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The magnetic order in YCa,|SbFe](Fe;)0,, is very complex and
field-dependent due to the substitution of diamagnetic Sb** ions
on the octahedral sublattice, The magnetic behavior differs from
that observed in Y,Ca[ZrFe](Fe;)O,, presumably due to charge
differences on the substituted cations. The main ferrimagnetic
transition due to a-d coupling of the octahedral and tetrahedral
sites is very broad and extends down to ca. 140 K. Below this
temperature, the antiferromagnetic d—d exchange on the tetrahe-
dral sites becomes significant and is thought to cause canting of
the tetrahedral moments. At 10 K, the mmoments at both octahedral
and tetrahedral sites determined by powder neutron diffrac-
tion—2.2(2) and 1.5(1) pp respectively—are very low and are
consistent with significant canting on both cation sublattices. Moss-
bauer spectroscopy revealed five nonequivalent tetrahedral sites
which relate to the occupation of nearest neighbor octahedral sites
by a statistical distribution of Sb** and Fe’* jons. o 1995 Academic
Press, Inc.

INTRODUCTION

Yttrium iron garnet, Y;[Fe,}(Fe;)O;,, has a ferrimag-
netic framework structure of linked octahedra [FeO,] and
tetrahedra (FeQ,) (1). The magnetic moments of the octa-
hedral Fe’* (two per formula unit in “‘a” sites of the
structure) and tetrahedral Fe** (three per formula unit,
“d’’ sites) are antiferromagnetically coupled to provide
a spontanecus moment of around 5.0 py per mole (see,
for example (2}). Since the order of antiferromagnetic
exchange interactions is a-d > d-d > a—a (see, for exam-
ple (3, 43, the substitution of diamagnetic ions on either
of the Fe sublattices can weaken the a~d interactions and
provide quite complex magnetic structures. A magnetic
model (3) has been shown to provide a satisfactory expla-
nation of the magnetic properties of substituted garnets
such as Y,_,Ca[Fe,}(Fe;_.8i,)0,; and Y,_,Ca [Zr Fe, ]
(Fey)Oy;. In this modef, gradual transformations from the
a-d fterrimagnetic Y,Fe;O,, to the a—a and d-d antiferro-
magnets Cay[Fe,}(8i3)0; and YCa,lZr,}(Fe(,)0,, occur

"'To whom correspondence should be addressed.

via the canting of magnetic moments on the unsubstituted
sublattice at intermediate compositions, as shown sche-
matically in Fig. 1. In accordance with this model, which
was further developed by Rosencwaig (5, 6), the observed
spontaneous moments for Y,Cal[ZrFe](Fe)O;; (5.2 ug)
and Y.[ScFel{Fe,)0,, (5.7 ng) are indicative of significant
reductions in the tetrahedral Fe?* moments (to 3.4 and
3.6 uy respectively) due to canting of the moments by an
average of ca. 45° from the directicn antiparallel to the
octahedral Fe** moments. The model has proved valuable
for explaining the magnetic properties of several substi-
tuted garnets (3), and we have examined its applicability
to a new garnet containing the partial substitution of Sb**
jons on the octahedral Fe’* sublattice. In this paper we
report the synthesis of YCa,[SbFel(Fe;)(, and its struc-
tural and magnetic characteristics determined using mag-
netization measurements, Mdassbauer spectroscopy, and
powder neutren diffraction (PND).

EXPERIMENTAL

The compound YCa,{SbFel(Fe,)O,, was made by se-
quential heating of a thoroughly ground stoichicmetric
mixture of high purity CaCO;, Y.0;, Sb,(Q;, and Fe,0;
at 500°C (4 hr), 900°C (2 hr), and finally at 1210°C (24 hr)
in air. Repeated heating at 1210°C gave a garnet-related
product which was shown to be single phase by a full
Rietveld structure refinement based on powder X-ray dif-
fraction data. Allowing the cation site occupancies to vary
confirmed that the composition corresponded to that ex-
pected for the mitial mixture of reactants.

Iron-57 Méssbauer spectra were recorded at tempera-
tures between 18 and 298 K using a constant acceleration
Méssbauer spectrometer with a ¥Co/Rh source and a
helium closed-cycle cryogenerator, The powdered sample
was sandwiched between two aluminum foils to ensure
good thermal conductivity between the sample and sam-
ple holder. Temperature control was achieved within 1.5
K. The spectra recorded at 298 and 18 K were computer
fitted to Lorentzian lines using the usual constraints of
equal area and width for the two lines of doublets, and
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FIG. 1. Schematic representation of magnetic order in substituted
garnets (after Geller (3)).

of equal width and areas in the ratio 3:2:1:1:2:3 for
the six lines of sextets. The chemical isomer shift data
are referred to a-iron. The magnetic ordering temperature
was determined by thermoscanning experiments in which
the transmission of the 14.4 keV gamma rays were
measured at different temperatures with a stationary
source (7).

Magnetic susceptibility measurements were made using
a Cryogenics S100 SQUID susceptometer and an Oxford
Instruments YSM. PND data were collected (24 hr at
temperatures of 293, 50, and 10 K) from a 10-g sample
contained in a ¢ylindrical vanadinom can using neutrons
of wavelength 2.3737 A on the TAS3 diffractometer at
Risg, Denmark. Nuclear and magnetic contributions to
the scattering were analyzed simultaneously using the
Rietveld method after manual subtraction of the back-
ground. The free ion form factor for magnetic scattering
from Fe** was assumed (8).

RESULTS AND DISCUSSION

The variation of magnetic susceptibility of YCa,
[SbFel(Fe,)O,; with temperature, determined from
SQUID measurements, is shown in Fig. 2. On cooling,
a very broad ferrimagnetic transition is observed which
begins above 300 K and the susceptibility peaks at ca.
140 K before decreasing at lower temperatures. Although
at low applied fields (e.g., 5 G {5 x 107* T}, Fig. 2), the
field-cooled (FC) and zero-field-cooled (ZFC) susceptibili-
ties deviated at temperatures below ca. 40 K due to irre-
versibility effects, VSM measurements demonstrated that
at higher applied fields (>10* G {1 T}), the FC and ZFC

FIG. 2. Field-cooled (FC) and zero-field-cooled (ZFC) magnetic sus-
ceptibilities per mole Fe** measured at 5 x 107* T.

susceptibilities were coincident, and no decrease in sus-
ceptibility occurred below the peak at 140 K. Field sweeps
up to 1 T at 6 and 150 K produced very similar results
and showed a high degree of reversibility and a small
coercive force, as seen in Fig. 3. Extrapolation of the high
field magnetic moment to zero field yielded a saturation
moment of 3.0(1) wy, which is significantly lower than
the wvalue of 5.2 up reported for the related
Y,CajZrFel{Fe;)O,; (3). Given these interesting magnetic
phenomena, the magnetic properties of this phase were
examined further using PND and Mdéssbauer spec-
troscopy.

Structure refinement based on the ambient temperature
PND data supported X-ray diffraction results and con-
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FIG. 3. .Magnetization of YCay[SbFe](Fe;)Oy, in fields swept from
-1to1Tat 150K,
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TABLE 1

Refined Structural and Magnetic Parameters for YCa,[SbFej(Fe;)0,; Obtained
from Neutron Diffraction at 10 K

Cell
Atom Position x z B (Ah  occupancy
Y/Ca 24¢ 3 0 i 0.8(2) 24
Sb/Fe(l) 16a 0 0 D 0.5(1) 16
Fe(2) 24d 3 0 bt 0.1(1) 24
a(n 96k 0.9711(2) 0.0535(2) 0.1486(2) 0.3(1) 96
0O2) 964 0.0289(2) 0.9465(2) 0.8514(2) 0.3(1) 96

Magnetic moments:
Fe(l) —2.2 ug; Fe(2} 1.5(1) pp
Overall moment 2.3(4) gy per mole.

Space group la3d, a = 12.521(1) A.

R,, = 12.6%, R, = 12.4%, Ry = 7.4%, R = 2.9%, Ry" = 6.2%

“ R; and Ry are conventional integrated intensity R factor estimates for nuclear and
magnetic contributions to the profile, respectively.

firmed the presence of Sb at only the octahedral a sites
of the garnet structure. However no magnetic component
to the neutron scattering was detectable, and the weak
magnetic order at this temperature was therefore assumed
to extend over only short distances. The data sets col-
lected at 10 K and 50 K appeared identical with some
low-angle reflections being slightly more intense than in
the 295 K data set, and this was attributed to magnetic
scattering. To simplify the refinement, a common iso-
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tropic temperature factor was assigned to both oxygen
sites, and the full results of the nuclear and magnetic
refinements derived from the 10 K data are given in Table
t, with the fitted profiles shown in Fig. 4. The most sig-
nificant feature of the refinement is the very low moments
for both the octahedral (Fe(1), 2.2(2) pg) and tetrahedral
(Fe(2), 1.5(1) pg)) ions, compared with the expected free
ion value of 5.0 ug. Although the small moments provide
an imprecise estimate of the resultant magnetic moment
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FIG. 4. QObserved, calculated, and difference neutron diffraction profiles for YCa,[SbFel(Fey)Q,; at 10 K.
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FIG. 5.
and 18 K.

Mossbauer spectra of YCay[SbFel(Feq)O;, between 298

at 2.3(4) g, this is in reasonable agreement with the
SQUID measurements. A reduction in the tetrahedral mo-
ment is in accordance with canting of these moments
resulting from the effects of d—d antiferromagnetic ex-
change as previously suggested and as represented sche-
matically in Fig. 1. However, the moment is very low and
corresponds to a canting angle of 73° from the direction
of the overall magnetic polarization vector. It is more
difficult to understand the substantial reduction in mo-
ment at the octahedral Fe(l) positions indicated by the
neutron diffraction data. Canting could be responsible,
but such an effect has not previously been observed and
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no clear mechanism is apparent. Alternatively, the reduc-
tion could be associated with incomplete magnetic order,
which may be attributed to inhomogeneities in the distri-
bution of Fe** and Sb’* ions on these sites. In this way,
islands of magnetic order formed within a disordered sea
would result in a reduction in the experimental moments
at both the octahedral and the tetrahedral sites.

At 298 K, the ¥Fe Mossbauer spectra showed the pres-
ence of Fe*" in both octahedral and tetrahedral sites (Figs.
5 and 6). The spectra recorded at 130, 99, and 79 K (Fig.
5) were very similar and showed the presence of a weak
magnetic component, which gradually increased in inten-
sity at the expense of the paramagnetic species. This ob-
servation is consistent with the SQUID measurements
and suggests a very gradual ordering process. This coexis-
tence of a doublet and a magnetic component over a broad
temperature range has been observed in other diamagnet-
ically substituted iron-containing garnets (4, 9, 10) and
explained in terms of critical superparamagnetism (4,
9-11). According to this model, in the low temperature
region where the doublet and magnetic spectral compo-
nents coexist, the crystal is composed of magnetically
independent areas; the stable larger regions are magneti-
cally fully ordered and give the sextet pattern, while the
smaller regions originate from iron in short-range ordered
clusters and give the central doublet (9). The intensity of
the magnetic component increased rapidly below 79 K
and no paramagnetic ions were apparent at 18 K. The
weak absorption at 0 mm s™! results from an impurity
in the aluminum foil sample holder. The absence of a
paramagnetic component at this temperature is indicative
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FIG. 6. Unconstrained fits to the Mdossbauer spectra of

YCa,y[SbFel(Fe,)0;,; at 298 and 18 K.
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TABLE 2

$'Fe Massbauer Parameters for YCa,[SbFej(Fe;)0,, at 18 K Using Unconstrained
Fitting Procedures

5 = 001 Ax002 T =x002 H=xS
Species  (mm/sec) (mmfsec)  {mm/sec) kG) I (%) Lo (50

298 K Fey 0.17 1.21 0.37 — 78 75
Fey 0.37 0.37 0.29 — 22 25

1B K Fe,(0)° 0.37 —-0.11 0.55 392 6 4.5
Fe, (1) 0.38 -0.16 0.57 419 23 19
Fe,(2)° 0.22 0.21 0.51 439 25 28
Fe,,(3F 0.38 —0.15 0.57 456 20 19

Fe,.(4)° 0.37 —0.15 0.55 465 6 4.5
Fey, 0.53 ~0.05 0.48 514 20 25

2 The number in parentheses indicates the number of neighboring octahedral sites occupied

by Fe.

b Estimated assuming a random distribution of octahedral Fe and Sb ions.

of a uniform magnetic structure extending throughout the
solid, and suggests that the low octahedral moment de-
duced from neutron scattering most probably reflects a
genuine canting of the moments due to magnetic frustra-
tion. The spectrum at 40 K showed magnetic order over
both the tetrahedral and octahedral sites, but significant
relaxation is indicative of incomplete magnetic order.
The data recorded at 18 K were fitted to one sextet
corresponding to Fe’* in octahedral sites and five sextets
corresponding to Fe’t in tetrahedral sites. In this com-
pound, all the tetrahedral sites are occupied by Fe®* but
half the octahedral sites are occupied by Fe** and haif
by Sb**. Each octahedral Fe** is linked through oxygen
to six tetrahedrally coordinated Fe*™ such that all the
octahedral sites are expected to have identical environ-
ments. However, this is not the case for the tetrahedrally
coordinated Fe’* ions which are linked to four octahedral
sites containing a statistical distribution of Fe** and Sb**
ions. In this way, five nonequivaient tetrahedral sites are
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FIG. 7.
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Variation of y-ray transmission at zero velocity with temper-

expected, corresponding to the following configurations
of neighboring octahedra:

4Fe’ 3Fe’t + ISb*H; 2Fe** + 28b°;
1Fe** + 38b**, 45h°".

Hence the data were fitted to this model (12, 13) and the
results are shown in Fig. 6 and Table 2. The intensities
are in satisfactory agreement with those expected for a
random distribution of Fe** and Sb** over the octahedral
sites, as shown in Table 2. Finally, a plot of y-ray transmis-
sion at zero velocity against temperature (Fig. 7} indicated
the principal magnetic ordering to occur at ca. 75 K, which
appears to correspond primarily to the onset of the d—d
antiferromagnetic interactions on the tetrahedral sublat-
tice which cause canting of the tetrahedral moments.
The combination of PND, magnetic susceptibility mea-
surements, and Mdossbauer spectroscopy has confirmed
YCa,[SbFe](Fe;)O, to have a random distribution to Sb
and Fe ions on the octahedral sites of the garnet structure.
Magnetic ordering is frustrated by the diamagnetic Sb
ions, and the ferrimagnetic ordering between octahedral
and tetrahedral Fe’* ions therefore extends over a wide
temperature range. At temperatures below 140 K, Moss-
bauer spectra were indicative of the coexistence of two
magnetically independent regions in the crystals. In this
temperature range, antiferromagnetic exchange between
the tetrahedral Fe’* cations becomes significant and
causes canting of the moments, and PN} data recorded
at 10 K suggest substantial reductions in the magnetic
moment for both octahedral and tetrahedral Fe** species.
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