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The antimony-121 Mosshauer spectra of Eu;oMngShy3 have been measured between 2 and 295 K. Although the
Zintl formalism indicates that the nine crystallographically distinct antimony sites in Eu;oMnsShss should have formal
valence states of -2, —1, 0, and +1, the Mdsshauer spectral isomer shifts reveal that the valence states of the
different sites are all quite similar and correspond to an average electronic configuration for antimony of 5s*75p*®,
This configuration corresponds to an excess of negative charge on the antimony of 0.7 or an average valence of
-0.7, a valence which is rather consistent with the average antimony valence of —0.61 obtained from the Zintl
formalism for the nine antimony sites in EuioMneShis. The spectra obtained between 90 and 295 K are more
consistent with the absence rather than the presence of any transferred magnetic hyperfine field at the antimony.
In contrast, the spectra obtained at 2 and 5 K reveal the presence of an average transferred magnetic hyperfine
field of ca. 8 T, a field that arises from the ferromagnetic ordering of the near-neighbor manganese(ll) ions.

Introduction of various so-called Zintl phase compourd3put, unfor-
tunately, it fails in some cases. For instance, inJ¥mShy;
the electron-counting Zintl formalism ledd®s a valence of
+3 for the manganese, whereas X-ray magnetic circular
dichroism at the manganese 4edge indicates a valence of
+2. These two different electronic configurations have been
reconciled through band structure calculatfamsthe related
Ca4MnBiy; and BasMnBii1 Zintl compounds. In this band
structure approach, the concept of formal valence is much
less important than in the Zintl formalism and orbital
hybridization and electron density become the important
parameters for describing the electronic structure of a
gompound.

In a recent papénve have reported the structural, elec-
tronic, and magnetic properties of a new ternary rare-earth

Understanding the properties of the various new transition-
metal-containing Zintl phase intermetallic compounds, which
often have unusual and sometimes unique combinations of
complex magnetic, electrical, structural, and thermal proper-
tieslillustrates the importance of correlating their structural
complexity with their electronic properties. One of the
historically most important and simple concepts used for this
correlation is that of the oxidation state of an element in a
compound.

The Zintl formalism represents a generalization of the
Lewis octet rule for application to either semiconducting or
insulating compounds and, as such, requires charge balanc
between nominally closed-shell structural units, units which
in themselves can be covalently or ionically bonded com-
plexes or simple ions. This formalism has been quite useful (2) Kim, S.-J.; Hu, S.; Uher, C.; Kanatzidis, M. Ghem. Mater1999
in describing the structural, electric, and magnetic properties 11, 31543159,

(3) Chung, D.-Y.; Hogan, T.; Brazis, P.; Rocci-Lane, M.; Kannewurf, C.;
Bastea, M.; Uher, C.; Kanatzidis, M. Gcience200Q 287, 1024-

* To whom correspondence should be addressed. E-mail: glong@umr.edu 1027.
(G.J.L). (4) Holm, A. P.; Kauzlarich, S. M.; Morton, S. A.; Waddill, G. D.; Pickett,
T Northern lllinois University. W. E.; Tobin, J. GJ. Am. Chem. So@002 124, 9894-9898.
* University of Liege. (5) Saachez-Portal, D.; Martin, R. M.; Kauzlarich, S. M.; Pickett, W. E.
§ University of California. Phys. Re. B 2002 65, 144414-15.
I'University of Missouri-Rolla. (6) Holm, A. P.; Park, S.-M.; Condron, C. L.; Olmstead, M. M.; Kim,
(1) Kauzlarich, S. M.; Payne, A. C.; Webb, D. JNfagnetism: Molecules H.; Klavins, P.; Grandjean, F.; Hermann, R. P.; Long, G. J.; Kanatzidis,
to Materials Ill; Miller, J. S., Drillon, M., Eds.; Wiley-VCH: M. G.; Kauzlarich, S. M.; Kim, S.-Jinorg. Chem 2003 43, 4660~
Weinheim, Germany, 2002; pp 3B2. 4667.
10.1021/ic035172m CCC: $27.50 © 2004 American Chemical Society Inorganic Chemistry, Vol. 43, No. 4, 2004 1229

Published on Web 01/23/2004



transition-metal Zintl compound, EgMngShys, @ compound
which containsevencrystallographically distinct europium
sites,four crystallographically distinct manganese sites, and
nine crystallographically distinct antimony sites. Thus,
EwoMneShis surely has a complex structure in which the
same metal could well have different oxidation states or
valence states in different crystallographic sites.

According to the Zintl formalism, in EyMneShi; the
formal charge of the 12 singly bonded 8b(3), 4 Sbh(6),
and 4 Sh(8) sites can be assigies Sb{-11), the 16 doubly
bonded 4Sb(1), 4 Sb(7), and BSb(9) sites can be assigned
as Sbf-1), the 16 triply bonded j8Sh(4) and 8Sb(5) sites
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Table 1. Antimony-121 M@ssbauer Spectral Parameters

compd T,K o62mm/s I, mm/s H, T area, (%&)(mm/s)
EwoMneShis 295 —8.13(5) 2.28 Qv 5.5(2)
220 -8.16(5) 2.28 o 12.7(3)
165 —8.16(5) 2.28 o 23.5(2)
125 —8.20(5) 2.28 ob 34.4(2)
90 —8.15(5) 2.28 obe 49.3(4)
5 —8.14(5) 2.28 7.95(9) 83.2(5)
2 -—8.15(5) 2.28 8.3(1) 82(2)
InSb 295 —8.73(4) 2.23(12) © 3.5(1)
90 -8.60(1) 2.73(3) b 60.4(5)
5 -8.54(1) 3.32(3) b 113.4(7)

aThe isomer shift is given relative to the CaSn€ource at room
temperature? Parameter constrained to the value giveAlternative fits

can be assigned as Sb(0), and the 8 quadruply bonged 8(see text) yield a maximum field of 3.3(1) T.
Sh(2) sites can be assigned as Sb(l), where the crystal-

lographic sites are labeled the same as in ref 6. This
assignment yields an average antimony valence-@61.
Hence, the antimony atoms are subdivided in four groups
with different formal oxidation states;2, —1, 0, and+1,

in the ratio of 12:16:16:8 or 3:4:4:2 within the Zintl
formalism. The use of these formal charges reflects the Zintl

field, respectively. Herein, we report the antimony-121
Mdossbauer spectra obtained for;8vneShys.

Experimental Methods

The sample of EgMneShi3 used in this work is the same as
that used in our previous study.

viewpoint that the bonding between the manganese and The Mdssbauer spectra were obtained with a conventional con-

antimony in the anionic framework is covalent. Because the
chemical behavior of Mn(ll) is very similar to that of Zn(ll)

in other Zintl phases, for electron-counting purposes, the
manganese in BgMnsShi; may be substituted with zinc;
i.e., the manganese(ll) 3electrons may be ignored. Thus,
EwoMneShiz can be considered as a valence precise com-
pound and can be described as

(EUP"),o(MN*"),(4bSb")5(30SH) 1(2bSh ) 1(1bSE ) 1,

whereb represents the number of antimony bonds. The use
of Mn(=Il) in this formulation may seem unusual but is
required to achieve charge balance with the positive charge
of europium and the antimony charges, which have been
assigned according to the Zintl formalism.

In our earlier worR we have used the europium-151

stant-acceleration spectrometer which utilized a room-temperature
ca. 0.2 mCi tin-121* in CaSng&source and was calibrated at room
temperature with-iron foil and InSb. The absorber was mounted
in the vacuum space of a Janis liquid-helium cryostat, and its
temperature was controlled by a commercial sensor and heater.

The EuoMngShis Mdssbauer spectral absorber thickness was
32 mg/cn? of sample or 8 mg/cfhof antimony. An absorber
containing 16 mg/cof EugMneShiz gave hyperfine parameters
at 90 K that are essentially identical with those given in Table 1.
The InSb absorber thickness was 31 mg/afhsample or 16 mg/
cm? of antimony.

The hyperfine parameters for InSb are given in Table 1 for
comparison. The InSb line width of 2.23(12) mm/s observed at

$95 K was used for all subsequent spectral fits. All isomer shifts

are given relative to the CaSp®ource, values which are identical
with those given relative to BaSnO

Mossbauer spectra to show that all seven of the europiumResults and Discussion

sites have very similar valence states of essentiaftyand
that six of the seven europium sites undergo magnetic

ordering at higher temperatures than the seventh site. Becaus

the oxidation state of manganese is likely to b2, as is
implied both by the magnetic susceptibility of fgMngShys,
assuming that the manganese ions are antiferromagneticall
coupled and by the magnetic properties obseri&d other
Zintl phases, it is important to determine the formal valence
state of the antimony in EgMngShi; and hence to evaluate
the adequacy of the Zintl formalism in describing its metallic
conductivity below 40 K and semiconductivity above 60 K.
Antimony-121 Massbauer spectroscopy is an ideal tech-
nique’® to selectively probe the electronic configuration of
the antimony in EwMneShiz and the magnetic interactions
of antimony with its europium and manganese neighbors
through the isomer shift and transferred magnetic hyperfine

(7) Ruby, S. L.; Shenoy, G. K. IMbdssbauer Isomer Shift¥Vagner, F.
E., Shenoy, G. K., Eds.; North-Holland: Amsterdam, 1978; pp-617
659.

(8) Grandjean, F.; Long, G. J.; Longworth, G.; Laundy, Bndrg. Chem.
1984 23, 1886-1895.
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The antimony-121 Mssbauer spectra of EMnsShis
obtained between 2 and 295 K are shown in Figure 1, and
fhe associated spectral hyperfine parameters are given in
Table 1. From the results shown in Figure 1 it is immediately
apparent that antimony-121 ‘Msbauer spectroscopy is

Yinable to distinguish between the nine crystallographically

distinct antimony sites in BgMngShys, in part because of
its intrinsic and experimentally limited resolution; the
minimum possible antimony-121 spectral line width, the
Heisenberg line width, is 2.10(12) mm/s.

A preliminary fit of the Mssbauer spectra obtained
between 90 and 295 K with a single Lorentzian line indicated
the presence of a small asymmetry in the spectra. Clearly,
the analysis of such spectra is complex in view of the nine
different antimony sites present in gMneShys, sites that
may all have different isomer shifts and quadrupole in-
teractions. As a consequence, we have elected to fit the
EwoMneShis 90—295 K spectra with nine Lorentzian sing-
lets with the proper degeneracy and a line width of 2.23 mm/s
but to report only the average ENneShyzisomer shift. This
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E r Figure 2. Antimony-121 Msbauer spectra of EgMngShy s obtained at
§ [ 90 K and fit with one magnetic component with a hyperfine field of 3.3(1)
= 100 St T, upper plot, and with nine singlets, lower plot. The fit residuals for the
S r respective fits are shown in the center. The velocity scale corresponds to
g 95 I the velocity relative to the CaSnO
- i resulting fit, which yields a field of 3.3(1) T, is shown in
90 | the upper portion of Figure 2. Although this approach does
100 Fovms not rule out the presence of a small transferred field at 90 K
i on some of the sites, we believe that the spectrum is more
95 | realistically fit with no transferred hyperfine field, as is shown
i in the lower portion of Figure 2.
90 The fits of the EwMngShiz Mdssbauer spectra obtained
100 *eisrs at 2 and 5 K and shown in Figure 1 have been obtained

using two magnetic components indicating that the trans-
ferred hyperfine field may be somewhat different at the
differing antimony sites. It is difficult to determine whether
all nine of the antimony sites in EgMneShy; experience the
same or differing transferred hyperfine fields, although struc-
tural consideratiofswould indicate that differences are
possible. In an attempt to determine whether one or more

Figure 1. Antimony-121 Massbauer spectra of iMnsShis obtained at —  yransferred fields are present at 5 K, we have attempted an
the indicated temperatures. The lower velocity scale corresponds to the !

velocity relative to the CaSnource, and the upper scale corresponds to altem&.uive fit With oneé ﬁe_ld; see the upper portion of Figure
the velocity relative to InSb. 3. As is shown in this figure, the fit with one transferred

field is marginal and we believe that the spectrum is best fit
approach yields an isomer shift that is independent of \ith more than one transferred field. But, once again, because
temperature as is shown in Table 1. of the large number of antimony sites, only the average
The average isomer shift for the nine antimony sites in transferred hyperfine field will have any physical signifi-
EwoMneShyiz is —8.154+ 0.05 mm/s relative to the CaSeO  cance.
source, a value which is somewhat higher than that obtained At 2 and 5 K, temperatures which are below the ferro-
for InSb at 295 K. The significance of the isomer shift in magnetic ordering temperatdref all seven europium

95 [

9 |

20 -15-10 -5 0 5 10 15 20
Velocity, mm/s

revealing the electronic properties of fgdnsShys, is dis- sublattices, the transferred field on the antimony atoms is,
cussed below. as expected, substantial at ca. 7.95(9) and 8.3(1) T, re-

At 90 K and perhaps at temperatures up to 220 K the four spectively. Because no thickness correction has been ap-
manganese(ll) sublattices in fMnsShi; are expectedto plied to these spectra, the reported fields should be con-

be antiferromagnetically coupled and any resulting trans- sidered as the upper limit of the transferred field. These
ferred hyperfine field at the antimony sites should be small. transferred fields are at most half the supertransferred
It should be noted that, except for Sb(7) and Sh(8), all the hyperfine fields observédn spinel antimonates, in which
antimony ions are directly bonded to the manganese(ll) ions. the transfer of the electron spin density takes place through
Because it is possible that the antimony is experiencing athe Fe(llly-O—Sb(V) bonding. There are rather few cases
small transferred hyperfine field from the antiferromagnetic- for which the transferred field at antimony in a magnetic
ally ordered manganese ions in jgneShiz, we have intermetallic compound or alloy has been measured. For the
undertaken an alternative fit of its 90 K spectrum, a fit which diamagnetic antimony impurity in-iron, a transferred field
uses one hyperfine field rather than the nine singlets. The of 24.5 T has been observéth the ferromagnetic BMnSb,

Inorganic Chemistry, Vol. 43, No. 4, 2004 1231
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Figure 3. Antimony-121 Mwssbauer spectra of kMneShi; obtained at r
5 K and fit with one magnetic component with a hyperfine field of 7.66(7) -14 -
T, upper plot, and with two magnetic components with a weighted average i Sbyll)
hyperfine field of 7.95(9) T, lower plot. The velocity scale corresponds to 16 [
the velocity relative to the CaSnO

. . 18 |
PdMnSb, and NiMnSb compounds transferred fields of 57.9, i
30.2, and 29.1 T, respectively, have been obséhardl 00 00 Lot
K. Finally, the transferred hyperfine field at antimony in the 30 40 50 60 70 80 90 100 110 120
Mn,_.CrSb series has been measudteab a function ok. s-Electron Density, a,°

In the ferromagnetic phase, for less than 0.25, ﬂelqs Figure 4. Correlation between the experimental values of the antimony-
between 38 and 19 T have been observed, whereas in tha21 Messbauer-effect isomer shift, relative to Cagnand the calculated

antiferromagnetic phase, far= 0.9, a much smaller field values of the electron density at the nucleus for the Sb(V), squares, Sb(0),
of 5.2 T has been observed. triangles, and Sh(lll), circles, compounds. The data are taken from ref 13.

The star corresponds to BMneShis, and the plus, to the value obtained
In all the above compounds, the transfer of the electron from ref 14 for CoSh

spin density takes place between the manganese 3d orbitals

and the antimony 5s and 5p orbitals. In the ferromagnetic manganese containing ferromagnetic compounds mentioned
compounds, this transfer is quite efficient and may be above. Because EdMneShi; exhibits some metallic con-
enhanced by a small magnetic moment on the Pd and, hencegluctivity below 40 K, it is quite possible that the transfer of
leads to large or even giant transferred hyperfine fields of the spin density can also be assisted by a RKKY type
20—-60 T. In antiferromagnetic MnCro¢Sb the antiferro- interaction, which includes the conduction electrons.
magnetic coupling of the moments leads to a small trans- The observed isomer shift 6f8.15+ 0.05 mm/s relative
ferred hyperfine field of 5.2 T, probably because the to CaSnQ occurs in the range of isomer shifts observed for
antimony atom has magnetic near neighbors with antiparallelthe S valence state in antimony semiconducting com-
moments, which contribute transferred fields of opposite sign, pounds, such as InSb, as is illustrated in Figure 4. In this
in a fashion similar to that observEdn YFesSre. figure, the observédisomer shift in various Sb(V), Sh(0),

In EuioMneShis between 90 and 220 K, the manganese and Sb(lll) compounds has been plotted as a function of the
magnetic moments are expected to be antiferromagneticallycalculated electron density(0), at the antimony nucleus.
coupled and, at most, only a very small transferred field The observed isomer shift for E¥nsShys is shown by the
through the overlap of the manganese 3d with the antimony star in Figure 4. The linear correlation shown in Figure 4
5s orbitals should be observed. At 2da K the europium yields for EugMnsShi;z an averagep(0) value of 82.5,73,
magnetic moments are ferromagnetically ordered and a largetwhereay is the Bohr radius, or 587 &. This density is at
transferred field of ca8 T is observed. In this case, the the lower limit of the densities calculatédfor S com-
transfer of the electron spin density takes place through pounds. To support our present analysis, the obsé&tved
overlap of the europium 4f and the antimony 5s orbitals. isomer shift for CoSk for which band structure calcula-
Because the europium 4f orbitals have a rather small spatialtions'® are available, is also plotted as a plus in Figure 4.
extension, this transfer is not very efficient and the measuredThe linear correlation yields a valence electron density,
transferred hyperfine field is much smaller than in the p(0), of 87.3%73 or 621 A3 for CoSh.

(9) Ruby, S. L.; Johnson, C. Phys. Lett.1967, 26A 60-61. (13) Lippens, P. ESolid State Commur200Q 113 399-403.
(10) Swartzendruber, L. J.; Evans, BRhys. Lett1972 38A 511-512. (14) Aldon, F.; Garcia, A.; Olivier-Fourcade, J.; Jumas, J.-C.; Fetez-
(11) Pasternak, M.; Vernes, Bolid State Commuril974 15, 1189 Madrigal, F. J.; Lavela, P.; Vicente, C. P.; Tidao, J.J..Power
1191. Sources2003 119-121, 585-590.
(12) Cadogan, J. M.; Suharyana; Ryan, D. H.; Moze JOAppl. Phys. (15) Lefdbvre-Devos, |.; Lasalle, M.; Wallart, X.; Olivier-Fourcade, J.;
200Q 87, 6045-6047. Monconduit, L.; Jumas, J.-®Rhys. Re. B 2001, 63, 1251106-7.
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Figure 5. Correlation between the experimental values of the antimony- )

121 Missbauer-effect isomer shift, relative to Cagnénd the calculated =~ Figure 6. Temperature dependence of the antimony-121ssbauer
number of antimony 5s electronss, for the Sb(V), squares, Sb(0), triangles, ~ SPectral absorption area observed ford®nsShis and fit with a Debye
and Sh(lll), circles, compounds. The solid line represents a fit to the Sh(v) model for the recoil-free fraction.

and Sb(lll) data, whereas the dotted line represents a fit to the Sb(0) and

Sb(lll) data points. The data are from ref 13. The star corresponds to ing electron configurations are %&g?, 585p3, 5¢5p%, and
EwoMngShis, and the plus, to the value obtained from ref 14 for GoSb 5525[35, and they differ only by the numbeINp, of 5p elec-

Lippend? has also shown that there are linear correlations rons- Equation 1 and Figure 4 show that the influence of
between the antimony-121 isomer shift and the calculated \e ON the isomer shift is smaller than thathé§ the influence
number of antimony 5s electrons, as is shown in Figure 5 of N, is well illustrated in Figure 5, which indicates that the
for the same compounds used in Figure 4. First, there is a>P(0) and Sbh(lll) compqungs have similds and different
linear correlation between the Sb(V) and Sh(lll) compounds, Ne Values. IndeedN, varies® only between 1.22 and 2.11
a correlation which illustrates the predominate influence of @nd 3.09 and 3.51 for the Sh(lll) and Sb(0) compounds,
the number of 5s electrons on the antimony-12sktauer- respectlve!y. From eq 1 and the linear fit in Figure 4, the
effect isomer shift. Second, there is a different linear ©XPected isomer shifts for the four valence states, Sh(l),
correlation between the Skand Sb(lll) compounds, a  SP(0), Sb'l), and Sbell), are —14.8,—13.2,-11.6, and

correlation which illustrates the secondary effect of screening ~10-1 mm/s, respectively. At 90 K the spread in isomer shifts
of the antimony 5p electrons on the isomer shift. This of ca. 4.7 mml/s is difficult to distinguish from the effect of

correlation yields 1.8 and 1.7 electrons for the number of @ transferred hyperfine field from the manganese or europium
antimony 5s electronsNs, in CoSh and EuyoMneShis, with an experimental line width of 2.23 mm/s.
respectively. The value of 1.8 electrons for Ce3lgrees The temperature dependence of thésstoauer spectral
very well with the calculatéd value of 1.77. This agreement  @bsorption area can provide information about the lattice
provides confidence in the application of the correlations in Properties of a compounfd:*¢ A plot of the logarithm of

Figures 4 and 5 to EgMneShys. the antimony-121 spectral absorption area fofoEmeShis
Ruby and Shendyhave given the expression as a function of temperature is close to linear at higher
temperatures, as is shown in Figure 6. A fit with the

p(0) = 0.11+ 68.63N, — 3.3N, — 5.5MN2 — 1.OINN, Debye model for the recoil-free fractihleads to an

1) effective Mtssbauer lattice temperatuf@,, of 201(1) K, a
value which is typical of an intermetallic compound such as
for p(0) as a function of the numbers of 5s and 5p electrons EtioMnsShis and is only slightly higher than the value of
in antimony. From eq 1 and the values pf0) and N 160(5) K obtainet? for InSh.
obtained from the linear fits shown in Figures 4 and 5, we  An analogous fit of the Mssbauer spectral absorption area
find that N, is 4.0 and, thus, that the average electronic observed herein for InSb leads to an effectivéstoauer
configuration of antimony in EgMngShyz is 58 5p*0. This lattice temperature®y,, of 175(4) K. This value is somewhat
is an excess of negative charge on the antimony of 0.7 or ahigher than the 160(5) K value observed earlier because no
formal average valence of0.7, a valence that is rather saturation correction has been applied in our work. It should
consistent with the formal average valence-6f61 obtained  be noted that the 11160 K isomer shift of-8.56(5) mm/s
from the Zintl formalism. reported earliéf for InSb is in excellent agreement with the
Antimony-121 Mssbauer spectroscopy fails to distinguish 90 and 5 K values observed herein and given in Table 1.
the different antimony valence states infMingShs pre-
dicted from the Zintl formalism partly because of its (16) E(‘i';bg{én%mk'b'rgs‘?”mgsv' ygi?igga;sgsciﬁ?wefbeﬂ R.H,
inherently low resolution. However, the expected differences (17) Long, G. J.; Hautot, D.; Grandjean, F.; Morelii, D. T.; Meisner, G. P.
in the isomer shifts between the four predicted valence states,  Phys. Re. B 1999 60, 7410-7418. . _
Sbt, Sb), Sb, and SB‘, are small. Indeed, if the 5s state is (18) Long, G. J.; Hautot, D.; Grandjean, F.; Morelli, D. T.; Meisner, G. P.

! Phys. Re. B 200Q 62, 6829-6831.
reasonably assumed fully occupied, the expected correspond¢19) Hedges, S. W.; Bowen, L. Hiater. Sci. Foruml984 2, 65—80.
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In conclusion we find that antimony-121'Mdsbauer spec- of —0.7, a valence which is consistent with the formal

troscopy is an excellent method by which to determine the average valence 6f0.61 obtained from the Zintl formalism.
average valence state of antimony in a compound which may
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