in SrMn2Sby are aligned in the hexagonal ab plane whereas the
ordered moments in BaMn2Sbs are aligned collinearly along the tetragonal ¢ axis. The ab-plane
M(H) data for StMn2Sby exhibit a continuous metamagnetic transition at low fields 0 < H <1 T,
whereas BaMn2Sbe exhibits no metamagnetic transitions up to 5.5 T. The x(7") and C,(T") data
for both SrMn3Sby, and BaMnsShe indicate strong dynamic short-range AFM correlations above
their respective T up to at least 900 K within a local-moment picture, corresponding to quasi-two-
dimensional magnetic behavior. The present results and a survey of the literature for Mn pnictides
with the CaAlsSiz and ThCrsSiz crystal structures show that the T values for the CaAlsSiz-type

compounds are much smaller than those for the ThCrzSiz-type materials.

I. INTRODUCTION

The discoveries of high-T superconductivity in lay-
ered iron pnictides and chalcogenides since 2008 re-
vealed Fe-based materials to be a rich source of un-
conventional superconductors. In marked contrast to
high-T' layered cuprates, the undoped ferropnictides are
metallic and show itinerant antiferromagnetic (AFM)
spin-density wave and coincident or nearly coincident
structural transitions. The suppression of these tran-
sitions by chemical doping resulted in superconductiv-
ity in the “11117-type parent compound LaFeAsO with
T. = 26 K in 2008'. Since then, many compounds
with related layered crystal structures and chemical com-
positions were discovered which are classified as “11”-
type (e.g. binary iron chalcogenide FeSe), “111”-type
(e.g. ternary LiFeAs or NaFeAs), 1111-type with the
primitive-tetragonal ZrCuSiAs-type structure with space
group P4/nmm (e.g. RFeAsO, R = rare earth), “122”-
type with the body-centered tetragonal ThCroSis struc-
ture with space group I4/mmm (e.g. AFeaAss, A = Ca,
Sr, Ba, Eu), and other related structures® ®. The highest
reported T, for a bulk Fe-based superconductor is 56 K
for Gdo_gTho_QFeASOG.

In attempts to further enhance the 7T, of such super-
conductors and search for other exotic ground states, ad-
ditional isostructural compounds based on other transi-
tion metals in place of Fe including Cr, Mn, Co, and Ni
have been studied. These pnictides include metallic Co-
based™ 1°, itinerant AFM Cr-based'% 24, semiconducting
AFM Mn-based?® 33 and superconducting Ni-based3* 37
compounds.

Semiconducting layered quasi-two-dimensional AFM
Mn pnictides received special attention as potential par-
ent compounds for superconductivity because they could
form a bridge between the superconducting iron-arsenide
and cuprate families of high-7. materials. The 1111-
type LaMnPO and 122-type BaMnyAss have been most
extensively studied. These compounds exhibit insula-
tor (at temperature T = 0) to metal transitions either
upon doping or application of pressure, but no supercon-
ductivity in these compounds has been observed. The
AFM ordering (Néel) temperature Ty, ordered moment
w at low T, and activation energy A have been reported
for several semiconducting 1111-type Mn pnictides, in-
cluding LaMnPO?!', LaMnAsO??, and LaMnSbO?3, as
summarized in Table I for these compounds and also for
those below. They tend to have a simple checkerboard
(G-type) AFM structure, indicating stronger ab-plane
nearest-neighbour (NN) exchange interactions J; com-
pared to twice the next-nearest-neighbor interactions Js,
ie., J; > 2J5%. A high-pressure measurement on LaM-
nPO showed a semiconductor to metal transition at a
pressure of 10 GPa?®. Fluorine-doped LaMnPO,_,F,
also exhibits an insulator to metal transition on dop-
ing which only weakly affects Ty and p?°, similar to
La;_,Sr,MnAsO%’. On the other hand, hydrogen- and
deuterium-substituted LaMnAsO; _,(H/D), exhibits in-
sulator to metal transitions associated with the emer-
gence of itinerant ferromagnetism*!.

The 122-type BaMnsXs compounds with the
ThCrySis-type structure containing X = P, As, or
Bi have also been extensively studied. BaMnyP,2?,
BaMnyAsy?%42. and BaMnyBip??*3 undergo G-type



AFM ordering with the ordered moments aligned along
the ¢ axis, where the NN exchange interactions J; are
again dominant. A high-pressure study of BaMnyAss
showed an insulator to metal transition at 5.8 GPa
with a downturn in the resistivity below ~ 17 K and
no change in the crystal structure**. Interestingly,
substitution of only 1.6% of K for Ba results in a
metallic ground state in BaMnyAsy?®.  Furthermore,
itinerant FM occurs in Baj_ K, MnsAsy with = 0.19
and 0.26%° and half-metallic FM behavior is found
below the Curie temperature Tc ~ 100 K for 40%
K-doped*” and 60% Rb-doped BaMnyAsy?®.  This
itinerant FM*° is aligned in the ab plane and coexists
with the G-type local-moment AFM of the Mn spins
aligned along the c axis®®. Similar to BaMnyAs,, the
isostructural AFM semiconductor BaMnsBis exhibits
metallic behavior with K doping and the magnetic
character of Ba;_,K,MnyBis up to 36% K doping is
inferred to be local-moment AFM?°.

Interestingly, unlike body-centered tetragonal 122-type
BaMns (P, As, Sb, Bi)a, the 122-type (Ca, Sr)Mnso (P, As,
Sh, Bi)y compounds crystallize in the trigonal CaAlsSis-
type structure with space group P3ml. Empirically, the
CaAlsSis-type structure is found if the transition metal
has a d°, d®, or d'° electronic configuration whereas the
ThCr,Sis-type structure has no such preferences. The
Mn sublattice can be viewed either as a corrugated hon-
eycomb layer or a triangular-lattice bilayer which sug-
gests the possibility of geometric frustration. Some of
these trigonal compounds are known to be AFM semi-
conductors: SrMnsP52°, CaMnoAse®?, SrMngAsy30-51,
CaMnsShy®2%4 and CaMnyBis°°.

The compounds in Table I also manifest strong dy-
namic short-range AFM correlations at 7' > Ty, sim-
ilar to BaMnaAsy®.  Neutron diffraction studies of
both CaMnySby and CaMnsBis revealed a collinear
AFM structure with the ordered moments aligned in the
ab plane®®°7. However, whereas one neutron structural
study of CaMnsSby concluded that collinear AFM mo-
ments are aligned in the ab plane®®, another suggested
that the collinear ordered moments are canted by 25°
with respect to the ab plane®?. Single-crystal neutron
diffraction measurements on trigonal SrMnsAss showed
that the Mn moments are ordered in the ab plane in a
collinear Néel AFM structure below Ty = 118(2) K°! and
magnetic susceptibility data exhibited quasi-2D behavior
at T > Tn?°, as does ThCrSis-type BaMnaAss as noted
above. SrMnyP5 exhibits a novel pressure-induced struc-
tural transition from the trigonal CaAlsSis-type to the
body-centered tetragonal ThCrsSis-type structure®®.

In order to extend the above work on the Mn pnictides
and attempt to discover new properties, herein we report
the growth, crystal structure, p(T), magnetization versus
applied magnetic field M (H) isotherms, x(T') and heat
capacity Cp (1) measurements of BaMnySbg, which crys-
tallizes in the ThCrySis-type structure®, and SrMnyShs
which has the CaAlySip-type structure®. Since the Mn
sublattice in SrMnySbsy is a corrugated honeycomb or

TABLE I: Properties of 1111-type and 122-type Mn pnic-
tides, including results from the present work (PW). Included
are the structure type, AFM ordering temperatures T, low-
temperature ordered moment u, and semiconducting activa-
tion energy A. The ZrCuSiAs structure is primitive tetrag-
onal with space group P4/nmm, the ThCrzSis structure is
body-centered tetragonal with space group 14/mmm, and the
CaAl,Sis structure is trigonal with space group P3m1. Unless
otherwise indicated, A was determined from electrical resis-
tivity data with the current in the crystallographic ab plane
of single-crystal samples.

Compound  Structure T~ 1 A Ref.
Type (K)  (ps/Mn) (eV)
1111-type
LaMnPO  ZrCuSiAs 375 2.26 31
LaMnAsO  ZrCuSiAs 360 3.33 32
LaMnSbO  ZrCuSiAs 255 3.45 33
122-type
BaMnyPs>  ThCrsSis 4.2 0.073 %
BaMnzAss  ThCraSis 625 3.88 0.027 2642
BaMnzSbs  ThCrsSis 1120 28
Baan Sb2 ThCrg Siz 450 0.16 PW
BaMnyBiz  ThCrpSia 400 3.83 0.003 2943
CaMnaAsy  CaAlySis 62 0.061  3°
CaMnyShs  CaAlySi; 8588 3.46 52754
CaMnyBia  CaAlSia 150 3.85 0.031 *°
SrMnoPs CaAlySis 53 0.013 e
SrMnsAs;  CaAloSi; 120 3.6 0.085  30:51
Sran Sb2 CaA12812 110 2 0.35 PW

“Polycrystalline sample.
"Measured at 470-773 K.

triangular bilayer sublattice whereas the Mn sublattice
in BaMnyShs is a stacked square lattice, the difference
in the geometry of Mn network between BaMnsSho and
SrMnySby may be important to take into account when
comparing their properties.

Previous theoretical electronic structure studies on
BaMnySby suggested a G-type AFM ordering®:62, but
Tn and the AFM structure have not been experimen-
tally determined. Transport measurements revealed that
BaMnySby has a room-temperature Seebeck coefficient
of ~ 225 uV/K, consistent with semiconducting behav-
ior. With regard to SrMnsSbs, a polycrystalline sample
showed “complex magnetic ordering of the Mn moments
below ~ 265 K” and p(7T") measurements on a crystal
suggested a “metallic-like temperature dependence”%3.
However, in contradiction to both of these results, the
present study on SrMnsSbs crystals reveals AFM order-
ing at Ty = 110 K with an insulating ground state.

The remainder of the paper is organized as follows.
Following the experimental details in Sec. II, our struc-
tural data are given in Sec. IITA. The p(7T) data
for BaMnySby and SrMnsShs crystals are presented in



Sec. IITB. Our studies of M (H) and x(T') for these crys-
tals are presented in Sec. IIT C. We suggest in Secs. III B
and III C1 the probable origins of the erroneous exper-
imental p(T) and x(7) results reported in Ref.%3, re-
spectively. The C,(7T") measurements on SrMnsSbhs and
BaMnySh, are presented in Sec. III D, and a summary is
given in Sec. IV.

II. EXPERIMENTAL DETAILS

Single crystals of BaMnsSby and SrMnsShs were
grown in Sn flux. High-purity elements Sr (99.99%) and
Ba (99.99%) from Sigma Aldrich, and Mn (99.95%), Sb
(99.9999%), and Sn (99.999%) from Alfa Aesar, were
weighed out in the molar ratio (Ba, Sr):Mn:Sb:Sn =
1.05:2:2:20 and placed in an alumina crucible that was
sealed under an Ar pressure of = 1/4 atm in a silica tube.
Excess Sr or Ba was used in the syntheses to avoid the
formation of MnSb and thus to assure the formation of
magnetically pure samples. After preheating the mixture
at 600 °C for 7 h, the assembly was heated to 1150 °C at
arate of 50 °C/h and held at this temperature for 15 h for
homogenization. Then the furnace was slowly cooled at
arate of 4 °C/h to 700 °C. Shiny platelike and hexagon-
shaped single crystals of BaMnsSbe and SrMnsShe, re-
spectively, were obtained after decanting the Sn flux us-
ing a centrifuge. Subsequent handling of the crystals was
carried out in a dry box and exposure of them to air dur-
ing transfer to measurement instruments was kept to a
minimum.

Semiquantitative chemical analyses of the single crys-
tals were performed using a JEOL scanning electron
microscope (SEM) equipped with an EDX (energy-
dispersive x-ray analysis) detector, where a counting time
of 120 s was used. A room-temperature powder x-ray
diffraction (XRD) pattern was recorded on crushed single
crystals of SrMnsSby using a Rigaku Geigerflex powder
diffractometer with Cu Ka radiation (A = 1.5418 A) at
diffraction angles 260 from 10° to 110° with a 0.02° step
width. The data were analysed by Rietveld refinement
using FullProf softwareS4.

Single-crystal x-ray structural analysis of BaMnsSho
was performed at room temperature using a Bruker
D8 Venture diffractometer equipped with a Photon 100
CMOS detector, a flat graphite monochromator and a
Mo Ko IuS microfocus x-ray source (A = 0.71073 A)
operating at a voltage of 50 kV and a current of
1 mA. The raw frame data were collected using the
Bruker APEX3 program®, while the frames were inte-
grated with the Bruker SAINT software package®® us-
ing a narrow-frame algorithm integration of the data and
were corrected for absorption effects using the multiscan
method (SADABS)%7. The atomic thermal factors were
refined anisotropically. Initial models of the crystal struc-
tures were first obtained with the program SHELXT-
2014% and refined using the program SHELXIL-2014%°
within the APEX3 software package.

5000 T f T T T T T T T T
4000 - ° o =
o= - Icatl
=
é 3000 I~ N - Iobs - Ical 7
é | Bragg positions SrMn,Sb,
2 2000F . Bragg positions Sn -
@]
2 1000 -
I |
= 0 I [N S | IO I IO RA LY ([Iill) ]
-1000 b . .
T
_2000 1 1 1 1 1 1 1 1 1
20 40 60 80 100
20 (degree)
FIG. 1: (Colour online) Powder x-ray diffraction patterns

(open circles) of SrMnaSby at room temperature. Shown
are the observed intensity data (Iobs, open red circles), the
Rietveld refinement fit calculated for the CaAlsSis-type trig-
onal structure with space group P3ml1 together with small
amounts of adventitious elemental Sn impurity on the crys-
tal surfaces from the Sn flux (Ica1, solid blue curve through
the data), the difference Iohs — Ical (bottom blue plot), and
the Bragg peak positions for SrMnaSby (vertical green tick
marks) and Sn (vertical orange tick marks).

Magnetization M versus temperature 7' measurements
at fixed field over the T range 1.8 < T < 350 K and M
versus applied field H isotherm measurements for H <
5.5 T were carried out using a Quantum Design, Inc.,
Magnetic Properties Measurement System (MPMS).
The high-temperature M (T) for 300 K < T <900 K
was measured using the vibrating-sample magnetometer
(VSM) option of a Quantum Design, Inc., Physical Prop-
erties Measurement System (PPMS). Four-probe dc p(T)
and C,(T") measurements were carried out on the PPMS,
where electrical contacts to a crystal for the p(T') mea-
surements were made using annealed 0.05 mm diameter
Pt wires and silver epoxy.

III. EXPERIMENTAL RESULTS
A. Crystal Structures

SEM images of the crystal surfaces indicated single-
phase crystals. EDX analyses of the chemical compo-
sitions were in agreement with the expected 1:2:2 stoi-
chiometry of the compounds and the amount of Sn in-
corporated into the crystal structure from the Sn flux is
zero to within experimental error.

Powder XRD data on crushed SrMnsSbs single crystals
confirmed their single-phase nature. The Rietveld refine-
ment of the XRD pattern is shown in Fig. 1, confirming



TABLE II: Refined crystallographic parameters obtained
from XRD of SrMn2Sb2 and BaMnsSbs crystals. The atomic
coordinates in SrMn2Sbs in hexagonal notation are Sr: la (0,
0, 0); Mn: 2d (1/3, 2/3, zvm); and Sb: 2d (1/3, 2/3, zspb).
The atomic coordinates in BaMnaSbs are Ba: la (0, 0, 0);
Mn: 2d (0, 1/2, 1/4); and Sb: 2d (0, 0, zsn). The shortest
Mn-Mn interatomic distances in SrMnsSbs and BaMnsSbs
[see Fig. 2] are also listed.

SI’MDQSbQ Baan Sb2
Structure CaAlsSiz-type ThCr2Sis-type
trigonal tetragonal
Space group P3ml1 I4/mmm
Lattice parameters
a (A) 4.5888(2) 4.397(4)
c(A) 7.7529(4) 14.33(2)
c/a 1.6895(2) 3.259(8)
Veer (A®) 141.38(1) 277.15(6)
Atomic coordinates
ZMn 0.62123(12)
Zsb 0.26133(20) 0.3642(1)
Shortest Mn-Mn
distances (A)
diy 3.2471(7) 3.2140(3)
da 4.5965(3) 4.4180(6)
ds 5.6277(5) 6.2480(6)
d1 6.4753(12) 7.2010(2)
dz2 7.778(2) 14.4020(3)

that SrMnsSbs has the trigonal CaAlsSio-type structure.
Weak peaks from adventitious Sn from the flux are also
visible and were refined together with the main phase.
The crystallographic parameters of StMnySb, are listed
in Table II. The hexagonal lattice parameters a and ¢
obtained are in good agreement with previously reported
values6%:63,

Single-crystal XRD measurements on BaMnySbsy con-
firmed the single-phase nature of the compound and the
ThCraSis-type crystal structure. The crystallographic
parameters are listed in Table II. The lattice parameters

a and c are in good agreement with the previous values®”.

Figures 2(a) and 2(c) show perspective views of the
unit cells of BaMnyShy (tetragonal ThCraSis-type) and
SrMnsShy (trigonal CaAlsSis-type), respectively. Both
structures look similar in the way they are composed of
Mn-Sb tetrahedra separated by Sr/Ba layers. The pri-
mary difference between them is the geometry of the Mn
layers. In BaMnyShs, the Mn network is square planar
where each Mn atom is coordinated by four Mn atoms
at a 90° angle between them as shown in Fig. 2(b). In
SrMn,Sbs, the planar Mn network can be considered to
be either a corrugated Mn honeycomb layer or a double
triangular-lattice layer as shown in Fig. 2(d). The dif-

ference between the structures of the Mn layers in the
two compounds may be expected to have a significant
influence on their physical properties.

The three smallest Mn-Mn intralayer distances di, do,
and ds and the smallest Mn-Mn interlayer distances d.q
and d,o are shown by arrows in Figs. 2(a) and 2(c) for
BaMnySby and SrMnyShs, respectively. These distances
are listed in Table II.

B. In-Plane Electrical Resistivity

Figures 3(a) and 3(b) show the ab-plane p(T) for
BaMnySby and SrMnsShs, respectively. For both com-
pounds, p first increases slowly with decreasing T be-
low 400 K, but then p increases rapidly with decreas-
ing T below 300 K. The data clearly indicate that both
BaMnySb, and SrMnySbs have insulating ground states.
We fitted the p(T') data over restricted temperature in-
tervals by

A
log,op(T) =A+04343 | — |, (1)
kgT

where A is a constant, kg is Boltzmann’s constant and
A is the activation energy.

Plots of logygp vs 1/T are shown in the insets of
Figs. 3(a) and 3(b) for BaMnaShy and SrMnsShs, respec-
tively. For BaMnsShs, the data between 1) 240 K and
400 K and between 2) 80 K and 140 K are nearly linear
in T and were separately fitted by Eq. (1), yielding the
intrinsic and extrinsic activation energies A; = 0.16 eV
and Ay = 0.018 eV, respectively, corroborating previous
results?®. The fits are shown as the solid straight lines in
the inset of Fig. 3(a), and the extrapolations as dashed
lines. The fitted activation energies are listed in the inset
and Table I and are of the same order as found previously
for isostructural BaMnsP5?® and BaMnyAsy2S.

In the case of SrMnsSbs, there was no extended region
of the In p versus 1/T plot that showed linear behavior, so
the data between 340 K and 400 K were fitted by Eq (1),
yielding the lower limit to the intrinsic activation energy
as A = 0.35 eV as shown in the inset and Table I. The fit
is shown as the solid straight line in the inset of Fig. 3(b)
and the extrapolations by dashed lines.

Our results for SrMnsSbhs contradict a previous
report® where it was claimed that their Sn-flux-grown
SrMnySbhy crystals exhibit a “metallic-like” in-plane
p(T). In particular, the p(T) in Fig. 6 of Ref.%3 in-
creases almost linearly from ~ 30mQcm at low T to
~ 100mQ cm at T = 300 K. These values are too large
for a metallic layered pnictide®. Furthermore, the intrin-
sic p(T') values in Fig. 3(b) over the same T range are
orders of magnitude larger than in Ref.%3. We therefore
suggest that the origin of these discrepancies is the pres-
ence of metallic Sn inclusions in the crystal measured in
Ref.% which would short-circuit the much higher intrin-
sic resistance of the crystal and lead to their observed T'
dependence of p. We note that the lowest temperature



FIG. 2: (Colour online) Outlines of the unit cells of (a) BaMnaSby (I4/mmm, ThCraSis-type) and (c) SrMn2Sbs (P3ml,
CaAlsSis-type). The smallest Mn-Mn interatomic distances within the Mn layer (d1, d2 and ds) and between layers (d.1 and
d2) are indicated by arrows. The projections of the manganese networks onto the ab plane with a slight c-axis tilt are shown
in (b) BaMn2Sbs (square net) and (d) SrMn2Sbs (corrugated honeycomb net or triangular bilayer).
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FIG. 3: (Colour online) Temperature 7' dependence of the
electrical resistivity, p(T"), in the ab plane for (a) BaMn2Sbs
and (b) SrMnaSba. The insets show plots of log,, p versus
1/T. The solid straight lines through the inset data are fits
over restricted temperature intervals by Eq. (1) as discussed
in the text, and the dashed lines are extrapolations.

of the p(T) measurement in the inset to Fig. 6 of Ref.%3
was 4.5 K, just above the superconducting T, = 3.7 K
of Sn metal which would likely have been detected by
extending their p(7') measurement to somewhat lower T'.

C. Magnetization and Magnetic Susceptibility
1. SrMn28b2

Figure 4(a) shows the zero-field-cooled (ZFC) magnetic
susceptibility x(T') = M(T')/H of SrMnySbs in a small
magnetic field H = 0.1 T applied in the ab plane (xap)
and along the ¢ axis (x.). These data exhibit a clear
AFM transition at Ty = 110(5) K. The value of Ty is
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FIG. 4: (Color online) (a) Zero-field-cooled magnetic suscep-
tibility x of SrMn2Sbs versus temperature 7' in a magnetic
field H = 0.1 T applied in the ab plane (xq») and along the
¢ axis (x¢). Inset: Derivative dx(T")/dT versus T for H || ab
to identify Tx. (b) xa» and xc versus T for 1.8 K < T <
900 K measured in H =3 T.

confirmed from a plot of dxa,(T")/dT versus T in the in-
set of Fig. 4(a). The anisotropy of y below T indicates
that the c axis is the hard axis and hence that the ordered
moments lie in the ab plane. The substantial value of x4
for T — 0 indicates that the AFM structure of StMn,Sho
could be either a collinear antiferromagnet with multiple
domains aligned within the ab plane or an intrinsically
noncollinear structure; this behavior is similar to that of
the isostructural compound SrMnsAs»3° that was ulti-
mately found to have a collinear AFM structure with the
ordered moments aligned in the ab plane, but with three
approximately equally-populated domains at an angle of
60° to each other which led to xa,(T — 0) ~ x(Tx)/25,
as also observed in Fig. 4(a).
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FIG. 5: (Color online) Magnetization M of SrMnsSbs as a
function of magnetic field H at various temperatures 17" with
(a) H in the ab plane (H || ab) and (b) H along ¢ axis (H || ¢).
The inset in (a) is an expanded plot of M(H).

Figure 4(b) shows that the anisotropy in x(7) almost
disappears above Ty in a field of 3 T which indicates
that the magnetocrystalline anisotropy in SrMnaSbe is
rather small, as expected for Mnt2 with a d° electronic
configuration and spin S = 5/2. These results also show
that contrary to a three-dimensional antiferromagnet for
which x decreases above Ty, the data for SrMnySbs in-
crease above Ty, reach a broad maximum at ~ 300 K
and then slowly decrease. A Curie-Weiss behavior is not
attained up to 900 K, i.e., positive curvature in x(7) is
not clearly evident, indicating that strong dynamic AFM
fluctuations occur up to at least 900 K. Within a local-
moment picture, these features in x(7') at T > Ty are
characteristic of a quasi-two-dimensional antiferromag-
net.

M (H) isotherms for a single crystal of StMnaSbe with
H || ab and H || ¢ are shown in Figs. 5(a) and 5(b), re-
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FIG. 6: (Color online) M/H versus H of SrMn2Sb, at various
listed temperatures 7' with (a) H in the ab plane (H || ab)
and (b) H along the ¢ axis (H || ¢). The data in (a) for T" =
1.8 K and 50 K show a smooth metamagnetic transition that
is spread out between H =0 and H =1 T.

spectively. The data for H || ¢ are proportional to H at
all temperatures, indicating lack of significant ferromag-
netic or saturable paramagnetic impurities. However, for
H || ab, the magnetization shows positive curvature for
H < 1T at low temperatures. An expanded plot of the
data with H < 3 T for T'= 100 K and 1.8 K is shown
in the inset of Fig. 5(a), where the positive curvature is
somewhat more apparent. One can greatly amplify the
low-field M (H) behaviors of SrtMnySbs by plotting M /H
versus H as shown for H || ab and H | ¢ in Figs. 6(a)
and 6(b), respectively. If M,, o H at low fields, the
result would just be a horizontal line. Instead, one sees
in Fig. 6(a) a strong increase in M,,/H with increas-
ing H up to 1 T, where it levels out. This indicates
that a continuous ab-plane metamagnetic transition for
H | ab with 0 < H <1 T occurs at low temperatures



T <50 K < Ty but not at T'> 100 K~ Ty or for H || ¢
at all temperatures from 1.8 to 350 K. Thus this transi-
tion is associated with the AFM state. Determining the
nature of this metamagnetic transition requires further
investigation.

Our results disagree in two important ways with the
x(T) data for a polycrystalline sample of StMnySbhs in
Fig. 2 of Ref.%3. First, these authors reported a broad
peak at ~ 250 K in x(7") measured in 0.1 T which bears
no resemblance to the powder average of the x(7") data in
H = 0.1 T in our Fig. 4(a). Second, the average of their
data from T = 5 to 300 K is &~ 0.05 cm® /mole-SrMnySbo,
whereas the value of the powder-averaged x up to 300 K
in our Fig. 4(a) is &~ 4 x 1073 ¢cm? /mole-SrMnySbs, more
than an order of magnitude smaller. We infer that their
results were strongly affected by FM MnSb impurities
which have a strongly composition-dependent Curie tem-
perature T¢ that can vary between 100 and 320 K707
and with a large ordered moment of ~ 3 ug/Mn™. We
prevented the formation of MnSb impurities when grow-
ing our SrMnsShs crystals by using excess Sr in the crys-
tal growth, as noted in Sec. II.

The presence of FM MnAs impurities with T¢ = 317 K
in the early BaMnsAss crystals made it tedious to obtain
the intrinsic anisotropic x(7") of this compound because
the contribution of these impurities to the measured mag-
netization had to be accounted for by taking x to be the
high-field slope of an M (H) isotherm that was measured
at each temperature for each field direction?®. The small
amount of MnAs impurities present in those crystals did
not contribute significantly to the magnetization when
the measurement temperature was above T¢ of MnAs.

2. Baansz

Plots of the the isothermal magnetization M of a
BaMnyShy single crystal versus H for H ||ab and H || ¢
at various temperatures are shown in Figs. 7(a) and 7(b),
respectively. Anisotropic behavior between H | ab and
H || cis evident at low temperatures. One sees from these
plots that the contribution of ferromagnetic or saturable
paramagnetic impurities to the magnetization data is in-
significant at all measured temperatures.

The zero-field-cooled (ZFC) magnetic susceptibilities
X = M/H of BaMnySbs versus 7' from 1.8 to 550 K
with H = 3 T applied along the ¢ axis (H || ¢, x.), and
X(T) for T for 1.8 to 900 K with H = 3 T applied in
the ab plane (H | ab, xab), are shown in Fig. 8. The
anisotropy between the ¢ axis and ab plane data below
Tn = 450(10) K is a textbook example of collinear long-
range AFM ordering with the ordered moments oriented
along the ¢ axis”". A more precise estimate of Ty is
obtained from a plot of the derivative dyap/dT versus T
in the inset of Fig. 8. A clear peak in these data gives
the same Néel temperature but with a smaller error bar,
Tn = 450(5) K.

Figure 8 further shows that x.(7) does not decrease
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FIG. 7: (Color online) Isothermal magnetization M of

BaMnsSho as a function of magnetic field H at the tem-
peratures listed with (a) H in the ab plane (H ||ab) and
(b) H along the ¢ axis (H || c¢). Note the different scales on
the ordinates in (a) and (b).

above Ty as would be expected for a three-dimensional
antiferromagnet, but instead increases and appears to
approach a maximum at ~ 600 K, followed by a slow de-
crease. This paramagnetic behavior is similar to that
of SrMn,Sby discussed above and is characteristic of
strong short-range dynamic two-dimensional AFM fluc-
tuations above T "% as seen previously in, e.g., tetragonal
BaMnyAsy°% and trigonal CaMnyAsy and SrMngaAsy3.

Our overall x(T) and M (H) results for BaMnaSby are
similar to those for other isostructural Mn compounds
such as BaMnyAsy?%, BaMngPo?%, (Ca,Ba)MnaGey™,
and BaMnyBis?°. Electronic structure studies of a G-
type collinear AFM structure in BaMnyShs were carried

out previously and the ordered Mn moment at 7' = 0 was
calculated to be ~ 3.8 ug/Mn°! or 3.55 up/Mn2.
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FIG. 8: (Color online) ZFC magnetic susceptibility x(7") of
BaMn2Shbs as a function of temperature 7' for 1.8 to 550 K
in H = 3 T applied along the ¢ axis and x(7) for 1.8 K <
T <900 K in H = 3 T applied in the ab plane. The T
obtained from these data is 450(10) K. Inset: The derivative
dxab/dT versus T which was used to obtain another estimate
Tx = 450(5) K from the temperature of the peak.

D. Heat Capacity

The C,(T) data for BaMnyShy and SrMnsSbhs in the
temperature range between 1.8 and 300 K are shown in
Figs. 9(a) and 9(b), respectively. The temperature of the
sharp A-type anomaly in Cp(T) for SrMn,Sby at 110 K
is in good agreement with the Ty found from the above
X(T) data for this material. The insets in Figs. 9(a)
and 9(b) show a linear C},/T versus T2 behavior for 1.8
< T < 5 K. Hence we fit these data by the expression

CP_ 2
7 =7+ 8T (2)

where the coeflicient - in metals is due to the conduction
electron contribution (Sommerfeld coefficient) if nonzero
and B reflects the low-T Debye T° lattice contribution
together with a three-dimensional AFM spin-wave con-
tribution if present. For BaMnsSbs, the fit yields

v = 0.01(1) mJ/mol K2, (3a)
B = 1.17(2) mJ/mol K*, (3b)

and for SrMnsSbs we obtain

v = 0.02(4) mJ/mol K2, (4a)
B = 0.680(3) mJ/mol K*. (4b)

The null values of v are consistent with the insulating
ground states found from the respective p(T') measure-
ments in Sec IIIB. Assuming no contribution from 3D
AFM spin waves, we estimate the Debye temperatures
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FIG. 9: (Color online) Heat capacity C} versus tempera-

ture T and fits of Clatt(T) in Egs. (7) to the data over re-
stricted temperature intervals (see text) for (a) BaMnaSba
and (b) StMn2Sbs. The fits and extrapolations are shown as
blue curves, and the fitted Debye temperatures ©p are shown
in each panel. The respective insets show Cp(T)/T versus T2
for T < 5 K, where the straight lines though the respective
data are fits by Eq. (2) where the fitted parameters are given
in Egs. (3) and (4), respectively.

(Op) of the two compounds from the 8 values using the
expression

4 1/3
op — (IZZﬂRn) (5)

where R is the molar gas constant and n is the number
of atoms per formula unit (n = 5 for BaMnsSbs and
SrMnsShs). We thus obtain

Op = 202(1) K
= 242.5(3) K

(BaMnyShs), (6a)
(SI’MHQSbg). (Gb)



The lattice contributions Cia(T) to Cu(T) for
BaMnySb, and SrMn,Shs at higher temperatures were
obtained by fitting the respective C},(T") data over speci-
fied temperature ranges where the magnetic contribution
Crmag(T) was expected to be small by the molar heat ca-
pacity expression

Clatt =n C(V Debyes (73)

where n is defined above. Here Cy penhye is the Debye
lattice heat capacity per mole of atoms given by

T 3 ®D/T ZC4€E
CV Debye(T) =9R <@_D> /0 md%, (7b)

where Op is the Debye temperature. An accurate ana-
lytic Padé approximant was used for the Debye function
in Eq. (7b) for fitting the C,(T') data™. The fit of Cp,(T)
for BaMnySby by Egs. (7) over the temperature range
from 50 to 100 K and its extrapolation to higher tem-
peratures is shown by the solid blue curve in Fig. 9(a),
yielding Op = 222(1) K. This value of Op is comparable
with the value of 202 K in Eq. (6a) determined from the
fit of the C for BaMnySby at low T' by Eq. (2).

For SrMn,Sbs, the C| (T') data for 1.8 < T < 10 K and
50 < T < 70 K were fitted simultaneously by Egs. (7).
The fit and its interpolation and extrapolation are shown
by the blue curve in Fig. 9(b) obtained using the fitted
Debye temperature Op = 222(3) K. Again, the value of
Op for StMnyShs is comparable with the value of 242.5 K
in Eq. (6b) determined from the fit of the C| (7') data at
low T by Eq. (2).

The fitted constant-volume C,4+(T) in Fig. 9(b) is used
to obtain an estimate of Cag(7") to the measured heat
capacity of StMnsSby. The molar magnetic heat capacity
is obtained from

Ciag(T) = Cp(T) — Crae(T). (8)

The Cag(T) for SrMnySbe obtained is shown in
Fig. 10(a), where a sharp peak at Ty = 110 K is seen.
The small broad bump below Ty is an artifact and the
nonzero Cpae above Ty indicates strong dynamic short-
range AFM order above Ty.

It is well known that the heat capacity of a material at
constant pressure Cy, is larger than at constant volume
Cv, and hence the Ciag(T) in Fig. 10(a) obtained using
Egs. (7) would then be less than shown in the figure.
This difference is given by the conventional expression

a2
Cp —Cyv =TV—, 9)

RT
where « is the volume thermal expansion coefficient, x is
the isothermal compressibility, and since C'is normalized
here per mole of compound, Vi &~ 4.26 x 10~° m3/mol
is the molar volume for SrMnsSbs. For the similar com-
pound SrCozAss at T ~ 200 K, one has o = 2.4x107° /K
[13], and kT =~ 0.0078 GPa™' [76]. Using these values,
Eq. (9) gives Cp, — Cy ~ 0.6 J/mol K at 200 K, which is
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FIG. 10: (Color online) (a) Molar magnetic heat capacity
Cmag versus temperature 7' for SrMn2Sbs obtained using
Eq. (8). The A anomaly at Ty = 110 K arises from AFM
order with the moments aligned in the ab plane. (b) Molar
magnetic entropy Smag(7") of SrMn2Sb2 obtained using the
data in (a) and Eq. (10). The dashed lines are Smag (1T — o0)
for S =5/2 and S = 3/2 in Eqgs. (11), as indicated.

only about 6% of Cimag(200 K) in Fig. 10(a). Hence we
ignore this difference in the subsequent discussion.

The magnetic entropy Smag(7") for StMnySbs is calcu-
lated from Cmag(T) in Fig. 10(a) using

Smag(T) = /O ! OLg(T)dT, (10)

and the result is shown in Fig. 10(b). The entropy of
completely disordered spins S per mole of SrMnsSbs is



S(T — o00) = 2R1In(2S + 1), which gives

23.1 L

Simag(T — 00) = o (5=3/2) (11a)
J
= 208 "= (S=5/2), (11b)

as shown by the horizontal dashed black lines in
Fig. 10(b). The Smag(300 K) ~ 15 J/mol K for SrMnsSb,
in Fig. 10(b) is only ~ 50% of the value for S = 5/2
in Egs. (11) and is still only ~ 65% of the value for
S = 3/2. The remaining entropy is evidently not re-
leased until much higher temperatures. Thus the strong
dynamic short-range AFM order revealed in the Ciyag(T')
and Smag(T) data above Ty is consistent with the above
conclusion from the x(7") data that dynamic short-range
AFM order survives from Ty up to at least 900 K.

IV. SUMMARY

Refinements of our x-ray diffraction data confirm
that SrMnsSbs crystallizes in the trigonal CaAlsSis-type
structure with space group P3ml, whereas BaMn,Sby
adopts the body-centered tetragonal ThCrsSis structure
with space group I4/mmm. Heat capacity C,(T') and
electrical resisitivity p(T') measurements indicate that
both compounds are insulators at low temperatures. At
higher temperatures, the p(T") data show that SrMnySbo
and BaMn,Sbsy are semiconductors with activation ener-
gies estimated to be 2 0.35 and 0.16 eV, respectively.

Long-range antiferromagnetic (AFM) order arising
from the nominal Mn™2 spins with d® electronic configu-
ration and spin S = 5/2 is reported for single crystals of
SrMnsSby and BaMnsgShy at Ty = 110 K and 450 K,
respectively, as determined from magnetic susceptibil-
ity x(T') and C,(T") measurements. We infer from the
anisotropy in the x(7T") data below Tx that the ordered
moments in SrMnyShs lie in the ab plane and exhibit ei-
ther intrinsic planar noncollinear AFM order or extrinsic
noncollinear AFM order arising from multiple collinear
AFM ab-plane domains. From magnetization versus field
isotherms, we discovered that SrMnsSby exhibits a con-
tinuous metamagnetic transition at low fields between 0
and 1 T. The nature of this transition remains to be
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determined. On the other hand, the classic anisotropy
of the x(T") data for BaMnsShy at temperatures below
T indicates that this compound exhibits collinear AFM
order with the moments aligned along the ¢ axis.

The x(7T') above Tx in StMnySbs is isotropic for both
SrMnySby and BaMnsShs, indicating weak magnetocrys-
talline anisotropy. Both compounds exhibit broad max-
ima in x(7T) above Ty as shown in Figs. 4(b) and 8, re-
spectively, and do not settle into a Curie-Weiss behav-
ior up to 900 K. Furthermore, the magnetic entropy
of SrMnsSby obtained at 300 K from the heat capacity
measurements is only half that expected for disordered
Mn ™2 spins S = 5/2. These results indicate that within a
local-moment picture, StMnsShs and BaMnsSbs exhibit
strong dynamic AFM fluctuations up to at least 900 K
and hence are quasi-two-dimensional (2D) local-moment
antiferromagnets®S.

The differences between the smaller intraplanar and
larger interplanar interatomic distances between Mn
atoms in Table II and the resultant differences between
their interactions in SrMnsSbs and BaMnsSbhy are ex-
pected to strongly influence their magnetic properties.
In both compounds, the smallest intraplanar distances
between the Mn atoms are much smaller than the small-
est interlayer distances. This apparently leads to the
2D dynamic short-range correlations in SrMnsSby and
BaMnsSby above Tx. The differences in the structures
of the Mn layers in SrMnySby, and BaMnySbs also ap-
pear to be important. From Table I, these differences
may contribute to the large differences in Néel tempera-
tures of layered Mn pnictides between the CaAl;Sis and
ThCrySis crystal structures. Theoretical studies of the
origins of these behaviors would be most interesting.
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