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The europium-151 Mosshauer spectra of the Eui4MnPy3, EuisMnAsy;, and EuigMnShy; Zintl compounds, measured
between 4.2 and 100 K, reveal europium(ll) for all four crystallographically inequivalent europium sites in Eu3sMnAsy;
and EugMnShy; and europium(ll) and europium(lll) for the three 32g and the 16f europium sites in EugMnPy,
respectively. Below the ordering temperatures of 52, 74, and 92 K, only very small hyperfine fields of 2—4 T are
observed at the europium sites as a result of the polarization by the manganese magnetic moments. At 4.2 K, the
europium(ll) magnetic moments are ordered, and hyperfine fields of 24.4, 24.8, and 19.3 T are observed in EuisMnPy;,
Eu;4MnAs;;, and Eu;sMnShys, respectively, fields that are typical for magnetically ordered europium(ll) ions. At 4.2
K the 16f europium(lll) sites in Eu;4MnPy; experience a transferred hyperfine field of 33 T from the neighboring
ordered europium(ll) moments. Between its Curie temperature and 4.2 K, the europium-151 Mgssbhauer spectra of
Eu;4MnShy; reveal that the europium(ll) moments order below ca. 13 K, i.e., below the second magnetic transition
observed in magnetic measurements. Between their Curie temperatures and 4.2 K, the europium-151 Mossbauer
spectra of EuisMnPy; and EuisMnAs;; are complex and have been analyzed with two models, models that give
equivalently good fits. However, the second model in which the spectra are fit with a three-dimensional relaxation
of the europium(ll) and europium(lll) hyperfine fields is preferred for its physical meaning and its reduced number
of fitted parameters.

Introduction been attributeti® to a RudermanKittel —Kasuya-Yosida
) (RKKY) exchange interactid® between the localized
The EusMnPy;, EtMnAs,;, and EuMnSh; Zintl com- manganese moments via the conduction electrons. However,
pounds show® long-range ferromagnetic order below 52, he magnetic behavior of these compounds is complex

74, and 9; K, respectiv_ely. Begause of the large distancesyacquse the europium, when present as europium(ll), also
of ca. 10 A, the magnetic coupling between the manganese ., ries a magnetic moment.

atoms cannot be explained by dipolar interactions and has The magnetic properties of EnPy, EuMnAsy, and

. EwsMnSh;; are summarized in Table 1. Specifically,
umrTe‘éuWhom correspondence should be addressed. E-mail: glong@ g, Mnp,, exhibits ferromagnetic ordering below 52 K with
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Table 1. Crystallographic and Magnetic Properfies

parameter EuMNnP1 EuisMnAs11 EwsMnShy;
a A 15.930(4) 16.318(2) 17.326(7)
c, A 21.213(5) 21.684(4) 22.75(3)
vV, A3 5383(2) 5774(16) 6831(11)
Vws, A2 Eu(1), 329 37.427 38.438 41.163
Vws, A3 Eu(2), 329 39.132 40.550 44.303
Vs, A3 Eu(3), 16f 34.401 35.630 38.782
Vws, A2 Eu(4), 329 38.457 39.709 43.311
0, Kb 57 72 93.55(3)
uer™®, ug, calc 30.1 30.1 30.1
Ueft, Up, ODP 28(1) 29.1(5) 27(1)
Msas s, 5 K, cal¢ 102 102 102
Msas 48, 5 K, ob$ 102.0(5) 95.0(5) 102.0(5)
Te, 52 74 92
T, K - 25 15

aData from refs 2 and 2 The Weiss constant and effective paramagnetic
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Experimental Section

The samples were freshly prepared as desctibedrlier and
were protected from exposure to oxygen and moisture during their
study. The europium-151 Msbauer spectra were obtained on a
constant-acceleration spectrometer that utilizédsmk; source.

The absorbers, which contained ca. 60 mg/ofpowdered sample
mixed with boron nitride, were prepared and maintained under a
dry nitrogen atmosphere. The spectra were measured in a Janis
Super-Varitemp cryostat, and the temperature was controlled with
a Lakeshore Cryogenics temperature controller with an accuracy
of at least 1% of the observed temperature. The velocity scale was
calibrated at room temperature with a cobalt-57 sourceocaindn

foil. The isomer shifts are reported relative to Bu& room
temperature.

moment obtained from the slope of the inverse magnetic susceptibility. Europium—151 Md&ssbauer Spectral Results

¢ Calculated by assuming the presence of europium(Il) and manganese(lll)

cations.

a saturation magnetization of 102 per formula unit, a

Eu14MnP11, EU;|_4MI"IAS;|_1, and Eu4MnSb11 crystallizés in
the 14,/acd tetragonal space group with equal to 8; the

magnetization that is expected if all the europium is divalent lattice parameters are given in Table 1. In all three
and the manganese is trivalent. Its observed effective compounds there are four crystallographically distinct eu-

moment, obtained from a modified Curi8Veiss fit, is
28(1) us, @ value that is slightly smaller than the 3Q«d.
value expected for spin-only moments.;fnAs;; showsg
two magnetic transitions at 74 and 25 Ks B K saturation
magnetization is 95.0(5)s per formula unit, a value that is
lower than the expected 1Q%; per formula unit. Finally,
EusMnShy; exhibits-2 ferromagnetic ordering below 92 K

ropium sites with Eu(1), Eu(2), and Eu(4) occupying the 32g
general positions, with 16, 18, and 17 near neighbors,
respectively, and with Eu(3) occupying the 16f special
position with 14 near neighbors. Hence, in principle, four
contributions, with relative areas 2:2:1:2, may be expected
for the four sites in the europium-151"Tgsbauer spectra of
these compounds. These four europium sites differ both in

and a second magnetic transition at ca. 15 K, a temperaturetheir Wigner-Seitz cell volume¥:1* (see Table 1) and in

that decreaséswith increasing applied field. The 5 K
saturation magnetization is the expected g@per formula
unit, and the effective moment is 27(Lk. Further, the
maximum in the magnetization observeat the second
transition in E4sMnAs;; and Ey4sMnShy; indicates that this

their corresponding near-neighbor environments, as given
above. It is clear that in all three compounds the Eu(3)
Wigner—Seitz cell volume is substantially smaller than that
of the other three cell volumes.

A closer examination of the near-neighbor environment

ordering may be antiferromagnetic or canted ferromagnetic of each of the four europium sites in EMnPy;, EtigMnAS; 3,

in nature.
The complex magnetic behavior of the EMNPmn;

and Ey,MnShy; indicates that Eu(1), Eu(2), and Eu(4) all
have 10 europium near neighbors, whereas Eu(3) has only

compounds, where Pn is P, As, or Sb, results from the variouseight europium near neighbors. Further, only Eu(2) and Eu(4)
magnetic exchange interations between the manganese andave one manganese near neighbor. Finally, igNEaPy,,
europium ions. A reasonable hierarchy of these exchangeEu(1) and Eu(2) have one Eu(3) among their 10 europium

interactions, in decreasing magnitude, is-Mvin > Mn—
Eu > Eu—Eu. Europium-151 Mssbauer spectroscopy is an
excellent techniqu for selectively probing the europium

near neighbors, whereas Eu(4) has two Eu(3). As will be
noted below, the Eu(3) is trivalent in EVInPy;.
Because the europium-151 gkbauer spectra of kH

sublattice, determining its valence, and investigating its role MnpP,;, Eu,sMnAs,;, and Ey,MnShy; exhibit quite different

in the magnetic behavior of complex solid-state materials.

Further, in view of the difficulty in obtaining the magnetic

behaviors as a function of temperature, the results and their
discussion will begin with the simplest behavior, that of

structure of a europium-containing compound by neutron Ey,MnSh;, and continue with the more complex and

diffraction, europium-151 Mssbauer spectroscopy provides

an alternative approach to obtaining insight into the magnetic

unusual behaviors of EyMnAs;; and EysMnPy;.
Eu1sMnSb;;. The europium-151 Mssbauer spectra of

structures of such compounds. In this paper, the results of aEy, MnShy,, obtained between 4.2 and 100 K, are shown in

europium-151 Mesbauer spectral study of EMnNP;y,
EwsMnAs;;, and EysMnSh;; are presented with the goal
of investigating the Mar-Eu and Eu-Eu magnetic exchange
interactions.

(8) Grandjean, F.; Long, G. J. IMossbauer Spectroscopy Applied to
Inorganic ChemistryLong, G. J., Grandjean, F., Eds.; Plenum Press:
New York, 1989; Vol. Ill, p 513.

(9) Holm, A. P.; Park, S.-M.; Condron, C. L.; Kim, H.; Klavins, P.;
Grandjean, F.; Hermann, R. P.; Long, G. J.; Kim, S.-J.; Kanatzidis,
M. G.; Kauzlarich, S. MInorg. Chem.2003 42, 4660.
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Figure 1. The solid line is the result of a fit with one
europium(ll) component centered atl0 mm/s and one
europium(lll) component centered at 0.87 mm/s. The relative
area of the europium(lll) singlet absorption is 15% between
8 and 100 K and 10% at 4.2 K. This europium(lll)

(10) Gelato, L.J. Appl. Crystallogr.1981, 14, 151.

(11) The Wigner-Seitz cell volume calculations used 12-coordinate metallic
radii of 1.99, 1.35, 1.28, 1.39, and 1.59 A for Eu, Mn, P, As, and Sb,
respectively.



Spectral Study of EwMnP1,, EuisMnAs;;, and EwMnShy;

Table 2. Europium-151 Mgsbauer Spectral Parameters for

EusMnShy1
area
T,K 0,2mm/s H T (% €) (mml/s)
100 —10.80(3) 3.0(1) 19.2(4)
22 —10.82(5) 3.3(1) 23.4(6)
13 —10.89(8) 3.5(2) 23.3(7)
8 —10.74(13) 8.5 30.3(7)
4.2 —10.87(7) 19.3(2) 31.6(6)

aThe isomer shift is given relative to room-temperature £8Parameter
constrained to the value given.

Figure 2. Temperature dependence of the Eu(ll) isomer shift ipd@aP;;

(blue squares), BuMnAs;1 (green circles), and ByMnShy; (red triangles).

The straight lines are guides for the eye.

of course, there is some short-range order of the manganese

magnetic moments slightly above the Curie temperature.
Figure 1. Europium-151 Mssbauer spectra of EMnSh;; obtained at  Unfortunately, because of its intrinsically large line width,
the indicated temperatures. The green and blue solid lines are the . , : L
europium(ll) and europium(lll) components, respectively. europium-151 Mesbauer spectroscopy is unable to distin-

guish the four different europium sites in the paramagnetic
component is not believed to be intrinsic to the NSk, spectrum of EuMnSh;;. At 100 K a fit with a single line
compound for three reasons. First, this singlet componentwith a line width of 3.9(1) mm/s is inadequate and indicates
may be fit with a line width of 3.Gt 0.4 mm/s and an isomer the need of several components. However, it seems es-
shift of 0.774 0.12 mm/s at all temperatures. This isomer sentially impossible to obtain a unique fit with four singlets
shift is significantly smaller than that observed for the assigned to the four europium sites infnSh;;. Thus, to
intrinsic europium(lll) found in EwMnPy; (see below). compare the 100 K spectrum with the 22 and 13 K spectra
Second, the narrow line width observed for this component (see Figure 1), spectra which also do not show any obvious
both above and below the ordering transition of the eu- hyperfine fields, the 100 K spectrum has been fit with a small
ropium(ll) magnetic moments corresponds to a zero trans-field of 3 T. This field is an artifact of the fitting model and
ferred hyperfine field, a field that is both expected and has been used both for comparison with the 22 and 13 K
observed to be nonzero for the intrinsic europium(lll) found spectra and to mimic any distribution in the isomer shifts
in EwsMnPy; (see below). Third, the 4.2 K Mgsbauer  that results from the four crystallographically distinct eu-
spectrum (not shown) of an aged, and hence more oxidized,ropium(ll) sites in EwuMnShy; (see above). At 22 K, i.e.,
sample of EwwMnShy; exhibits a similar singlet component  well below the Curie temperature of 92 K, the “so-called”
with the same isomer shift but a larger relative area. Hence, hyperfine field has increased to only 3.3 T, and hence, the
this singlet is assigned to an undefined europium(lll)- ferromagnetic ordering of the manganese magnetic moments
containing impurity resulting from a minor oxidation of the through the RKKY interaction and the polarization of the
sample. The europium(ll) component has been fit as a conduction electrons does not yield a significant hyperfine
magnetic component with zero quadrupole interaction at all field at the europium(ll) sites. It should be noted that only
temperatures. The resulting hyperfine fields and isomer shiftsthe Eu(2) and Eu(4) sites have manganese near neighbors,
are given in Table 2. which could contribute to the field. At 13 K, below the

The temperature dependence of the isomer shift observedsecond magnetic transition observed at 15 K (see Table 1),

for EwsMnShy; is shown in Figure 2. The isomer shift is the 3.5 T hyperfine field is still very small, but at 8 and 4.2

typical of europium(ll) and is, as expectédyirtually K it has increased substantially as a result of the ordering of
independent of temperature. At 100 K, above the Curie the europium(ll) magnetic moments.
temperature of 92 K, the europium-151"8&bauer spectrum Unfortunately, europium-151 Misbauer spectra cannot

is expected to show a zero magnetic hyperfine field unless, differentiate between ferromagnetic and antiferromagnetic

Inorganic Chemistry, Vol. 43, No. 22, 2004 7007



Figure 3. Reduced field in EuMnSh;; as a function of reduced
temperature calculated with a critical temperature of 15 K (solid red
triangles) and with a critical temperature of 92 K (open red triangles). The
solid line is the Brillouin curve for S= 7/2.

ordering; a canted ferromagnetic state has been proposed

for Em4MnShy; at temperatures below 15 K. The temperature
dependence of the hyperfine field observed foyBnSh;
does not follow a Brillouin curve for spin 7/2, as would be
expected?13for europium(ll), whether an ordering temper-
ature of 92 or 15 K is used (see Figure 3). Rather, the
hyperfine field decreases much more rapidly with increasing
temperature. The non-Brillouin behavior of the hyperfine
field in the three compounds will be commented upon in
the discussion section. The 4.2 K hyperfine field of ca. 19 T
observed in EuMnShy; is substantially reduced from the
Fermi contact fiel8lof 34 T and is smaller than the hyperfine
fields usually measuréd*in europium(ll) compounds. A
discussion of the hyperfine fields in the three compounds is
presented below.

EuisMnAs;;. The europium-151 Mssbauer spectra of
Ew4MnAs;4, obtained between 4.2 and 100 K, are shown in

Hermann et al.

Figure 4. Europium-151 Mssbauer spectra of EMnAs;; obtained at
the indicated temperatures for model 1 (left) and model 2 (right). The green
and magenta solid lines are the two europium(ll) components.

europium(ll) ionsthrough exchange with the ferromagneti-
cally ordered manganese magnetic moments.
Between 40 and 22 K, it is not possible to fit the

Figure 4 (left). The spectrum obtained at 100 K has been fit EtiaMnAs1: spectra with a single magnetically split spectral
with one europium(ll) component with an isomer shift of c0mponent. Rather, two fitting models, 1 and 2, which give
ca. —10 mm/s. At 100 K, ie. well above the Curie edqually good misfits ang* values that are close to 1, have

temperature of 74 K, no magnetic hyperfine field is expected Peen applied. _ _ .

or observed in the spectrum. Fits with a singlet with a line !N model 1, two magnetically split components with the
width of 5.6(2) and 5.2(2) at 60 and 100 K, respectively, S&me isomer shift and line width and with different hyperfine
have been obtained and indicate the more complex natureli€lds and relative areas have been used; the total number of

of the spectra. For the purpose of comparison with the spectra®diustable parameters is seven. Between 100 and 28 K, the

obtained at lower temperatures, the 100 K spectrum has beefin€ width was fixed at 3.2 mm/s, whereas, at 22 and 4.2 K,
fit with a small hyperfine field of 3.5+ 0.2 T and a line unconstrained fits yielded line widths of 3.3(3) and 3.2(2)

width of 3.4+ 0.2 mm/s. As noted above for EMnShy,. m_m/s, respectively. The resulting spectral fits are showrj in
this field mimics the distribution of isomer shifts resulting F19ure 4 (left panel), and the spectral parameters are given
from the four crystallographically different europium sites " the_ left ,Of Table 3. The temperature deper_1dence of the
present in EuMnAsy. At 60 K, i.e., at a reduced temper- hyperfme fields and rglatlve areas are shown in parts a and
ature of 0.8 relative to the Curie temperature of 74 K, the b of Figure 5, resp'ectn/'ely. The exstgncg of two europium-
europium(ll) component is well fit with a hyperfine field of (I1) components with different hyperfine fields and relative

4.1+ 02T and a line width of 3.4- 0.2 mm/s. This small  &r€as both of which are temperature dependent, is difficult
h.yperfir.1e field results from 'the .polarizaition of the [© reconcile with the existence of four europium sites. Neither

field shows the Brillouin dependence expected for a spin
712 europium(ll) ion (see Figure 5c). We believe that model
1 is mathematically satisfactory but has no clear physical
meaning.

In view of the rather apparent structure in the fitted solid
line at 40 and 28 K (see Figure 4, left panel), the rather large

(12) Morsen, E.; Mosel, B. D.; Miler-Warmuth, W.; Reehuis, M.;
Jeitschko, W.J. Phys. Chem. Solids988 49, 785.

(13) Raffius, H.; Masen, E.; Mosel, B. D.; Miler-Warmuth, W.; Jeitschko,
W.; Terbichte, L.; Vomhof, T.J. Phys. Chem. Solids993 54, 135.

(14) Prill, M.; Mosel, B. D.; Miler-Warmuth, W.; Albering, J.; Ebel, Th.;
Jeitschko, WSolid State Sci2002 4, 695.
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Spectral Study of EwMnP1,, EuisMnAs;;, and EwMnShy;

Table 3. Europium-151 Mgsbauer Spectral Parameters indMnAs;;

model 1 model 2
T, 0, Hay, Ha, 0, H, f,
K mm/s$ T T Az mm/s$ T MHz
100 -—10.66(5) — 3.8(1) * —10.65(5) 3.37(3) ©
60 —10.57(7) — 4.4(2) P -10.59(7) 3.98(33) ©

40 -10.50(10) 15.9(6) 6.3(4) 0.59(5)10.49(10) 11.88(3) 68.4
28 —10.78(7) 16.0(4) 10.7(3) 0.53(5)10.55(7) 14.50(3) 27.6
22 —10.60(10) 17.6(3) 11.1(8) 0.32(6)10.63(10) 16.51(3) 11.6
4.2 —10.40(5) 24.8(3) 20.4(9) 0.27(8y10.36(5) 23.93(3) '©

aThe isomer shift is given relative to room-temperature £8Parameter
constrained to the value given.

Figure 6. Temperature dependence of the relaxation frequency in Eu
MnP11 (blue squares) and in AMnAs;1 (green circles).

an isotropic relaxation of the hyperfine field in the random
phase approximation. The total number of adjustable pa-
rameters is five in model 2, and the line width was
constrained to 3.6 mm/s at all temperatures in order to allow
comparison of the relaxation frequencies. The resulting fits
are shown in Figure 4 (right panel), and the resulting spectral
parameters are given on the right of Table 3. The temperature
dependence of the isomer shift and of the hyperfine field is
shown in Figures 2 and 5a, respectively. The temperature
dependence of the isomer shift is in complete agreement with
that observed for model 1. Further, the resulting hyperfine
field is a value between the two hyperfine fields obtained in
model 1, and its temperature dependence does not follow
the Brillouin curve expected for a spin 7/2 europium(ll) ion
(see Figure 5c¢). The temperature dependence of the relaxation
rate (see Figure 6) follows the typical Arrhenius thermal
activation law withf = fo exp(—AE/KT); the resulting
activation energy is 85 K or 0.710 kJ/mol. Unfortunately, at
this time there is no statistical basis for choosing between
models 1 and 2 in the analysis of the europium-151
Mdssbauer spectra of EVnAs;;, but model 2 has more
physical meaning and also fits the "MBbauer spectra of
EwsMnPyy, as is shown in the next section.

EuisMnP4;. The europium-151 Mesbauer spectra of
Ew4MnPy,, obtained at 100 and 60 K, show two absorption
peaks at ca—10 and 1.0 mm/s, assigned to europium(ll)
and europium(lll), respectively. Initially they were fit with
two single lines yielding line widths at 100 and 60 K,
respectively, of 5.1(1) and 5.7(3) mm/s at eal0 mm/s
and line widths of 2.59(1) and 2.47(2) mm/s at ca. 1 mm/s.

Figure 5. Temperature dependence of the hyperfine field (a) and relative The fits are satisfactory, but the large europium(ll) line

area (b) in the Mesbauer spectra of EMnAs;; obtained with model 1 widths indi he in f thi imple m . An
(green solid and dotted circles) and model 2 (green open circles). (¢) The dths indicate the adequacy of this simple odel.

reduced field as a function of the reduced temperature igNEuAs;1. The approach similar to that used for BMnAs;; and Eys-

solid line is the Brillouin curve for S= 7/2. MnShy, is preferred and is used herein. The europium-151
number of seven fitted parameters, and the lack of physical MOssbauer spectra of EMnP;;, obtained at 100, 60, 22,
meaning of model 1, one may ask whether a relaxation model@nd 4.2 K (see Figure 7, left panel, and Table 4), have been
would not be more adequate to fit the observed spectra.fit. in model 1, with one europium(il) component with an
Further, the presence of dynamic processes have already beeggomer shift of ca.—10 mm/s and one europium(lll)
observe® 14 in the Masshauer spectra of several related component with an isomer shift of ca. 1.0 mm/s. In contrast,

europium(ll)-containing pnictide compounds. Hence, the (15 Datmgupm, 5. 51 \Phys. Re. B 1974 10, 4540
" : attagupta, S.; Blume, MPhys. Re. , .
Méssbauer spectra of EVinAs;;, obtained between 40 and (16) Hermann, R. P.; Bonville, P.; Nolas, G. S.; Grimm, H.; Schweika,

4.2 K, have been fit with model 2, a model that assuimés W.; Grandjean, F.; Long, G. Phys. Re. B, submitted.
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Hermann et al.

to order at low temperature or near the temperature at which
EwsMnPy; orders. In contrast, europium(lll) in an ordered
magnetic compound may exhibit a substantial hyperfine field,
as has been revealed by the europium-15Isdbbauer
spectrur¥!’ of europium iron garnet, BEesO1.. Hence, we
believe that the observed europium(lll) component is intrinsic
to EwsMnPy;. To support this conclusion, additional mag-
netic hysteresis measurements were made on several samples.
In all cases, the saturation moments obtained were between
93 and 95ug, lower than the previously reported value of
102 ug. If two of the 14 europium ions in BEyMnP;; are
present as europium(lll) ions, the expected relative spectral
area of the europium(lll) component is 14.3%, if one assumes
that the europium(ll) and europium(lll) recoil free fractions
are the same. If, as is usually observéthe europium(lil)
recoil free fraction decreases slightly more slowly than the
europium(ll) recoil free fraction with increasing temperature,
the observed europium(lll) relative area will be larger than
14.3%. Thus, we conclude that the Eu(3) ions, that occupy
the 16f site, are present as europium(lll) ions. In the structure
of EuisMnPyy, the europium 16f site has the smallest
Wigner—Seitz cell volume of the four europium sites in all
three compounds (see Table 1) and hence is more likely to
accommodate the smaller europium(lll) ion than are the other
three europium 32g sites. This conclusion is further supported
by the preferential 16f site occupan@yexhibited by cal-
cium(ll), a cation that has an ionic radius similar to that of
europium(lll) in Eys—CaMnShy. Finally, the 4.2 K M@s-
Figure 7. Europium-151 Mssbauer spectra of EMnPy; obtained at bauer spectrum (not shown) of an aged sample ef\EuP;;

the indicated temperatures for model 1 (left) and model 2 (right). The green : .
and red solid lines are the europium(ll) and europium(lll) components, showed a Smglet centered at ca. 0 mm/s, similar to that

respectively. observed in EuMnShy; and characteristic of sample oxida-
tion.
&%ﬂgl‘i Europium-151 Mesbauer Spectral Parameters infnPu, In model 1, the europium(ll) and europium(lll) isomer
5 - . 5 - . shifts in Ey4sMnPy; are typical of these ions and are virtually
Iy Iy Iy {11} Iy Iy H
TK mmie T mmis pi mmi$ T mmis pn Au gempe;ature |?iir?penden.t (STIe Tfable 4).' Thelzlltehmperfgture
100 —1035 28 510 1 102 - 250 P o019 lependence of t e«_auroplum( )a_n europium(lll) hyperfine
60 —1027 28 567 B 093 — 247 P 015 fields is shown in Figure 8a. Similarly to both EMnAs;;
40 -1021 121 469 04 100 — 240 P 014 and EusMnShy,, the europium(ll) hyperfine field in BUMnPy;

31 -1062 124 568 023 096 97 240 021 0.17 Noui i ium-
5 1013 183 366 © 080 238 413 ® 018 does not follow a Brillouin curve for a spin 7/2 europium

42 -1015 244 375 © 107 332 370 ® o016 (I)ion (see Figure 8b). _
The coexistence of both a magnetically ordered and a

paramagnetic europium(ll) component as well as a para-
magnetic europium(lll) component, with paramagnetic frac-
the spectrum obtained at 40 K was fit with two europium- tions,py andpy, respectively, at 31 and 40 K, is unexpected
(Il) and one europium(lll) components, and the spectrum and difficult to rationalize in view of the magnetic data. In
obtained at 31 K was fit with two europium(ll) and two addition, in model 1, the number of fitted parameters, 10, is
europium(lll) components, where the two europium(ll) and large and the europium(ll) line widths are large between 31
the two europium(lll) components each have the same isomerand 100 K. Finally, the 40 and 31 K spectra of nPy;
shift. The europium(lll) component in EAMnP;; has a exhibit a line shape profile that is similar to that of the 40
relative area of 12 3% and the europium(lll) observed in  and 28 K spectra of BuMnAs;;, spectra which are well fit
the 60 and 100 K spectra could a priori be assigned to anwith a relaxation model. Hence, the &bauer spectra of
impurity resulting from oxidation of the sample as is the EuaMnPi;between 4.2 and 40 K have been fit with the same
case (see above) for EMInShy;, albeit a europium(lil) random phase approximation relaxation of the hyperfine field.
component with a significantly different isomer shift. . i ; —

However, the spectra obtained at 4.2, 22, and 31 K can onIy(17) f;%‘ghgg 'Xlé’ngmer’ S.; Crecellus, G.; Quitmann, Bhys. Lett. A

be analyzed if anagneticeuropium(lll) component, with a  (18) Ball, J; Jenden, C. M.; Lyle, S. J.; Westall, W. A.Less-Common
relative area of 16- 2%, is included in the fit. But, there is (19) '\éﬁ]ﬂ"lﬁf%?ni’sﬁf;d' M. M.: Klavins, P.. Webb, D. J.: Kauzlarich, S.
no plausiblesuropium(lil) impurity compound that is known M.Chem. Mater2002 14, 3382.

aThe isomer shift is given relative to room-temperature £8Parameter
constrained to the value given.
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of the fit. However, model 2 is preferred because of its
physical meaning and its consistency withyBNAs; ;.

At 4.2 K the europium(lll) hyperfine field of 33 T
observed in EuMnPy; is substantial. For comparison, 63
and 57 T fields are observEdn the europium iron garnet,
fields that are transferred fields arising from the neighboring
iron magnetic moments. In EulAg at 4.2 K a smaller
transferreéf field of 14.8 T is observed at europium(lll), a
field that results from the ordered iron magnetic moments.
In EwsaMnP1; the europium(lil) transferred field results from
only the eight europium(ll) near-neighbor magnetic moments
at distances of between 3.58 and 3.82 A, moments that show
at least partial magnetic ordering at 40 K. There are very
few cases in the literature where the europium(lll) transferred
field results only from the europium(ll) near-neighbor
magnetic moments. In EAis;, which has a Curie temperature
of ca. 20 K, the europium(ll) and europium(lll) hyperfine
fields?® are 24 and 23 T, respectively, and insBy which
has a Curie temperature of 3.2 K, the europium(lll) hyperfine
field?? is only 5 T. Hence, it seems that the europium(lll)
hyperfine field increases with the ordering temperature of
the europium(ll) magnetic moments.

Discussion

Figure 8. Temperature dependence of the hyperfine field (a) for the The presence of europium(lll) ions in EMnP;; is rather

europium(ll) (green circles) and europium(lll) (red squares) iEaP;;
obtained in model 1 (solid symbols) and model 2 (smaller open symbols). uneXpeCted' However, of the three compounds under StUdy

(b) The reduced europium(ll) fields as a function of the reduced temperature N€rein, 'Eu4MnP11.has the smallest unit-cell volume and
in EwaMnPy1. The solid line is the Brillouin curve for S 7/2. hence is most likely to accommodate the smaller eu-

Table 5. Europium-151 Mgsbauer Spectral Parameters for#AnP;, roplum(lll) ion. Further, the effective moment of 8 1

Model 2 smaller than the expected values of/g0calculated on the
basis of europium(ll) spin-only moments, and more recent
hysteresis measurements indicate a lower saturation moment,

T,K oy, mm/$ Hy, T f;,MHz oy, mm/& Hy, T fiy, MHz
40 —10.20 14.6 192 1.00 ob

31 1026 166 107 100 69 429 approximately 95.0(3)s. Hence, the magnetic data supports
22 -10.12 183 0.5 1.00 23.1 0 the presence of some europium(lll) in@UNnP;1. In contrast,
42 -1014 244 21 100 330 0 in both EumMnAs;; and EysMnShy; all the europium is
aThe isomer shift is given relative to room-temperature £8Parameter divalent. It may seem surprising that the crystallographic
constrained to the value given. structure of the EUMnPn; compounds is able to accom-

modate both europium(ll) and europium(lll) ions without
drastic changes, except for a small contraction of the lattice
parameters in EyMnP;;. However, it is known that in
Yb14ZnSh, ytterbium is preseft as both ytterbium(ll) and
ytterbium(lll). In this case, the intermediate valence appar-
ently accounts for the charge discrepancy of zinc(ll). If the
model developed for Yb1,ZnSh; is extended to EUMNP;,

In this model 2, two relaxation profiles were fit, one for the
europium(ll) component and one for the europium(ll)
component. The relative area and isomer shift of the
europium(lll) component were fixed to 14% and 1.0 mm/s,
respectively. The line width of the europium(ll) and eu-
ropium(lll) components was fixed at 3.6 mm/s and the

number of adjusted parameters is six. The results of the fits ) i X )
with model 2 are shown in Figure 7 (right panel), and the the compound that is the most semiconducting of the series,

resulting spectral parameters are given in Table 5. Thethen manganese is divalent and there is an electron hole on

temperature dependence of the europium(ll) isomer shift andtN€ Phosphorus, leading to a situation that is similar to the
hyperfine fields is shown in Figures 2 and 8a, respectively. ZINC(l!) case in YhaZnShy, and some of the europium ions
As already noted for EuMnAsy; and EysMnShy, the become trivalent in order to retain charge balance.
hyperfine field does not follow the Brillouin curve expected . — ——

for a spin 7/2 europium(ll) ion (see Figure 8b). The relaxation %) 1A9bgz-Ellg1eL%1u7lgi M. M. Micklitz, H.J. Phys. C: Solid State Phys.
frequency, fy, of the europium(ll) field increases with  (21) Wortmann, G.; Sampathkumaran, E. V.; Kaindl,JGMagn. Magn.

i i i i ivati Mater. 1986 54—57, 338.

increasing temperature with an Arrhenlus thermal activation (22) Golich, E.: Hrynkiewicz. H. U.: Kmiec, R Latka, K. Tomala, K.
energy of 55 K or 0.455 kJ/mol (see Figure 6). The goodness Phys. Status Solidi B974 64, K147.

of the fit parameter for model 1 and 2 fits shown in both (23) Eishelr, 'I-ﬁ-;SBll:/IdI’:I’(P? S-RL-: foggé&jéz%%nfiellgbp- C.; Ozawa, T. C;
. . . o . auziaricn, S. M. S. Re. Letl. X .
panels of Figure 7 is equivalent, and it is impossible to (24) Sachez-Portal, D.; ?\//Iartin, R. M.; Kauzlarich, S. M.; Pickett, W. E.

choose between the two models on the basis of the quality ~ Phys. Re. B 2002 65, 144414.

Inorganic Chemistry, Vol. 43, No. 22, 2004 7011



Hermann et al.

tetrahedral clusters present in the crystallographic structure
and that the four antimony sites have an unpaired spin that
is antiparallel to the manganese moment and may be
associated with the Skbp electrons. Unfortunately, the
variety of magnetic exchange interactions and the complexity
of the electronic structure of the EiInPry; compounds
make it difficult to provide a highly detailed discussion of
the europium hyperfine fields and their temperature depen-
dence.
In metallic compounds the hyperfine field at europium
consists of three contributioffighe core-polarization field,
Heorg the conduction electron polarization by the ion itself,
Hcong @and all contributions from neighboring magnetic ions,
Figure 9. Correlation between the 4.2 K europium(ll) isomer shift and Hi. H_C°’e .IS equal t0—34 T. Heona resu_lts from the orbital
the average WignerSeitz cell volume in ExyMnPy; (blue square), Eu- polarization of the 6s and 5d conduction electrons by the 4f
MnAsy; (green circle), and EuMnShy, (red triangle). europium magnetic moment and is usually on the order of
10 T. H, results from the contributions of the neighboring
magnetic moments and its absolute value ofbca isusually
less than that oflcong but its sign depends on the orientation
of the neighboring magnetic moments. In the case of
EuwsMnPy;, ElsMnAS;;, and EusMnShy 4, the europium and
manganese neighbors of a given europium site are found at
rather large distances of 3-4.6 A and their contribution
to Hy is thus likely to be small. The small hyperfine fields
of at most 3.5-4 T but more likely of 0.5-1 T obtained
upon cooling to a temperature of one-half the Curie tem-
perature indicate that the contribution from the manganese
magnetic moments is small. Hence, the ca. 24 T absolute
values of the 4.2 K fields measured in ;@dnP;; and
EuisMnAs;; are very typical. The 4.2 K field of ca. 19 T in
EusMnShy; may not be fully saturated, as the ordering
temperature of the europium(ll) moments is only 15 K.
Alternatively, it may result from #l.onq cOntribution that is
larger than 10 T, probably because the antimony 5p electrons
interact more effectively with the europium 5d electrons and,
thus, contribute to a more effective polarization of the
conduction electrons. The importance of the role of the
antimony 5p electrons on the magnetic properties of
YbsMnShy; and EyMnShy, is currently under investigatiéh
by 121Sh Mssbauer spectroscopy.

In Ew4MnShy,, the magnetic transition at 92 K is clearly
associated with the ordering of the manganese magnetic
moments through an RKKY exchange interaction, whereas
the transition at 15 K is associated with the ordering of the
' europium(ll) magnetic moments. Unfortunately, thé ddo
Orﬂ)auer spectra cannot distinguish between ferro- and antifer-
romagnetic ordering. The Mgbauer spectra of EMnP;;
and EusMnAs,; are well fit with a relaxation model, as is
shown in Figures 4 and 7 (right panels). The activation
energies of the relaxation process are similar to the activation
energies of 0.7 and 1.35 kJ/mol, which have been repHrted
for the relaxation process in LiIEuSb and LiEuP, respectively.
In this latter case, the relaxation process was attributed to
spin fluctuations. However, the basis for this relaxation is
(25) Bauminger, E. R.: Kalvius, G. M.; Nowik, I. IMossbauer Isomer unclear. The existence of the RKKY oscillatory nature or of

Shifts Shenoy, G. K.; Wagner, F. E., Eds.; North-Holland: Amster- Spin waves may play an important role that cannot be
dam, 1978; p 663.

(26) Holm, A. P.; Kauzlarich, S. M.; Morton, S. A.; Waddill, G. D.; Pickett,  (27) Brown, D. E.; Johnson, C. E.; Hermann, R. P.; Grandjean, F.; Long,
W. E.; Tobin, J. GJ. Am. Chem. So@002 124, 9894. G. J.; Kauzlarich, S. MiInorg. Chem.In preparation.

Unfortunately, the intrinsic resolutidrof europium-151
Mdossbauer spectroscopy does not permit the resolution of
the four crystallographically inequivalent europium(ll) sites.
As is shown in Figure 2, the europium(ll) isomer shift is
the most negative in EgMnShy; and the least negative in
EusMnPy; as a result of the decrease in unit-cell volume.
This volume effect on the isomer shift is better illustrated in
Figure 9, which shows the correlation between the 4.2 K
europium(ll) isomer shift and the average Wign&eitz cell
volumes of EeMnPy;, ElsMnAS;;, and EysMnShy;. The
least-squares fit straight line has a slope-®.156 (mm/s)/

A3. The negative slope indicates that the 6s electron density
at the nucleus decreases upon going from4HoP;; to
EusMnShy;, in agreement with the influent&® of an
additional 6s electron on the isomer shift. Further, for a
difference of 0.5 A in Wigner—Seitz cell volume between
the four europium sites in EsMnPny4, a difference of only
0.078 mm/s in isomer shift is expected. Such a small
difference is unobservable with the experimental europium-
151 Mossbauer spectral line width of ca. 2.3 mm/s.

Before discussing the europium(ll) hyperfine fields and
their temperature dependence, it is worthwhile to note that
there are three different magnetic exchange interactions in
the EusMnPry; compounds, interactions that decrease in
magnitude in the order MAMn > Mn—Eu > Eu—Eu. The
Mn—Mn interaction occurs through the conduction electrons.
In the crystallographic structure of the gMnPr; com-
pounds, only two crystallographlc sites, Eu(2) and Eu(4)

of the europium(ll) through a direct MrEu interaction must
be small. The distribution of the electric charges within the
lattice of the EwyuMnPn; compounds is also more complex
than simply divalent europium and trivalent manganese.
Antimony M;s-edge XMCD measuremenfsand ab initio
calculation$* of the electronic band structure of Y¥nSh;;

and of the analogous /AMnBi;; compounds have already
shown both that manganese is divalent in the MnSb
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valence orbitals, several authb¥&"?22° have extracted
various linear relationships between these two hyperfine
parameters. The “Wickman” and “Zinn” relationship¥
have already been foultl* to be inappropriate both for
compounds with the Th@$i, structure and for the LIEuPn
pnictides. In Figure 10, the saturation hyperfine field is
plotted as a function of the isomer shift in EulR4 and
EuM;As; (where M is Fe, Co, Ni, or Pd), in LIEuPn (where
Pn is P, As, Sb, or Bi), in EukB, EuRuP:, and
EuFeSh,, and in EysMnPy;, EwsMnAs;;, and EysMnShy;.
There is a very good linear correlation between the saturation
hyperfine field and the isomer shift for the four groups of
compounds, except for the Eul} group, where M is Fe,
Co, or Pd. However, the sign of the slope of the straight
lines in Figure 10 is contrary to expectation. Indeed, the 6s
electron density at the europium nucleus decreases as the
o . o _ . ~ isomer shift becomes more negative, and hence, the contri-
EE&Zgzl&luesigﬂgﬁ'é’; gyn%eg&ﬁgf(lgrii ﬁéﬁgfég‘ﬂgﬁ Eogeg;h&:n bution to the hyperfine field of the 6s electron polarization
Ni, or Pd; in LIEUPn (red triangles), where Pn is P, As, Sb, or Bi; in &lSO decreases its positive value, and the effective hyperfine
EuFeP:2, EURUP;2, and EuFgShi, (black diamonds); and in EgMnPyy, field should become more negative, i.e., its absolute value
EtyMnAs;;, and EysMnShy (black stars). should increase contrary to the observation in Figure 10.
Hence, if Figure 10 cannot be understood in terms of only

investigated further. The Misbauer spectra, in the frame- the 6s electron contributions to the isomer shift and hyperfine

work of model 2, indicate that the europium(ll) moments field, the 5d electrons, which have a smaller influénace

are Irelaf><|1ng |sotrlop|r(1:ally and s!owly on the"lmbauerr] tlmg the isomer shift, must influen&&the hyperfine field through
scale o ns. In the magnetic measurements, there Is ary, ;. polarization. It would be interesting to study the

applied field, and the europium(ll) moments are static in this antimony-151 Mssbauer spectra of EdnShy in order to
field. Hence, Masbauer spectra in the presence of an applied investigate the presence of a transferred field on antimony,

field may yield a ChPice Petwee” models 1 and 2. The the presence of which would support the importance of the

absence of relaxation in the ldsbauer spectra of E¥nShy; role of the 5d electrons

may result from the lower ordering temperature of the In conclusion ELthl-;’n EuMnAs;,, and EuMnShy

eulroplum(ll)f nrwlagr;]etlc momentsa q he h fine field each exhibit magnetic behavior that is both complex and
n none of the three compounds does the hyperfine field yi¢oront pecause of the presence of europium(lll) ions in

foléow da Bnllqum ”7/2 curv? as woutld :Ie expte):c'ted for EwsMnPy;, the presence of relaxation of the europium(ll)
ordered europium(ll) magnetic moments. A less obvious non- magnetic moments in EMnP;; and EusMnAs,, and the

Btr)|llowna?_ehaf\1/|olr__(l)£f tge hyperflnedﬂeld :as "?"eag'y bee_n ordering of the manganese and europium magnetic moments
observed' in the LIiEuPn compounds and assigned to spin very different temperatures in EMnShys.

fluctuations, fluctuations which are disregarded in the Weiss
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an average spin. In contrast to the LIEuPn compounds, whichPouh for help in obtaining some of the Msbauer spectra
compounds contain two magnetic ions and the hyperfine field the use of the Smfsource. F.G. acknowledges with thanks
measured at the europium(ll) sites result from-Mgu and the financial support of the Fonds National de la Recherche
Eu—Eu exchange interactions. In addition, the valéhoé Scientifique, Belgium, through grant 9.456595 and a travel
the manganese ion is clearly not three. Hence, it is not grant, and the Fonds de la Recherche Fondamentale Collec-
possible to predict the temperature dependence of thefive, Belgium, through grant 2.4522.01.
hyperfine field on the basis of a simple molecular field theory co491682
for S= 7/2, as would be expected for europium(ll). . : — . — :
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