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In this work, we report results of high-field magnetization and electron spin resonance (ESR) measurements
performed on 7-Naj 36V,05, a compound that shows a spin gap. This system may be regarded as an assembly
of weakly interacting magnetic entities, each of which containing, at low temperature, 18 antiferromagnetically
(AF)-coupled S=% spins. The purpose of this work is to determine the gap value and to probe the low-lying
energy levels in this compound. On the one hand, the high-field magnetization measurements, performed at
temperatures down to 1.7 K on powder samples, suggest a spin gap, A, of approximately 39 K, a value which
is quite close to the earlier estimate of 35 K, which some of us deduced from the susceptibility measurements
at low field [Duc et al., Phys. Rev. B 69, 094102 (2004)]. On the other hand, these measurements show a
magnetization step at one ninth of the saturation magnetization, giving strong support to the assumption that
this system may be regarded as a finite-size system composed of 18 AF-coupled S =% spins. A theoretical fit of
the magnetization indicates the necessity to include couplings to second or more distant neighbors. The ESR
data at various frequencies (from 9.6-980 GHz) and at temperatures ranging from 4.2-150 K, obtained on
powder samples as well as on single crystals, are in accordance with the gap value mentioned above. In
addition, these ESR data indicate that the closure of the gap is not accompanied by any detectable mixing
between the singlet level and the lowest-lying level of the first excited triplet. This implies the absence of any
appreciable Dzyaloshinskii-Moriya interaction in this compound.

DOI: 10.1103/PhysRevB.77.224434

I. INTRODUCTION

It is well known that electron spin resonance (ESR) and
magnetization measurements performed at high magnetic
fields constitute a powerful way to probe the magnetic exci-
tation spectra of solids, particularly in low-dimensional
quantum spin systems (see, for example, Refs. 1 and 2).

The system, which we are studying here, is the vanadium
oxide bronze 7-Na;,34V,05, which can also be denoted by
the stoichiometric formula NagV4,035. The room-
temperature structure of this compound was reported in 1999
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(Refs. 3 and 4) and, recently, its low-temperature structure
was published.> While the details of the structure may be
found in the above references, we shall simply remind the
reader here that, owing to a structural second-order phase
transition that this compound undergoes at about 100 K, its
low-temperature structure differs from that at room tempera-
ture mainly by a doubling of the lattice parameter in the b
direction. From the magnetic point of view, the high-
temperature phase of this compound may be regarded as
being based on magnetic units composed of nine antiferro-

©2008 The American Physical Society
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FIG. 1. (Color online) Magnetization curves of 7-Na; 1g5V,O5
at T=1.7 K: experimental curve measured on a powder sample in a
magnetic field going up to 52 T (continuous curve) and theoretical
fit, up to 80 T, based on a Heisenberg ladder with nearest-neighbor
exchange J=54 K and interchain coupling Jp,,=1.3 J=70 K

(dashed curve). The inset schematically illustrates the lowest energy
states of the system.

magnetically (AF)-coupled S =% spins, whereas in the low-
temperature phase, owing to the doubling of the lattice pa-
rameter, each magnetic unit would contain 18 AF-coupled
:% spins. The magnetic susceptibility shows, accordingly, a
spin-gap behavior.*>
A tentative estimate of the spin gap in 7-Na 536V,05 was
first given by Whangbo and Koo® who proposed a value of
about 183 meV (hence equivalent to 2120 K) deduced from a
theoretical calculation based on a spin-dimer analysis. How-
ever, our magnetic-susceptibility> and X-band ESR
measurements>’ led us to propose quite a different estimate,
whereby the gap, A, would only be of the order of 35 K.
Our present study is therefore partially motivated by the
need to clarify this issue. Furthermore, an equally interesting
motivation is to check whether or not the assumption that
this system may be regarded as a finite-size system is rea-
sonable. For this purpose, we have performed high-field
magnetization and electron spin resonance measurements.
Indeed, a finite-size system with an even number of AF-
coupled S =% spins would, in zero field, have a singlet
ground state followed by a triplet as the first excited state
(see the inset in Fig. 1 for an illustration). In the presence of
a sufficiently high magnetic field, the Zeeman splitting of the
triplet leads to the situation where, above a certain critical
field, H,., the lowest state of the triplet becomes the ground
state. The magnitude of H, solely depends on the spin gap
and the g factor, yielding H, around 27 T for an estimated A
of 35 K and a g factor as given in Refs. 5 and 7. In the
present work, we show that the experimental data are best
reproduced for A~39 K, which is only slightly higher than
the previous estimate. Besides, the magnetization data ob-
tained at 1.7 K indicate a magnetization step occurring at one
ninth of the saturation magnetization value. This feature
gives strong support to the assumption that this compound
may be regarded as a finite-size system, the basic entity of
which containing 18 spins. A theoretical fit of the magneti-
zation indicates the necessity to include couplings to second
or more distant neighbors. A possible model is that of a 9
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X2 spin ladder, probably with additional frustrating cou-
plings; but the magnetization data alone are not sufficient to
determine the exchange couplings uniquely. On the other
hand, our ESR measurements performed at different frequen-
cies (at fields below and above the critical value H,) allow us
to suggest that the crossing of the lowest levels at H, is not
accompanied by a mixing of these levels, ruling out therefore
the presence of any appreciable Dzyaloshinskii-Moriya inter-
action in this system.

II. EXPERIMENT

The samples studied in this work were either single crys-
tals or powder samples, prepared following the same proce-
dure as described in Ref. 5 (for the high-field magnetization
measurements, only powder samples were studied).

The ESR measurements were performed at various fre-
quencies (f=9.6, 96, 344, 738, and 980 GHz). The measure-
ments at f=9.6 GHz were conducted on a Bruker EMX
spectrometer at the Institute of Materials, Microelectronics,
and Nanoscience of Provence in Marseille, France. The
higher-frequency measurements were performed at the Na-
tional Laboratory of Pulsed Magnetic Fields in Toulouse,
France, in the presence of pulsed magnetic fields going up to
40 T. Microwaves used for these high-field measurements
were obtained from a Fabry-Perot cavity optically pumped
by a CO, laser, in the presence of a gas such as CD;0D,
CH;0D, or CD;OH (the choice of the gas depending on the
wavelength needed) and were then directed through brass
tubes to the sample that was located at the center of a
nitrogen-cooled pulsed coil. A field pulse with a duration of
800 ms (rising time of 120 ms) could then be generated by
the discharge of a 10-kV capacitor bank on the coil. The
radiation transmitted through the sample was detected by an
InSb detector cooled to liquid helium temperature.

For the high-field magnetization measurements, pulsed
magnetic fields going up to 52 T could be produced, with a
pulse duration of 250 ms (rising time of 40 ms). Using a
system of two cocentric coils connected in opposition and
equipped with additional compensation coils, the derivative
of magnetization with respect to time could be monitored
and could then be integrated numerically to give the magne-
tization data.

All of the above measurements were performed as a func-
tion of temperature, down to 4.2 K for the ESR measure-
ments and down to 1.7 K for the magnetization.

Whereas only powder samples were used for the magne-
tization measurements, ESR measurements were performed
both on powder samples as well as on single crystals. The
X-band study on single crystals was conducted in two con-
figurations of the static magnetic field, H, namely, for H
parallel and H perpendicular to the (x,z) plane of the struc-
ture (for the definition of the x, y, and z directions, we refer
to the notations used in Ref. 5). For the higher-frequency
measurements, only the case where H was perpendicular to
the (x,z) plane could be studied because, in the other con-
figuration [H parallel to the (x,z) plane], the signal-to-noise
ratio was too low to allow reliable data to be obtained.

The g-factor values, g;=1.973 and g, =1.931, as deduced
from the room-temperature X-band ESR spectra, are typical
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of V#* ions in a fivefold pyramidal environment (see, e.g.,
Refs. 8 and 9).

III. RESULTS AND DISCUSSION
A. Magnetization: Experiment results

The continuous curve in Fig. 1 shows the experimentally
measured magnetization, M, of a powder sample of
7-Naj 136V,0s, at T=1.7 K, for magnetic fields in the range
of 0-52 T. One may notice from these data that, first, at low
fields (H=15 T), the curve shows the signature of paramag-
netic spin-% impurities, which rapidly saturate at M
=0.01 ug/V*. [The presence of such impurities has al-
ready been mentioned in earlier magnetic studies (magnetic
susceptibility and X-band ESR)>’ performed on such
samples and in which the concentration of these impurities
was found to be very small (~0.005).] Then, at around H,
=30 T, a sudden increase in the magnetization occurs. This
value of H, corresponds to a gap of ~39 K, a value which is
not far from the 35 K value which we estimated earlier.>’
More interestingly, the experimental curve of Fig. 1 shows a
magnetization step occurring at around 43 T and at which the
magnetization value is M=0.11 uz/V*. Above this step,
the curve rises again sharply at higher fields. Based on these
experimentally observed results, we may already deduce the
following: (i) the zero-field ground state of 7-Na; 53,V,O5
is nonmagnetic, apart from spin-% impurity contributions
not to be considered in the following; (ii) the 9-site spin—%
magnetic entities—which are the basic building blocks of
7-Naj 535V,0s—must thus be paired up to form a singlet
ground state at low magnetic fields; (iii) in agreement with
the previous statement, the height of the experimental mag-
netization step, M=0.11 ug/V**, indicates the transition to
a triplet ground state since it roughly corresponds to 1/9 of
the saturation magnetization when this quantity is expressed
per V** jon. Indeed, taking g=1.959[=3(1.973)+3(1.931)],
the saturation magnetization of an 18-site spin—% cluster
is given by M, =18Sgup=17.631up, so that, when distrib-
uted over the 18 magnetic V#* sites, one ninth of the satura-
tion magnetization per V* ion will have the value
0.1088 wp/ V4.

B. Magnetization: Theoretical results

Given these characteristics, the most natural starting point
for modeling the experimental magnetization curve is

an antiferromagnetic 18-site spin—% Heisenberg model, H
=2J;;S;-S;. Unfortunately, the simplest model of this type,
where the magnetic exchange J;; between spins is restricted
to nearest neighbors only, is ruled out because, for an even
number of sites, it leads to magnetization curves which are
quite different from what is observed experimentally: they
start out with a relatively short singlet phase for small ap-
plied magnetic fields, followed by a wider first plateau (see
continuous line in Fig. 2). The most obvious cure for these
shortcomings is to introduce further exchange couplings be-
tween more distant neighbors. At this point, however, it
should be stressed that the experimental magnetization curve
only probes the very small fraction of the 2'8=262 144
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FIG. 2. Magnetization as a function of the applied field (in units
of the critical field H,) for various 18-site Heisenberg clusters; solid
line: ring with antiferromagnetic nearest-neighbor coupling J only
[model presented in Fig. 3(a)], dashed line: two-legged ladder with
antiferromagnetic nearest-neighbor coupling Jj.,=J and antiferro-
magnetic interchain coupling J;,,,=1.3 J [model presented in Fig.
3(b)], dotted line: ring with antiferromagnetic nearest-neighbor cou-
pling J and antiferromagnetic next-nearest-neighbor coupling J'
=0.6 J [model presented in Fig. 3(c)], and dot-dashed line: two-
legged ladder with nearest-neighbor J and next-nearest-neighbor
J'=0.5 J and interchain Jy,=0.6 J [model presented in Fig.
3(d)].

eigenstates of an 18-site Heisenberg model responsible for
low-temperature magnetism, which essentially are given by
the lowest-lying S1'=0, 1 and 2 states. Hence, one antici-
pates that the experimental data alone are not stringent
enough to determine uniquely the parameter set of J;;s pre-
Vailing in 7]-Na1.286V205.

Therefore, we focus in the following on extensions of the
nearest-neighbor exchange Heisenberg model, which seem
plausible on microscopic grounds, namely (i) a site-by-site
coupling between two adjacent 9-site chains resulting in an
18-site ladder [see Fig. 3(b)], and (ii) an antiferromagnetic
next-nearest-neighbor exchange between V** ions via the
180-degree oxygen bond [see Fig. 3(c)] or a combination of
both as in Fig. 3(d).

As illustrated in Fig. 2, it turns out that the coupling con-
stants in all these extended models can be tuned in order to

FIG. 3. (a) Plain (nearest-neighbor exchange J) 18-site Heisen-
berg ring; (b) two 9-site Heisenberg chains, each with a nearest-
neighbor exchange constant J, coupled via an interchain coupling
Jrung» Tesulting in a two-legged ladder (open boundary conditions);
(c) a part of an 18-site Heisenberg ring, with nearest-neighbor ex-
change J and (frustrating) next-nearest-neighbor exchange J'; (d)
an 18-site cluster with interchain coupling J,,, and next-nearest-
neighbor exchange J' (open boundary conditions).
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TABLE I. Optimal fit for the nearest-neighbor exchange coupling J and the proportionality constant « for
the models shown in Fig. 3, using 7=1.7 K as in the experiment. By tuning J" and/or Jy,,, to the values
indicated in the text, the models [Figs. 3(b)-3(d)] can be made to reproduce the experimental data almost
equally well, while the plain Heisenberg model [Fig. 3(a)] suffers from the deficiencies described in the text.
The last two columns summarize, respectively, the paramagnetic Curie temperature 6. of the model and the
temperature for which the susceptibility is maximal (both measured in units of J).

Model J a H o Oc Xmax at T’
(K) (TV**/ ug) (in T) (in J) (in J)
3(a) 192 39.0 =59 -0.5 0.64
3(b) 53.9 29.1 =43 -0.7694 0.98
3(c) 102 36.0 =54 -0.8 0.31
3(d) 81.6 19.3 =29 -0.7889 0.45

give the experimentally observed long zeroth ($*'=0) and
comparatively short first (§*'=1) plateau. In units of the an-
tiferromagnetic nearest-neighbor exchange coupling J, the
appropriate parameters are: Jy,,,=1.3 J for the 18-site ladder
shown in Fig. 3(b), J'=0.6 J for the next-nearest-neighbor
Heisenberg ring shown in Fig. 3(c), and J'=0.5 J and J,,,
=0.6 J for the frustrated ladder shown in Fig. 3(d). Natu-
rally, these models disagree among each other on the location
of the higher plateaus (with $*'=2) but the latter are not
probed by the experiment. Conversely, the discrepancy in
Fig. 1 appearing for H=50 T between the experimental
magnetization data and the best theoretical fit is not affected
by the location of the S*=2 plateaus. In our opinion, this
discrepancy may originate from deficiencies in the experi-
mental data when the magnetic field approaches its highest
value, although we admit not to have a clear explanation for
this at the present stage.

Finally, our theoretical model will have to acknowledge
the fact that the 18-site cluster is not isolated but rather sur-
rounded by similar clusters, which will lead to corrections to
the magnetic field seen by our cluster: Hyie=Hppiicat Heorr
In a mean-field approach, these corrections will weaken the
applied field proportionally to the magnetization of the sur-
rounding clusters, H,,,=—aM. At the simplest level, we can
use the proportionality constant «, along with the absolute
value of the nearest-neighbor coupling J (i.e., expressed in
Kelvin) as fit parameters for the theoretical magnetization
curves to match experiment. Fixing the theoretical tempera-
ture at the experimental 1.7 K and shifting the theoretical
magnetization curves by 0.011 g/ V#* in order to account
for the S=% impurities not present in the models, the best
agreement with experiment is obtained for the parameters
listed in Table I. The theoretical curve shown in Fig. 1 cor-
responds to the Heisenberg ladder shown in Fig. 3(b), with
Jung=1.3 J, and to the parameter set listed in Table 1.

C. Electron spin resonance results

The g-factor values mentioned at the end of the experi-
mental section, which were deduced from X-band ESR mea-
surements at room temperature on a single crystal, were also
checked at lower temperatures at higher frequencies on pow-
der samples. As an example, the ESR transmission data cor-

responding to f=344 GHz and obtained on a powder sample
of 7-Na;,36V,05 are shown in Fig. 4. These spectra are
typical powder spectra for which the magnetic ion has an
axial symmetry. A fit to these powder spectra using Eq. (1)
(after Tbers and Swalen'®) allows us to determine the ab-
sorbed intensity, A, and the values of the g factor for both
field orientations, g, and g, .

I(H) o fHJ_ (1 +HE2H’2)dH/
Hl [(H_H/)2+b2]H/2(Hi _H/2)1/2

(1)

Indeed, Eq. (1) gives the appropriate line shape for a poly-
crystalline substance with axial symmetry and where each
individual crystallite is assumed to have a Lorentzian line
shape for which b would be the half width at half maximum
and H' would be the resonance field.'”

n-Na . V.0, Powder
f=344 GHz

Aty 4 b ATIAR APAEi1 45K

A et S 10K
z W 19K
=
c 20K
> rroiiies 25 K
n I
= \ | e 30 K
= 35K
o
2 40 K
g ® 54 K
I 65 K
& 100 K
S
-

122 124 126 128 130
H (T)

FIG. 4. (Color online) ESR spectra showing the transmitted in-
tensity through a powder sample of 7-Na; ,3,V,05 at a frequency
of 344 GHz and at temperatures below 100 K. The continuous lines
are fits to the spectra using Eq. (1) (see text for details).
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FIG. 5. (Color online) Temperature dependence of the absorp-
tion intensity, A, of a powder sample of 7-Na;,34V,05 at a fre-
quency of 344 GHz as deduced from the fits to the spectra of Fig. 4.

The temperature dependence of the absorbed intensity, A,
is shown in Fig. 5, whereas that of the g factor is shown in
Fig. 6.

Figure 6 confirms that, at 100 K, the g-factor values
(g.=1.931 and g,=1.972) are quite similar to the room-
temperature values deduced from X-band measurements on a
single crystal, and which we mentioned above. Besides, this
figure shows that, apart from a slight variation at low tem-
perature, which is due to the molecular field becoming effec-
tive, there is hardly any temperature dependence of the g
factor.

Having verified the g-factor values in both field orienta-
tions on powder samples, we have then performed high-
frequency (high-field) ESR measurements on single crystals
of 7-Naj34V,05 in the configuration where H is perpen-
dicular to the (x,z) plane of the structure.

We have performed these measurements at various high-
frequency values (f=344, 738, and 980 GHz). The first out-
come of these measurements is that, to within the experimen-
tal error, the g, value is frequency independent.

We now present in Fig. 7 a series of spectra taken at
temperatures below 40 K, for /=980 GHz. [The signal ap-
pearing just below 35 T corresponds to the diphenylpicryl-
hydrazile (DPPH) marker.] The temperature dependence of
the absorbed intensity deduced from these spectra is plotted
in Fig. 8, where a comparison is made, in the same tempera-

1.980 — . . . . .
°
°
009 o Y
1.970 s & ¢
970 Na VO 1
- n a1.286 275
o p powder
8
o 19351 f =344 GHz 1
0000 O o
1.930 O O g, )
1925 1 1 1 1 1

0 20 40 60 80 100
T(K)

FIG. 6. (Color online) Temperature dependence of the g factor
of a powder sample of 7—Na; 13,V,05, for both field orientations,
H parallel and H perpendicular to the (x,z) plane of the structure, as
deduced from the fits to the spectra of Fig. 4.
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FIG. 7. (Color online) ESR spectra showing the transmitted in-
tensity through a single crystal of 7—Na; g¢V,Os5 at a frequency of
980 GHz, in the configuration where H is perpendicular to the (x,z)
plane and at temperatures below 40 K.

ture range, with the intensity data measured in the X band
(where f=9.6 GHz). This comparison is informative as re-
gards the ground state of the system, since the high-field
value (~36.3 T), at which resonance occurs when f
=980 GHz, is just above the H.=30 T value at which the
closure of the gap takes place (see Fig. 1). Let us mention, by
the way, that the X-band data shown in the left-hand panel of
Fig. 8 imply a value of approximately 36 K for the gap, A, in
accordance with our previously published estimates.>’

A close examination of the data plotted in Fig. 8 indicates
that the ratio Ay )/A k) is ~215 when f=9.6 GHz,
whereas it is ~2.7 when f=980 GHz. Knowing that the al-
lowed transitions in ESR are only those that satisfy A S=0
and A S.==* 1, the measured ESR intensity is therefore pro-
portional to the difference in population between states sat-
isfying these conditions. ESR transitions will therefore occur
mainly in the S=1 triplet states (represented schematically in
the inset of Fig. 1), although transitions within higher multi-
plet states will also occur at the same frequency. The impor-
tant decrease in the A4 k)/A s k) ratio when f=980 GHz as

n-Na,__V O H 1 (x, z) plane

1.286 2 5
25 55
50 u
204 ¢-9.6GHz ..p" f=980 GHz ®
o 45 |
815 ( 40 n
= )
S 35
> 10 "
= 30
S
<5 .o 25
0,.‘ 20 g
T T T T 15 T T T T
10 20 30 40 10 20 30 40
T (K) T (K)

FIG. 8. (Color online) Temperature dependence of the absorp-
tion intensity, A, of a single crystal of 7-Na, ,36V,05 at a frequency
of 980 GHz (squares) as deduced from the spectra of Fig. 7, as well
as at a frequency of 9.6 GHz (circles).
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compared with its value when f=9.6 GHz is therefore a
clear indication that, at the high-field value (~36.3 T) cor-
responding to =980 GHz, the lowest state of the triplet is
much more populated at low temperature than what it is at
the field value of 0.36 T (corresponding to f=9.6 GHz). This
result is therefore a clear indication that, at 36.3 T, the lowest
state of the triplet has already become the ground state of the
system.

Having verified this, we have then decided to check
whether or not there is an anticrossing at the critical-field
value, H,., where the change in the ground state takes place.
In fact, anticrossing would occur if there is some mixing
between the singlet level and the lowest level of the triplet,
due, for instance, to a staggered g tensor or to the concomi-
tant presence of a Dzyaloshinskii-Moriya interaction. If that
were the case, then ESR transitions between these lowest
levels, which are normally forbidden, would be allowed be-
cause of the mixing between the orbital wave functions as-
sociated with these states. We have therefore used a rela-
tively low-frequency value, f=96 GHz, and tried to monitor
the eventual existence at high field of ESR transitions corre-
sponding to this frequency. Such low-frequency high-field
transitions, if they became allowed, would occur at (H,
—3.55) T and at (H.+3.55) T for this particular frequency.
Our measurements, performed at temperatures down to 4.2
K, did not show any transition at all at these field values. The
absence of such transitions constitutes, therefore, a clear in-
dication that there is no anticrossing at H,, it also means the
absence of any appreciable Dzyaloshinskii-Moriya interac-
tion in this compound.

IV. CONCLUSION

The aim of this work was basically twofold: it was nec-
essary, on the one hand, to precise the value of the gap, A, in
the magnetic excitation spectrum of 7-Na; 53,V,O5 and, on
the other hand, to check whether this compound may be

PHYSICAL REVIEW B 77, 224434 (2008)

regarded as a finite-size system. The high-field measure-
ments, which we performed on this compound, coupled with
a theoretical treatment of the high-field magnetization, allow
us: (i) to confirm that the value of A is around 39 K, quite
close to that which we had estimated from magnetic suscep-
tibility and X-band ESR measurements;>’ (ii) to state that
the magnetization data can be reproduced by several micro-
scopic models of 18-spin % clusters with the common feature
that they should not be restricted to nearest-neighbor cou-
plings. Additional couplings, such as that in a 9X2 spin
ladder, or frustrating couplings, have to be introduced. But
the magnetization alone is not sufficient to define the micro-
scopic model uniquely.

Concerning whether or not this compound may be re-
garded as a finite-size system, we may state the following:
first of all, the values of the coupling constants obtained in
Table I are quite high, implying that, in this system, the AF
interactions involved are quite strong. This is also the case in
the high-temperature phase of this compound, since the high-
temperature susceptibility data of Ref. 4 imply an AF tem-
perature of —265 K. However, despite these strong AF inter-
actions, the correction, H,,, to the magnetic field felt by a
single 18-spin unit, and which is due to the other clusters
surrounding it, is only of the order of 5 T or less (cf. Table I).
This constitutes a first indication that each 18-spin unit may
be regarded as being relatively isolated from the other units
surrounding it. A second important point is the magnetization
step occurring at one ninth of the saturation magnetization:
this is in perfect agreement with what would be expected in
the case of isolated 18-spin units. For both of the above
reasons, we deduce that 7-Na; ,3,V,0O5 may be regarded as a
finite-size system despite the strong AF interactions in-
volved.

Another important conclusion of this work is that the
high-field ESR study allows us also to rule out the presence
of any appreciable Dzyaloshinskii-Moriya interaction in this
system.
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