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31y NMR study of the spin-gap compound BiCu,VOg: A microscopic probe
of magnetic interactions
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We report the results of a Sty nuclear-magnetic-resonance (NMR) study on the quasi-one-dimensional
compound BiCu,VOg at temperatures between 4 and 300 K. Three 1y NMR resonance lines that are associ-
ated with three nonequivalent crystallographic sites have been resolved. For each vanadium site, the
temperature-dependent NMR shift exhibits a character of low-dimensional magnetism with a broad maximum.
At low temperatures, all NMR shifts and spin-lattice relaxation rates clearly indicate thermally activated
behavior, confirming the spin-gap formation in BiCu,VOg. We further analyze the spin shift data based on a
proposed spin-ladder scenario with three different types of interactions along the rungs. With this accordance,
the spin gaps and the couplings along the rungs of the ladder are properly estimated.

DOI: 10.1103/PhysRevB.80.092407

The physics of low-dimensional magnetic systems contin-
ues to attract attention because of the association with pecu-
liar quantum effects.! Strong quantum fluctuations due to
low dimensionality may suppress the long-range magnetic
ordering, resulting in an opening of a finite spin gap sepa-
rated from the spin singlet ground state and magnetic excited
states.” During the past decades, quantum spin systems such
as Sr14Cu24041, (VO)2P207, BaCU2V208, and CuZSC2Ge4013
have been discovered to possess spin gaps.>”’ The spin-gap
characteristics have been interpreted in accordance with the
strong spin-exchange interactions of particular configurations
along the specific low-dimensional pathways in these
compounds.

BiCu,VOg, which adopts a monoclinic structure with the
space group P2,/n, was synthesized by Radosavljevic et al.®
The bulk magnetic susceptibility of BiCu,VO¢ exhibits a
broad maximum at around 120 K and decreases rapidly with
lowering temperature.’ In addition, the result of the heat-
capacity measurement has further confirmed no long-range
magnetic ordering above 2 K. These features are in reminis-
cence of spin-gap characteristics for this material. Taking
into account the known oxidation states of O?~ and Bi**, the
remaining valences are nonmagnetic V>* and magnetic Cu**
(§=1/2). Due to the insulating character in BiCu,VOj,'? the
superexchange interactions of these copper ions mediated by
various oxygen atoms would be responsible for the magnetic
nature of this compound. Because of the inherent structural
complexity, it is rather difficult to identify all pathways for
the superexchange interactions. A simple triple-dimer picture
based on eight unique Cu—O-Cu bonds was suggested by
Masuda et al. for the description of the magnetic property of
BiCu,VO,.” However, the fitting of the magnetic susceptibil-
ity to such an isolated dimer model was found to be less
satisfactory and the discrepancy was attributed to the non-
negligible interdimer interactions.” While a more recent
analysis with considering the interdimer interaction (zJ') can
improve the fitting, the extracted interdimer coupling
constant is beyond the validity of the mean-field
approximation.'! It was thus speculated that a two-leg spin
ladder scenario seemed to be more realistic to the under-
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standing of the spin-gap nature in BiCu,VOg.

From the atomic positional parameters refined by
Radosavljevic et al.,® copper atoms have six nonequivalent
crystallographic sites in BiCu,VOyg, showing two types of
coordination environments. There are two sets of copper
pairs (Cul—-Cu2 and Cu5-Cu6) reside in a square-pyramidal
environment. For the Cul-Cu2 pair, two oxygen atoms (O7
and O11) provide the channels for the superexchange inter-
action (Jj) between Cul and Cu2 spins, resulting in a
coupled unit along the b direction. Similarly, O13 and O16
are responsible for the interactions along the rungs (J3) of the
Cu5-Cu6 pair. The remaining Cu3 and Cu4 atoms are coor-
dinated in a distorted octahedron. The coupling between
these two coppers (J3) is only bridged by one oxygen atom
(O15). Since the interactions along the legs are similar, it is
suitable to approximate a uniform interaction J along the legs
of the ladder. With this respect, a simple approach based on a
two-leg spin ladder containing three different types of rungs
is proposed here for the realization of the magnetic features
in BiCu,VOq4. A schematic for the superexchange interac-
tions within the ladder is illustrated in Fig. 1.

In addition, there are three nonequivalent vanadium crys-
tallographic sites, denoted as V1, V2, and V3, respectively.
Since these vanadium sites are nonmagnetic, it allows us to
probe the magnetic features of Cu®* ions through the trans-
ferred hyperfine interaction,'? a transfer of the magnetic 3d
spin from the copper ions onto the vanadium 4s orbital in the
present case of BiCu,VQOg. By virtue of crystallographic cri-
teria, probing the V1 site is expected to sense mostly the
magnetic nature of Cul and Cu2 ions linked by O7. Simi-
larly, the V2 site would mainly reflect the magnetic interac-
tions of Cu5 and Cu6 mediated by O13. For the V3 site, O15
is responsible for the interacting channel for probing the
magnetic properties of Cu3 and Cu4. Therefore, with the
study of individual vanadium sites, the results can be used to
resolve the magnetic characteristics of three rungs within the
ladder. Nuclear magnetic resonance (NMR) is a site-selective
tool which provides local magnetic information of the spe-
cific site. In this investigation, we thus employ an NMR
study invoking the NMR shift measurements of all three °'V
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FIG. 1. (Color online) A schematic description of the superex-
change interactions in BiCu,VOg¢. Only atoms involving domi-
nantly magnetic interactions are presented. The dashed lines repre-
sent the interaction along the legs of the ladder defined by J.

NMR resonance lines to associate with the magnitudes of the
superexchange interactions as well as the spin gaps of
BiCu,VOg.

A single-phase BiCu,VOg4 sample was synthesized by a
ceramic sintering solid-state reaction technique described
elsewhere.® Briefly, Bi,O3, CuO, and V,05 powders with the
stoichiometric ratios were mixed and pressed into pellets.
The pellets were sintered at 600 °C for 48 h, and 730 °C for
24 h in air. A brown product was obtained. An x-ray diffrac-
tion spectrum taken with Cu K« radiation on the powder
BiCu,VO¢ specimen was identified within the expected
P2, /n structure with no sign of the presence of other phases.

The dc magnetic susceptibility y was measured with a
superconducting quantum interference device magnetometer
(Quantum Design) under an external field of 1 T. The tem-
perature dependence of x(7) in the range between 2 and 300
K was given in Fig. 2. The feature of the curve is similar to
that reported by Masuda et al.,” showing a broad maximum
at T,,,,=125 K. After passing this maximum, the suscepti-
bility decreases rapidly with lowering temperature, and an
upturn appears below 20 K. The susceptibility data can be
decomposed into x(7)=x,+ Xe(T) + Xspin(T) Where x, is a
temperature-independent part, x,,(T)=C/(T-6) is the
Curie-Weiss term responsible for the low-temperature up-
turn, and x,,;,(7) is the uniform spin susceptibility corre-
sponding to the intrinsic magnetic nature of BiCu,VOq.
Based on the low-temperature data fitting to the Curie-Weiss
behavior, we obtained the parameters of y,=1.3
X 107* emu/mol, =—0.96 K, and C=4.110"3 emu K/mol.
From the value of C, the concentration of the paramagnetic
defects arising from the isolated Cu®* ions was estimated to
be 0.55% per mole in our sample. The spin part can be ex-
tracted by utilizing x;,,(T)=X(T) = X,,(T) = X,» shown as the
open triangles in Fig. 2.

For a two-leg Heisenberg spin ladder, the magnetic sus-
ceptibility can be well described with an empirical formula
proposed by Barnes and Riera as'3
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FIG. 2. (Color online) Magnetic susceptibility x(7) of
BiCu,VO4 measured in a field of 1 T (solid circles). The deduced
spin part x;,;,(T) is shown as the open triangles. The solid curve
corresponds to a fit to the equation of x,;,(T) described in the text.

3 -1 6 1-1
XSpiil(T)=%|:1+<;7;> .(684/T— 1):| |:1+<C—;> :| .
(1

Here c; is a proportional constant while ¢3 and cg are expo-
nents which govern the steepness of the low-T drop and the
high-T" decay, respectively. The factor ¢, is related to the
position of the peak, 7,,,,, and the parameters ¢, and c5 are
associated with the height of the peak and the high-7" mag-
nitude of X,y respectively. It should be emphasized that
except for ¢, these coefficients are not arbitrary fitting pa-
rameters but essentially constrained by the alternation pa-
rameter a«=J'/J. The fitting result is quite satisfactory,
shown as a solid curve in Fig. 2. The parameters used for the
fit are tabulated in Table I. Since the determined a=0.98 is
very close to unity, the relationship between the spin gap A
and J can be expressed as'>!4

A=~ J[0.5+0.65(a-1)]. (2)

The inelastic neutron-scattering experiment has indicated the
lowest excitation energy of 16 meV (185 K) which would be

TABLE I. Fitting parameters used for xqp,, 1/7}, and each

Kvpin in BiCquO(,.

cy 4 cs
C (K) 3 (K) (K) C6
Xopin 0.84 80 090 175 120 151
1/T, 496 860 0.90 175 120 1.51
Line a 1.04 790 0.88 215 110 1.50
Line b 1.05 830 0.92 190 120 1.52
Line ¢ 1.03 900 0.98 170 122 1.54
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FIG. 3. (Color online) >'V NMR spectra of BiCu,VOg measured
at various temperatures under a constant field of 6.9437 T. The
dashed vertical line denotes the position of the Sy reference fre-
quency. Inset: a representative plot for the decomposed spectrum
measured at 100 K.

the same energy sensed by the magnetic susceptibility.” We
thus adopted A=185 K to estimate the interacting constant
along the legs of the ladder /=380 K.

NMR experiments were performed using a Varian 300
spectrometer with a constant field of 6.9437 T. The powder
specimen was put in a plastic vial that showed no observable
31y NMR signal. The °'V NMR spectra were obtained by
the Fourier transform of a half of the spin-echo signal using
a standard 7/2—7—7 sequence.' Since the powder speci-
men was used, the central transition lines appear as powder
patterns, as given in Fig. 3. The spectrum is quite compli-
cated because of the combination of three vanadium reso-
nance lines, denoted as the lines a, b, and c, respectively. To
separate these lines, we deconvoluted each individual spec-
trum into three functions and determined the NMR shift
(K,ps) of the corresponding resonance line. A representative
plot obtained at 100 K was displayed in the inset of Fig. 3.
The decomposed K,,,’s, referred to the >'V resonance fre-
quency of aqueous VOCl;, were shown as a function of tem-
perature in Fig. 4. As one can see, three distinctive curves are
resolved. All low-temperature K,;,’s exhibit thermally acti-
vated behavior and decrease rapidly to almost zero, confirm-
ing the presence of a finite-energy gap in the spin-excitation
spectrum. However, the steepness of the drops at low tem-
peratures is essentially different among these three curves,
implying the existence of multiple spin gaps in this material.

In general, K, is a combination of two parts as K,
=K,+K,;,(T). The first term K, is temperature independent
while the spin shift K,;,, which reflects the Cu?* spin behav-
ior through the transferred hyperfine interaction, is a function
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FIG. 4. (Color online) Temperature dependence of the resolved
3y NMR shifts in BiCu,VOg. Solid curves are fits to the spin-
ladder model described in the text.

of temperature. As mentioned above, J; is expected to be the
weakest interaction among three sets of lungs because the
Cu3 and Cu4 ions are bridged by only one oxygen. The
corresponding alternation parameter a,=J5/J should be
relative small, leading to a steepest drop of Kj,,;, at low tem-
peratures among these three curves. On this basis, it is rea-
sonable to assign the line ¢ to the V3 site which probes
mostly the magnetic characteristics of Cu3 and Cu4 ions.
Similarly, the line a would be associated with the V2 site due
to the strongest J; produced by Cu5 and Cu6 interactions.
The remaining one, line b, which appears at the middle of the
resonance spectrum is connected to V1.

As in the case of x,;,, each experimental K,,(7T) was
fitted to Eq. (1) plus K, and the best-fitting result was dis-
played as a solid curve in Fig. 4. The parameters used for the
fits are also summarized in Table 1. From the optimum fit, we
can determine the values of J' and « for each individual rung
with the results listed in Table II. Since all « values are
found to be close to unity, the relation in Eq. (2) is valid for
estimating the spin gaps of A;=197 K, A,=170 K, and
A3;=210 K by substituting the constant /=380 K. Compar-
ing to other experimental results, the lowest excitation en-
ergy of 185 K observed from the inelastic neutron-scattering
experiment’ is similar to the gaps extracted from NMR. Al-
though the former exhibits only a single gap, it is possible

TABLE II. Deduced superexchange interactions along the rungs,
alternation parameters, and spin gaps in BiCu, VO

J' A
Rung (K) a (K)
Cul-Cu2 390 1.03 197
Cu3-Cu4 350 0.92 170
Cu5-Cu6 410 1.08 210
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FIG. 5. (Color online) Temperature dependence of the spin-
lattice relaxation rate for BiCu,VOg. The solid curve is the fitted
function according to Eq. (3). Inset: inverted temperature depen-
dence of 1/T7;. The solid line is a fit to the activation law 1/T}
cexp(-A/T).

for these to be reconciled if we consider that the very broad
excitation peak in the energy dependence of the inelastic
neutron-scattering strength is a combination of these three
excitation gaps.

To gain more insight into the spin-gap characteristics of
BiCu,VO¢, we performed the spin-lattice relaxation-rate
(1/T,) measurement, being sensitive to the low-energy mag-
netic excitations. As shown in Fig. 5, the temperature depen-
dence of 1/T; exhibits activated behavior, indicative of the
presence of an energy gap in the magnetic excitations. An
Arrhenius plot of 1/7} between 50 and 280 K is displayed in
the inset of Fig. 5. From the linear relation, we can extract
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the spin gap of A=250 K. This value is a bit larger than
those obtained from the Knight shifts. As a matter of fact, the
1/T; result represents an averaged contribution from three
different sites as in the case of x;,;, because it is difficult to
isolate these resonance lines in the relaxation-rate measure-
ments due to the mergence of these lines at low and high
temperatures. Within the low-temperature limit, the local dis-
sipative susceptibility sensed by 1/7T and the static suscep-
tibility probed by Kj,;, would be almost identical. With this
respect, both static and dynamic excitations follow the same
temperature variation and 1/7; should be fitted to the form
by analogy to the treatment of the NMR shift as

c3 -1 ce |1
T%:cl{l+<c—7;>;(e“4”—l)] {1+<C—TS)] . (3

Using the same parameters as those in x;,,;,, the fitting result,
drawn as a solid curve in Fig. 5, is very satisfactory, indicat-
ing that the present analysis is quite reliable.

In summary, we reported the 'V NMR investigation of
BiCu,VOg¢ and analyzed the spin-shift data according to a
proposed two-leg spin-ladder scenario with three types of
interactions along the rungs. On this basis, we obtained con-
crete estimates of individual interactions along the rungs as
well as the spin gaps. The NMR observations are found to be
consistent with the results from the inelastic neutron-
scattering experiment. It thus reinforces the conclusion that
the proposed interpretation for the NMR shifts and deter-
mined couplings are appropriate for the case of BiCu,VOg.
Apparently, the existence of multiple gaps in BiCu,VOyg is
unique among the low-dimensional spin-gap materials and it
deserves further experimental and theoretical investigations.
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