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The antimony-121 Mdssbauer spectra of the Yby,MnShy; and EuysMnSbhy; Zintl compounds have been measured
between 2 or 5 and 300 K. The resulting three-dimensional arrays of the spectral counts, velocity, and temperature
have been simultaneously fit with a minimum number of free parameters. These fits yield a 0 Kelvin transferred
hyperfine field of 2.9(2) T, a Curie temperature of 57(3) K, and a Mdssbhauer temperature of 182(2) K for Ybi4-
MnShyy; in this case the transferred field arises solely from the ordering of Mn2*. Because Eu;sMnSby; has both
Eu?* and Mn?* ions that are magnetically ordered, its antimony-121 Mosshauer spectra are more complex and
reveal two magnetic transitions, the first at 92(1) K resulting from the ordering of the Mn?* ions and the second at
9.5(1.0) K resulting from the ordering of the Eu?* ions; the corresponding 0 Kelvin transferred hyperfine fields are
1.3(1) and 3.7(1) T. The antimony-121 isomer shifts yield electronic configurations of 5s*745p*28 and 5s'-745p**° for
the average antimony anion in Yb;sMnShy; and Eu;4MnShys, respectively.

Introduction that vary from spintronic to thermopower devices. In
addition, Yl MnShy; shows unusually complex behavior for
The magnetic and transport properties ohnShi; are  such a simple magnetic compouhiin contrast, in Eus-
of particular interest both because it has electronic propertiesmMnSh,;, both E#+ and Mr#+ ions carry magnetic moments
similar to the InSb semiconductor and because it containsand Ey,MnSkhy; order§ ferromagnetically below 92 K and
Mn?2* ions that are magnetically ordered below 60 K. Because exhibits a second magnetic transition at ca. 15 K. Europium-
the Mr?* ions comprise only 4% of the ions present,.¥b 151 Mssbauer spectra have shdwimat this second transi-
MnShy; is promising as a potential dilute magnetic semi- tion is related to the magnetic ordering of the?Eions.
conductor and has been shdvim display Kondo effects and
exhibit useful magnetoresistive and high-temperature ther- (2 ﬁ;‘ﬁ”{“'ngg‘ig'(?‘é%'é"ffg}? M.; Gascoin, F.; Snyder, GCliem.
moelectric propertie3? Thus, YhsMnShi; may have uses (3) Holm, A. P.; Kauzlarich, S, M.; Morton, S. A.; Waddill, G. D.; Pickett,
W. E.; Tobin, J. GJ. Am. Chem. So€002 124, 9894-9898. Holm,

A. P.; Ozawa, T. C.; Kauzlarich, S. M.; Morton, S. A.; Waddill, G.
*To whom correspondence should be addressed. E-mail: glong@ D.; Tobin, J. G.J. Solid State Chen2005 178 262-269.

umr.edu. (4) Srinath, S.; Poddar, P.; Srikanth, H.; Sales, B. C.; Mandru®hys.
T Current address: Institut fuer Streumethoden, IFF-4, Forschungszentrum Rev. Lett. 2005 95, 227205.
Judich GmbH, D-52425 Jich, Germany. (5) Sales, B. C.; Jin, R.; Mandrus, D.; Khalifah, Phys. Re. B 2006
(1) Burch, K. S.; Schafgans, A.; Butch, N. P.; Sayles, T. A.; Maple, M. 73, 224435.
B.; Sales, B. C.; Mandrus, D.; Basov, D. Rhys. Re. Lett 2005 (6) Chan, J. Y.; Wang, M. E.; Rehr, A.; Kauzlarich, S. ®hem. Mater
95, 046401. 1997 9, 2131-2138.
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four antimony in the MnShtetrahedron. These tetrahedra
form two different, interpenetrating, three-dimensional su-
blattices with ferromagnetic coupling within each sublattice
and possible antiferromagnetic coupling between tetrahedra
from different sublattices. This model is also consistent with
the observatiohof a new magnetic anomaly in YiMnSh;,

an anomaly that most likely results from a disruption of the
ferromagnetic coupling between the sublattices by a small
ac magnetic field.

Because the “magnetic unit” in thhg,MnShy; compounds
involves the antimony in the Mngletrahedra, an antimony-
specific study of the magnetic properties of these compounds
is compelling. Antimony-121 Mssbauer spectroscopy®
provides this selectivity by probing both the electronic
configurations of antimony ions and the transferred hyperfine
fields they experience as a result of the surrounding magnetic
ordering. In both YbMnSh; and Ey4sMnShy; the antimony

Figure 1. View of the crystal structufeof Ybi1sMnShy:. The EG* or ions experience the magnetic ordering of the Mntira-

Yb2_+ ion_s are shown in green, the_l\’/lhions in light gray at the center of hedra, whereas in EsMnShy; they also experience the
their antimony tetrahedra shown in gray, and the antimony ions in blue . . . .
where the blue lines show the linears3bchains. additional magnetic ordering of the Euions.

Herein we report the electronic and magnetic properties

Indirect probes of the magnetic system, such as replacingof both EusMnShy; and YbsMnShy; as determined from

some E&" with a nonmagnetic alkaline-earth ion, have the temperature dependence of their antimony-12Edvlo

revealed® preferential site substitution and changes in the bauer spectra.

magnetic spin arrangement, the Curie temperature, the

magnetic easy axis, and the electric properties with increasing _ ) ) _

alkaline-earth content. Y.blgMnSbll was prepared in a tin flux reqcthn as.des'crlbed
Both YbuMnShy; and EuMnShy crystallize with the earlier? and EysMnSh; was prepared with a stoichiometric mixture

tet l4./acd tal Structur@® Ei 1 d of the elements sealed in a quartz jacketed tantalum udweh
etragonall4./acd crystal Struclur€,” see Figure 1, an compounds are the same samples as those used in earlief-work.

contain 208 ions per unit. cell, including 88+gntimony iONS.  The Masshauer spectra of EMNnShy; and YbMnShy; have
Each fOfmU'? unit Contalns_ 14 ¥b or Ew* ions, .four- been obtained in transmission geometry with a constant acceleration
isolated SB™ ions, one S~ linear chain, and one distorted  spectrometer. The @#SnQ; source was maintained at room
MnSh?~ tetrahedron, where the valence assignments aretemperature, and the isomer shifts are reported relative to GaSnO
based on the Zin#tKlemm formalism?31° CasSnQ has an isomer shift 6f-8.55(3) mm/s relative to InSh, the

Local spin density calculations ok4MnBiy;, whereA is standard reference material for antimony-121ssleauer spectros-
Ca or Ba, predict the presence of a magnetically polarized COPY- The velocity scale was calibrated usiagron foil and a
hole localized on the MnBitetrahedron, a hole which is  0oM-témperature cobalt-57 in Rh source. ,
magnetically coupled parallel with the Nfnlocal moment: The antimony-121 Mssbauer spectra have been simultaneously

S . . . L fit as a three-dimensional array of spectral counts, velocity, and
This is consistent with X-ray magnetic circular dichroism

X . temperature with a locally developed program that utilized the
measurements on YMnShy, which show that Y8 carries standard LevenbergMarquardt minimization routine and was

no moment, MA" has a 38 electronic configuration, and  jmplemented in the gnufit package of programs. These fits used a
that there exists a small moment on the antinty2 found Lorentzian line shape, and the temperature dependence of the
in the MnSh° tetrahedron, a moment which is antiparallel thickness broadening was accounted for through a linear expansion
with the moment on the M. Hence, the “magnetic unit”  of the line width,['(T) = I's + ¢ log[A(T)], wherec is a weighting

in the A;sMnSh;; compounds is the MnSlietrahedra, with coefficient,A is the spectral absorption area, dngl the limiting,

a magnetic moment of 4g composed of two contributions, experimentally observed, thin absorber line width, has been fixed
a 5ug moment arising from the fully occupied majority spin hereip at 2.7 mm/s. The fit is z.accomplishe(‘j by defining the proper
3d valence electrons of manganese, anelacs, a moment function, f(x,y), for the two variables, velocity, and the temper-

of reversed polarization, arising from the 5p states of the atureT, such thaf(xT) 'S the Messbauer spectrum _obtalned ata
given temperature. The fit parameters that are used in a conventional

(7) Hermann, R. P.: Grandjean, .. Kauzlarich, S. M. Jiang, J.: Brown, Mossbauer spectral fit are replaced by thelr parametrlzed temper-
S.: Long, G. JInorg. Chem 2004 43, 7005-7013. ature dependence, the parameters of which are fitted to obtain the

(8) Kim, H.; Olmstead, M. M.; Klavins, P.; Webb, D. J.; Kauzlarich, S.  best simultaneous fit of all the spectfa.
M. Chem. Mater2002 14, 3382.

Experimental Section

(9) Kim, H.; Klavins, P.; Kauzlarich, S. MChem. Mater2002 14, 2308. (12) Brown, D. E.; Johnson, C. E.; Grandjean, F.; Hermann, R. P;
(10) Holm, A. P.; Park, S. M.; Condron, C. L.; Olmstead, M. M.; Kim, Kauzlarich, S. M.; Holm, A. P.; Long, G. Jnorg. Chem 2004 43,
H.; Klavins, P.; Grandjean, F.; Hermann, R. P.; Long, G. J.; Kanatzidis, 1229-1235.
M. G.; Kauzlarich, S. M.; Kim, S. Jinorg. Chem2003 42, 4660 (13) Hermann, R. P.; Grandjean, F.; Chen, T.-C.; Brown, D. E.; Johnson,
4667. C. E.; Snyder, G. J.; Long, G. lhorg. Chem.2007, 46, 767—770.
(11) Sanchez-Portal, D.; Martin, R. M.; Kauzlarich, S. M.; Pickett, W. E. (14) Details of this fitting routine may be obtained from r.hermann@
Phys. Re. B 2002 65, 144414. fz.juelich.de.
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Figure 2. Three-dimensional array of the simultaneously fit Sb-121
Maossbauer spectra of YiMnShy1. The red, cyan, and blue lines correspond
to the total fit, ShOz component, and YfaMnShy; component, respectively.
Figure 4. Several Sb-121 Mgsbauer spectra of YAMnSh; (a) and Eu-
MnSh; (b) obtained at the indicated temperatures. The cyan, blue, and
purple lines correspond to &Bs, Yb1sMnShy;, and EysMnShy;, respec-
tively.
amorphous to X-rays and undetected. Further, previous
experiencé”1%5indicates that the surface of particles of
similar Zintl-like compounds is very sensitive to oxidation
with time. Apparently because of the delay between the
preparation of YiyMnShy; or Ew4MnSh;; and their subse-
guent Sh-121 Mssbauer spectral study some of the surface
of their particles has been oxidized. It is also possible that
the oxide impurity has always been present in an amorphous
form undetected by X-ray diffraction. From the isomer shifts
it would appear that the impurity in ¥MnShy; is essentially
- s Threed onal ¢ e simu v it Sboaol ShOs; whereas in EiMnShy; the impurity may contain at
Mlgg:t:)au.er spfgralrgin;g/lnr?sgfa'lxhg rtec?, scl;naunt,ag?](éluspﬁrpllte lines least some europium replacmg_the_ antlmony I@@b .
correspond to the total fit, 383 component, and BuMnShy; component, Unfortunately, because of the intrinsically broad line width
respectively. of the Sb-121 Mesbauer-effect nuclear transition, it is
impossible to resolve the spectral absorption lines associated
with the four different antimony sites in Y#nSh;; and
The antimony-121 Mssbauer spectra of EdvinShy; and EwsMnShy;, each of which may have slightly different
Yb14MnShy;, obtained between 2 or 5 and 300 K have been isomer shifts, quadrupole interactions, and hyperfine fields.
simultaneously fit as a three-dimensional array of spectral The presence of the 8B; impurity adds further problems,
counts, velocity, and temperature; the results obtained forand thus, the spectral fits have been limited to determining
Yb14MnShi; and EysMnShy; are shown in Figures 2 and 3,  the average isomer shift and average hyperfine field of the
respectively, and several individual spectral fits are also four crystallographically different antimony sites found in
shown in Figure 4. Two spectral components have been usedyb,,MnSh;; and EysMnSh;. In the simultaneous fits the
in these fits: a major component with a temperature- temperature dependence of the absorption area of each
independent isomer shift of eithef7.68(1) or—7.77(1) mm/  spectral component has been constrained to be consistent
s, assigned to YMnShy; or EwsMnShyy, respectively, and  with the Debye model for which two parameters are fit, the
a minor component with a temperature-independent isomerasymptotic zero temperature spectral absorption area and the

Results and Discussion

shift of —11.4(1) or—10.4(1) mm/s assignétto an ShOs- Méssbauer temperature. Further, the temperature dependence
like impurity; cubic ShOs; exhibits® an isomer shift of  of the line width of the two components has been constrained
—11.3(1) mm/s relative to CaSnOBecause both Yia to take into account any thickness broadening at low

MnShi; and EysMnShy; exhibit so many X-ray diffraction  temperature. The thin absorber line width has been fixed at

peaks, diffraction peaks resulting from small amounts of 2.7 mm/s, a value which is typical for the absorber thickness

simple oxide impurities, such as &k, are probably  and the spectrometer used herein.

indistinguishable from the compound and may well be  Below 55 K the major component in the spectra ofy¥b

present. It is also highly probable that any oxide may be MnShy; has been fit with a hyperfine field and a zero

YT o Esold Stare 2000 113 399-403 guadrupole interaction. The hyperfine field has been con-

ippens, P. Oll ate Commu . H H H

(16) Stevens, J. G.; Bowen, L. H. INMossbauer Effect Methodology strained to have a Brillouin depepdence wih= 5/2, a

Gruverman, . J., Ed.; Plenum: New York, 1970; Vol. 5, pp-23. dependence that involves two fitting parameters, the zero
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Figure 5. Temperature dependence of the absorption area of the Sh-121
Méssbauer spectra of YiMnShy; (a) and EguMnShy; (b).

temperature hyperfine field and the Curie temperature. This
hyperfine field results from the magnetic moment present
on .the MnSh tetrahedr?—' magnetic unit in V_Vh|Ch the Kn Figure 6. Temperature dependence of the hyperfine field observedig Yb
cations carry a magnetic moment oftg and is expected to MnShy; and EysMnShya. The blue line corresponds to a fit wie 0 Kelvin
follow an S = 5/2 Brillouin temperature dependence. The hyperfine field of 2.9(2) T and a Curie temperature of 57(3) K fornab
. . MnShi1. The purple line corresponds to a fit Wi 0 Kelvin hyperfine
'nﬂl.lence of the small magnetic moment Shareq by the four fieid of 1.3(2) T and a Curie temperature of 92 K between 10 and 90 K
antimony anions around the manganese cation has beerand with a 0 Kelvin hyperfine field of 3.7(1) T and a transition temperature
neglected in the present fitting model, but we note that fits ©f 9-5(1.0) K below 10 K for EuMnShi. The green and red lines

. . . correspond to aerror in the hyperfine fields and transition temperatures.
constrained to follow anS = 2 Brillouin temperature

dependence would be essentially the same. with its Debye temperature, which has been estintatied
Close examination of the spectra ofiiMnShy; indicates be 160(10) K.

a broadgning O.f the spectrum at and below . 90 K, 2 The temperature dependence of the hyperfine field in-Yb
broadening that is no doubt related to the magnetic ordermglvInSbll and EuMnShy, is shown in Figure 6. The fitted
Og(tjh? colmbpougd or at fle‘::St of the Mrﬁletra:)h?dra.lénK Curie temperature is 57(3) and 92(1) K for ¥kInSh;; and
additional broadening of the spectra occurs below » a EwsMnShy,, respectively. These values agree well with the

broadpning that is no doubt related to the ordering qf the Curie temperatures of 53 or 52(1) and 92 K obtained from
EW" ions. These broadened spectra have been fit with an magnetic measuremerts1° The temperature of the onset

additional hyperfine field and a zero quadrupole interaction. of the second magnetic transition in &nShy: is 9.5(1.0)
The hyperfine fielgl transferred from _the magnetiéEin)ns ... K and somewhat smaller than the repoftedlue of 15 K.
has been constrained to follow a Brillouin dependence with 1. 5 kelvin transferred hyperfine field from the Ktrions
S=7/2 as would be expected for Eu or the MnSh tetrahedral magnetic moiety in EMnSh;;

In summary, the 19 spe_ctrg of YMnShy, anq 24 SPe.C”a and Ybh,MnShy; is 1.3(2) and 2.9(2) T, respectively. The
of EuMnShy, have been fit S|multaneously with a MINIMUM 4 4ditional O Kelvin transferred hyperfine field from the®Eu
numbgr of free parameters, each of \.Nh'Ch has a phys'c‘f’llions in EusMnShy; is 3.7(1) T and results in a total 0 Kelvin
meaning. These parameters are one thickness broadening I'”Fransferred field of 5.0(2) T.

width parameter, two Mesbauer temperatures, two isomer In fitting the Mossbauer spectra of E&nShy, the two

ts:r::tsérg?uerezr ttvt\:g ?())/J[[;Trféne ilellds,bone tc_)r two ordetrlng transferred fields have been assumed to have the same sign.

P ' pectral absorption area at €I, oiernative approach, in which the two transferred fields
temperature, and the fractional area of the minority compo- were assumed to be opposite in sign, was tried and led to
nent. YhMnShi, and EuMnShi, have been found o g 5y good fits, with 0 Kelvin fields of 1.0(1) and 6.1(1)
contain ca. 11% aqd 25% of an 251% Impurity, thg we.ak T and transition temperatures of 92(1) and 11(1) K. All other
comp0|r|1ent sh0\1v? in the spectral (;'ts' As sf|1lown In Figures fitted parameters are not significantly different from those
2__|_4h’ea t:rﬁf)ztrr:turltes gre%gﬁgiggg O:EO tﬁchosgﬁilthm of the reported above. Hence, the antimony-1219slmauer spectra

. cannot distinguish between these two possibilities for the

absorption area for YiaMnShi; or EwMnSby and for the sign of the transferred field unless spectra had been collected

tSb203 |nt1pur|ty blts _shgv]:/n IYIL/IFEEIE 5d' ghiﬂ Ng;bauer at many temperatures in the region of the possible compen-
emperatuires oblained Tor 1nsiu and EuMnsh, are sation of the two transferred fields.

182(2) and 194(2) K, and the Msbauer temperature for
the impurity is 148(4) and 176(2) K. The former temperatures In both Yb.MnShy, and EuMnShy, the transferred
e . hyperfine fields are very small and smaller than the
are similar to the observed values of 160(5) K in InSh, 201- . . . .
transferred fields measured in several intermetallic com-

(1) K in EwgMneShyis, and 200(5) K in ZpShs and typical : .
of the lattice rigidity found in antimony-containing interme- pounds. For instance, a transferred field of 8.3(1) T was

taIIIC_ compounds. The IV_B:sbaue_r temperature of 182(2) K (17) Fisher, J. R.; Wiener, T. A,; Bud'ko, S. L.; Canfield, P. C.; Chan, J.
obtained for YhsMnShy; is also in rather good agreement Y.; Kauzlarich, S. M.Phys. Re. B 1999 59, 13829-13834.

Inorganic Chemistry, Vol. 46, No. 25, 2007 10739



Hermann et al.

observedf in EuigMneShys, fields of ca. 30 T were observEd the nucleus of 85.8, 2. For comparison, antimony metal,
in both PdMnSb and NiMnSb, and a field 6f36 T was which has been report&d?® to exhibit an isomer shift
observed in MnSB? The comparison between YAMnShy; between—11.3 and—11.95 mm/s, has a far more negative
and NiMnSb is particularly interesting in view of the jsomer shift than YhMnSh; and Ey,MnSh;.
magnetic circular dichroism results obtained on these com-
pounds. Both compounds show dichroic signals on both
manganese and antimony. However, the dichroic signals on
manganese and antimony are of opposite %ignYbi4
MnShy; and the same sighin NiMnSb. This difference
occurs because the manganese cations are in an octahedr
crystal field in NiMnSb and a tetrahedral crystal field in¥b
MnShy;. Hence, the manganese and antimony spins are
parallel in NiMnSb, whereas they are antiparallel iny¥b
MnShi.. The large difference in transferred field on the p(0)=0.11+68.63\, — 3.3N, — 5.5MN,* — L.ONN, (1)
antimony in YhsMnSh;; and NiMnSb is most certainly
related to the tetrahedral geometry around the manganeseJsing the above determined electron density at the antimony-
cation, a geometry that is less favorable than the octahedrali21 nucleus and the assumption that the average antimony
geometry for the spin-polarization transfer from the man- anjon in Yh,MnShy; has two 5s electrons, eq 1 yields an
ganese to the antimony and leads to the antiparallel align-N, value larger than six, a value that is, of course,
ment* of the manganese and antimony spins. unacceptable. This indicates that the average antimony
As indicated above, because of the intrinsic broad line electronic configuration is close to%gf and that the average
width of the antimony-121 Mssbauer-effect tranSition, all antimony anion is close to 8h If the Screening of the Sp
four crystallographically different antimony sites in ¥b  ejectrons is taken into account, then a limiting electron
MnSh;; and EysMnShy; have been fit with one component configuration of 55875p%28 and 587519 is obtained for
in the spectral analysis. In both compounds only one of the {4 average antimony anion in ¥MnShy; and Ey,MnShys,
four crystallographic antimony sites, the Sb2 site, participates rggnectively. The two limiting electron configurations indi-
in the MnSh magnetic unit, a unit that forms two ferro- cate that the antimony valence is betweeh and—3, in

magnet!c sublattice networks that are probab!y weakly reasonable agreement with the average charge given by the
magnetically coupled to each ott#rThe assumption that Zintl formalism. The electronic configuration of 545p*28

all antimony anions experience the same transferred field.

X . . is certainly consistent with the observatioof a 3d to 5p
from the MnSkh magnetic unit may also contribute a small transition in the antimony b X-ray absorption spectrum
underestimation of the transferred field. Further, the ferro- y y P P

magnetic coupling within the sublattices, when combined of YbiMnShy, whereas the 35p° electronic configuration

with more efficient transfer due to the lanthanide contraction, would be inconsistent.
may account for the larger transferred field of 2.9(2) T
observed in the “smaller” YaMnSh;, as compared to the
field of 1.3(1) T observed in the “larger’” EaMnShy;. In
contrast, all the antimony sites in gMnSh;; have eight
EW" near neighbors and thus directly experience a tota

From the knowfP linear correlation of the isomer shift
and the electron densities at the antimony-121 nucleus a value
of 80.8 and 81.2,3, wherea, is the Bohr radius, is obtained
for Yb1sMnShy; and EusMnShyy, respectively. The combined
g]fluence ofNs andN,, the number of 5s and 5p electrons
on the electron density at the antimony nuclex(®), has
been formulatett as
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