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Structure, magnetization, and NMR studies of the spin-glass compound (Li,V,_,);BOs (x=0.40
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Structural and magnetic properties of (Li,V,_,)3sBOs powders (x=0.33) and single crystals (x=0.40) were
studied by x-ray diffraction, magnetization, and NMR measurements. Both powder and single crystal x-ray
diffraction data are consistent with the previously reported structure of the system. Magnetization measure-
ments show an overall antiferromagnetic interaction among vanadium spins and reveal a transition into a spin
glass state at a sample and magnetic field dependent temperature below ~10 K. The high temperature (T
>20 K) susceptibility is analyzed using a linear spin trimer model suggested in the literature but such a model
is found to be insufficient to explain the data. Li and ''B NMR studies indicate an inhomogeneous dynamics
close to the zero-field spin-glass transition temperature. The distribution of electronic spin relaxation times is
derived using a recently proposed method and the broad temperature-dependent distribution obtained gives a
consistent description of the NMR results. The temperature dependence of the distribution indicates a strong
slowing down of the local moment spin dynamics as the system cools toward the zero-field spin-glass transi-

tion temperature even in the presence of a strong applied magnetic field up to 4.7 T.
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I. INTRODUCTION

Spin glasses have attracted continuous research interest
for more than 30 years. However, some fundamental ques-
tions remain controversial. For example, recent debate fo-
cuses on whether an isotropic three-dimensional Edward-
Anderson Heisenberg spin glass has a finite transition
temperature.]‘6 Another important question concerns
whether a spin-glass transition can occur in a finite magnetic
field. An answer to this second question would allow one to
distinguish between two main scenarios concerning the na-
ture of the spin-glass phase; the “droplet”’ and “replica sym-
metry breaking”® scenarios. Magnetization measurements on
the Ising spin glass Fe Mn,_,TiO5 indicated that the spin-
glass state is destroyed by a nonzero magnetic field and lend
support to the droplet picture.>”'! On the other hand, the
persistence of a frozen spin-glassy phase in an applied mag-
netic field in different Heisenberg systems that show spin-
glass transitions in zero field was inferred through magneti-
zation and torque measurements.!>~!3

The origin of the nonexponential spin autocorrelation
functions!®~!8 in spin glasses is also an issue of continuous
debate. It was often assumed that the nonexponential corre-
lation function arises from the sum of a distribution of single
exponential correlation functions of different magnetic enti-
ties in the system. Under such an assumption, a distribution
of relaxation times could be derived from muon spin depo-
larization, = magnetization, and neutron  spin-echo
experiments.'®!°2! Such a viewpoint was supported by nu-
merical simulations, which showed that the spin autocorrela-
tion functions are spatially inhomogeneous close to the spin-
glass transition temperature.?>* Another viewpoint claims
that the nonexponential spin autocorrelation function is an
intrinsic, homogeneous feature of spin glasses.!®* One ar-
gument to support such a view is that the different relaxation
times are associated with different excitation modes in the
system that overlap in space. Since a spin can take part in
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different modes simultaneously, the relaxation for each spin
is nonexponential.> An additional homogeneous relaxation
mechanism is hierarchical relaxation where the relaxation
pathway at a specific time depends on relaxation occurring in
previous pathways.?¢

(Li,V,_,)3BOs is a Heisenberg spin-glass system first syn-
thesized and studied by Onoda.”’ It has an orthorhombic
crystal structure (space group Pbam), as shown in Fig. 1,
where Li and V statistically occupy to varying extent four
inequivalent sites VL1-VL4 that are octahedrally coordinated
by oxygen atoms. Transport studies in the temperature region
between 80 and 300 K showed insulating behavior. The high

FIG. 1. The crystal structure of (Li,V,_,)3BOs. B represents
boron sites and VL1-VL4 are the four sites occupied by vanadium
or lithium atoms. Oxygen atoms occupy the vertices of the triangles
and octahedra. The rectangle indicates the size of a unit cell in the
plane of the page. The crystallographic a and b axes are along the
vertical and horizontal directions in the plane of the page, respec-
tively. The ¢ axis is perpendicular to the page.
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temperature magnetic susceptibility y followed the Curie-
Weiss law with a negative Weiss temperature, indicating an
overall antiferromagnetic interaction among vanadium mag-
netic moments. The magnetization M deviates from being
proportional to the applied magnetic field H at temperatures
T<25 K and a transition to a spin-glass state at lower 7" was
suggested.”” The inverse magnetic susceptibility x~!(T) data
showed negative curvature below ~100 K [see also Fig. 3(a)
below], which was attributed by Onoda to the occurrence of
antiferromagnetic clusters or spin trimers.>” However, addi-
tional experimental studies are necessary to further charac-
terize the magnetic state of the system at low temperatures.

In this paper, we report further structure, magnetization,
and NMR studies of the compound (Li, V;_,)3;BOs. The crys-
tal structure in Ref. 27 is confirmed by x-ray diffraction stud-
ies on powder and single crystal samples. In particular, the
presence of disorder and frustration, the two ingredients usu-
ally considered necessary for a spin-glass state, will be dis-
cussed. A study of the linear spin trimer model suggested by
Onoda will be carried out and compared with the high tem-
perature susceptibility results. The low temperature spin-
glass state is confirmed by the presence of magnetic irrevers-
ibility, slow relaxation of thermal remnant magnetization,
and memory and rejuvenation effects. Furthermore, we also
study the effect of magnetic field on the spin-glass behavior
by measuring the change of magnetization irreversibility as a
function of magnetic field strength. It is found that the onset
of irreversibility is suppressed to lower temperature at higher
magnetic field.

NMR has proved a useful microscopic tool to study the
local spin dynamics in spin-glass systems.”2 In recent
NMR studies in heavy fermion LiV,0, containing a small
amount of magnetic defects (~0.73 mol %), we found a
stretched  exponential ~ behavior — 1-M(r)/M()=exp[
—(¢/ TT)B] for the recovery of the 'Li nuclear magnetization
versus time M(z) following a saturation pulse sequence in the
temperature range 0.5—4.2 K.33 Earlier uSR studies showed
that LiV,0, with 0.13 mol % magnetic defects undergoes a
spin-glass freezing below ~0.7 K.3* The stretched exponen-
tial recovery is in strong contrast to a single exponential
behavior observed in pure LiV,0, samples, where no spin-
glass behavior was observed down to 20 mK. In order to
better understand the relation between the stretched exponen-
tial recovery and the dynamics in spin glasses, it is highly
desirable to study the nuclear spin-lattice relaxation behavior
in other spin-glass systems. We have found that the 'Li
nuclear spin lattice relaxation in (Lip33V(47)3BOs indeed
follows a temperature-dependent stretched exponential be-
havior.

It was previously shown that a unique distribution of
nuclear spin-lattice relaxation rates 1/7;’s can be obtained
from the observed stretched exponential recovery with given
fitted values of I/T]k and B. In this paper, by assuming the
presence of dynamical heterogeneity in the system, we de-
rive the temperature-dependent distribution of the vanadium
electronic spin relaxation times from the "Li relaxation data.
Our NMR results reveal the persistence of a continuous
broadening and dramatic slowing down of the electronic spin
dynamics even under a strong (4.7 T) magnetic field as the
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zero-field spin-glass transition temperature is approached, in
strong contrast to the magnetization results which show a
suppression of the long range spin-glass transition in a field.

This paper is organized as follows. Experimental details
are presented in Sec. II. The results of our structural studies
are given in Sec. IIIl. Magnetization and NMR studies are
presented in Secs. IV and V, respectively. In Sec. VI, we
conclude the paper with a summary and discussion of the
main results.

II. EXPERIMENT

Crystals of (Li,V,_,)3sBOs were grown under high purity
argon gas flow with a flux consisting of LiBO, (4 N, Alfa
Aesar) and LiV,0, with molar ratio 14.5:1. The x value is
0.4, as determined from the refinement below of the single
crystal x-ray diffraction pattern. The mixture was contained
in a platinum crucible and soaked at 1100 °C for 48 h, then
cooled at 1 °C/h to 825 °C at which point the furnace was
turned off to cool. The flux was removed by dissolving in hot
water at 80 °C. The typical dimensions of the crystals were
0.3X0.3X6 mm?®. LiV,0, was prepared using standard
solid state reaction. The starting materials were Li,CO3 (5 N,
Alfa Aesar), V,0s5 (4 N, MV Laboratory), and V,05 (4 N,
MYV Laboratory). Details of the LiV,0, synthesis procedure
are described in Ref. 36. We note that this crystal growth
method is different from that used in Ref. 27, where the flux
instead consisted of LiBO, and LiVO,.

The polycrystalline samples of (Li, V,_,)sBO5 were made
from a mixture of V,053 (4 N, MV Laboratory) and LiBO, (
4 N, Alfa Aesar) with molar ratio 1:1. The nominal compo-
sition was (Liy 33V ¢7)3BOs. The mixture of starting materi-
als was ground and pelletized and then sealed inside a quartz
tube under vacuum. It was then heated at 800 °C for 4 days
and then air quenched to room temperature.

Single crystal x-ray diffraction measurements were car-
ried out on a Bruker SMART diffractometer with a graphite
monochromator and Mo K« radiation at 7=293(2) K. The
x-ray powder diffraction data were obtained at room tem-
perature using a Rigaku Geigerflex diffractometer with a
curved graphite crystal monochromator and Cu K« radiation.
The 26 scan range was 10°-90° with 0.02° step size. Full
profile Rietveld analyses on the powder x-ray diffraction pat-
tern were carried out using EXPGUIL?3" a graphical user in-
terface for GSAs.3®

Magnetization measurements were carried out using a
Quantum Design superconducting quantum interference de-
vice magnetometer in the temperature 7 range 1.8—-350 K
and applied magnetic field H range 0-5.5 T. The crystals
were aligned along the crystallographic ¢ axis using Duco
cement (a and b axes randomly oriented) on a plastic film.
The Duco cement and the plastic film are diamagnetic and
contribute less than 2% to the total magnetization. Their con-
tributions were subtracted to obtain the sample magnetiza-
tion.

"Li and '"B NMR measurements were performed on the
powder sample (Liy13V47)3BOs in the T range 1.5-295 K.
The typical saturation recovery sequence was used for
nuclear spin lattice relaxation measurements. Spin-spin re-
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laxation rates were measured by varying the separation be-
tween /2 and 7 pulses which generated an echo. The typi-
cal 7/2 pulse length was 3 us. 'Li NMR spectra were
measured at H=3 T. The spectra with narrow full width at
half maximum (FWHM) intensity <100 kHz were obtained
via the Fourier transform of half the echo signal, while
broader spectra were measured by sweeping the rf frequency
and recording the echo area at each point.

III. CRYSTAL STRUCTURE

X-ray diffraction studies confirm that both our single
crystal and polycrystalline samples have the same structure
and approximately the same composition as reported in Ref.
27 (x=0.31,0.33). The system has an orthorhombic crystal
structure (space group Pbam), as shown in Fig. 1, where Li
or V occupy four inequivalent sites VL1-VL4 in each unit
cell that are octahedrally coordinated by oxygen atoms.

The single crystal x-ray diffraction data were collected in
the Miller index ranges of —12<h=<12, —-16<k=16, and
—3=<1[=3. A total of 2887 reflections were observed, among
which 464 are independent reflections with intensity />20.
Full-matrix least squares refinement on F? was performed on
those 464 independent reflections and 62 parameters were
refined. The final R (I>20) indices are R;=0.089 and wR,
=0.0444. Both the lattice parameters and atomic positions
are in good agreement with those reported in Ref. 27. The
lattice parameters are a=9.177(2) A, b=12.152(2) A, and
c=2.9891(5) A, where the numbers in the parentheses give
errors on the last digit. The occupation probabilities of vana-
dium atoms at VL1-VL4 sites are 0.82(1), 0.51(1), 0.40(1),
and 0.56(1) respectively, which corresponds to a calculated
x=0.40(1).

Figure 2 shows the observed and calculated (from Ri-
etveld refinement) powder x-ray diffraction patterns for a
powder sample of (Liy33V47)3BOs. Bragg peak positions
and the difference between the observed and calculated peak
intensities are also displayed. Weak V,05 impurity peaks are
present in the pattern. The amount of V,05 impurity is esti-
mated from the two-phase Rietveld refinement to be
~5 mol %. Isotropic thermal displacement parameters U
were used during Rietveld refinement and their values were
fixed to be equal to the equivalent thermal displacement pa-
rameter values U,y for a single crystal obtained from the
above single crystal refinement. The final agreement factors
were R,=7.2% and R,;,=9.3% and reduced X>=2.54. The
occupation probabilities of vanadium atoms at VL1-VL4
sites are 0.96(1), 0.52(1), 0.47(1), and 0.48(1), respectively,
which corresponds to x=0.35(1), in reasonable agreement
with nominal value x=0.33. The lattice constants a, b, and ¢
are 9.1820(2), 12.1540(3), and 2.9872(1) A, respectively.

By applying Goodenough’s rules, the sign and relative
strength of magnetic interactions among neighboring vana-
dium moments can be inferred from the structure.* The va-
nadium atoms occupy octahedral interstices of the oxygen
sublattice and the octahedra are connected by either edge or
corner sharing. Table I lists the VL-VL nearest-neighbor dis-
tances and VL-O-VL bond angles. Since the vanadium cation
has less than four d electrons in its outer shell, according to
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FIG. 2. Observed and calculated x-ray diffraction patterns for
(Lip33V0.67)3BO5 powder. The upper trace shows the observed data
by dots and the calculated pattern by the solid line. The lower trace
is a plot of the difference between the observed and calculated
intensities. The vertical bars show the positions for the Bragg re-
flections of (Liy33V7)3BOs. The observed diffraction pattern in-
dicates the presence of =5 mol % of V,05 phase as estimated from
the two-phase Rietveld refinement of the data. The arrows indicate
the positions of the two strongest V,03 peaks.

Table I in Ref. 40, all nearest-neighbor vanadium-vanadium
spin interactions are expected to be antiferromagnetic. For
the edge sharing configuration, the vanadium-oxygen-
vanadium interaction is expected to be much smaller than the
direct vanadium-vanadium interaction which increases with
decreasing distance.*’ Since the distance between nearest-
neighbor VL1 and VL4 sites is much smaller than other
VL-VL distances, Onoda®’ pointed out that the largest ex-
change interaction could exist between these two sites. Since
each VL4 site is connected to two VL1 sites on either side, a
VL1-VL4-VL1 linear spin trimer can be formed. In the next
section, a detailed study of the linear trimer model will be

TABLE 1. Distances and bond angles of nearest-neighbor
VL-VL sites.

Distance
(A) VL-O-VL angle

Corner sharing
VLI1-VL2 3.3725 119.6°
VL2-VL3 3.4366 119.8°

Edge sharing
VLI1-VL2 3.0914 95.5° and 98.1°
VLI1-VL3 2.9919 92.3° and 96.9°
VLI1-VL4 2.7480 84.4° and 84.4°
VL2-VL4 3.0332 93.9° and 95.9°
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FIG. 3. Magnetization of the aligned (Liy40V60)3BOs5 crystals
with magnetic field Hlc. (a) Inverse magnetization over field,
H/M, measured at H=10000 G. The data were taken during field
cooling. The solid curve is a fit to the 200—350 K data by Eq. (1).
Inset: Expanded plot of the low temperature data. (b) M(H) iso-
therms at 7=1.8, 5, 25, 50, and 300 K. A negative curvature was
observed at 1.8 and 5 K.

presented in an attempt to explain the high temperature sus-
ceptibility results.

Given antiferromagnetic interactions among all nearest-
neighbor vanadium spins, significant frustration for the mag-
netic interactions is expected. This is due to the presence of
various triangles formed by nearest-neighbor VL sites, as one
can see in Fig. 1. As a result, no spin configuration can
minimize the exchange energy of all the vanadium-vanadium
interactions. This geometric frustration effect is inherent in
the structure and not induced by the disorder of the random
Li and V occupation. The presence of both frustration and
disorder is responsible for the low temperature spin-glass
phase at T<10 K.

IV. MAGNETIZATION
A. Magnetic susceptibility

Figures 3(a) and 4(a) display the inverse susceptibility
(M/H)™" versus temperature 7 in the T range 1.8—350 K and
at applied magnetic field H=1T of the aligned crystals
(Hllc) and the powder sample, respectively. Both sets of data
were taken during field cooling. Measurements done on crys-
tals with the ¢ axis parallel and perpendicular to the field
gave almost the same results, indicating the absence of sig-
nificant magnetic anisotropy in the system. As shown in Figs.
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FIG. 4. Magnetization M of the (Liy33V(67)3BO5 powder
sample. (a) Inverse M over field H, H/M, versus T, measured at
H=10000 G. The data were taken during field cooling. The dashed
line is a fit to the 200-350 K data by Eq. (1) and the solid line is a
fit to the 20—350 K data by Eq. (8). Inset: Expanded plot of the low
temperature data. (b) M versus H isotherms at different
temperatures.

3(b) and 4(b), the magnetization M deviates from being pro-
portional to H at low temperatures (7<20 K for the powder
sample). Such deviations are consistent with the appearance
of a nonzero nonlinear susceptibility as the system ap-
proaches its spin-glass transition temperature.*! The evi-
dences for a spin-glass state at low temperatures (7<10 K)
will be discussed in detail below.

For both the single crystal sample and the powder sample,
the high T (T>100 K) region of the susceptibility can be
described by a constant plus a Curie-Weiss term,

X(T) = xo + (1)

T-0
A fit to the susceptibility data of the single crystals in the T
range 200-350 K gives x=0.0002(1) cm?*/mol V, C
=0.74(9) cm® K/mol V, and #=—-190(27) K. The constant
term X, arises mainly from the diamagnetism of the ion cores
and the paramagnetic Van Vleck susceptibility of the vana-
dium atoms. We estimate ¢ to be —43
X 1073 cm?/mol V, using the values —0.6X 10°%, -10
X 1076, —=7X107°, =35% 107°, and =12 X 107 cm3/mol for
Li*, V3*, V¥ (BO,)3", and 0%~ ions.*> The Van Vleck sus-
ceptibility is thus xVV=x,—x*°=0.0002(1) cm*/mol V.
This value is of the same order as the values of Van Vleck
susceptibility of vanadium ions in LiV,0,, VO,, and
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TABLE II. Eigenstates, eigenvalues E, and degeneracies n of the linear trimer Hamiltonian [Eq. (3)].

E (J) 2 1 0
St 3 2 1
Si3 2 1 0
n 7 5 3

-1 -1 -2 -3
1 2 0 1
1 2 1
3 5 1 3

LaV0;.3¢ The value of the Curie constant C can be com-
pared with that predicted by the molecular field theory.*3
Assuming that the vanadium atoms in the crystals are in
either +3 (spin S=1) or +4 (§=1/2) oxidation states, the
Curie constant is given by

_ NA,U%

2 § A2
C= 3k, [2f31+4(1 f)82]7 (2

where f is the fraction of trivalent vanadium moments and g,
and g, are g factors for trivalent and tetravalent vanadium
moments, respectively. x=0.4 corresponds to f=0.8. Equa-
tion (2) thus gives C=0.82 cm®K/mol V assuming g,
=1.93 (Ref. 44) and g,=1.97,* respectively. This value is
within the error bar of the observed Curie constant C
=0.74(9) cm?® K/mol V.

A fit of Eq. (1) to the data of the powder sample in the T
range 200-350 K gives x,=0.0003(1) cm?*/mol V, C
=0.67(5) cm® K/mol V, and #=-143(16) K. In the poly-
crystalline sample, all the vanadium atoms are in the +3
charge state, so Eq. (2) gives C=0.93 cm?® K/mol V assum-
ing f=1 and g=1.93, which is much higher than the ob-
served value. A second polycrystalline sample with the same
composition (Lig 33V 67)3BO5 was made using the same pro-
cedure, and a fit of Eq. (1) to its susceptibility data in the
same temperature range gave C=0.56(6) cm® K/mol V, x,
=0.0005(1) cm*/mol V, and 6=-99(6) K. The Curie con-
stants between the two powder samples match within experi-
mental error, while there is a significant difference in the 6.
The reason for the discrepancy in @ values is not known. We
note that a lower than calculated Curie constant is also
present in Ref. 27, where C=0.77 cm® K/mol V and 6=
—125K for a powder sample with the same x value as our
powder samples.

To understand the difference between the measured and
expected Curie constants in the powder samples, we will first
discuss the effect of V,05; and possible amorphous LiBO,
impurities on the magnetization results. The above Rietveld
refinement of the powder x-ray diffraction data indicates that
our powder sample contains 5 mol % V,05; impurity. V,03
undergoes a first order phase transition from paramagnetic
metal to antiferromagnetic insulator at around 170 K. Above
170 K, it has an almost temperature-independent
susceptibility*® so this phase will not contribute to the high
temperature Curie-Weiss term in Eq. (1). Its contribution to
the constant term y, is about 0.25 X 10™* ¢cm?/mol V, which
is within the error bar of the fitting result of x,. LiBO, is
nonmagnetic and its contribution to the susceptibility should
also be negligible. The presence of 5 mol % V,05 impurities
leads to an overestimation of the (Liy33V(¢7)3BOs sample
mass by 5%, assuming that the same molar percentage of

amorphous LiBO, impurity is present in the sample.

The above analysis shows that the presence of impurities
is insufficient to explain our low observed Curie constants in
the powder sample. The reason for this discrepancy is cur-
rently not understood. It is noted that molecular field theory
predictions are generally valid only in the high temperature
limit 7> |6|, which is not satisfied in our temperature range
200-350 K due to the large values of |6]. However, this
limitation should also apply to the single crystal case, where
the discrepancy between observed and calculated Curie con-
stants is much smaller, although the condition 7> |6| is even
less satisfied due to the higher |6| value in the crystals.

B. Linear trimer model

Below ~100 K, the slope of the H/M versus T curve
increases with decreasing temperature. As proposed in Ref.
27, this could be due to the existence of spin trimers with
antiferromagnetic nearest-neighbor interactions. A spin tri-
mer has a low spin ground state, which is separated from the
first excited state by an energy gap of the order of the ex-
change constant J. At temperatures 7<<J, the effective num-
ber of spins is reduced, which results in a reduction of the
effective Curie constant. So, the slope at low temperature
increases in Figs. 3(a) and 4(a) since it is inversely propor-
tional to the Curie constant. The possibility of trimer forma-
tion was indicated by the short distances between VLI and
VL4 sites as discussed in Sec. III. The expected behavior of
susceptibility versus temperature in this trimer model can be
analyzed most easily when all the vanadium spins have the
same spin value. This is the case in the polycrystalline
sample where all vanadium spins have S=1.

The Hamiltonian for a linear trimer can be written as

J
H=J(S;-S,+S,-S3) = E[(Sl +8,+8;)% = (S, +S3)* - 83

J
= E[S% -8, -21, (3)

where J>0 is the antiferromagnetic nearest-neighbor ex-
change coupling constant between vanadium moments at ad-
jacent VL1 and VL4 sites, S; and S5 are the spins at the two
VLI sites at the two ends of a trimer, S, is the spin at the
VL4 site in the middle of the trimer, and S;=S,+S,+S; and
S3=8S,+8S;. The different eigenstates of this Hamiltonian as
well as their corresponding energy eigenvalues and degen-
eracies are listed in Table II. The partition function Z; and
molar spin susceptibility yr of the trimers are
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Zr= E nie_Ef/kBT 4)
and
X1 = gijgf; nSti(Syi+ e FiksT, (5)

where the index i runs over all the different states listed in
Table II.

One also needs to consider the presence of dimers.
Dimers are formed when one of the VL1 sites at the two ends
of the trimer is instead occupied by a Li atom. The molar
spin susceptibility of dimers consisting of two spins 1 can be
obtained in the same way and the result is

Nag*u (10¢™3%aT 4 2¢~/ksT) (6)

XD= 5 17,

where Zp=5e73/%87+3¢=//k8T 41 is the partition function of
the dimer Hamiltonian. At temperatures much higher than
the typical interactions between the dimer, trimer, and iso-
lated spins, which is presumably of the order of the zero-field
spin-glass transition temperature 7, <10 K,* the total sus-
ceptibility of the system is

VAN

N 2N,g> MB
3 XT 5 XD

3,7 — . (1=f2—=f3) + X0, (7)

X =
where f, and f3 are the fractions of vanadium atoms belong-
ing to dimers and trimers, respectively, and the third term
gives the contribution from isolated S=1 spins. Equation (7)
with g =2 does not fit the experimental data over any appre-
ciable temperature range with f,, f3, J, and x, as free fitting
parameters. However, a reasonable fit to the data can be
achieved after scaling the temperature-dependent part by a
prefactor b<<1:

2N
éXT"'&XD"‘ A8k (1 -f=f3) |+ x0- (8)

—b
X=P 34175 3ksT

The prefactor b<<1 is introduced as an attempt to isolate the
unknown effects causing the difference between calculated
and measured Curie constants discussed in Sec. IV A. Shown
as the solid curve in Fig. 4 is the fitting result of Eq. (8). The
best-fit parameters are f,=0.76(18), f3=0.04(29), J
=109(17) K, and b=0.61(1) with y, fixed to
0.0003 cm?/mol V and g fixed to 1.93. From the occupation
probabilities of vanadium atoms at VL1-VL4 sites as deter-
mined from Rietveld refinement, one expects

fo= 4pps(1-p)) 002 ©)

2py+2py+p3tp,

and

2

fy= 3PP =034, (10)
2p1+2py+p3+py

where p;—p, are the occupation probabilities of vanadium

atoms at the VL1-VL4 sites, respectively. The expected val-

ues are in large discrepancy with the above fitting results of

f>=0.76 and f3=0.04. We conclude that the above model of
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FIG. 5. Splitting of field-cooled (FC) and zero-field-cooled
(ZFC) magnetization M versus temperature 7 of (Liy49V¢.60)3BOs
crystals at low temperatures and H=10, 100, 1000, and 10 000 G.
The FC magnetizations were measured on cooling. The inset on the
bottom panel is an expanded plot of the low temperature region.

isolated monomers, dimers, and trimers cannot explain the
susceptibility data at high temperatures. Most likely, interac-
tions between those spin objects need to be considered and
antiferromagnetic spin clusters form as the temperature ap-
proaches the zero-field T, from above, which results in a
reduction of the effective Curie constant and a negative cur-
vature in inverse susceptibility versus temperature, qualita-
tively similar to the behavior expected from the above spin
trimer model.

C. Spin-glass behavior

In order to confirm the spin-glass state at low tempera-
tures as proposed in Ref. 27, we first compare the magneti-
zation results measured at zero-field-cooled (ZFC) and field-
cooled (FC) conditions. Figure 5 shows the splitting of ZFC
and FC magnetization at low temperatures at H=10, 100,
1000, and 10000 G in the aligned single crystals. The FC
magnetization was measured on cooling. For the polycrystal-
line sample, a similar splitting is observed below 8.5 K at
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FIG. 6. Splitting of field-cooled (FC) and zero-field-cooled
(ZFC) magnetization M  versus temperature 7 of the
(Lig33V067)3BOs powder sample below 7,=8.5K and at H
=100 G. The FC magnetization was measured on cooling.

H=100 G, as shown in Fig. 6. The ZFC-FC bifurcation is a
signature for the presence of a spin-glass state at low tem-
peratures. The onset temperature of ZFC and FC magnetiza-
tion splitting at the lowest field is referred to as the zero-field
spin-glass transition temperature T, throughout the paper.
For the single crystals 7,=5.5 K, while for the powder
sample T,=8.5 K. The ratio |6|/T, is an empirical measure
of geometric frustration in a system.*’ This ratio is 35(5) and
17(2) for our crystal and polycrystalline samples, respec-
tively, indicating the presence of strong frustration in the
system. It is noted in Fig. 5 that even above T,, there are
slight differences between zero-field-cooled and field-cooled
magnetizations. However, these slight differences are within
the experimental error and are not related to the spin-glass
behavior. The magnitude of ZFC-FC bifurcation was gradu-
ally suppressed and the onset temperature of the strong bi-
furcation decreases with increasing magnetic field. This sug-
gests that the spin-glass transition temperature is suppressed
to lower temperatures with increasing field. In the next sec-
tion, we will apply NMR to further study the effect of mag-
netic fields on the spin dynamics of the system.

In a ferromagnetic sample, similar ZFC-FC splitting could
arise due to the presence of domain walls between neighbor-
ing ferromagnetic domains.*® In order to exclude such a pos-
sibility, we performed measurements of hysteresis loops.
Figure 7(a) displays the magnetization M versus applied
magnetic field H in the aligned crystals as the field was
cycled between —5.5 and 5.5 T at T=1.8 and 4.2 K. The
curves were taken immediately after the crystal was zero-
field cooled to 1.8 or 4.0 K from above 5.5 K. The hysteresis
of the M versus H curves observed with field cycling is very
small, as shown in the inset of Fig. 7(a). The absence of
significant hysteresis suggests that a ferromagnetic transition
is not the origin of the ZFC-FC splitting.

Slow decaying of thermal remnant magnetization is con-
sidered as one of the defining properties of spin-glass
systems.*® Figure 7(b) shows the decrease with time of the
remnant magnetization after turning off a field H=1000 G at
2.0 K. The field was turned off immediately after the crystals
were field cooled to 2.0 K from above 5.5 K. The long time
behavior can be fitted by a stretched exponential function,

-200 e k
Ll .§ 4
. * 5 A0
-400 (- = 02 Q0_02 -
=
1 1 1 1 " (IT) "
6 -4 2 0 2 4 6
H(T)
1.9 —
18|
17F

3
M, (G cnl/mol V)
(o]
T

-
o :
T T

N
'S
T

1 10 t (min) 100

FIG. 7. (a) Magnetization M versus the external magnetic field
H in the aligned single crystals as H was cycled between 5.5 and
—5.5T at T=4.2 and 1.8 K. The field was parallel to the ¢ axis.
Inset: Expanded plot of the low field region. (b) Relaxation of rem-
nant magnetization My of crystals versus time ¢ after turning off a
field of 1000 G at 2.0 K immediately after field cooling from above
5.5 K. The solid curve is a fit by Eq. (11) to the data at z> 18 min.

Mg(1) = My exp[- (1/7)*]. (11)

The best fit to the data at 7> 18 min (solid line in Fig. 7)
gave M,=3.24(6) G cm*/mol V, r=7300(1400) min, and 8
=0.086(2). Relaxation as described by Eq. (11) with similar
values of B was observed in other spin-glass systems. %!
To further confirm the spin-glass state of the system, we
studied memory and rejuvenation effects in (Li, V_,);BOs,
following the method used by Sun et al.’> The main panel of
Fig. 8 shows the development of magnetization following
application of a 50 G magnetic field immediately after the
crystal was zero-field cooled to 3.0 K from above 5.5 K. The
crystal was then quickly cooled to 1.8 K after staying at
3.0 K for #;,=260 min. A sharp increase of magnetization
was observed right after the cooling. However, after the tem-
perature was increased back to 3.0 K after another ¢,
~230 min, the magnetization returned back to the value just
before cooling to 1.8 K and the magnetization continued to
evolve as if the #, stage did not take place. Such a memory
effect was not observed if the temperature during the 7, stage
was higher than during #; and #5. As displayed in the inset of
Fig. 8, where the respective temperatures during ¢, and dur-
ing #; and #; were switched, the magnetization at the begin-
ning of #; did not return to the value right before the tem-
perature change to 3.0 K took place. Instead, the
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FIG. 8. Memory and rejuvenation effects in the aligned single
crystals of (Liyp4V6)3BOs. The field was parallel to the ¢ axis.
Main panel (inset): Development of magnetization after turning on
a field of 50 G immediately after the crystals were zero-field cooled
to 3.0 K (1.8 K). After time ¢, the temperature was quickly
changed to 1.8 K (3.0 K) and kept at that temperature for time 7,.
Then, the temperature was changed back to 3.0 K (1.8 K). The field
was kept at 50 G during the whole process.

rejuvenation effect was observed right after the temperature
changed to 3.0 K (at the beginning of stage #,): the magne-
tization reinitialized as if the 7, stage did not take place. The
asymmetry effects between heating and cooling during 2,
could be attributed to a hierarchical organization of the free
energy landscape in the spin-glass phase space.’>3 It is
noted that recent studies demonstrate that the above memory
and rejuvenation effects can also arise from a collection of
isolated nanoparticles with a temperature-dependent distribu-
tion of relaxation times.”* However, considering the random
distribution of Li and V atoms within the structure, the oc-
currence of isolated nanoclusters should have a very small
probability.

V. NMR
A. Introduction

We carried out nuclear magnetic resonance (NMR) stud-
ies in order to further study the spin freezing properties in
strong magnetic field of a material that has a spin-glass tran-
sition in zero field. Furthermore, we investigated the dynami-
cal inhomogeneities in the system and extracted the distribu-
tion of electronic spin relaxation times from nuclear spin-
lattice relaxation measurements.

A search for a 'V NMR signal was performed in the
frequency range 51.8—53.1 MHz at 7=295 K and H=4.7 T
(Larmor frequency=>52.6 MHz). The separation between the
two rf pulses which could generate an echo was 20 us. Con-
sidering the possibility of a strong quadrupole effect which
could decrease the /2 pulse length of the central
transition,> various pulse length combinations were used at
each frequency. However, no Sy NMR signal could be de-
tected under the above conditions. We thus performed NMR
measurements on 'Li and ''B nuclei as follows. Both "Li and
"B nuclei have spin /=3/2. No observable quadrupole ef-
fect was observed for 'Li, while 'B displayed clear quadru-
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FIG. 9. Li NMR spectrum at temperatures 7=220, 20, 15, 8.5,
and 4.2 K and an external magnetic field H=3 T. The spectrum at
220 K was obtained by Fourier transform of half echo signal, while
spectra at low temperatures were obtained by frequency sweep. The
squares are data points and the solid lines are guides for the eye.
The zero-field spin-glass transition temperature is 7,=8.5 K (see

text). The vertical dotted line marks the position of the "Li reso-
nance in aqueous lithium chloride solution.

pole splitting in the spectrum. The difference is attributed to
different local electric field gradients (EFGs) of these two
nuclei, since the quadrupole moment of “Li nucleus is 2.8
times that of ''B.5 All NMR measurements were performed
on the powder sample of (Lij 33V ¢7)3BOs which has a zero-
field spin-glass temperature of 8.5 K, as shown previously in
Fig. 6.

B. 'Li NMR spectrum

The 'Li NMR spectrum in the powder (Lig33V67)3BOs
sample shows a single line without an observable quadrupo-
lar effect. A strong broadening of the spectrum is observed
with decreasing temperature. Figure 9 displays the spectrum
at H=3 T at different temperatures. In contrast to the strong
inhomogeneous broadening, the peak positions of the spectra
remain almost temperature independent (shift <0.1% of the
resonant frequency), consistent with broadening due to dipo-
lar interactions with vanadium local moments with weak
g-factor anisotropy.’”-38

The temperature dependence of the full width at half
maximum (FWHM) peak intensity of the spectra is plotted in
Fig. 10. The FWHM versus T at 7> 8.5 K can be well fitted
by a Curie-Weiss law plus a constant,

FWHM = C,+ C,/(T- 6,), (12)

where the best-fit parameters are C,=38(3) kHz, C,
=3.5(4) MHz, and #,=5.5(7) K. This fit is plotted as the
solid line in Fig. 10. The following analysis shows that the
strong broadening of the spectrum at low temperatures must
be due to inhomogeneity of static local magnetic fields (in-
homogeneous broadening). The intrinsic linewidth of each
"Li nuclear spin is of the order of 1/T,, the inverse of spin-
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FIG. 10. Full width at half maximum (FWHM) peak intensity of
the 'Li NMR spectrum versus temperature 7" at applied magnetic
field H=3.00 T. The vertical arrow indicates the zero-field spin-
glass transition temperature 7,=8.5 K. The solid curve is a phe-
nomenological fit by Eq. (12). Parameters for the fit are given in the
text. Inset: FWHM varsus magnetization divided by field M/H at
H=3.00 T with temperature as the implicit variable.

spin relaxation time. As will be shown below in Table III, the
effective spin-spin relaxation time for the detected 'Li
nuclear spins is =100 us at 7> 8.5 K, which corresponds to
an intrinsic linewidth of the order of 10 kHz, much smaller
than the observed linewidth below ~50 K (see Fig. 10). The
full width at half maximum at 4.2 K is approximately
2 MHz, corresponding to a local field distribution of width
~0.1 T. This width is of the same order as the root mean
square values of the local dipolar fields at the 'Li nuclear
sites, as will be shown below [see Egs. (17) and (20)].

The inset of Fig. 10 shows FWHM versus M/H at H
=3.00 T with temperature as the implicit variable. At T
=30 K, FWHM deviates strongly from being proportional to
magnetization and increases much faster than the magnetiza-
tion with decreasing temperature. One possible explanation
of such deviation might be the occurrence of antiferromag-
netically coupled clusters. In systems with dense paramag-
netic moments, the inhomogeneous broadening is propor-
tional to V;<SZ>, where n and (S,) are the concentration and
field-induced spin polarizations of the paramagnetic mo-
ments, respectively.’® On the other hand, the magnetization
M is proportional to n{S,). The concentration n of effective
paramagnetic moments decreases in the system if small an-
tiferromagnetic clusters (including the above mentioned spin
dimers and trimers in their ground states) occur with decreas-
ing temperature. Because of the above different dependences
of FWHM and M on concentration n, the FWHM increases
faster than M with decreasing temperature. We note that the
formation of antiferromagnetic spin clusters is qualitatively
consistent with the negative curvature in inverse susceptibil-
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FIG. 11. Temperature T dependence of normalized "Li NMR
echo intensity at H=1.1 and 4.7 T. Inset: T times area of the whole
spectrum at H=3.0 T after correction for the 7, effect.

ity versus temperature below T~ 100 K in Figs. 3(a) and
4(a) as discussed in Sec. IV B above.

C. 'Li NMR signal intensity

A minimum in normalized NMR signal intensity was ob-
served long ago in metallic spin glass systems close to the
zero-field spin-glass transition temperature.>*3> The normal-
ized echo intensity for "Li in (Lig33V(¢7)3:BOs at H=1.1 and
4.7 T shows similar behavior, as displayed in the main panel
of Fig. 11. The echo intensity was measured by the area
under the absorption line obtained through Fourier transfor-
mation of half the echo signal and was normalized by mul-
tiplying by T to compensate for the nuclear Curie law for the
equilibrium longitudinal nuclear magnetization. The result-
ing value should then be proportional to the number of "Li
nuclei detected in the experiments. Two factors can contrib-
ute to the loss of this signal intensity. The first factor is the
limited frequency window of the NMR spectrometer (Af
~200 kHz). Due to the strong inhomogeneous broadening
of the spectrum at low temperatures, the nuclei with a reso-
nant frequency outside the NMR spectrometer window can-
not be detected. The second factor is the shortening of the
spin-spin relaxation times around the spin-glass transition
temperature. Since the 7/2 and 7 pulse separation for echo
generation was fixed to 20 us, a reduction of 7, to less than
40 ws can also result in a decrease of signal intensity.

These two factors can be partly compensated by measur-
ing the area of the whole absorption spectrum and then mul-
tiplying by a T, correction factor.”® To carry out the compen-
sation, we first integrate the spectra in Fig. 9, with the
spectra further away from the measured parts estimated by
linearly extrapolating the wings until zero intensity was
reached. In order to determine the 7, correction factor at

TABLE III. "Li nuclear spin-spin relaxation times at H=3.0 T and different temperatures. The parameters

T, and T, are defined in Eq. (13).

T (K) 8.5 10.2 15
T, (us) 76(4) 88(5) 258(13)
Tyg (15) 2 % 712(35)

20 90 175 295
442(22) % % %
571(29) 359(18) 293(15) 307(15)
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FIG. 12. "Li NMR echo intensity versus twice the pulse spacing
t between the 77/2 and 7 pulses that generate an echo at different
temperatures at H=3.0 T. The solid lines are fits by Eq. (13) with
parameter values listed in Table III.

each temperature, spin-spin relaxation rates were measured
at a few temperatures, as shown in Fig. 12. At high tempera-
tures, the 'Li nuclear magnetization versus rf pulse separa-
tion follows square exponential decay (half Gaussian), while
it crosses over to a single exponential decay with decreasing
temperatures. We describe the decay of the spin-echo ampli-
tude by the expression

A(1) = Ag exp[— (t/To)* = t/T,]. (13)

Table III lists the values of T, and 7, at different tempera-
tures. It was found that the values of T, and T, at different
parts of the spectrum are almost the same and so a single 7,
correction factor is used for the whole spectrum. The inset of
Fig. 11 shows the T dependence of T times the area of the
whole spectrum after multiplying by the 7, correction factor
expl(t/T5y)*+1/T,] with t=40 us. The signal loss at high
temperatures is now fully recovered. However, at T<15 K,
close to the zero-field spin-glass transition temperature, sig-
nal intensity loss is still observed. This indicates that at T
=15 K, some of the nuclei have T, values much shorter than
40 ps and so their signal cannot be compensated by the
above T, correction factor, rendering them unobservable [see
Fig. 15 and the discussion following Eq. (19) below].

D. "Li nuclear spin-lattice relaxation

The recovery of the longitudinal nuclear magnetization
M(r) following saturation changes from a single exponential
to a stretched exponential function as the system approaches
the zero-field spin-glass transition temperature 7, from
above, as displayed in Fig. 13. Due to the strong inhomoge-
neous broadening of the spectrum, it became difficult to satu-
rate the whole line with the rf comb pulses and only the
central part of the spectrum can be saturated. A possible ori-
gin for the observed stretched exponential is thus spectral
diffusion, i.e., transfer of Zeeman energy from saturated to
unsaturated spins at other parts of the spectrum. In order to
check such a possibility, the nuclear spin-lattice relaxation
measurements at 4.7 T and below 15 K were performed us-
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FIG. 13. "Li NMR nuclear spin-lattice relaxation curves in
(Lip33V.67)3BOs powder sample following a saturation pulse se-
quence at H=4.7 T and T=100, 20, and 13 K. Solid curves are fits
by Eq. (14).

ing two different saturation pulse sequences. The first satu-
ration sequence consisted of 20 /2 pulses with separation
between neighboring pulses equal to 50 us, while the second
saturation sequence consisted of 10 7/2 pulses with separa-
tion between neighboring pulses of 300 us. The duration of
the /2 pulses is equal to 4.7 us in both cases. The recovery
curves obtained in both conditions were the same at each
temperature, which strongly suggests that the observed non-
exponential recovery is intrinsic to the sample and is not
related to artificial effects such as spectral diffusion. The
effect of spectral diffusion depends on the degrees of satura-
tion of the nuclear spins away from the center of the spec-
trum, which are expected to be different between the above
two pulse sequences.

M(t) can be fitted with a stretched exponential function
with a variable 1/ TT and variable exponent 3,

MW _ i T
i = el (TP (14)

The physical meanings of the parameters 1/TT and B have
been discussed in recent papers.>*3 Figure 14 shows the
temperature dependence of 1/ TT and B at H=1.1 and 4.7 T.
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FIG. 14. "Li nuclear spin-lattice relaxation rates 1/ TT in Eq.
(14) versus temperature 7 at H=1.1 and 4.7 T. Inset (a): Exponent
B versus T. Inset (b): Log-log plot of I/TT versus 7.
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Note that the results at low temperatures (7<<20 K) were
obtained from measurements on only a small fraction of "Li
nuclei in the system (see Fig. 11). The crossover from a
single exponential to stretched exponential relaxation is rep-
resented by S decreasing below unity with decreasing 7.
1/ TT(T) shows a sharp enhancement close to the zero-field
spin;glass transition temperature 7, in both fields. While
1/T, strongly depends on the field close to the transition
temperature, B(7) is almost temperature and field indepen-
dent near and below 7.

In the limit of small perturbation of nuclear Zeeman lev-
els as is usual in NMR, one can apply the weak collision
formula for the nuclear spin-lattice relaxation rate (NSLR),
where NSLR arises from the Fourier component at w,=yH
of the fluctuating magnetic field arising from the fluctuating
electronic spins:®°

L Yi'f (h(0)h,(1) + h,(0)hy(1)exp(— iw,1)dt

o]

fexp(=iwt) dif 0,

—0

=— yﬁ(hz +h3)

= %Vf&hf + T ()] e - (15)

where w,=1v;;H is the nuclear Larmor angular frequency,
(-++) denotes a thermal average,

(h(0)h (1)) _ (hy(0)h,(1))

() ()
is the reduced correlation function of the local fluctuation
field, and J(w) is the Fourier transform of f(r). We assume
the correlation function f(z) to be isotropic in the x-y plane
which is perpendicular to the external field.

As noted in the Introduction, the occurrence of a stretched
exponential relaxation may indicate the presence of a distri-
bution of 1/T, values. The distribution can arise from an
inhomogeneity in the local fluctuating field (h>+hZ) and/or
an inhomogeneity in the dynamics seen by different nuclear
spins. As discussed in the Introduction, whether or not dy-
namical inhomogeneity exists in spin glasses is still an un-
settled issue. However, based on the following two consid-
erations, we believe that the dynamical inhomogeneity is
relevant in explaining our NMR results. First, the concentra-
tion of vanadium moments in the present system is very high
and most 'Li nuclei are expected to have a few nearest-
neighbor vanadium moments that dominate their relaxation.
As a result, the distribution of the local field is relatively
narrow. Second, the value of 8 decreases continuously with
decreasing temperature, which indicates an evolving 1/T;
distribution.*3  Similar conclusions were previously
reached on the same basis from muon spin depolarization
measurements on metallic spin glasses.?! This is consistent
with a temperature-dependent distribution of electronic spin
relaxation times close to and above the spin-glass transition
temperature derived from earlier experiments.!'®!%-20

Under conditions discussed below, the distribution of
electronic spin relaxation times can be derived from the 1/7,

fl) =

PHYSICAL REVIEW B 76, 054452 (2007)

distribution of the "Li spins. Numerical studies suggested
that an individual electronic spin autocorrelation function is
not a pure exponential.’>>* However, in order to make
progress, we assume an electronic spin autocorrelation func-
tion f(t):e""/ 7 as seen by a particular 'Li nucleus, and then
the nuclear spin-lattice relaxation rate of that ’Li nucleus is

1 2 2 T

7y = ) (16)
In order to calculate the value of 7 from 1/T}, the value for
(h2 h2> has to be determined. To compute this value, we will
use the spatial average <h2+h2) over all the 'Li nuclear po-
sitions and estimate the average with the following simplify-
ing assumptions. First, we assume an isotropic superex-
change interaction among neighboring vanadium spins. In
such a case, the fluctuation of the transverse components of a
spin will be modulated by an oscillation with the electronic
Larmor frequency and its spectral density at the frequency of
the nuclear Larmor frequency is very small.%! Thus, one only
needs to consider the local field fluctuation due to the longi-
tudinal components of vanadium spins. Second, we ignore
possible correlations between the fluctuations of local fields
produced by different vanadium local moments. Then,>®

3vHh2
R+iy=3 R o2 o )SS+ 1), (17)

Ti

where 7 is Planck’s constant divided by 2, y, and S are
respectively the gyromagnetic ratio and spin S=1 of the va-
nadium moments, r; is the distance between vanadium mo-
ment i and the nuclear spin, and 6; is the angle between r;
and the external field. In the numerical calculation, the ap-
plied magnetic field direction is arbitrarily chosen to be
along the ¢ axis. The four VL sites are randomly assigned
with either Li or V atoms with the probability for vanadium
atoms to be at VL1-VL4 sites of 0.913, 0.535, 0.460, and
0.501, respectively, as determined from Rietveld refinement.
Our numerical calculations then give ((hi+h3))”2=0.15 T.

Now, the distribution of electronic spin relaxation times 7
can be calculated by using an algorithm similar to that re-
cently discussed in Ref. 35 in order to extract the distribution
of relaxation rate values from a given stretched exponential
recovery. In fact, from a given value of B in the stretched
exponential function, one obtains a unique probability distri-
bution ¢(s,B) of s=T,/T,.>*3 According to Eq. (16), for
w,7<1 (i.e., in the high temperature region above the zero-
ﬁeld T,), a given value of 1/T) corresponds to a unique value
of 7 where we use the above <h2 hz) 0.0225 T?. The dis-
tribution of 7 values can be expressed in the limit of w,7
<1 (justified post hoc in Fig. 15) by

p(7) = ;Z(;f,ﬂ), (18)

where p(7)d7/ 7=p(7)d In 7 is the probability that the relax-
ation time is between 7 and 7+d7 and is normalized accord-
ing to [Z p(7)dIn 7=1, q(s,B) is normalized according to
Joq(s,B)ds=1, and
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FIG. 15. Plots of the distribution of electronic correlation times
7 extracted from Li nuclear spin-lattice relaxation measurements at
different temperatures and at fields H=1.1 and 4.7 T. At H=1.1 T,
the S values are equal to 1, 0.78, 0.7, and 0.41 at temperatures 7T
>75 K and T=20, 15, and 10 K, respectively. At H=4.7 T, the 8
values are equal to 1, 0.8, 0.7, and 0.5 at temperatures 7>75 K and
T=20, 15, and 10 K, respectively. The range indicated by the
double arrowed line corresponds to values of 7 which give rise to
T, <40 us, for which the 'Li NMR signal is not observable.

1
a= : .
Yiilhi+ h§>T1

The determination of the distribution p(7) is an important
result of the NMR measurements. p(7) is plotted in Fig. 15 at
a few temperatures and at fields H=1.1 and 4.7 T, where the
[ values at different temperatures are indicated in the figure
caption. Because the fraction of "Li nuclei from which the
p(7) is determined becomes small as the temperature de-
creases below 15 K (see Fig. 11), the results should only be
taken as an order of magnitude estimate. However, the trend
of a slowing down and continuous broadening of the distri-
bution is clearly seen as the zero-field spin-glass transition
temperature is approached from above. Such a temperature
dependence is qualitatively similar to distributions derived
earlier from ac susceptibility and neutron spin-echo
measurements.'®1%29 One can see that even at 10 K, there
still exist a significant amount of spins with very short cor-
relation times: 7~ 107! 5. Such short 7 values are in contra-
diction with the assumption yH > ﬁ made in Ref. 25, from
which the authors ruled out the dynamic inhomogeneity as
an adequate description of the nonexponential spin-
correlation function. Furthermore, one finds that at higher
magnetic field, the overall relaxation rate tends to increase.

It is noted that the signal intensity loss (inset of Fig. 11) is
consistent with the behavior of p(7) in Fig. 15. In fact, the
range indicated by the double arrowed line corresponds to
values of 7 with 7,<40 us. An NMR signal from nuclear
spins with such short 7, values cannot be detected because
the pulse separation between the two pulses which generate
an echo signal is 20 us. The value of 7 above which the
NMR signal becomes unobservable is 7=9.0X 107! s as es-
timated from the equation®? (by setting 7,=40 us)
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FIG. 16. Spectra of "B NMR central transition at H=1.28 and
4.7 T and T=295 K.

1 1 —5c
— = — 4+ 2D 19
7= 5 AT (19)

which is valid in the fast motion limit (i.e., 7y((h2)"?<1)
and the contribution to 1/7, from nuclear dipole-dipole in-
teractions is neglected. The contribution from nuclear dipolar
interaction is of the order of 300 us, so the above equation is
valid only close to the zero-field T, when it yields a T, value
much smaller than 300 us. The expression for (h2) is®

2
(h2y=2> %(1 —3cos® 6)°S(S+1). (20)
i O
Its average in Eq. (19) is estimated with the same numerical
procedure as above and is found to be ((h?))l/ 2=0.12 T. The
value of 7 above which the signal becomes again observable
is 7~T,~40 us=1/((h}))"?y;.* In this slow motion re-
gime, T, increases with increasing 7 up to the limiting value
given by the nuclear dipole-dipole interaction and the signal
intensity is partially recovered as shown in Fig. 11 for the
H=1.1T data.

E. "B NMR

Figure 16 shows the ''B NMR central |I,=
—1/2)«|1/2) transition spectra at applied magnetic fields
H=128 and 4.7 T and T=295 K. The satellites from |
—3/2)«+|=1/2) and |1/2)+|3/2) transitions spread out due
to anisotropic frequency shift since the measurements were
performed on a powder sample and could not be detected
due to limited signal to noise ratio.’® The spectrum at H
=1.28 T shows two peaks corresponding to the two singu-
larities in the powder pattern of a second order quadrupole
effect. The two peaks merge into one at H=4.7 T because the
separation of the two peaks is inversely proportional to the
field. If one assumes an axially symmetric EFG, then the
separation of the two peaks (Jv) is>
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257 12
0 (21)

where the quadrupole frequency v is

3equ 1 equ
VQ = = N
h212I-1) 2 h

eq=V,, is the electric field gradient along the axial symmetry
axis, and Q and [ are the quadrupole moment and spin of a
"B nucleus, respectively. At H=1.28 T, Sv=44(4) kHz, so
vo=1.2(1) MHz. This value is close to that in crystalline
B,0; where 2v,=2.69+0.03 MHz.®* In both systems, boron
atoms are at the centers of triangles with oxygen atoms at the
vertices.

Since only the central line for !'B (/=3/2) can be irradi-
ated, the nuclear spin-lattice relaxation is intrinsically non-
exponential. For a relaxation due to magnetic interactions,
the recovery of the central line follows®*

M(1) B
1- M—(Oo) = Cexp(-=2Wr) + (1 = C)exp(- 12Wr), (22)

where C depends on the saturation sequence and the degree
of overlap of the satellite background with the central line
and W is related to the transition rate W,,_,,_; from the
|I,=m) to the |m—1) state through

Wm—wn—l

W= o me yaem = O™

where m==+1/2 or 3/2 here. At low temperatures, due to the
presence of a distribution of electronic spin relaxation times,
Eq. (22) no longer fits the relaxation curves. We thus used
the following phenomenological stretched exponential equa-
tion to fit the relaxation curves:

- AI;/IT(:) = Cexp[— QW'D)P] + (1 = C)exp[- (12W'1)*].

(23)

The saturation sequence we used consisted of nine /2
pulses with a separation of 400 us between neighboring
pulses. The value of C is found to be in the range 0.3-0.4 at
H=4.7T and in the range 0.5-0.6 at H=1.28 T. The differ-
ence of the C values at the two fields is currently not under-
stood.

The fitting results of W* and S versus 7 at H=1.28 and
4.7 T are displayed in Fig. 17. The data displayed are only
for T=10 K at H=4.7 T and T= 18 K at H=1.28 T. Due to
a loss of signal intensity (similar to "Li in the main panel of
Fig. 11) and a large increase of relaxation rate, reliable W"*
and S results cannot be obtained at lower temperatures.
However, it is clear that ''B NMR nuclear spin-lattice relax-
ation rates are also strongly enhanced at low temperature, in
qualitative agreement with the slowing down of the spin
fluctuations on approaching the zero-field spin-glass transi-
tion temperature.
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FIG. 17. W* and B in Eq. (23) versus temperature T for ''B
NSLR at fields H=1.28 and 4.7 T. Main panel and inset (b): W*
versus T with different temperature scales. Inset (a): B versus 7.

VI. SUMMARY AND CONCLUSIONS

X-ray diffraction studies on both single crystal and poly-
crystalline samples confirmed the previously reported struc-
ture of the (Li,V,_,);BOs system. The structure contains
both frustration and disorder, which are usually considered as
necessary ingredients of a spin-glass system.

The high temperature magnetic susceptibility results can-
not be explained by the simple picture of formation of VL1-
VL4-VLI linear trimers proposed in Ref. 27. The observed
negative curvature in the inverse susceptibility below T
~ 100 K might instead be due to the occurrence of magnetic
clusters as the spin-glass transition temperature is ap-
proached. Magnetization measurements at low temperatures
showed field-cooled and zero-field-cooled splitting of mag-
netization, slow relaxation of magnetization on a macro-
scopic time scale, and memory and rejuvenation effects
which are all evidences of a spin-glass state below T,
~10 K.

The strong enhancement of nuclear spin-lattice relaxation
rates upon approaching the zero-field 7, suggests that the
dramatic slowing down of electronic spin dynamics persists
even in a high field of 4.7 T where a true long range spin-
glass transition may be suppressed as indicated by the mag-
netization measurements (Fig. 5). Our NMR measurements
cannot distinguish whether the spin system is in the thermo-
dynamic equilibrium or not at a particular temperature. In
addition, we have no information on whether the spins freeze
on a time scale longer than that of NMR (~107° s).

We extracted the distribution of electronic spin relaxation
times 7 from NMR. A derived broad distribution of 7 starts
well above the zero-field spin-glass transition temperature 7,
and becomes successively broader as the zero-field 7, is ap-
proached. The broad distribution of 7 explains the observed
loss of signal intensities displayed in the inset of Fig. 11. As
illustrated in Fig. 15, as the temperature decreases toward T,
more and more vanadium spins have 7 in the range of
~1071°-107¢ s, which results in T,=<40 us for the nearby
"Li nuclear spins. Our modeling in terms of dynamical elec-
tronic spin heterogeneity'®!9->224 offers an alternative frame-
work to models of homogeneous electronic relaxation.'®!3
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