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The solid solution of the ternary transition metal Zintl phase Cais—xEuyMnSbi; (0 < x <
14) has been prepared by heating a mixture of stoichiometric amounts of the elements in a
two-zone furnace with Thigh = 1100 °C and T = 1050 °C. The ternary transition metal
compounds crystallize in the tetragonal space group 14;/acd and are isostructural with the
Zintl compound Caj4AlSb;;. The lattice parameters of the Cajs—xEuiMnSb;; compounds
linearly increase with increasing Eu substitution for Ca. The Eu atoms preferentially occupy
the Ca(2) site first and subsequently occupy Ca(4), Ca(l), and Ca(3), in order, among the
four crystallographically inequivalent Ca sites. Temperature-dependent magnetic susceptibil-
ity measurements of the solid solution reveal that Eu replacement for Ca induces complex
magnetic interactions in the compound, from simple ferromagnetic interactions for Cauy-
MnSb,; to ferrimagnetic interactions for Eu;4sMnSbhi;, because of the Eu?t(4f7) magnetic
moment. The paramagnetic Curie temperature of the Cajs—xEuyMnSbi; compounds shows
an interesting change with varying x, and the magnetic easy axis gradually changes in the
solid solution from perpendicular (for Ca;4sMnSbi;) to parallel (for EuisMnSbs;) to the crystal
¢ axis. The electrical transport properties of the Cajs—xEuxMnSbi; (x = 0, 3, 11) compounds
show a close relation to their magnetic properties and are compared to the previous results
for Ca;s—xEuyMnSbs; (x = 13, 14). The influence of Eu doping on the structural and physical
property of Cajs—xEuxMnSby; is discussed in terms of the site preferences of Eu for the four

different Ca sites.

Introduction

Recent doping studies of the compounds Euis—xAx-
MnSby; (x < 3, A = Ca, Sr, Ba, or Yb),12 targeting a
better understanding of the negative colossal magne-
toresistance (CMR) effect of Eu;4MnSb;;, have shown
that the complicated magnetic interactions between 3d
and 4f electrons in the ternary rare earth transition
metal Zintl phase could be probed by the substitution
of magnetically inactive elements into the magnetic Eu
sites. In particular, the site preference of each dopant,
depending on its ionic radius, for the four Eu sites in
the crystal structure provides key information about the
different contributions of the Eu sites to the bulk
magnetic and magnetotransport properties and eluci-
date the close structure—property relationship in this
compound. We have suggested that the increase of the
ferromagnetic transition temperature of Eu;sMnSby,3
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compared to those of the alkaline earth analogues
such as Ca;4MnShb;1,* results from the unique combina-
tion of itinerant 3d electrons with the localized 4f
electrons. A small amount of Eu replacement by alkaline
earth dopants changes every feature of the intriguing
magnetic behavior of the compound caused by three
different types®~8 of magnetic interactions in the ternary
rare earth transition metal compound: the R—R inter-
action (4f—4f), the R—T interaction (4f—3d), and the
T—T interaction (3d—3d).

The A14MnPny; (A = divalent cation, Pn = pnictogen
element) family of compounds? is isostructural to Cays-
AlSb;1,19 and the crystal structure of the compound can
be understood by utilizing the well-known Zintl—Klemm
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Figure 1. Perspective view down the z axis of the unit cell of Ca;4AlSb1;. Gray polyhedra, AlSb,; white circles, Ca; black circles,

Sh.

concept.1t12 Figure 1 shows a perspective view of the
unit cell along the ¢ axis of Caj;4AlSbii. CaisAlSby;
crystallizes in a body-centered tetragonal unit cell in
the space group 14;/acd with eight formula units (208
atoms). A formula unit consists of 14 Ca?* cations, 4
isolated Sbh3~ ions, a distorted AlSh,°~ tetrahedron, and
a Shs’~ linear anion. The magnetic property of this
family of compounds has been described within the
Ruderman—Kittel-Kasuya—Yosida (RKKY) theory,13-15
where the Mn—Mn distances and the presence of the
rare earth magnetic moments are important in raising
the ferromagnetic transition temperature T¢.16
Because the large unit cell has prohibited a plausible
theoretical calculation of the electronic structure of Euis-
MnSbs1, the solid solution study seems to be a good
alternative for gaining insight into the role of Eu in the
magnetic and electronic properties of the compound. In
the present study, we have inverted our previous
approaches?? of Eu site doping with magnetically inac-
tive dipositive metal cations in Eu;sMnSbs; to Eu doping
into the Ca sites in CaiaMnSbi1. Ca1aMnShi; has been
chosen because it is relatively less air-sensitive and has
the highest transition temperature among the alkaline
earth analogues with the Caj4AlSb;; structure. In this
way, we are starting with a relatively simpler system;
plotting the physical properties as a function of increas-
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ing Eu concentration might be easier to correlate to the
influence of Eu 4f electrons in the compound rather than
using the opposite approach, with doping Ca into Euis-
MnSbll.

The whole range of solid solution between the two end
compounds, Eui;sMnSbi; and CaijsMnSbii, has been
synthesized in single-crystal and polycrystalline form
using the same methods as described in our previous
studies.»2 Changes in various physical property, includ-
ing structural parameters and magnetic behaviors, are
discussed as a function of Eu doping concentration in
this paper. Although we should not expect a significant
change in the electronic band structure because of the
divalency of both Eu and Ca, the electrical properties
of Cais—xEuxMnShb;; can be monitored from resistivity
measurements.

Experimental Section

Synthesis. Eu metal was obtained from Ames Lab (99.999%)
and cut into small pieces. Ca pieces (J. Matthey, 99.99%) and
Sb metal (J. Matthey, 99.9999%) were used as received. Mn
flakes (J. Matthey, 99.98%) were first cleaned in a 5% HNO3/
CH30OH solution, transferred into a drybox, and ground into a
powder. All materials were handled in a nitrogen-filled drybox.
All of the Cajs—xEuxMnSh;; samples were prepared by weighing
stoichiometric amounts of the elements in a drybox, loading
them into a clean tantalum tube with a sealed end, and
subsequently sealing the tube in an argon-filled arc welder.
Ta tubes had been cleaned prior to arc welding with a 20%
HF, 25% HNO3, and 55% H,SO, solution. The sealed Ta tube
was further sealed in a fused silica tube under 0.2 atm of
purified argon. Reflective polycrystalline pieces and single-
crystal needles (1-2 mm) were obtained by heating the
mixtures in a two-zone furnace with Tpigh = 1100 °C and Tiow
= 1050 °C for 10 days, followed by furnace cooling. All reaction
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Table 1. Lattice Parameters of the Cais—xEuxMnSbi; Solid Solution
compound xa a (A) c(A) alc V (A3)
CapsMnSba; 0.0 16.7495(6) 22.1116(8) 0.7575 6203.3(4)
Caiz.66EU1.34MNSb1g 1.34(1) 16.7963(6) 22.1567(8) 0.7581 6250.8(4)
Caio.74EU3 26MNSbg 3.26(1) 16.8685(8) 22.1974(10) 0.7599 6316.2(5)
Cag 39Eu4 61MNSb1; 4.61(1) 16.9297(7) 22.2492(9) 0.7609 6377.0(5)
Cay18EUg8:MNSby; 6.82(1) 17.014(9) 22.2998(12) 0.7630 6455.3(6)
Cas 3sEug 6sMNnSbig 8.65(1) 17.0832(8) 22.4131(10) 0.7622 6540.9(5)
Cazg1Eu11.10MnNSb; 11.19(1) 17.1737(7) 22.5741(10) 0.7608 6657.9(5)
Cay.47Eu1253MnSby; 12.53(1) 17.2235(7) 22.6555(9) 0.7602 6720.7(5)
EuwMnSby; 14.0 17.2973(6) 22.7499(9) 0.7603 6806.7(4)
a From the refinement of single-crystal X-ray diffraction data.
tubes were opened and examined in a nitrogen-filled drybox 17.5 6900
equipped with a microscope at water levels of less than 1 ppm. —
Structure Determination. Highly reflective needle crys- o Volume

tals from the reactions were transferred to Exxon Paratone N L

oil for X-ray structure determination. A suitable crystal was 7.3 ¢ L |

mounted on a thin glass fiber and positioned under a cold 2 & 6600 _

stream of N, in a Bruker SMART 1000 CCD diffractometer b . & &

equipped with a CRYO cooler low-temperature apparatus 71 L e =

(CRYO Industries of America, Inc.). No decomposition of the ' A

crystal was observed during data collection (inferred from the o A7

intensity of 50 remeasured frames). The SMART software!’ Pl 1 6300

was used for data collection, and SAINT!® was used for data 169 b P

integration. The absorption correction was performed using A

SADABS. The structure was solved by direct methods and a7

refined using SHELXL-97.%° Data collection parameters and A

crystallographic data are provided in Table 1. Detailed crystal- 16.7 ‘ ‘ - 6000

0 2 4 6 8 10 12 14

lographic data and anisotropic thermal parameters are pro-
vided as Supporting Information. X-ray powder diffraction data
of the products were obtained using an Enraf-Nonius Guinier
camera equipped with a quartz monochromator to yield Cu
Ka, radiation. Powdered silicon (NBS) was included in the
samples as an internal standard.

Magnetic Susceptibility and Transport Measure-
ments. DC magnetization data were obtained with a Quantum
Design MPMS superconducting quantum interference device
(SQUID) magnetometer with a 7-T superconducting magnet.
The data were collected and analyzed with the Quantum
Design Magnetic Property Measurement System (MPMS)
MultiVu software.?® For single-crystal magnetic measure-
ments, the same crystal that was used for the structure
determination was mounted in a sample holder for measure-
ment. Powdered samples were prepared in a drybox by loading
30—50 mg of powder into a gelatin capsule and placing the
capsule into a sample holder. Magnetoresistance measure-
ments of the Cais—xEuxMnSb;; (x = 0, 3, 11, 13) compounds
were performed on needle-shaped single crystals using a
standard four-probe method. A constant current (0.1 mA) was
applied to the sample along the crystal ¢ axis through the two
outer leads (Keithley model 224 current source), and the
voltage was measured across the two inner leads (Keithley
model 181 nanovoltmeter).

Results and Discussion

Structure. The crystal structures of the doped sys-
tem were first refined as Ca;4sMnSbi1, and then Eu was
substituted into the various Ca sites by examining the
thermal parameters. The models presented in this paper
provides the lowest R values and most reasonable
thermal parameters in the refinements. All of the
Cais—xEuxMnSb;y; (x = 0—14) compounds are isostruc-
tural to Cay4AlSb;1,1° and this structure type has been

(17) SMART,; Siemens Analytical X-ray Systems, Inc.: Madison,
WI, 1994,

(18) SAINT, 6th ed.; Siemens Analytical X-ray Systems, Inc.:
Madison, W1, 1999.
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San Diego, CA.

X
Figure 2. Lattice parameter changes as a function of Eu

doping amount in Cais—xEuxMnSb;; single crystals. The lines
are guides for the eye.

described in detail previously.#91021.22 The crystal struc-
ture is characterized by alternating AlSb,°~ tetrahedra
and linear Sbz’~ anions along the crystallographic ¢ axis
as shown in Figure 1. All of the Mn sites are crystallo-
graphically equivalent and approximately 10 A apart
from their nearest neighbors, and there are four crys-
tallographically inequivalent Ca and Sb sites in the
crystal structure.

The unit cell parameters of the Cajs—xEuyMnSb;; (0
< X < 14) compounds increase with increasing x, as
reported in Table 1, and they are plotted as a function
of x in Figure 2. The linear change of the lattice
parameters is consistent with Vegard's law and indi-
cates that this system should be a solid solution. The
increase of the lattice parameters with increasing
amount of Eu substitution for Ca is attributed to the
larger ionic radius of Eu2t (1.31 A) compared to that of
Ca?* (1.14 A)2 as observed in the previous doping
studies®? on Eu4MnShy;. Variations of the cell param-
eter ratio between the a and ¢ axes are very small, less
than 1%, throughout the whole range of the solid
solution, as shown in Table 1.

Table 2 provides the refinement results of the frac-
tional site occupancies of the Eu and Ca ions in the four
different A sites of the A;4sMnSbs; structure. There is a
preference in Eu substitution into the four different
unique crystallographic Ca sites, and the trend is
followed throughout the range of the solid solution, as

(21) Kuromoto, T.Y.; Kauzlarich, S. M.; Webb, D. J. Chem. Mater.
1992, 4, 435—440.

(22) Rehr, A.; Kauzlarich, S. M. J. Alloys Compd. 1994, 207/208,
424—426.

(23) Shannon, R. D. Acta Crystallogr. 1976, A32, 751.
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Table 2. Fractional Site Occupancies (%) of Eu the Four Crystallographically Inequivalent Ca Sites

compound x2 Ca(l) Eu(l) Ca(2) Eu(2) Ca(3) Eu(3) Ca(4) Eu(4)

Ca1sMnSbi; 0.0 100.0 0.0 100.0 0.0 100.0 0.0 100.0 0.0

Caiz.66EU1.34MNSb1g 1.34(1) 97.4 26(2) 77.9 221(2) 98.6 1.4(3) 92.0 80(2)
Caj.74Eu3 26MnSby; 3.26(1) 91.4 8.6(3) 51.9 48.1(3) 95.0 5.0(4) 77.8 22.2(3)
Cag 39EU461MNSb1; 4.61(1) 83.1 16.9(3) 40.4 59.6(3) 90.8 9.2(4) 65.7 34.3(3)
Caz.18Eus s2MnSbig 6.82(1) 68.3 31.7(3) 24.0 76.0(3) 81.2 18.8(5) 46.6 53.4(3)
Cas 35Eug 6sMnSbig 8.65(1) 52.8 47.2(3) 15.5 84.5(3) 67.5 32.5(4) 31.6 68.4(3)
Cazg1Eu11.19MnSby; 11.19(1) 28.0 72.0(3) 7.5 92.5(3) 40.0 60.0(4) 14.8 85.2(3)
Cay.47Eu1253MnSby 12.53(1) 14.2 85.8(3) 4.5 95.5(3) 21.2 78.8(4) 7.5 92.5(3)
Eu14MnSbiq 14.0 0.0 100.0 0.0 100.0 0.0 100.0 0.0 100.0

a From the refinement of single-crystal X-ray diffraction data.
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Figure 3. Fractional site occupancies of Eu in the four
crystallographically inequivalent Ca sites.

plotted in Figure 3. The Eu atoms preferentially occupy
the Ca(2) site first and, subsequently, the Ca(4), Ca(1),
and Ca(3) sites, in that order. The Eu replacement in
the Ca(2) site becomes as high as 50% with only 23%
Eu doping overall (x = 3.3 in Cays—xEuxMnSb;;), whereas
the Eu replacement in the Ca(3) site reaches more than
50% with approximately 80% Eu doping overall (x =
11.2 in Caius—xEuyMnSbi1). This site preference can be
explained by considering the structural environment of
the four Ca sites. In brief, the larger Eu atoms prefer
to substitute for the Ca atoms in the more spacious and
distorted Ca(2) site, rather than the sterically restricted
and highly symmetric Ca(3) site, therefore providing
less structural perturbation.

The site preference of Eu plays an important role in
explaining the magnetic behavior of the Cajs xEuyMnSbi;
solid solution. It allows us to determine the contribution
of each A metal site to the bulk magnetic property of
the compounds. A detailed discussion concerning the
relationship between the Eu site preference and mag-
netic properties is presented in the next section.

Magnetism. Figure 4 shows the temperature-de-
pendent magnetization of single-crystal samples of the
Cais—xEuxMnShbs; solid solution in an applied field of
1000 Oe. The two end compounds, i.e., Eu14MnSb;; and
Ca14MnSbi1, were synthesized under the same condi-
tions as the mixed systems, and their data have been
added for comparison. For each sample, the needle-
shaped crystal was placed with its long crystal ¢ axis
parallel (®) to the applied field and then rotated
perpendicular (x) to the applied field to determine the
magnetocrystalline anisotropy in the compound.

The classical ferromagnetic behavior observed in Cajs-
MnShi; disappears rapidly with small amounts of Eu
substitution into the Ca sites in Ca;sEu,MnSbi; as
shown in Figure 4b, indicating the strong influence of
the A(2) site on the magnetic properties of A14MnSbi;
compounds. It is noteworthy that small amounts of Ca
doping in the Eu sites, mainly the Eu(3) site, do not
cause any large changes in the magnetization of the
doped Eujs—xCaxMnSh;; (x < 3) system.? As the Eu
substitution increases, the magnetic easy axis of
Cais—xEuyMnSb;; changes from the crystallographic a
or b axis to the ¢ axis. The magnetic susceptibility of
the compounds when the ¢ axis is oriented parallel to
the applied field is smaller than that obtained when the
¢ axis is oriented perpendicular for x < 7 (Figure 4a—
d). For x = 9, however, the susceptibility for the parallel
direction of the solid solutions is larger than that for
the perpendicular direction (Figure 4e—h). The onset of
antiferromagnetic ordering caused by a Eu—Eu mag-
netic interaction is observed for x = 11 in Cajs—xEux-
MnSb;;, and this ordering temperature increases as the
amount of Eu substitution increases. The low-temper-
ature upturn in the magnetization of Cays—xEuyMnSb;;
(x = 11) oriented perpendicular to the applied field was
discussed in detail in the previous Euis—xCaxMnSb;; (x
< 3) study.?

Finally, the temperature-dependent magnetization of
Eu14MnSbi; oriented parallel to the applied field in
Figure 4h can be explained as the stepwise occurrence
of three different magnetic interactions in the ternary
rare earth transition metal compound: the T—T inter-
action (3d—3d), the R—T interaction (4f—3d), and the
R—R interaction (4f—4f). As the temperature decreases,
the compound exhibits a ferromagnetic transition first,
then a canted ferromagnetic state, and at the lowest
temperature, a pure antiferromagnetic state. This fea-
ture in the magnetization is reminiscent of the magne-
tization study of the URug4PdosGa system?* and is
explained by the same stepwise occurrence of magnetic
orderings.

The field-dependent magnetization curves of the
single-crystal samples of the Cajs—xEuxMnSb;; solid
solution at 5 K are plotted in Figure 5. Consistent
with the temperature-dependent magnetization data
shown in Figure 4, there is a change of the magnetic
easy axis when x 9. The high-field measurement
shows that magnetization with different orientations
approach the same saturation value. It is worthwhile
mentioning that there is a metamagnetic transition in
the Eu-rich phase of Cajs—xEuxMnSb;; (x = 13) oriented

(24) Tran, V. H.; Troc, R.; de V. du Plessis, O.; Andre, G.; Bouree,
F. Phys. Rev. B 1997, 56, 11065—11072.
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Figure 4. Temperature-dependent magnetization of single-crystal samples of Cai;s—xEuyMnShb,; at an applied field 1000 Oe.
(The y axis gives the magnetization in arbitrary units for comparison.)

parallel to the applied field, which is attributed to the Magnetic property measurements were also per-
onset of a pure antiferromagnetic phase at the lowest formed on powder samples of the solid solution, and
temperature.?

their magnetization results are plotted as a function of
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Figure 5. Hysteresis loop of single-crystal samples of Cais—xEuxMnSb;; measured at 5 K. (The y axis gives the magnetization in

arbitrary units for comparison.)

temperature in Figure 6. The inset shows inverse
susceptibility as a function of temperature. The tem-
perature-dependent magnetization of the randomly
oriented powder samples exhibits good agreement with

the results from the single-crystal samples shown in
Figure 4, in terms of ordering temperature and onset
of low-temperature antiferromagnetic ordering. The
magnetic susceptibilities of the powder samples of the
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Figure 6. Temperature-dependent susceptibility of powder samples of Caj4—xEuxsMnShb;;. The inset shows the inverse susceptibility

as a function of temperature.

Table 3. Magnetic Properties of Cajs-xEuxMnSbi; Compounds

compound X MW %o? ca Uer® (us) Ucal® (us) 02 (K) Tc (K) Tn (K)
CawMnSby; 0 1955 0.0022(5) 2.7(1) 4.7(1) 4.90 63.2(1) 64 -
Ca;sEuMnSbyy 1 2067 0.0054(4) 9.4(1) 8.7(1) 9.33 50.5(4) 56 -
CazEuMnSby; 2 2179 0.016(1) 15.9(3) 11.3(2) 12.3 47.6(9) 59 -
CagEusMnSby; 5 2515 0.030(1) 23.9(2) 13.8(1) 18.4 51.9(4) 60 -
CazEu;MnSby; 7 2738 0.0077(4) 30.5(6) 15.6(3) 21.6 74.4(5) 79 -
CasEusMnSby; 9 2962 0.042(2) 57.5(2) 21.4(1) 24.3 79.5(1) 82 -
CasEu;MnSbyy 11 3186 0.055(3) 62.0(2) 22.3(1) 26.8 85.2(1) 88 19.0
CazEu1,MnSby,@ 12 3298 —0.015(6) 71.0(5) 23.8(2) 27.9 86.4(1) 96 19.5
CaEu;sMnShby,® 13 3410 0.0004(1) 90.6(7) 26.9(2) 29.0 84.9(1) 94 24.5
EuMnSby; 14 3522 0.068(6) 111.6(5) 29.9(1) 30.1 82.4(1) 91 28.0

a Obtained by fitting the data to the equation y = y, + C/(T — 6). P Using the equation wue = (8C)Y2. ¢ Calculated for the Eu—Mn

compound as pcai? = Xues? + umn2. 9 From ref 2.

Cais—xEuxMnSb;; solid solutions below the transition
temperature increase sharply with increasing x, indicat-
ing a significant influence of the Eu2* (4f7) ions on the
bulk magnetic susceptibility. The ferromagnetic transi-
tion temperature of Caj;s—xEuxMnSb;; also increases
with increasing x. The increased magnetic susceptibility
of the Eu-substituted compounds compared to that of
Cai;4sMnSbs; is attributed to magnetic interactions be-
tween the rare earth and transition metals. We propose
that the increase in the magnetic susceptibility and in
the ferromagnetic transition temperature with increas-
ing Eu content is due to enhanced magnetic interactions
between transition metals, established with the help of

surrounding Eu local 4f moments via intraatomic 5d
polarization and subsequent interatomic Mn,3d—Eu,-
5d exchange interactions.?®> These data are also consis-
tent with a canted ferromagnetic or ferrimagnetic
ordering between 3d and 4f magnetic sublattices, sug-
gested from the previous doping studies.1?

Table 3 provides results from fits of the high-temper-
ature (100—300 K) susceptibility data of Cajs—xEux-
MnSb;; to a modified Curie—Weiss law. Analysis of the
data in the paramagnetic regime illustrates that the
effective magnetic moment of the solid solution in-

(25) Campebell, I. A. J. Phys. F: Met. Phys. 1972, 2, L47-50.
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Figure 7. Paramagnetic Curie temperatures, antiferromag-
netic transition temperatures, and Mn—Mn nearest-neighbor
distances as a function of Eu concentration. The lines are
guides for the eye.

creases as the magnetic Eu2™ ion substitution increases.
The experimental magnetic moments for all composi-
tions, except x = 0 and 1, are lower than the calculated
values. The difference between the experimental mag-
netic moment and the calculated value has been at-
tributed to two possible models:?2 a mixed valency (Eu?*/
Eud®") of Eu ions or an antiferromagnetic interaction
between Eu—Eu and/or Eu—Mn. The trend of the
paramagnetic Curie temperature (6) and the ferromag-
netic transition temperature (T¢) from Table 3 shows a
very interesting change. The paramagnetic Curie tem-
perature of Cajs—xEuxMnSbi; decreases until x = 2;
then, it increases and reaches its maximum value at x
= 12. It decreases again with the additional doping of
Eu after x = 12. This behavior is depicted graphically
in Figure 7, which shows the change in the paramag-
netic Curie temperature and antiferromagnetic transi-
tion temperature as a function of doping amount. The
Mn—Mn distance for each composition is also plotted,
revealing a simple linear relationship with x.

The relationship between the paramagnetic Curie
temperature and the Mn—Mn distance of the A;sMnPn;;
(A = alkaline earth metals, Pn = Sb, Bi) compounds
has been parametrized using the simple free electron
isotropic RKKY theory.* The paramagnetic Curie tem-
perature of the alkaline earth transition metal ternary
analogues, which is related to the Mn—Mn coupling
strength, increases smoothly as a function of decreasing
Mn—Mn distance. The distance between two localized
Mn moments is a key factor in determining the period
and amplitude of the RKKY oscillation. However, in this
rare earth transition metal pseudo-ternary solid solution
system, the same relationship between the magnetic
interaction strength and the distance of the Mn mag-
netic moments is no longer valid. The variation of the
Mn—Mn distances in Cais—xEuyMnSb;; is very small
compared to those of the alkaline earth analogues.
Therefore, the relatively wide and oscillating change of
the paramagnetic Curie temperature of the solid solu-
tion should be considered as a function of the Eu
concentration and site preference in the system.

The experimental results can be separated into three
different regions for discussion and analysis. First, the
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sharp decrease of the paramagnetic Curie temperature,
as x ranges from O to 2, is attributed to a disordering
effect or the addition of frustration in the RKKY-type
Mn—Mn magnetic interactions caused by the small
amount of Eu doping. The slope of paramagnetic Curie
temperature as a function of Mn—Mn distance is much
sharper than that observed for the alkaline earth
compounds. Therefore, in this low-x region, the para-
magnetic Curie temperature cannot be modeled by the
Mn—Mn distance alone. The preferential replacement
of the Ca sites surrounding the Mn atom by Eu produces
not only structural disorder but also perturbations in
the conduction electron polarization. As a result, it
appears that the coherence between the Friedel oscil-
lations in the RKKY interaction is destroyed as a result
of the Eu substitution, which subsequently decreases
the Mn—Mn interaction strength and the paramagnetic
Curie temperature in the regime 0 < x < 2. The
disordering effect (or frustration) on the medium of the
RKKY interaction caused by chemical substitution has
been studied in recent years.?6-28 The changes in the
amplitude and period of the RKKY oscillation have
exhibited a negative influence on the magnetic interac-
tion due to the reduced symmetry. To verify our
interpretation of the disordering effect in this first
region of the solid solution, a new doping study of
Cais—xYbyMnSb1, in which we can consider the struc-
tural disorder only, will be performed.

In the next region of the solid solution, where x
increases to 12, the paramagnetic Curie temperature
increases as a function of increasing x. This arises from
the contribution of R—T exchange interactions between
Eu2t(4f7) and Mn3*(3d%), as discussed above. The
enhanced magnetic interaction between Mn atoms is
presumably established with the help of surrounding
Eu local 4f moments via intra-atomic Eu 4f—5d polar-
ization and subsequently an interatomic Mn,3d—Eu,5d
exchange interaction.?® It is noteworthy that the mini-
mum paramagnetic Curie temperature in the solid
solution shown in Figure 7 is approximately at the same
composition as the 50% occupation of Eu in the Ca(2)
site provided in Table 2. Eu substitution into the Ca(2)
site contributes positively to the increase in Mn—Mn
interaction strength after 50% substitution occurs. Ca-
(2) is the metal site closest to the Mn atom in this crystal
structure. Thus, it is not surprising that the magnetic
behaviors of the solid solution are governed by the
amount of substitution of Eu into the Ca(2) site.

The slope change in the paramagnetic Curie temper-
ature at x = 12 shown in Figure 7 was explained in the
previous doping study? of the Eu;4sMnSby; compound.
In this region, the increase of the Eu substitution (~5%)
into the Ca(2) site is much less than that into the other
three Ca sites, particularly compared to the 21% for the
Ca(3) site (Ca; sEu125MnSbs;, as shown in Table 2). The
Ca(l) and Ca(3) sites frustrate the rest of the spins,
thus, the magnetic interaction strength and the para-
magnetic Curie temperature are decreased by the
addition of more Eu spins in these sites.

(26) Ludoph, B.; Sullow, S.; Becker, B.; Nieuwenjuys, G. J.; Men-
ovsky, A. A.; Mydosh, J. A. Physica B 1996, 223/224, 351—353.

(27) Kudrnovsky, J.; Drchal, V.; Turek, I.; Sob, M.; Weinberger, P.
J. Magn. Magn. Mater. 1996, 156, 245—246.

(28) Dietl, T.; Cibert, J.; Ferrand, D.; d’Aubigné, Y. M. Mater. Sci.
Eng. 1999, B63, 103—110.
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Figure 9. Magnetoresistance ratio versus temperature for
single-crystal samples of Cajs—xEuxMnSb;;.

Magnetoresistance. Figure 8 shows normalized
resistivities of single-crystal samples of Ca;s—xEuxMnSb;;
(x =0, 3, 11, 13) as a function of temperature. Each
compound has the same transition from a high-temper-
ature paramagnetic semiconducting state to a low-
temperature ferromagnetic metallic state. The trend of
the transition temperature change determined from the
resistivity curves is consistent with the paramagnetic
Curie temperature change from the magnetic measure-
ment. The semiconductor-to-metal transition is closely
related to the ferromagnetic ordering of the solid solu-
tion. There is another slope change at low temperature
in the Eu-rich region (x = 11) of the solid solution,
corresponding to the antiferromagnetic ordering of those
compounds. The close relationship between magnetic
and electronic properties suggests a significant contri-
bution of spin scattering of conduction electrons caused
by the localized magnetic ions.

Figure 9 shows a plot of the magnetoresistance ratio
(MR = [(p(6 T) — p(0))/p(6 T)] x 100%) of the solid
solution as a function of temperature. The large negative
magnetoresistance effects of each compound are devel-

Kim et al.

oped by the shift of magnetic transition to higher temp-
erature caused by the applied magnetic field, and they
are similar in magnitude to those of Eu;4MnSb;;.2° The
maximum MR value (approximately —80%) of CaEui3-
MnSb;;? at the lowest temperature, 2 K, was attributed
to its additional low-temperature transition below 6 K
in the low magnetic field, which has been found in the
single-crystal samples of the Eu-rich phases.

The origin of the colossal magnetoresistance (CMR)
effect near the first magnetic transition temperature
in the A;sMnPny; family was discussed in previous
studies.629731 The CMR effect can be understood as a
spin-scattering model of spin-polarized conduction elec-
trons with the localized magnetic ions. The applied
magnetic field will align the direction of localized
magnetic spins, and conduction electrons will experience
less spin scattering from the magnetic ordering. This
study is also consistent with the model of conduction
electrons from the Mn 4s band and s—d interactions
based on the RKKY-type exchange causing the CMR
effect. The similar order of the MR ratios of the solid
solutions verifies that the Eu substitutions and their
site preference for the various Ca sites does not have a
large effect on the band structure of the solid solution.
As concluded in the previous doping studies, the Eu 4f
states need to be treated as spatially localized core
states because the states do not hybridize with the
valence band in the usual band structure theory.3?

The CMR effect for this family of compounds is quite
different than that for Tl,_,ScMn,O; pyrochlore com-
pounds,3? where the Sc doping enhances the MR effect
of the doped compound significantly by controlling
electronic conduction on the thallium—oxygen sublattice
without changing Tc. However, in the case of the Ajy4-
MnPny; family, the CMR effect is inevitably related to
Mn metal, because both the electronic and magnetic
properties of the compound are governed by the transi-
tion metal. The magnetotransport properties of this
family of compounds are determined by the field de-
pendence of T¢, which originates from the RKKY-type
magnetic interaction between the Mn atoms. Another
way to achieve enhancement of the CMR effect might
be by changing the d-electron density, which might
trigger a much higher magnetic field dependence of the
transition temperature via modification of 3d—3d mag-
netic interaction and s—d spin scattering.
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