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Frustration Driven Lattice Distortion: An NMR Investigation of Y,Mo0,07

Amit Keren! and Jason S. Gardner?

'Department of Physics, Technion—Israel Institute of Technology, Haifa 32000, Israel
2NRC Canada, NPMR, Chalk River Laboratories, Chalk River, Ontario, Canada KOJ 1J0
(Received 25 May 2001; published 3 October 2001)

We have investigated the 3 Y NMR spectrum and spin lattice relaxation, T, in the magnetically frus-
trated pyrochlore Y,Mo,07. We find that upon cooling the spectrum shifts, and broadens asymmetrically.
A detailed examination of the low T spectrum reveals that it is constructed from multiple peaks, each
shifted by a different amount. We argue that this spectrum is due to discrete lattice distortions and
speculate that these distortions relieve the frustration and reduce the system’s energy.
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Geometric frustration [1,2] occurs in magnetic systems
where competition between magnetic nearest neighbor
interactions and the local symmetry occurs. Geometrically
frustrated magnets, such as those on a kagomé (2D) or py-
rochlore (3D) lattice, often show signs of spin-glass-like
behavior. Examples are the oxide pyrochlore com-
pounds including Y,Mo0,07; (YMoO) [3-5], Tb,Mo,04
[3,6], Y>Mn,07; [7] and the kagomé based systems
SrCrgGasOq9 [8,9], and BaySnyGa3ZnCr;0y, [10]. Out of
these, perhaps the best studied example is YMoO where
detailed analysis of susceptibility measurements show
both scaling and irreversibility [4] exactly as expected
in conventional, chemically disordered spin glasses [11].
This is very intriguing since it is well established that
glassiness requires both randomness (disorder) and frus-
tration [12]. In the kagomé case it was recently shown
that the disordered magnetic sublattice is responsible for
the glassiness [8]. However, the pyrochlore compounds
are nominally disorder free. Therefore, the origin of their
glassy behavior is still an open question.

Here we address this question by studying the internal
magnetic field distribution in YMoO using 3Y NMR. Our
major finding is a nonrandom distortion of the Mo sublat-
tice starting at temperatures as high as 200 K. Such a
distortion was previously detected by the extended x-ray-
absorption fine structure measurements of Booth et al. [13]
at T = 15 K. These distortions produce many nonequiva-
lent 3°Y sites and result in well separated, regularly spaced
89Y NMR peaks. We argue that such distortions can relieve
the frustration and lower the systems energy, consequently
resulting in various values of the spin-spin coupling con-
stant, J, and the observed spin-glass-like behavior.

In YMoO, the magnetic Mo ions and the nonmagnetic Y
ions form two sublattices of corner-sharing tetrahedra. The
sublattices interpenetrate in a way in which the Y is in the
center of a Mo hexagon; pairs of Mo ions on this hexagon
form the edges of the corner-sharing tetrahedra. The Y
environment is shown in the inset in Fig. 1. Susceptibil-
ity measurements show that the spin-1, Mo** ions have an
effective moment of 2.55u . These moments interact an-
tiferromagnetically, giving rise to a Curie-Weiss tempera-
ture Oy = 200 K [14]. The transition to the glassy state
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occurs at T, = 22.5 K, as measured by the irreversibility
in field-cooled and zero-field-cooled magnetization and is
characterized by a strong suppression of spin fluctuations
below this temperature [3,5]. The preparation of YMoO
is described elsewhere [5]. Rietveld refinement of neutron
powder diffraction data displays no sign of site exchange
between Y and Mo or deviation from the nominal oxygen
stoichiometry (an upper limit of 4% and 1% was placed,
respectively).

We obtain the NMR spectrum by sweeping the exter-
nal field Hey in a constant applied rf frequency fapp, =
18.13 MHz with a 50 G step size. For each field we ap-
ply a 7 /2-7 pulse sequence and record the entire time-
dependent echo. We Fourier transform the recorded echo
and shift the frequency scale by Af = (¥y/27) (Hy —
H.); Hy is the resonance field at T = 300 K. We then
add all the Fourier transforms to obtain the distribution of
frequency differences p(Af). This method, known as the
Fourier step sum (FSS) [15], allows one to construct the
line structures with the frequency resolution of the Fourier
transform (5 kHz in our case) rather than on the larger
FWHM spectrometer bandwidth (60 kHz in our case).
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FIG. 1. The spectrum of the Y line at two temperatures. The
units of the abscissa are arbitrary (for each T') and are chosen
for presentation purposes only. The marked area is replotted
in Fig. 2. The inset shows the local environment of the Y in
Y2M0207.
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The sweeps at low temperatures were done in ~80 dif-
ferent fields over 4 kG. These sweeps took several days
during which the temperature was kept constant to within
0.2 K. For a high T sweep we used 40 different field val-
ues. The integrated intensity (normalized by 7 due to the
nuclear polarization) is similar in all temperatures indicat-
ing that we are detecting all the nuclear spins in the system.
We also measured the spin lattice relaxation time, 7, at
different positions in the spectrum to verify that our repeti-
tion rate is much longer than the longest 7. At present our
experiment is limited to liquid nitrogen temperatures due
to the large spectral width at low T (to be demonstrated
below) which results in low intensities at each applied
field, and the difficulty of using high rf power below this
temperature.

In Fig. 1 we plot p(Af) at T = 200 and 92.4 K us-
ing different arbitrary units for each line for presentation
purposes. The high T spectra are nearly a perfect Gauss-
ian except that some structure is seen at its top. In con-
trast, the low T spectra are not symmetric and the spectral
weight shifts to high frequencies. In addition, the spec-
trum does not appear smooth but rather a combination of
many peaks. In Fig. 1 we also present, with the use of a
solid line, the fast Fourier transform (FFT) of a single echo
obtained at Hex¢ = 8.515 T but with the frequency shifted
by (y/27) (Hy — Hex¢). This FFT shows a clear splitting
at its top. This splitting is much larger than the noise of
the FFT which is not observable on the scale of this figure.
This FFT also demonstrates that the FWHM is 60 kHz.

In Fig. 2 we replot the area marked with a rectangle in
Fig. 1 to reveal the rich structure in the spectrum. Clearly,
it is a superposition of many distinct lines, each shifted by
a different amount. The noticeable width of each peak is
~20 kHz. It is therefore not surprising that these peaks,
although noticeable in a standard field sweep experiment,
are much better resolved using the FSS method. The FFT
of the same single echo shown in Fig. 1 is depicted by the
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FIG. 2. The same as in Fig. 1 but only the center of the line

is shown. Multiple peaks are observed in the spectrum and are
indexed. In the T = 92.4 K spectrum the index “0” is missing.
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solid line in the right lower corner of Fig. 2; the splitting is
much clearer here. Nevertheless, it is important to verify
that the presence of a discrete set of lines is not due to
the discrete number of external fields H.,.;. Therefore, we
present (¥y/27) (Hy — H.y), for all the H.; we have
applied, with open circles on the abscissa. The 16 different
NMR lines in the figure are obtained using 26 different
external fields. Clearly, the peaks are incommensurate
with the applied fields and are not a result of the spectrum
construction method.

In Fig. 2 we index the frequencies A f,x at which the
peaks are found in an attempt to understand the spec-
trum. Only a portion of the indexes is shown. We found
that at 7 = 200 K, Afp.(n) is a linear function of n as
demonstrated in Fig. 3. A similar result is obtained at
T = 92.4 K (here the Oth peak is missing). It is also im-
portant to mention that at temperatures higher than 200 K,
which is 6.y, we observed a smooth NMR line. Thus, be-
low 6. the NMR line is constructed from a set of reso-
nance frequencies, and these frequencies are quantized.

Booth et al. argued that in YMoO the distortion is along
the Mo-Mo bond, and not along the Y-Mo bond [13]. In
addition, the absolute value of the NMR line shift indicates
a field of ~1 kG at the 3°Y site, which cannot originate
from dipolar coupling. Therefore, it is reasonable to as-
sume that the dominant coupling between %Y and the Mo
spin is transferred hyperfine and that it is uniform through-
out the sample. This, combined with the observation of
multiple peaks, leads us to the conclusion that in YMoO
there is a discrete set of different local environments, each
with its own local spin susceptibility yjoc. The relationship
between this susceptibility and the observed frequency dif-
ference Af is given by
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FIG. 3. The frequency differences at which the spectrum peaks

A fimax is plotted vs the index of the peak (see Fig. 2) for two
different temperatures. A linear fit is shown by the solid lines.
The inset shows the spin lattice relaxation rate, 1/T, at different
frequencies in the spectrum and at two different temperatures.
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The presence of a quantized set of NMR frequencies comes
about because o has discrete values.

Further information regarding the susceptibility distri-
bution in YMoO was obtained by comparing the magne-
tization with the mean and width of the spectrum. We
performed magnetization measurements in fields nearing
the ones used for the NMR measurements. We found that
M is a linear function of H at all the relevant tempera-
tures. Therefore, we plot the inverse macroscopic suscep-
tibility y,,' = H/M vs temperature in the inset in Fig. 4.
The mean (Af) of p(Af) is plotted vs y,,, with the tem-
perature as an implicit parameter, in Fig. 4. The error
bars are taken as 10% of the FWHM. A linear relation
is found. In addition, we characterize the NMR spectrum
by the FWHM of p(Af), which is also depicted in Fig. 4
as a function of susceptibility. Again the dependence is
linear, but the extrapolation of the FWHM to zero yields
xm = 0.035 emu/gr. If the origin of the line width is
frozen disorder (such as Y-Mo site exchange) we would
expect FWHM o y,, (the susceptibility would be the only
temperature dependent parameter). Since this is not the
case, we conclude that the disorder must set in at the tem-
perature where the FWHM > 0. From the extrapolation
of the susceptibility data this should occur at T ~ 430 K.

Dynamical information regarding the local environment
could be obtained by measurements of the spin lattice
relaxation rate 1/7) at different frequencies along the
spectrum. The Af dependence of 1/T; is plotted as an
inset in Fig. 3, at two different temperatures. A linear
dependence of the form 1/7, = n + mAf is found
with ny09 = 0.062(1) and ngy = 0.040(1) msec™ !, and
maop = 4.2(1) X 10~* and mgy = 2.6(2) X 104, where
the subscript is the temperature at which m and n were
evaluated. Interestingly, the average (1/T1)=n + m(Af)
is 0.08 msec™! for both temperatures.

Now we discuss the possible origin of the multiple dis-
tinct local environments. The simplest scenario is that they
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FIG. 4. The mean and FWHM of the frequency difference
distribution p(Af) versus susceptibility. The inset is the inverse
macroscopic dc susceptibility H/M vs temperature at several
fields between 5 and 8 T.
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emerge from impurities, which, in principle, could gener-
ate alternating magnetic fields in their vicinity. However,
the amount of disorder in the sample, the fact that it must
be temperature dependent, the theoretical expectation of
fast healing (even in the ground state an impurity impacts
only its nearest neighbor) [16], and the experimental
observation of short correlation length (<<0.5 nm) [5]
all point away from this possibility. The other option is
lattice distortions. It is conceivable that such a distortion
relieves the frustration and reduces the total system
energy; this was discussed theoretically in detail for clas-
sical spins [17], quantum spin [18], and by numerical simu-
lations [19]. For simplicity we demonstrate the idea of
frustration driven lattice distortion here on the two-
dimensional kagomé lattice of corner-sharing triangles. In
Fig. 5 we show a kagomé lattice where all the bonds are
identical. In this case the energy, E, per number of bonds
N, is E/N = —J. We also show a distorted kagomé
lattice where there are three types of interactions with
coupling constants J, as before, J, (bigger than J) for
the shorter bonds and J; (smaller than J) for the longer
bonds. In this case the main objective of the spins is to
satisfy the shorter bonds. One way of doing this is by

(a)

FIG. 5. Schematic demonstrating the concept of frustration in-
duced distortion for the kagomé lattice. (a) Before the distor-
tions the coupling between all spins is J. (b) When odd lines
move up, the coupling between spin on diagonal lines is either
bigger (J,) or smaller (J;) than J depending on the length of
the bond. If J, > 1.5J the spin arrangement in panel (b) has
a lower magnetic energy than the one in panel (a). The system
might therefore prefer to distort.
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rearranging themselves into a collinear spin configuration
as demonstrated in the figure. In this case, and provided
that J; + J, = 2J, we find E/N = —(2/3)J, so that
if J, > (3/2)J the lattice has magnetic “motivation” to
distort.

In the 3D pyrochlore lattice the situation is more com-
plicated since theoretically a collinear spin configuration
belongs to the ground state manifold. In addition, the re-
duction of magnetic energy competes with an increase of
the elastic energy due to the distortion, and, at present,
it is not clear that YMoO will benefit energetically from
such a distortion. Even less clear is the reason why the
distortion should lead to the discreteness of sites. How-
ever, the recent finding that the two-dimensional § = 1/2
Li,VOSiOy4 [20] and § = 3/2 ZnCr,04 [21] systems also
distort prior to their spin freezing is encouraging.

In conclusion we have evidence from ¥Y NMR of mul-
tiple discrete values of the local susceptibility at the Y sites
in the spin-glass-like pyrochlore Y,Mo,07. We speculate
that this is a result of small discrete changes in the Mo-Mo
bond lengths which are detectable in NMR at 7 < 200 K.
We suggest that this distortion relieves the geometric frus-
tration allowing the system to enter a unique ground state.
We believe these new experimental observations beg for
more theoretical and experimental investigation of frustra-
tion driven lattice distortions.
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