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Neutron-scattering and magnetization measurements have been performed on the stuffed pyrochlore system
Tb,,,Ti, » Nb,O;. We find that despite the introduction of chemical disorder and increasingly antiferromag-
netic interactions, a spin-glass transition does not occur for 7=1.5 K and cooperative paramagnetic behavior
exists for all x. For x=1, TbsNbO,, an antiferromagnetically ordered state coexisting with cooperative para-
magnetic behavior is seen without applying any external fields or pressure, a situation advantageous for

studying this cooperative behavior.
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Spin liquids and their large spin classical analogs, coop-
erative paramagnets, posses strongly correlated spins (i.e. to-
tal magnetic moments) that cooperatively fluctuate down to
zero temperature.' Recent studies of these paramagnets
have focused on geometrically frustrated magnets with spins
residing on corner sharing triangles*~” because such magnets
remain paramagnetic down to temperatures much lower than
those expected from the strengths of their spin-spin interac-
tions due to both the frustration induced by the spatial ar-
rangement of their spins®'? and the effects of reduced di-
mensionality of the magnetic sublattice. On the other hand,
cooperative paramagnetic behavior has also been observed at
temperatures below 7=100 K in the geometrically frus-
trated pyrochlore Tb,Ti,O;, which has a three-dimensional
(3D) magnetic sublattice of spins residing on corner sharing
tetrahedra.!'~!® The cooperative paramagnetic behavior is
evidenced by correlated spin fluctuations that persist below
T=0.05 K and a lack of magnetic order at temperatures near
the Weiss temperature of 6y,~-18 K,!"'4-17 which is in-
dicative of the strength of the effective interaction between
spins. Since the magnetic frustration arises from the arrange-
ment of the spins, it may be expected that altering the lattice
would drastically change the low-temperature state. How-
ever, experiments studying the effects of magnetic dilution
by substituting nonmagnetic Y** for Tb have shown that co-
operative paramagnetic behavior persists in Tb,_, Y, Ti,O5
but that the time scale of paramagnetic fluctuations depends
on the amount of Y present.!® Here, we take the opposite
approach and examine the effects of increasing the number
of spins in the lattice through magnetization and neutron-
scattering experiments studying the stuffed cooperative para-
magnet Tb,, Ti, ,,Nb,O;, in which Tb’* and Nb’* are
stuffed into the lattice, randomly replacing Ti** as x is in-
creased.

Similar to the stuffed spin ices (Ho,Dy),,,Ti,_ O7_,, 0
=x=0.67,""2"in Tb,,,Ti,_, Nb,O; as the stuffing, x, is in-
creased, magnetic Tb** is substituted for nonmagnetic Ti*',
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PACS number(s): 75.50.Mm, 75.25.—j, 75.40.Cx, 75.50.Ee

placing the excess Tb at the vertices of an equivalent inter-
penetrating network of corner sharing tetrahedra, gradually
transforming the magnetic sublattice from corner sharing to
edge sharing tetrahedra, which is another frustrating geom-
etry. In the materials studied here, nonmagnetic Nb>* is sub-
stituted along with the stuffed Tb to maintain structural sta-
bility and O stoichiometry. The fully stuffed, x=1, material,
TbsNbO,, with a chemically disordered fluorite lattice, has a
magnetic sublattice of edge sharing tetrahedra randomly
populated with spins, such that it contains 75% Tb and 25%
Nb. We find that despite the introduction of chemical disor-
der and increasingly antiferromagnetic (AFM) effective in-
teractions with increasing x, cooperative paramagnetic be-
havior similar to that in Tb,Ti,O, exists for all x below T
=10 K and that these materials do not freeze into a spin-
glass state for 7=1.5 K. For x=1, Tb;NbO,, we unexpect-
edly find that long-range AFM order coexists with coopera-
tive paramagnetic behavior below Ty=2.2 K.

Polycrystalline samples of Tb,, Ti,_, Nb,O;, x=0, 0.2,
0.4, 0.6, and 1.0, were synthesized using standard
techniques® and confirmed to be single phase by x-ray dif-
fraction. The magnetization M was measured down to T
=1.8 K and in applied magnetic fields up to uoH=5.5 T
using a superconducting quantum interference device mag-
netometer. Inelastic neutron-scattering measurements were
made on x=0.2 through 1.0 samples using the disk chopper
spectrometer (DCS) located at the Center for High Reso-
lution Neutron Scattering, at the NIST Center for Neutron
Research (NCNR) using neutrons with incident wavelengths
of either A\=5 or 1.8 A. Neutron powder-diffraction experi-
ments were performed on TbsNbO; with the BT1 high-
resolution powder diffractometer at the NCNR utilizing the
Ge (311) monochromator and 15’ in pile collimator. For the
scattering experiments, the samples were placed in Al con-
tainers, and cooled in a “He cryostat down to 7=1.5 K.

In Fig. 1(a), we plot 6y as a function of x as obtained
from Curie-Weiss fits to M(T) data taken in a field of uyH
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FIG. 1. (Color online) (a) #y(x) determined from Curie-Weiss
fits to y~!(T). The line is a guide to the eye. (b) ¥ !(T) for x=0.2
and 1 and the corresponding Curie-Weiss fits. (¢c) M(uyH) for each
x at T=2 K. (d) ZFC and FC x(T) data for x=1 at uyH=0.01 T.
(e) A blowup of the low-temperature portion of the x=1 x(7) data.

=0.1 T, examples of which are shown in Fig. 1(b). (Uncer-
tainties represent one standard deviation, either in the mea-
sured data or in fits to the data and, unless indicated, are
within the size of the symbols.) The determined effective
moments are consistent with the value for free Tb** for all x.
Fig. 1(a) shows that 6y monotonically decreases with in-
creasing x, indicating that the effective magnetic interactions
become increasingly AFM with stuffing, similar to the
stuffed spin ices.!”?! The x=0 fit yields a value for |6y
smaller than that quoted above,'!> however our fits were
performed to lower temperature data 15<<7<<25 K. Fitting
to higher temperature data yields a value of |6y|~=~ 18 K for
x=0.

Figure 1(c) shows M(uoH) at T=2 K for all x. While
data for x=0 continue to increase with field through woH
=5.5 T, likely due to the spacing of the crystal-field levels,'
data for x>0 have a shallower slope, trending towards
saturation above poH=4 T, and reaching almost half of
the value for Tb**. In Fig. 1(d), we plot the dc susceptibility,
X, of TbsNbO; in a field of uyH=0.01 T. Data were taken
after cooling in zero magnetic field [zero field cooled (ZFC)]
or in the applied field [field cooled (FC)]. Both ZFC and
FC data show Curie-type behavior down to 7<<10 K,
while, as shown in Fig. 1(e), a peak occurs in the ZFC
data at 7=2.2 K. While this difference between the ZFC
and FC data may be characteristic of a spin-glass transition,>
the neutron-scattering experiments discussed below associate
the peak with AFM long-range order occurring at a
Neel temperature of 7y=2.2 K. No evidence for magnetic
order or a spin-glass transition is seen in our data for other
X.

A cut along the energy transfer, E, of I(Q,E), where Q is
the momentum transfer and / is the intensity of the scattered
neutron beam, from A=5 A DCS data taken at T=50, 10,
and 1.5 K for x=0.2 is shown in Fig. 2(a) after summing
over 1 <Q<1.2 A~'. A sharp peak occurs at E=0 meV due
to elastic scattering, described below, and a temperature-
dependent peak near E=0.25 meV occurs in the 7=1.5 K
data. From I(Q,E), we can identify this mode as Q indepen-

RAPID COMMUNICATIONS

PHYSICAL REVIEW B 81, 060408(R) (2010)

-
o

Intensity [ arb. units ]
LOe N Hh O ©

=3
o

[=2]
(=]

N
o

Intensity [ arb. units ]
S
o

0.6 0.8 1.0 1.2 1.4 16 1.8
Q[A']

0.6 0.8 1.0 1.2 1.4 1.6 1.8
Q[A"]

FIG. 2. (Color online) (a) I(E) for x=0.2 at T=50, 10, and 1.5 K
after summing between 1<Q<12 A~'. (b) I(E) as in (a) at T
=1.5 K for each x. Arrows indicate the approximate positions of
crystal-field excitations. (¢) 1(Q) for x=0.2 after summing between
-0.1<E<0.1 meV at T=50, 10, and 1.5 K. (d) I(Q) as in (c) at
T=1.5 K for each x.

dent and associate it with the crystal-field level seen in pure
Tb,Ti,0, at E~1.8 meV."*'® For x=0.2, this mode has
shifted to lower energy, presumably due to the change in the
local environment of the Tb. In Fig. 2(b) we plot similar cuts
of I(Q,E) data along E at T=1.5 K for each x. The mode
moves towards E=0 meV with increasing x up to x=0.4 and
disappears for higher x, indicating that changes to the local
environment affect the crystal-field splitting of the Tb levels.
Figures 2(c) and 2(d) show cuts along Q of I(Q,E) data after
summing over —0.1 <E<0.1 meV. Figure 2(c) shows the
temperature dependence of these data for x=0.2, while Fig.
2(d) shows T=1.5 K data for all x. In Fig. 2(c), the (111)
structural Bragg peak due to the pyrochlore lattice is seen
near Q=1.05 A~!, while temperature-dependent diffuse scat-
tering beneath the peak, arising from spin-spin correlations,
grows in intensity with decreasing temperature. While Fig.
2(d) shows that diffuse scattering is present at T=1.5 K for
all x, the (111) pyrochlore peak decreases with increasing x
for x=0.2, 0.4, and 0.6, consistent with the change from a
pyrochlore to fluorite lattice, but reappears in the 7=1.5 K
data for Tb;NbO,. This allows us to identify it as a magnetic
Bragg peak for x=1.

In Fig. 3, we plot elastic neutron-scattering data versus Q
due to spin-spin correlations. Data were initially obtained by
summing A=1.8 A DCS data over —0.1 <E<0.1 meV. We
then used 7=50 K data as the nuclear background, sub-
tracted them from the 7=1.5 K data, and then divided by the
square of the magnetic form factor for Tb** yielding the
scattering due to spin-spin correlations. Data for x=0.2, 0.4,
0.6, and 1 are shown in Figs. 3(a)-3(d), respectively, and, as
for Tb,Ti,O,, were fit to a model describing isotropic
nearest-neighbor spin correlations, I~ sin(R,Q)/R,Q."
Here, the spatial extent of the correlations is given by R, and
the average value of Ry(x) from the fits was determined to be
Ry=3.76(8) A, which is close to the x=0 value,"" showing
that stuffing does not affect the length of the spin-spin cor-
relations. We note that the magnetic Bragg peak in Fig. 3(d)
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FIG. 3. (Color online) The scattered neutron intensity due to
spin-spin correlations as a function of Q for (a) x=0.2, (b) 0.4, (c)
0.6, and (d) 1, as described in the text. Lines are fits as described in
the text. The rise at low Q for all x may be due to air scattering.

[the (111) peak clearly seen at low temperatures for x=1.0 in
Fig. 2(d)] is not as sharp as one may expect due to the divi-
sion by the square of the magnetic form factor and also that
Figs. 2 and 3 were generated from the same raw data.

Figure 4(a) shows BT1 powder-diffraction data taken at
T=50 K for x=1 along with results from Rietveld refine-
ments performed using the FULLPROF software suite.>* The
refinements indicate that the sample has a fluorite crystal
structure with space group Fm-3m and a lattice parameter of
a=5.2837(2) A. An impurity pyrochlore phase making up
less than 1% of the sample was also fit to the data. T
=1.5 K data containing magnetic Bragg peaks are plotted in
Fig. 4(b). From representational analysis performed using the
program SARAH,? along with magnetic Rietveld refinements,
these data were found to be best described by the I'5 repre-
sentation with propagation vector k:(%%%). The refinements
yielded an ordered moment per spin of |m|=2.5(3)ug, which
is less than the value of |m|=9.6uz, expected for an isolated
Tb** and the reduced moment of |m|~ 5, determined from
calculations for Tb,Ti,O5.!> The inset to Fig. 4(b) contains a
diagram of the magnetic order assuming each site is occu-
pied by a spin, while the inset to Fig. 4(a) shows a diagram
of the chemically disordered Tb/Nb sublattice. The values of
chi squared for the 7=50 and 1.5 K data are y*=1.72 and
2.27, respectively, indicating our model fits the data quite
well.

From our experiments, we conclude that despite 6y be-
coming increasingly AFM and the addition of chemical dis-
order with stuffing, Tb,, Ti,_, Nb,O; does not freeze into a
spin glass for 7=1.5 K. Furthermore, cooperative paramag-
netic behavior in these materials is quite robust, with a simi-
lar correlation length for all x, suggesting that increasing the
number of nearest neighbors, thus the effective AFM inter-
actions, does not preclude the cooperative paramagnetic be-
havior. On the other hand, the fact that AFM order is seen for
x=1 indicates that changes to the effective magnetic interac-
tion are sufficient to induce magnetic order. We note that the
change in energy of the first excited crystal-field level with x
suggests that the proximity of the ground- and excited-state
doublets in Tb,Ti,O; may not be crucial for the cooperative
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FIG. 4. (Color online) 7=50 K (a) and T=1.5 K (b) powder-
diffraction data for Tb;NbO; and their refinements. The diagram in
(a) shows the Tb/Nb sublattice of side sharing tetrahedra, while the
diagram in (b) shows the AFM order. Top and bottom sets of tic
marks indicate positions of the fluorite and pyrochlore Bragg peaks,
respectively. The middle set of tic marks in (b) indicates the posi-
tions of the magnetic Bragg peaks. Uncertainties are statistical in
nature and within the size of the symbols.

paramagnetic behavior. Also, the fluorite structure of
Tb;NbO; produces a cubic oxygen coordination around the
Tb** ions, which is expected to yield a nonmagnetic singlet
single ion ground state. Hence, any moment at the Tb site
may be induced and not directly due to the angular momen-
tum of the Tb>* ion.

Materials with spin liquid or cooperative paramagnetic
behavior are also quite sensitive to the balance between lat-
tice and magnetic energies. In particular, recent experiments
on Tb,Ti,O; show that the development of lattice fluctua-
tions coincides with the onset of cooperative paramagnetic
behavior,?® and studies of Tb,_,Y,Ti,O; show that coopera-
tive spin relaxation occurring at relatively high temperatures
and high magnetic fields is dependent on the amount of
dilution.”” Additionally, experiments on Tb,Ti,O, show that
applying a strong enough magnetic field at temperatures
around 7=3 K induces long-range magnetic order and con-
denses much of the diffuse scattering,?® while other experi-
ments show that applying enough hydrostatic pressure cre-
ates a magnetically ordered state that coexists with liquid
like fluctuations.?-** Similarly, in the spin liquid Gd;GasO5,
liquid like fluctuations are seen at low temperature while
AFM order can be induced by a large enough magnetic
field,*¢ and in SrCrg,Ga;,_¢,0,9 spin liquid behavior is
found to coexist with spin-glass behavior under an applied
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field.>” Here, we show coexisting magnetic order and liquid-
type behavior in Tb;NbO; without applying any pressure or
magnetic fields, a situation conducive to performing much
simpler experiments. In addition, the change in crystal struc-
ture with stuffing should facilitate future studies into what
role the lattice plays in magnets with cooperative paramag-
netic behavior.

One possible explanation for the coexistence of both mag-
netic order and cooperative paramagnetic behavior is that
spatially separate regions of AFM static order and strongly
correlated fluctuating spins exist. For example, in the stuffed
spin ices, it has been suggested that the coexistence of finite
entropy and ac magnetic susceptibility as 7~0 K may be
due to pyrochlore structural domains®'3! or separated unfro-
zen regions of spins.”’’ However, then the magnetic Bragg
peaks in Fig. 4(b) would not be resolution limited but rather
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spread out in Q (i.e., 26). Future experimental and theoretical
studies examining the size of the fluctuating moment, the
spin lattice coupling, the effects of quantum fluctuations,>?
and the time scale of spin fluctuations in Tb,,,Ti, , Nb,O-,
should shed light on the conditions necessary for persistent
cooperative paramagnetic behavior and, for x=1, coexistent
long-range order. More generally, future studies on
Tb,, Ti,_», Nb,O; and similar materials will enhance the un-
derstanding of competing energies in highly correlated ma-
terials.

We gratefully acknowledge helpful discussions and ex-
changes with M. A. Green, P. Zajdel, and J. W. Lynn, support
from the NRC/NIST Postdoctoral Associateship Program,
and NSF Grants No. DMR-0454672, No. DMR-0701582,
and No. DMR-0703095.

*bgueland @nist.gov
'R. Moessner and J. T. Chalker, Phys. Rev. Lett. 80, 2929 (1998).

2B. Canals and C. Lacroix, Phys. Rev. Lett. 80, 2933 (1998).

3J. Villain, Z. Phys. B 33, 31 (1979).

4P. Schiffer, A. P. Ramirez, D. A. Huse, and A. J. Valentino, Phys.
Rev. Lett. 73, 2500 (1994).

SA. P. Ramirez, B. Hessen, and M. Winklemann, Phys. Rev. Lett.
84, 2957 (2000).

60. A. Petrenko, C. Ritter, M. Yethiraj, and D. M. Paul, Phys.
Rev. Lett. 80, 4570 (1998).

7S.-H. Lee, C. Broholm, G. Aeppli, T. G. Perring, B. Hessen, and
A. Taylor, Phys. Rev. Lett. 76, 4424 (1996).

SH. T Diep, Frustrated Spin Systems (World Scientific, Sin-
gapore, 2004).

9A. P. Ramirez, in Handbook of Magnetic Materials, edited by
K. J. H. Buschow (Elsevier, Amsterdam, 2001), Vol. 13.

10R. Moessner, Can. J. Phys. 79, 1283 (2001).

113.S. Gardner, S. R. Dunsiger, B. D. Gaulin, M. J. P. Gingras,
J. E. Greedan, R. F. Kiefl, M. D. Lumsden, W. A. MacFarlane,
N. P. Raju, J. E. Sonier, I. Swainson, and Z. Tun, Phys. Rev.
Lett. 82, 1012 (1999).

2M. Enjalran, M. J. P. Gingras, Y.-J. Kao, A. DelMaestro, and
H. R. Molavian, J. Phys.: Condens. Matter 16, S673 (2004).

13Y. Yasui, M. Kanada, M. Ito, H. Harashina, M. Sato, H. Oku-
mura, K. Kakurai, and H. Kadowaki, J. Phys. Soc. Jpn. 71, 599
(2002).

14M. Kanada, Y. Yasui, M. Ito, H. Harashina, M. Sato, H. Oku-
mura, and K. Kakurai, J. Phys. Soc. Jpn. 68, 3802 (1999).

ISM. J. P. Gingras, B. C. den Hertog, M. Faucher, J. S. Gardner,
S. R. Dunsiger, L. J. Chang, B. D. Gaulin, N. P. Raju, and J. E.
Greedan, Phys. Rev. B 62, 6496 (2000).

16y, M. Jana, O. Sakai, R. Higashinaka, H. Fukazawa, Y. Maeno,
P. Dasgupta, and D. Ghosh, Phys. Rev. B 68, 174413 (2003).

17S. Rosenkranz, A. P. Ramirez, A. Hayashi, R. J. Cava, R. Sid-
dharthan, and B. S. Shastry, J. Appl. Phys. 87, 5914 (2000).

18 A Keren, J. S. Gardner, G. Ehlers, A. Fukaya, E. Segal, and

Y. J. Uemura, Phys. Rev. Lett. 92, 107204 (2004).

9G. C. Lau, R. S. Freitas, B. G. Ueland, B. D. Muegge, E. L.
Duncan, P. Schiffer, and R. J. Cava, Nat. Phys. 2, 249 (2006).

20H. D. Zhou, C. R. Wiebe, Y. J. Jo, L. Balicas, Y. Qiu, J. R. D.
Copley, G. Ehlers, P. Fouquet, and J. S. Gardner, J. Phys.: Con-
dens. Matter 19, 342201 (2007).

2IB. G. Ueland, G. C. Lau, R. S. Freitas, J. Snyder, M. L. Dahl-
berg, B. D. Muegge, E. L. Duncan, R. J. Cava, and P. Schiffer,
Phys. Rev. B 77, 144412 (2008).

22 Stoichiometric amounts of Tb,0; (99.9%), Nb,O5 (99.9985%)
and TiO, (99.9%) were combined, mixed thoroughly, and heated
at 1550 °C for three days in an Ar atmosphere, with intermedi-
ate regrindings.

23], A. Mydosh, Spin Glasses: An Experimental Introduction
(Francis & Taylor, London, 1993).

24]. Rodriguez-Carvajal, Physica B 192, 55 (1993).

2 A. S. Wills, Physica B 276-278, 680 (2000).

26]. P. C. Ruff, B. D. Gaulin, J. P. Castellan, K. C. Rule, J. P.
Clancy, J. Rodriguez, and H. A. Dabkowska, Phys. Rev. Lett.
99, 237202 (2007).

27B. G. Ueland, G. C. Lau, R. J. Cava, J. R. O’Brien, and
P. Schiffer, Phys. Rev. Lett. 96, 027216 (2006).

K. C. Rule, J. P. C. Ruff, B. D. Gaulin, S. R. Dunsiger, J. S.
Gardner, J. P. Clancy, M. J. Lewis, H. A. Dabkowska, 1. Mire-
beau, P. Manuel, Y. Qiu, and J. R. D. Copley, Phys. Rev. Lett.
96, 177201 (2006).

291. Mirebeau, I. N. Goncharenko, P. Cadavez-Pares, S. T. Bram-
well, M. J. P. Gingras, and J. S. Gardner, Nature (London) 420,
54 (2002).

301, Mirebeau, I. N. Goncharenko, G. Dhalenne, and A. Revcolevs-
chi, Phys. Rev. Lett. 93, 187204 (2004).

31G. C. Lau, T. M. McQueen, Q. Huang, H. W. Zandbergen, and
R. J. Cava, J. Solid State Chem. 181, 45 (2008).

32H. R. Molavian, M. J. P. Gingras, and B. Canals, Phys. Rev. Lett.
98, 157204 (2007).

060408-4



