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Abstract

The new pyrochlore Mn,Sb,07 has been synthesized via a low-temperature method to retain
cubic Fd3m symmetry. The resulting material has an unconventional spin glass state at

Tsg ~ 41 K, in the absence of detectable site disorder or a structural phase transition. A peak in
the DC susceptibility at Tsg, and a characteristic shift in the real part of the AC susceptibility
was noted, but with a slightly more dynamic state than predicted through the typical Mydosh
spin glass parameter of A7sg/[Tsc log(w)]. Time-dependent magnetization measurements
show glassy behavior below 41 K. Elastic neutron scattering measurements on powder samples
show significant magnetic diffuse scattering from the Mn spins beneath the transition, similar to
the scattering observed in the spin liquid Tb,Ti,O7. The dynamic character of Mn,Sb,07 is
inferred to arise from the frustration inherent within the pyrochlore lattice.

Materials experiencing geometric frustration (GF) have been a
topic of much recent interest. The pyrochlores in particular,
of general chemical formula A;B,07, have dominated much
of the literature due to the plethora of interesting ground
states without long magnetic range order, such as spin
glasses, spin ices, and spin liquids [1]. In conventional
spin glasses, randomness and frustration are both essential.
But for some pyrochlores, such as Y,Mo,0O7, Tb,Mo,07,
and Y,Mn,07 [2-4], spin glass ordering is observed without
apparent chemical disorder. These unusual phase transitions
have atypical critical exponents, and the ground states are ill-
defined both experimentally and theoretically [5].

The pyrochlore series A;Sb,O7; (A = transition metal
ion) represents a new arena for the search for exotic ground
states. Most of the studied pyrochlores have magnetic ions
on the B site with six-fold oxygen coordination. Mn;Sb,0O7
is a potential pyrochlore with magnetic Mn>* ions on the
A sites with eight-fold oxygen coordination. Scott prepared
Mn,Sb,07 by the solid state reaction of MnCOj; and Sb, O3 at
1373 K, and reported that its crystal structure is trigonal P3;21
which is fluorite-related, but not a distorted pyrochlore [6].

0953-8984/08/325201+05$30.00

Furthermore, Reimers et al reported there is a long range
magnetic ordering in this distorted sample [7]. Until now no
physical properties have been reported on Mn,Sb,O7 with the
cubic pyrochlore structure. Here we report a low-temperature
method to synthesize the cubic Mn,Sb,O;. The magnetic
properties of this new sample exhibit an unusual spin glass
transition at Tsg = 41 K.

A polycrystalline sample of Mn,;Sb,O; was made
through a low-temperature solid state reaction. Mixtures of
acetate Mn(Ac),-H,O and antimonic acid Sb,Os-xH,O in the
appropriate ratios were ground together and calcined in air
at 423 K for 12 h, then reground and finally calcined in air
at 723 K for 12 h. The x-ray powder diffraction (XRD)
patterns were recorded with a Guinier image plate with Cu Ko,
radiation (1.54059 A) and a Ge monochromator. Data were
collected in steps of 0.005° over the range 26° < 260 <
100° with temperatures down to 10 K obtained with a He
compressor. XRD data was fit from the Rietveld refinement by
using program FullProf with typical R, ~ 6.0, Ry, ~ 6.0 and
%2 ~ 3.0. AC and DC magnetic susceptibility measurements
were made in a liquid helium cryostat at temperatures down

© 2008 IOP Publishing Ltd  Printed in the UK
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Figure 1. XRD patterns for Mn,Sb,05 at (a) 285 K and (b) 10 K. The solid curves are the best fits from the Rietveld refinement using
FullProf. The vertical marks indicate the position of Bragg peaks, and the bottom curves show the difference between the observed and
calculated intensities. (¢) The corner-shared lattice topology of Mn spins in Mn,Sb,07. (d) Temperature dependence of the lattice parameter.

Table 1. Room temperature crystallographic parameters and
selected bond lengths for Mn,Sb,0; (a = 10.1491(1) A).

Atom X y z B (Az)
Mn 0.5 0.5 0.5 2.50(4)
Sb 0.0 0.0 0.0 1.50(7)
o(1) 0.3345(2) 0.125  0.125  2.30(7)
0Q) 0.375 0.375  0.375  2.40(7)
Mn-O(1) 2.4199(2) (A)
Mn-0O(2) 2.1974(2) (A)
Sb-0O(1)  2.0133(3)(A)

to 1.8 K. Neutron diffraction measurements were completed
at NIST using the BT-1 spectrometer with a wavelength of
1.54 A.

Room temperature XRD shows that Mn,Sb,O; has a
Fd3m cubic structure with a = 10.1491(1) A. The Rietveld
refinement shows that the magnetic Mn®>* ions occupy the
A sites and the non-magnetic Sb>* ions occupy the B sites.
A bond valence sum calculation has been performed based
on the structural data in table 1. The results show that the
Mn valence is +1.8(2) and the Sb valence is +4.9(2), which
further confirms the existence of magnetic Mn>* and non-
magnetic Sb>" ions.

The Curie—Weiss fitting of the high-temperature suscep-
tibility data (figure 2(a)) gives a Curie—Weiss constant 0 =
—43 K and pteir = 5.2 . This peg is slightly smaller than that
typically found for Mn>* (piey = 5.9 wg), which is common
for magnetically frustrated systems. The inset of figure 2(a)
shows the temperature dependences of both zero field cooled
(ZFC) and field cooled (FC) DC susceptibility measured at
uoH = 0.1 T. The ZFC branch presents a pronounced peak
at Tsg = 41 K, below which the ZFC and FC curves sepa-
rate. This behavior is similar to the spin glass transition in
Y,Mo,07 [2]. We speculate that the transition observed here
is also a spin glass transition. The magnetization measured as
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Figure 2. (a) Temperature dependence of the inverse of DC
susceptibility; open circles are experimental data and the line is the
Curie—Weiss fitting. Inset: susceptibility around 40 K. (b) M—-H
curves at 33 and 150 K. Inset: low field portion of the M—H curve
at 33 K.

a function of field, M (H) (figure 2(b)), does not saturate even
at the highest field of 5 T, which is consistent with the expected
behavior of a spin glass.
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Figure 3. (a) Temperature dependence of the real component of the
AC magnetization, m’, for Mn,Sb,O; with different frequencies (w).
Inset: the variation of ATsg/Tsg with log[w]. (b) Thermoremanent
magnetization (TRM) relaxation for Mn,Sb,0; with different
waiting time (fy). Open symbols are experimental data and the solid
lines are the fits of equation (1). Inset: relaxation rate S(z) for the
measurements presented in the main panel.

In the case of a spin glass, the real component of the
AC magnetization should exhibit a sharp and frequency-
dependent cusp. The position of the cusp defines the freezing
temperature Tsg. Figure 3(a) shows the real part (m’) of the AC
magnetization of Mn,Sb, 07 measured at 1o Hg. = 0.0005 T.
The real part m’ shows a peak at Tsg = 41 K. The peak
shifts to lower temperatures and its intensity increases as the
frequency of the excitation field decreases. This behavior is
a typical feature of the dynamics of spin glass systems. A
quantitative measure of the frequency shift is obtained from
the Mydosh parameter ¢ ATsg/[Tsglog(w)]. The estimated
ATsg/[Tsg log(w)] = 0.002(5) is near the expected range of
0.004-0.018 for conventional spin glass systems [8], although
slightly more dynamic than conventional spin glasses.

The existence of spin glass behavior has also been ex-
plored through the time-dependent magnetization measure-
ments. In this case, thermoremanent magnetization (TRM)
experiments were performed. The TRM procedure in this
work was the following: the sample was field cooled (uoH =
0.03 T) down from 300 to 33 K; after temperature stabilization
for a certain time (fy,), the field was reduced to zero and the
magnetization was recorded as a function of the elapsed time.
The results for different values of #,, (500, 1000, and 2000 s)
are shown in figure 3(b). All the curves can be described by
the stretched exponential model,

M(t) = Mo + M, exp[—(t/1,)' "] (1

here M relates to an intrinsic ferromagnetic component and
M, to a glassy component mainly contributing to the relaxation
observed effects. Both M, and ¢, (the time constant) depend
on temperature (7') and t,,, while n is only a function of 7'. If
n = 0, there is a single time constant, exponential relaxation;
and if n = 1, there is no relaxation at all. The solid curves in
figure 3(b) are the best fits of equation (1) to the experimental
data, with parameters 1.837 < My < 1.840 x 10> m? mol ',
0.010 < M, < 0.013 x 102> m® mol~!, and n = 0.5 (fixed
through all of the fittings). The single parameter which shows
a large variation with changes in the wait time is the time
constant f,, which goes from 7, = 1536 s for t, = 500 s
to f, = 2200 s for t,, = 1000 s, and to t, = 4220 s
for t, = 2000 s. The changes observed in M (#) measured
for different values of f,, demonstrate the occurrence of aging
effects. In the inset of figure 3(b) this point is emphasized by
showing the relaxation rate S(#) = dM/dIn(z). The shift of
the minimum position of S(¢) is clearly observed, which is
expected to occur for a spin glass system.

The DC and AC magnetization data all support spin glass
behavior in Mn,Sb,O;. However, there are several open
questions: How can a disorder-free system give rise to spin
glass behavior? What spatial correlations are associated with
this transition? Neutron scattering experiments have been
performed to directly address this problem. The neutron
diffraction pattern taken at 4 and 80 K (figure 4) show several
features: (i) no magnetic Bragg peaks or intensity changes are
visible at 4 K. This result confirms that there is no structural
distortion below Tsg and the transition at 7gg is not a long
range magnetic ordering. (ii) By subtracting the 80 K data
as a background from the 4 K data, the net scattering shows
a diffuse signal which peaks near Qu. = 1.2 and 2.7 A
(figure 4(b)). This magnetic contribution is consistent with an
expression used to model the scattering from powders where
short range, isotropic spin correlations exist out to the first few
coordination shells of neighbors. This expression [9] is

sin(Qri, ;)
1 ~ S Sy ——, 2
Q) ;j (SisSj) ©0r)) (2)
which simplifies to
sin(QR)
I ~ 3
(Q) (OR) (3)

if the spins are correlated over nearest neighbors, and
consequently only one value R of r,; (the distance between
spins at site i and j) is employed. This expression multiplied
by the magnetic form factor of the Mn** ion has been fit to
the net intensity shown in figure 4(b). The fit gives a R =
4.1 A, which is close to the nearest neighbor distance, 3.7 A,
between the Mn?* jons. This result indicates that whatever
spin correlations are present, they must be of very short range
over near neighbors only. Also note how the function has
a negative value at Q = 0, indicative of antiferromagnetic
correlations (S;S;). In another pyrochlore spin glass Y>Mo,07
with Tsg = 22.5 K [5], the diffuse scattering shows a peak at
Omax = 0.44 A and the extracted correlation length is around
5 A, which indicates that the short range spin correlations
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Figure 4. (a) Neutron diffraction measurements for Mn,Sb,O; at
different temperatures; circles are 4 K data and the line is 80 K data.
The bottom curve shows the difference between them. (b) The
difference between patterns taken at 4 and 80 K at low Q; the circles
are experimental data and the solid line is the fit to equation (3).

extend over a single conventional cell [2]. By comparison, in
the cooperative paramagnetic pyrochlore Tb,Ti,O7, the diffuse
scattering peaks at Qmax = 1.2 and 3 A, which shows that
Tb spins are correlated over only a single tetrahedron [10].
Therefore, the spin—spin correlations in Mn,;Sb,O; appear
to be more like the spin liquid (Tb,Ti,O7) rather than the
spin glass (Y,Mo0,07) pyrochlores, and this could be the
explanation for the small ATsg/[Tsg log(w)] value seen in the
analysis of the magnetic susceptibility. However, high energy
resolution neutron scattering experiments are needed to truly
understand the spin dynamics in this system.

What drives this spin glass transition? It appears that the
degree of chemical disorder is very low. The best refinement of
the room temperature XRD pattern is obtained with Mn>* on
the A site and Sb> on the B site. The XRD data shows there is
no chemical disorder down to the few percentage level. Several
other simple arguments also support the chemical ordering of
Mn and Sb ions in the structure: (i) the large charge difference
between Mn>* (3d°) and Sb>* (4d'%); (ii) the large ionic
size difference between Mn** (rYI' = 0.96 A) and Sb>*
V' = 0.60 A); (iii) Mn** prefers an eight-fold coordination
site and Sb>* prefers a six-fold coordination site [11]. Without
apparent chemical disorder in the sample, could there be a
structural distortion to induce this transition? The neutron
data shown above suggests that there is no structural phase

transition down to 4 K. As shown in figure 1, XRD at
10 K shows the sample still retains cubic symmetry, and the
temperature dependence of the lattice parameter shows no
anomaly at Tsg.

The glassiness of the system implies some kind of disorder
in the exchange integral, whose origin might be a deformation
in the local ionic environment. Indeed, Booth et al showed,
using the x-ray absorption fine structure (XAFS) technique,
that the Mo tetrahedra of Y,Mo,0; are in fact distorted at
the local level by roughly 5% [12]. This amount of bond
disorder is not seen by the usual diffraction techniques (x rays
or neutrons), indicating that the average bulk structure is almost
the perfect oxide pyrochlore lattice [13]. Further evidence for
this disorder of Y,Mo0,07; was revealed by 89Y NMR [14]
and uSR [15] results. A recent theoretical calculation has
verified that extremely weak disorder can induce spin freezing
in geometrically frustrated antiferromagnets [16]. Here the
glassiness of Mn,Sb,O7 could be due to the same reason—the
existence of a local deformed lattice that is difficult to detect
via diffraction techniques.

In conclusion, a spin glass transition is observed for the
new cubic pyrochlore Mn;Sb,0O7 with magnetic ions on the
A sites. This transition occurs without apparent chemical
disorder and structural distortion, which makes this material
another example of a spin glass phase induced by frustration
effects inherent from the pyrochlore structure. The possible
reason for the glassiness could be the local deformed lattice,
which needs further confirmation through XAFS, NMR, or
1SR experiments.
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