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Eui;oMneShis: A New Ternary Rare-Earth Transition-Metal Zintl Phase
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A new transition-metal-containing Zintl compound, EuioMnsShys, was prepared by a high-temperature Sn-flux synthesis.
The structure was determined by single-crystal X-ray diffraction. Eu;oMngShys crystallizes in the monoclinic space
group C2/m with a = 15.1791(6) A, b = 19.1919(7) A, ¢ = 12.2679(4) A, B = 108.078(1)°, Z = 4 (R1 = 0.0410,
wR2 = 0.0920), and T = 90(2) K. The structure of Eu;oMngShys is composed of double layers of Mn-centered
tetrahedra separated by Eu?* cations. The double layers are composed of edge- and corner-sharing Mn-centered
tetrahedra which form cavities occupied by Eu?* cations and [Sho]*~ dumbbells. Linear [Sh]>~ trimers bridging two
tetrahedra across the cavity are also present. Bulk susceptibility data indicate paramagnetic behavior with a
ferromagnetic component present below 60 K. Temperature-dependent electrical resistivity measurements show
semiconducting behavior above 60 K (E, = 0.115(2) eV), a large and unusually sharp maximum in the resistivity
at ~40 K, and metallic behavior below 40 K. 15Eu Mdsshauer spectra confirm that the europium is divalent with
an average isomer shift of —=11.2(1) mm/s at 100 K; the spectra obtained below 40 K reveal magnetic ordering of
six of the seven europium sublattices and, at 4.2 K, complete ordering of the seven europium sublattices.
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properties:2 Recent reports on the new thermoelectric ma- 2nd SrSeSh; (Te = 3.9 K)." These results indicate that other
terials CsBiTes and BalngShis point to the unusual com- Zintl compounds Wlt_h cqmplex bonding arrangements and
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atoms may also be superconductors. The structure types of
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with large magnetoresistive effects. Most notably colossal Table 1. Selected Data from the Single-Crystal Structure Refinement

magnetoresistance has been repdd&d in the AuMnPry;  Of EldMnsShis
compounds, where A is Ca, Sr, Ba, Eu, or Yb and Pn is P, empirical formula EwMneShis
As, Sb, or Bi. fw (g/mol) 3431.99
L . . . temp (K) 90(2)
The structural diversity of Zintl compounds at the metal wavelength { = Mo Ko, A) 0.710 69
insulator boundary can often be simplified by identifying cryst syst monoclinic
the basic structural units or motifs, which in many cases can oo eeil dinens Caim(No.12)
help in providing a prediction of a compound’s bulk a(d) 15.1791(6)
properties. The presence of a layered crystal structure is often 2(%) 191919 ((47))
an indication of interesting physical properties such as g (deg) 108.078(1)
superconductivity, high charge transport anisotropy, colossal vol (A3 3397.4(2)
magnetoresistance, or charge density waves due to the two- ﬁensiwp o (gfend) 2710
dimensional structure of functional sublattiéésn addition, absorp coeff (mm) 30.397
the combination of isolated structural units and an extended reflcns collected 17443
network have been identified as prerequisites for the occur- :(?ndjﬁ’fa‘é?gésr?ﬁnf 2o(F ] Rf7=1c5).0404; WR2= 0.0920
rence of superconductivity as a result of the competition Rindices Fo? > 0) R1=0.0657; wR2= 0.1032
between the localization of electrons in the isolated units ~largest diff. peak and hole (A 7.835 and-3.024
and delocalization in the extended netwotrRg’ aR1 = Y||Fo| — |Fell/S|Fol. WR2 = [S[W(Fe2 — FAZ/S[W(Fd] Y2

This paper reports on the new compoundd®ngShys, a ‘f;;/?[’ffz(Foz) + (0.030%)% + 28.3%], where P = [max(F:2,0)
further addition to the growing family of Mn-containing tran- “Is.
SI.tlon-melt?I Zintl Pompounds. The structure', magnetic, elec- under 0.2 atm of argon. The reaction vessel was placed upright in
tric, and "*'Eu Mussbauer spectral properties are reported 5 pox furnace and heated at 80/h to 500°C, allowed to dwell

herein. for 1 h, and then heated at 8Q/h to 1100°C. Subsequently, the
. . reaction vessel was slowly cooled at'@/h to 600°C, where it
Experimental Section was removed, inverted, placed into a centrifuge, and spun for 1

Synthesis.The synthesis and crystal structure of,&neShy min at 6500 rpm. FinaIIy_, the re_action vessel was opened inaN
have been independently investigated in both the UCD and the filled drybox equipped with a microscope and at a moisture level
EWU laboratories. The crystal structures of the samples prepared< 1 ppm. The crucible n which th_e elements were placed contained
in the two laboratories were found to be identical. The single crystals & @bundance of multifacetted single crystals ofoFngSbis.
of EthMneShys were synthesized using Sn as a fl8The mixture Single-Crystal X-ray Diffraction. All reactions produced a high
of elements (Eu:Mn:Sb:Sr= 10:6:13:30), Sn (Junsei, drops yield of reflective, silver-colored, multifacetted single crystals with
99.9%), Eu (Aldrich, chips, 99.9%), Mn (Aldrich, powder, 99.9%), crystal fac_es ranging in approximate dimensions from 0.1.to 2.0
and Sb (high purity, powder, 99.999%), was placed in a graphite mn?. A suitable crystal was selected and cut to the Q|men5|ons of
tube, which was then vacuum-sealed in a fused silica tube. Theo'oz_>< 0.007x 0.009 mnf. The crystal was coa}ted with Paratone
mixture was heated to 100 at a rate of 10C/h, held at 1000 N oil and subsequently mounted on a glass fiber that was placed
°C for 24 h, cooled to 556C at 5°C/h, held at 550C for 4 days under a nitrogen cold stream. The single-crystal diffraction data
and then cooled to room temperatl;re 2Gh. The compoun'd were collected at 90 K using a Bruker SMART 1000 CCD diffrac-
could also be prepared according to the following procedure. The ©Meter emgloylng graphite-monochromatized M tadiation ¢
mass of each element was scaled to 2.0 g of Sn according to the 0.710 69 A). The SMART softwarg was used for _data acquisition,
ratio 14:6:13:42 Eu:Mn:Sb:Sn (Eu (Ames Lab, 99.999%), Mn the SAINT software for data extraction and reduction, and XPREP
pieces (Alfa, 99.98%), Sb shot (CERAC, 99.999%) and Sn shot v6.12 software for the empirical absorption correction. Initial atomic
(Alfa, 99.99%)). The elements were layeredoirt 2 mLalumina positions were found by_ direct methods using XS followed by sub-
crucible, placed into a fused silica tube with a second crucible filled S€duent difference Fourier syntheses. The refinement was performed

with SiO, wool placed on top, and the fused silica tube was sealed by full matrix least-squares methods using SHELXL-97. All atoms
were refined with anisotropic thermal parameters except for Sh-

(8) Holmes, S. M.; Girolami, G. Sl. Am. Chem. S04.999 121, 5593- (7), which was kept isotropic. When the usual anisotropic refinement
5594. was applied to this atom, the,bvalue became very small and
(9) Miller, J. S.; Epstein, A. JChem. Eng. New%995 73, 30-41. would not converge. No model incorporating position disorder for

10) \S:vr;%% Jij;Pﬁ?“SZ'aRréChB' §bgﬂd;§1'axi§,‘§‘;§é;3Li”' J.-Z.; Shelton, R-N.; - this atom could be found. Since it is the central atom of the linear

(11) Chan, J.Y.: Kauzlarich, S. M.; Klavins, P.; Shelton, R. N.; Webb, D. Sh®~ unit, one or more vibrational modes that do not fit thex3
J. Chem. Mater1997, 9, 3132-3135. 3 tensor are possibly contributing to this anomaly. Data collection
(12) Chan, J. Y.; Kauzlarich, S. M.; Klavins, P.; Shelton, R. N.; Webb, D.  narameters and crystallographic information are provided in Table
J. Phys. Re. B 1998 57, 8103-8106. " . .
(13) Kim, H.: Chan, J. Y.; Olmstead, M. M.: Klavins, P.; Webb, D. J.: 1. Positional parameters and isotropic thermal parameters are
Kauzlarich, S. M.Chem. Mater2002 14, 206—-216. provided in Table 2. Selected bond distances and angles are listed

(14) Sachez-Portal, D.; Martin, R. M.; Kauzlarich, S. M.; Pickett, W. E. in Table 3. Complete crystallographic information in the form of a
Phys. Re. B 2002 65, 144414. f d file i ided . f .
(15) Holm, A. P; Kauzlarich, S. M.: Morton, S. A.; Waddill, G. D.; Pickett, ~C!F formatted file is provided as Supporting Information.

W. E.; Tobin, J. GJ. Am. Chem. So®@002 124, 9894-9898. Magnetic MeasurementsDC magnetization data were collected
(16) Hirose, H.; Ueda, K.; Kawazoe, H.; Hosono, Ehem. Mater2002 using a Quantum Design MPMS superconducting quantum interfer-
a7) %(%c%(gcr%lzggl,ol\é/lli-‘]ohrendt, D.; Finckh, E. W. Am. Chem. S04998 ence device (SQUID) magn.etometer fwa 7 Tsupercor?ducting

120, 12297. magnet. Temperature- and field-dependent magnetization measure-
(18) canfield, P. C.; Fisk, ZPhilos. Mag. B1992 65, 1117-1123. ments of the title compound were obtained by using a 0.0136 g
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Table 2. Atomic Coordinates %10% and Equivalent Isotropic
Displacement Parameters{A 10%) for EuioMnsShs

atom  Wyckoff position X y z U(eqp
Eu(1) 4h 0 3813(1) 5000 6(1)
Eu(2) 4g 0 3885(1) 0 7(1)
Eu(3) 8j 3203(1) 3816(1) 1708(1) 10(1)
Eu(4) 8j 2366(1) 3819(1) —1649(1) 9(1)
Eu(5) 8j 2521(1) 3723(1) 4997(1) 6(1)
Eu(6) 4h 5000 3499(1) 0 9(1)
Eu(7) 4g 5000 3643(1) 5000 7(1)
Sb(1) 4i 1662(1) 5000 6309(1) 6(1)
Sb(2) 8j 697(1) 3858(1) 2761(1) 7(1)
Sb(3) 4i 1665(1) 5000 39(1) 6(1)
Sb(4) 8j 1543(1) 2629(1) 0(1) 9(1)
Sb(5) 8j 4324(1) 3430(1) 7257(1) 10(1)
Sb(6) 4i 3538(1) 5000 3840(1) 7(1)
Sh(7) 4i 4327(1) 5000 7346(1) 4(1)
Sb(8) 4i 3992(1) 5000 17(1) 9(1)
Sb(9) 8j 1598(1) 2527(1) 6376(1) 5(1)
Mn(1) 4 1671(2) 5000 2350(3)  10(1)
Mn(2) 4 503(2) 5000 —2272(3) 10(1)
Mn(3) 8j 429(2) 2692(1) 7706(2) 10(1)
Mn(4) 8j 1572(1) 2680(1) 2286(2) 10(1)

aU(eq) is defined as one-third of the trace of the orthogonalidgd
tensor.

Table 3. Selected Bond Distances (A) and Angles (deg) in
EuioMneShis

Mn(1)-Sb(2)x2  2.776(2) Eu(3)Sh(6) 3.3819(12)
Mn(1)—Sh(3) 2.833(3) Eu(3)Sb(9) 3.4374(11)
Mn(1)—Sh(6) 2.856(3) Eu(3)Sb(4) 3.5568(12)
Mn(2)—Sh(1) 2.832(3) Eu(3)Sb(4) 3.5677(11)
Mn(2)-Sb(2)x2  2.794(2) Eu(3) Sh(5) 3.6462(12)
Mn(2)—Sh(3) 2.836(3) Eu(4)Sb(3) 3.4532(11)
Mn(3)—Sh(2) 2.765(2) Eu(4)Sb(1) 3.3008(12)
Mn(3)—Sh(4) 2.800(2) Eu(4)Sh(4) 3.5264(11)
Mn(3)—Sh(5) 2.680(2) Eu(4)Sh(4) 3.5322(12)
Mn(3)—Sh(9) 2.777(2) Eu(4)Sh(5) 3.6970(11)
Mn(4)—Sb(2) 2.774(2) Eu(4)Sh(8) 3.5042(12)
Mn(4)—Sh(4) 2.792(2) Eu(4)Sh(9) 3.4088(11)
Mn(4)—Sh(5) 2.679(2) Eu(5)Sh(2) 3.2476(12)
Mn(4)—Sh(9) 2.782(2) Eu(5)Sh(1) 3.4066(10)
Sb(4)-Sh(4) 2.9486(19)  Eu(3)Sb(5) 3.2829(12)
Sb(5)-Sh(7) 3.0151(10)  Eu(5)Sh(6) 3.4308(11)
Sb(8)-Sh(8) 3.074(3) Eu(5)Sh(9) 3.4002(10)
Mn(3)—Mn(4) 3.041(3) Eu(5) Sb(9) 3.4318(10)
Eu(1}-Sb(2)x2  3.2367(9) Eu(6)Sb(4)x2  3.1882(12)
Eu(1-Sb(l)x2  3.4087(11)  Eu(6}Sb(5)x2  3.2019(9)
Eu(1-Sb(9)x2  3.5038(11)  Eu(6}Sb(8)x2  3.2659(11)
Eu(2-Sb(3)x2  3.3013(11) Eu(ASb(5)x2  3.2634(9)
Eu(2-Sb(2)x2  3.2203(9) Eu(ASb(6)x2  3.4318(11)
Eu(2-Sb(4)x2  3.3602(11)  Eu(ASb(9)x2  3.3508(11)
Sb(2-Mn(1)-Sh(2) 104.32(10) Sh(ZMn(3)-Sb(9) 115.91(8)
Sb(2)-Mn(1)-Sh(3) 110.20(8)  Sb(5)Mn(3)—Sh(4) 108.43(8)
Sb(2)-Mn(1)—Sh(6) 111.25(8)  Sb(JMn(3)—Sh(4) 112.64(8)
Sb(3-Mn(1)—Sb(6) 109.53(10) Sh(PMn(3)—Sh(4) 106.82(8)
Sb(2)-Mn(2)-Sh(2) 103.37(10) Sb(5Mn(4)—Sh(2) 107.23(8)
Sb(2)-Mn(2)-Sb(1) 110.84(8)  Sb(5)Mn(4)—Sh(9) 103.99(8)
Sb(2)-Mn(2)-Sh(3) 112.12(8)  Sb(JMn(4)—Sh(9) 116.59(8)
Sb(1)-Mn(2)-Sb(3) 107.59(11) Sb(5Mn(4)—Sbh(4) 109.38(8)
Sb(5)-Mn(3)-Sh(2) 107.47(8)  Sb(Mn(4)—Sb(4) 112.33(8)
Sb(5)-Mn(3)-Sh(9) 105.12(8)  Sb(9)Mn(4)—Sb(4) 106.86(8)

single-crystal sample that was initially etched with a 5% HCI in
MeOH solution, immediately coated with an N-type Apiezon grease,

and placed in a straw. The temperature-dependent data were

obtained by measuring zero-field-cooled (ZFC) magnetization from
2 to 300 K and field-cooled (FC) magnetization from 300 to 2 K
in applied magnetic fields of 0.1 and 5 T. Field-dependent
magnetization data were taken22K by sweeping through fields
from 0 to+7,+7 to—7, and—7 to +7 T.

Resistivity Measurements.Temperature-dependent resistivity
measurements were obtained on a single crystal 1105 x 3.0
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Figure 1. View of the crystal structure of BgMnsShiz down theb axial
direction showing the unit cell outline. Eu is blue, Sb is red, fSklimers
are yellow, and Mn is green.

mm?) using an in-line four-probe method. A Keithley Model 224
current source and a Keithley 181 nanovoltmeter were used to
measure resistivity from 2 to 300 K. A constant current (L2Q

was applied to the sample through the two outer leads, and the
voltage was measured across the two inner leads. Thermal voltages
were minimized by reversal of the current bias. The sample surface
used for the measurements was prepared by etching the crystal using
a 5% HCI in MeOH solution followed by polishing a surface to a
highly reflective finish. Pt leads were immediately attached by Ag
paint and cured by resistive heating. The sample exhibited ohmic
behavior. Resistivity as a function of temperature was also measured
with applied fields of 1, 2, ah 5 T in the temperature range
10-60 K.

Mossbauer Spectral MeasurementsThe 1%Eu Mossbauer
spectra were obtained on a constant-acceleration spectrometer which
utilized a SmE source. The isomer shifts are reported relative to
EuF; at room temperature with an estimated errog-@05 mm/s.

The velocity scale was calibrated at room temperature with a cobalt-
57 source and ano-iron absorber. The absorber, which contained
60 mg/cn? of powdered sample mixed with boron nitride, was
prepared and maintained under a dry nitrogen atmosphere.

Results and Discussion

Structure Description. Figure 1 shows a representation
of the crystal structure of BpMngSh; down theb axis
direction. The structure is made up of slabs ofg/#nsShz]®~
separated by planes of Eu ions. The complex layers have a
covalent Mn/Sb network of edge-sharing and corner-sharing
Mn-centered tetrahedra, layers which accommodate addi-
tional Eu ions in their cavities. The slabs exhibit identifiable
blocks of [Mn;Shy4]%¢ clusters. This 12-membered tetra-
hedral anionic cluster, [MaShy4]3¢, zigzags in theb plane
to form holes that are occupied by Etions, isolated [S§*~
dumbbell anions, and a bridging Sb atom that acts to link
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Figure 3. Local coordination environment of Eu in MnsShiz: (a)
Eu(1), Eu(5), and Eu(7), showing octahedral geometry; (b) Eu(2) and Eu-
(6), showing octahedral geometry, and (c) Eu(3) and Eu(4), which are in
the most distorted geometry.

. , i . . bond length for compounds containing this structural unit,
Figure 2. (a) View showing the channel filled with isolated dumbbells . . -
and EG* atoms. (b Detailed basic building motif [(MpShys)36(Shp)*]40 i.e., 2.844 A'in SpMn,Shis 2.866 A in CaMn,Shys
composed of two [MgShiZ]*8~ anions and the isolated [gB~ dumbbell and 2.84 A in CalnShy,22but it is within reason to describe

anions at the end of the building motif. Eight Sb(5) and four Sb(8) atoms ;1. ; ;
and two Sb dumbbells are shared by neighbors to make the building motif this bond as a single Stsb bond. Figure 3 shows local

[(Mn 12Sb6Sbi212) % (Shy)* ]~ geometries of the seven different Eu atoms. The Eu atoms
that separate the [EMneShi3]® slabs are Eu(1), Eu(5), and
two other Sh atoms belonging to two different [M8ly4]%¢~ Eu(7), and they adopt octahedral coordination environments

clusters forming linear [Sf°~ trimers. Figure 2 shows a  defined by Sb atoms. The Eu atoms found inside the slabs
representation of a slab fragment displaying a channel filled adopt both trigonal prismatic and octahedral coordination.
with isolated Sb(8)Sh(8) dumbbells and Btiatoms. Rows  Bond distances and angles for the Eu atoms are given in
of Eu atoms extend through these channels dowrathed Table 3.

b axial directions. Figure 2b shows details of the basic The Mn—Shb bond lengths range from 2.679(2) to 2.856-
building motif, [(Mny2Shy)%(Sky)*1,4>~ which is composed  (3) A. These Mr-Sb bond distances are in good agreement
of two edge and corner sharing [WBhy;]'8 units that lie with the previously reported ternary manganese antimonide
side-by-side to form the [MaShy4]3~ component. Isolated ~ compounds of EuMiBk, (2.758 A)2 BaMnSh (2.804 A)2*
[Shy]4~ dumbbell anions with a SbSb distance of 3.074(3)  CaMnShy; (2.759 A)25 Sr,;Mn,Shyg (2.763-3.007 A)2°

A are found at the two ends of this building block. The dumb- and CaiMn,Shyg (2.717-2.854 A)? The Sb-Mn—Sb bond
bells are situated in the cavity between the two bridging angles of the tetrahedra show small deviations from the ideal
[Shs]>~ trimers, defined by Sb(5)Sb(7)-Sh(5). The distances tetrahedral angle of 109.5as is observed throughout the
of 3.0151(10) A found for Sb(5)Sb(7) are similar to those ~ [MNn1,Sh4]%¢~ unit with the maximum angle of 116.59(8)
observed for the [P’ linear anionic unit found in com-

pounds with the CaAlShy; structure typé? The formula ~ (19) Cordier, G.; Scifar, H. Stelter, M. Anorg. Allg. Cheml.984 519

can be best described as (485(2[Mn,Sky4]352[Sky]*),2~ (20) Kim, H.; Condron, C. L.; Holm, A. P.; Kauzlarich, S. N Am. Chem.
4 i S0c.200Q 122, 10726-10721.

where .Z[Sb representsitwp isolated [,ﬂb‘ qumbbells (21) Holm, A. P.; Olmstead, M. M.; Kauzlarich, S. Morg. Chem2003

per unit cell and the [SfP~ trimers and bridging [Sf* 42, 1973-1981.

dumbbell anions are included in the [M81y4]3¢~ anion. (22) Cordier, G.; ScHar, H.; Stelter, MZ. Naturforsch1985 40b, 868

: ) 871.
The distance of the Sb(8f5b(8) bond in the dumbbell ;3 Ruahi R.; Jeitschko, WMater. Res. Bull1979 14, 513-517.

anion is 3.074(3) A, slightly larger than the average single- (24) Cordier, G.; ScHer, H. Z. Naturforsch1977 32 b 383-386.

Inorganic Chemistry, Vol. 42, No. 15, 2003 4663
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Figure 4. Magnetization vs temperature for EMngShys. Circles are 0.1

T and squares ar5 T measurements. The filled s_ymbols are FC, an_d the Figure 5. Magnetization vs applied field for EgMneShys obtained at
open symbols are ZFC measurements. The inset shows the inverses k.

susceptibility obtained & =5 T vs temperature for the ZFC measurement. ) ] ) ) . . .
The solid line in the inset is the least-squares fit to the inverse susceptibility region. The fit was carried out with a modified Curié/eiss

vs temperature for the data collectedrat= 5 T. model ¥ = (C/(T _ 9)) + 70 with C = 97_5(7) emel

occurring between Sb(2Mn(4)—Sb(9), and the minimum ~ K/mol, yo = 0.019(2) emu/mol, and = —2.2(3) K. An
angle of 103.37(10)occurring between Sbh(2Mn(2)—Sb- effective moment of 27.9(1)s is obtained from the equation
(2). The distances between neighboring Mn atoms, Ma(1) #et = v7.9C and is only slightly reduced from the
Mn(2) (3.272(2) A) and Mn(3YMn(4) (3.041(3) A) are long. expected effective moment of 299 based on 10 Ed and

0 2 4 6 8
Field (T)

The nearest MrMn distance is similar to that of §Mn,- 6 Mn?* ions and calculated using the spin-only moments of

Shyg with 2.932 A20 Uewe+ = 7.94%up andumnz+ = 5.92us. The Weiss constant of
According to the Zintl formalism, the formal charge of —2.2 K'is very small and suggests very weak low-temper-

four-bonded Sh(2) atoms can be assigned as Shthree- ature antiferromagnetic interactions. The ferromagnetic com-

bonded Sb(4) and Sb(5) as®Sbf two-bonded Sh(1), Sb-  ponent observed in Figure 4 suggests that some of the Eu
(7), and Sh(9) as Shand of one-bonded Sh(3), Sh(6), and cations are undergoing magnetic ordering below 50 K, an
Sb(8) as Sb. The use of the formal Charge reflects the Ordering which is indeed observed in the 88bauer SpeCtra;
viewpoint that the bonding between Mn and Sb atoms in see below. Figure 5 shows tié(H) data obtained at 2 K
the anionic framework is covalent. Because the chemical and shows no measurable hysteresis. The maximum mag-
behavior of Mi&* is very similar to that of Z#" in other ~ netization value &7 T of ~50 ug/(formula unit) is much
Zintl phases, for electron counting purposes, the Mn atoms lower than the~100 ug expected for 10 Ef and 6 Mri*
in EtioMnsShys may be substituted with Zn atoms; i.e., the i0ns. Even neglecting the Mh moments which are likely
d5 electrons are ignored. Examples of Mn and Zn isostruc- to be antiferromagnetically coupled, there is still a reduction
tural compounds are REINShis—REsZnShs, where RE is in the moment expected for 10 Buions. This reduction
La, or Ce? Therefore, this compound can be considered as could be the result of incomplete saturation of the moments
valence precise and can be described aggMn? )., at7T.
(4bSbt)g(3bSH)16(2bSb ) 16(10SE ) 12. Charge Transport Propertiegigure 6 shows the resistiv-
Physical Properties. Magnetic Susceptibility Measure- ity as a function of temperature measured for a single crystal
ments Figure 4 shows the magnetization of gMnsShisas  Of ElioMneShis. The room-temperature resistivity value is
a function of temperature for measurements taken with 7-04(9)€2-cm. The top inset shows the resistivity measured
applied fields of 0.1 and 5 T. As expected, the lower value in different applied magnetic fields between 10 and 60 K.
magnetization corresponds to the low-field measurement. TheThe bottom inset is a plot of lp vs 1/T between 100 and
low-field results show a pronounced divergence between 300 K. At high temperature, the resistivity shows a temper-
ZFC and FC measurements a2 K. This effect is less  ature dependence typical of semiconductors. The plot of In
pronounced though still present in the high-field results. The p Vs 17T is nearly linear between 100 and 300 K, and an
inset in Figure 4 shows €5 T inverse susceptibility as a activation energy of 0.115(2) eV is calculated from the equa-
function of temperature together with a least-squares fit. Thetion, In p = (E#/2keT) — In po,. However, below ap-
shape of the inverse susceptibility versus temperature curveProximately 60 K, there is a significant rise in resistivity

indicates Curie-Weiss type behavior in the high-temperature Which reaches a maximum &40 K and then decreases upon
cooling to ~10 K; below ~10 K the resistivity begins to
(25) I;%e?r,CAh-: Kumnlott}gggé; PéguzQIgrich, S. M.; Del Castillo, J.; Webb,  rise slightly again. The applied magnetic field has no effect
. J.Chem. Mater , 93—99. . .
(26) Sologub, O.; Vybornov, M. Rogl. P.: Hiebl, K. Cordier, G.; Woll, 9N the resistivity data above42 K, but there is a slight
P.J. Solid State Chen1996 122, 266-272. increase
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Figure 6. Resistivity vs temperature of EgMneShis. The lower inset 94 - " . N
shows the Irp vs (temperature} and the least-squares fit to that data. The = 100 b : ** 5
upper inset shows the resistivity as a function of temperature from 10to .2 R
60 K at applied fields of 1, 2, and 5 T. @2 L 4
§ L ]
in resistivity with increasing field upon cooling te15 K = % 2K
with the 5 T data showing the most significant change. g - 1
Mossbauer Spectroscopihe '5'Eu Midssbauer spectra of 5 o6l ]
EuoMneShys, obtained between 4.2 and 60 K and at 100 H :
and 295 K, are shown in Figures 7 and 8, respectively. i e
Because the resolution of europium-151'ddbauer spec- 100 Lt . el w*ﬂ*ﬂf:t*tuiu
troscopy is limited by its typical line width of 2.3 mm/s, it T * :
is difficult to analyze the Mesbauer spectra with seven ®r ]
different components assigned to the seven crystallographi- 08 [ E
cally inequivalent europium sites, sites that mostly have very F b
similar pseudooctahedral antimony coordination environ- 97 F ]
ments. To reduce the number of components used to fit the F o 1
spectra, the europium sites have been divided into three 9% - N P
groups with relative degeneracies of 16:20:4 corresponding, 100 P, e
first, to the Eu(2) ¢, Eu(5) 8, and Eu(l) 4 sites with - :
Wigner—Seitz cell volume¥ of 44.08, 44.39, and 45.40°A r ]
respectively, second, to the Eu(®,4£u(4) §, and Eu(3) § ®r ]
sites with volumes of 43.31, 43.32, and 43.62 Fespec- i i
tively, and, third, to the Eu(6)Risite with a volume of 39.80 98 |- ]
A3, The Wigner-Seitz cell volumes have been calculdfed i ; 1
by using 12 coordinate metallic radii of 1.99, 1.35, and 1.59 o e

EN
o

40 -30 -20 -10 0 10 20 30

A for Eu, Mn, and Sb, respectively. Hence, three compo- Velocity, mm/s

nents, all with the same line width of 2.3 mm/s and with
relative areas of 16:20:4 or 4:5:1, have been used to fit the
spectra obtained between 4.2 and 295 K.

The spectra of EgMneShyz observed at 4.2 and 15 K, assignment, the hyperfine fields increases with the Wigner
see Figure 7, contain enough information to be unequivocally Seitz cell volume as is obsenA&dn many iron-rare-earth
analyzed with three spectral components. At 4.2 K the intermetallic compounds. Although somewhat smaller than
spectrum has been fit with three magnetically split compo- usual, the three hyperfine fields are typical of divalent
nents, i.e., three 18 line components, whose hyperfine europium?® The 15 K spectrum exhibits a strong central
parameters are given in Table 4. One isomer shift for each absorption at ca=11 mm/s, an absorption which cannot be
of the three components has been adjusted, but the quadrufit unless a component with a zero hyperfine field, i.e., a
pole interaction has been constrained to zero for each of the
components because there is no measurable asymmetry fZ]) Solie L Aop Cosalbarient ta s 12
the observed spectrum. The resulting hyperfine field, jean, F., Long, G. J., Buschow, K. H. J., Eds.; Kluwer Academic
corresponds to Eu(6l125 corresponds to Eu(1), Eu(2), and Publishing: Dordrecht, 1995; pp 46396. _
Eu(5); andHaa7, corresponds to Eu(3), Eu(4), and Eu(TH0 (29) Grandjean, F.; Long, G. J. IMdssbauer Spectroscopy Applied to

. . ) . . Inorganic ChemistryLong, G. J., Grandjean, F., Eds.; Plenum Press:
is the weighted average of these three fields. With this New York, 1989: Vol. 3, pp 513597.

Figure 7. 151Eu Mossbauer spectra of EgMneShis measured between
4.2 and 60 K.
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Figure 8. 151Eu Mgssbauer spectra of EMneShiz measured at 100 and
295 K, fitted with three components (a) and with seven singlets (b).

Table 4. Europium-151 Masbauer Spectral Hyperfine Parameters

area (%)
T(K) od(mmis) MIT) He(T) Hizs(T) Haaz(T)  (Mmm/s)
295 —11.2(1) 203) O 1.4(5) 29(5) 13.7(2)
100 -11.2(1) 23@3) O 1.7(5) 3.4(5) 28.7(2)
60 —11.3(1) 22(38) O 1.6(5) 3.2(5) 35(1)
38  —11.4(1) 373) O 26(5) 5.3(5)  40(1)
25  —11.3(1) 53(2) O 45(3) 7.0(3) 41(1)
15  —11.4(1) 1072 O 9.5(3) 13.9(3) 48(1)
42 -11.3(1) 205(2) 15(1) 19.7(3) 22.2(3)  48(1)

a Relative to room-temperature EuF

Holm et al.
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Figure 9. Mdssbauer spectrum at 15 K of gMneShys fit with three
components (top) and with one magnetic component (bottom). The fit
residuals for the respective fits are shown in the center.

the singlet, a fit of the 15 K spectrum with one magnetically
split component was attempted and is shown, together with
the fit with three components, in Figure 9. A comparison of
the two fits and the squared residuals indicates that the fit
using the singlet is significantly better.

The same model with two magnetically split components
and one singlet component has been used to fit the spectra
above 15 K (see Figures 7 and 8a), and the corresponding
hyperfine parameters are given in Table 4. Because the
spectra at 100 and 295 K are obtained in the temperature
region where the compound exhibits a paramagnetic sus-
ceptibility, their analysis with two weak hyperfine fields for
six of the seven europium sites may be difficult to justify.
An alternative fit with seven singlets, with relative areas
constrained to the europium site degeneracies and a line
width of 2.3 mm/s, is shown in Figure 8b. These fits are
clearly, as expected, excellent but the 3.3 mm/s range of
isomer shifts from—12.7 to —9.4 mm/s observed for the
seven europium sites at 100 and 295 K is rather large for
divalent europium sites with very similar coordination
environments. The inherent resolution of th&u Midssbauer
spectra does not permit a choice between the two fitting
models, but the three-component model discussed above is
preferred because it yields a consistent analysis of the spectra
as a function of temperature.

The observed isomer shift 6f11.2(1) mm/s is charac-
teristic’® of divalent europium and, within the error limits,
is independent of temperature. Samuel and Det§dse

singlet, is introduced into the model. Hence, the spectral shown that hybridization of the 4f electrons with the 6s
results indicate that the Eu(6) magnetic moments are notelectrons will affect thé5Eu isomer shift. Specifically, the
ordered at 15 K, whereas the other europium magnetic 4f’6s electronic configuration has an isomer shift that is ca.
moments are ordered. This assignment is based on thed mm/s greater than that of the free-ion europium(Ilj 4f

relative area, the small field at 4.2 K, and the small Wigner

electronic configuration. Further, there is a positive differ-

Seitz cell volume of the Eu(6) site. To show the uniqueness encé® of ca. 10 mm/s between the isomer shifts of the 4f
of this fitting model and, more specifically, the presence of and 4f electronic configurations. The positive difference
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between the-11.2 mm/s average isomer shift measured
herein and the-13.5 mm/s isomer shift obsen®@&dor EuF,
represents a gain of 0.37 6s electrons or a loss of 0.22 4f
electrons. Thus in BYMneShi; the average electronic
configuration of europium is between’@8-3”and 4f-"8plus

2.22 conduction electrons, configurations that are consistent

with a formal+2 oxidation state for europium.

The —11.2(1) mm/s isomer shift observed for jgune-
Shys, in which the europium is bonded only to antimony, is
very similar to the-11.8 mm/s value observ&dor EuFe-

Shi, in which the europium is also bonded only to antimony.
Further, the—11.2(1) mm/s value is in the10.7 to—11.4
mm/s range of isomer shifts recently obseffefbr the
ternary europium containing pnictides, LiEuPn, where Pn is
P, As, Sb, and Bi.

The temperature dependence of thédslmauer spectral
hyperfine fields observed for the three groups of europium
ions is shown in Figure 10. At 60, 100, and 295 K, the Eu-
(6) site exhibits no hyperfine field and the remaining
europium ions exhibit very small hyperfine fields of at most
1.5 and 3 T, fields which may be transferred hyperfine fields
from the antiferromagnetically ordered Mn next nearest
neighbors. At 15, 25, and 38 K, the Eu(6) site does not

60 to 40 K, the resistivity increases due to spin-disorder
scattering. At 4.2 K, all seven europium sites are magnetically
ordered as indicated by the three nonzero hyperfine fields
(see Figure 10) and by the magnetization (see Figure 5).

Conclusions

EwoMneShizis a new addition to the family of transition-
metal Zintl compounds. Formal electron counting suggests
that Mn is present as Mn, and research is currently
underway to confirm this through the preparation of the zinc
analogue, E4ZneShys.

151Eu Midssbauer spectra indicate that europium is present
as E@" ions, ions that dominate the magnetic properties of
EwoMneShis. Further, the Mesbauer spectra indicate that
EwoMngShi; is probably paramagnetic above 50 K and that
six of the seven europium sites are magnetically ordered
below 40 K. This ordering is consistent with the observed
rise in magnetization and the deviation between the FC and
ZFC magnetization and the large anomaly in the resistivity
observed at 40 K. Finally, in agreement with the magnetiza-
tion observed at 2 K, the 4.2 K Mgbauer spectrum shows
that all seven europium sublattices are magnetically ordered.
The lower ordering temperature of the Eu(6) sublattice may
be related to differences in the Eu(6) bonding to antimony
and the consequent differences in the exchange coupling in
this sublattice as compared with the other sublattices. Further,
the lower ordering temperature of the Eu(6) sublattice may
account for the very large anomaly observed in the resistivity.
The magnetic ordering of different europium sublattices at
different temperatures within one compound is unusual, but
can be observed throudh'Eu Mossbauer spectroscopy, a
technique which can distinguish between the magnetic
properties of the different europium sublattices. Unfortu-
nately, the Mgsbauer spectra do not provide any information
on the ferromagnetic or antiferromagnetic ordering of the
europium magnetic moments. In principle, neutron diffraction
experiments on EgMngShy s could provide such information
on the europium magnetic moments but would require the
use of a very expensive europium-153 enriched sample.
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