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Possible realization of the Majumdar-Ghosh point in the mineral szenicsite
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The Majumder-Ghosh (MG) point is a point in parameter space for a one-dimensional (1D) frustrated system
where α = J1/J2 = 0.5 and the ground state is shown to be a superposition of singlet states. This leads to no
magnetic order, instead the ground state is dominated by electronic dynamics, much like that of a spin liquid.
Szenicsite is a natural mineral that is predicted to have isolated 1D Cu2+ chains and lies close to or on the MG
point. In this work we use muon spin spectroscopy to demonstrate that szenicsite does not magnetically order
down to 100 mK and there is an absence of a spin gap, with 1D magnetic excitations dominating. Therefore, we
believe szenicsite shows the properties that would put it on the MG point and, as such, it is an interesting system
for studying the properties of this quantum mechanical state.
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Quantum magnetism has attracted much attention over the
past decade [1–5], and natural minerals [6] can provide a test-
bed for particular theories or certain types of behavior. The
systems in question tend to be low dimensional in nature and
this often drives novel ground states [1].

Perhaps one of the simplest of the low-dimensional S =
1/2 systems is the case of a one-dimensional (1D) chain,
where a Peierls instability causes a dimerization of spins
leading to a singlet state as well as charge-ordered states
[7,8]. However, when one adds in additional exchange path-
ways, the interactions can become complex and a degree of
frustration can ensue. In the case where there is competition
between a nearest-neighbor (NN) exchange interaction, J1,
and next-nearest-neighbor (NNN) exchange interaction, J2,
the frustration parameter α = J2/J1 is defined. When α = 0,
the system consists of spin dimers and if α = 1, a long-range
magnetically ordered state dominates. In between, a variety of
different ground states are possible.

A particular example is when α = 0.5 and is known as the
Majumdar-Ghosh model [9–12]. For an S = 1/2 spin chain,
with NN and NNN exchange pathways at the Majumdar-
Ghosh point, the ground state is solvable. This results in
two states, and the ground state becomes a superposition of
these two singlet states; thus long-range magnetic order is
suppressed. There is also a question around whether there is
an associated spin gap present.

One candidate material that is believed to be close to
the Majumdar-Ghosh point is szenicsite, Cu3(MoO4)(OH)4,
a naturally occurring mineral. The chemical structure [13]
is believed to be made up of 1D Cu2+ chains, with Cu2+

side chains as shown in Fig. 1. The side chains of Cu2+
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are believed to form antiferromagetically coupled dimers so
at low temperatures these are isolated from the central 1D
Cu2+ chains. Therefore, the only exchange pathways of con-
sequence at low temperature are the NN (J1) and NNN (J2)
along the 1D central chain of Cu2+ ions [14].

The magnetic susceptibility of szenicsite follows a similar
behavior to other 1D systems [14,15], where there is a broad
maximum at approximately 80 K with an impurity Curie tail at
low temperatures. Previous work showed that the data could
be fitted by using a term to describe a 1D Heisenberg chain
and antiferromagnetic (AFM) coupled dimers, with the calcu-
lated exchange energies showing agreement with theoretical
calculations. From simulations of the heat capacity, the value
of α for the 1D chain was estimated to be 0.45, however,
this would imply that a spin gap (∼4 K) would exist at low
temperatures [14]. Nuclear magnetic resonance (NMR) data
showed no evidence of the spin gap and that the excitations
were 1D in nature, however, these experiments required one
to work within the high field limit [16]. Additionally, the data
did not extend down to the lowest temperatures that one needs
to access to draw firm conclusions on the dynamic nature of
the magnetism.

Our work utilizes muon spin spectroscopy (μSR) to probe
the nature of the low-temperature magnetic state of szenicsite.
We are able to demonstrate that there is no evidence of a spin
gap, instead, at low temperatures, the system is in a dynamic
state dominated by quantum fluctuations. This provides evi-
dence that szenicite does in fact sit on the Majumder-Ghosh
point where one expects quantum excitations to suppress any
long-range order.

The szenicsite sample was mined from the Jardinera No. 1
Mine, Chile, and purchased from Crystal Classics. The szen-
icsite was ground to a powder and for the μSR experiment,
the sample was loaded into a silver sample holder and a
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FIG. 1. Crystal structure of szenicsite; blue = copper, red = oxy-
gen, white/cream = hydrogen, and pink = molybdenum. (a) The 1D
chains run down the middle of the structure, with the Cu2+ dimers on
the side. The intrachain exchange pathways J1 and J2 are illustrated.
Please note that, for clarity, the Mo ions are excluded. (b) A view
down the c-axis, where one can clearly see the 1D chains of the Cu2+,
it is the two Cu2+ ion either side of the central Cu2+ ion that form
dimers along the c-axis.

small amount of dilute GE varnish in ethanol was added to
create good thermal contact between crystallites. The μSR
experiment was then conducted using the EMU spectrome-
ter at the ISIS Neutron and Muon Source, UK, and using a
dilution refrigerator capable of working between 50 mK and
4 K. Higher-temperature data were collected using a He-4
exchange gas cryostat. All data were analyzed using MANTID

[17] and WIMDA [18].
Within a μSR experiment, spin polarized antimuons,

which will be hereafter known simply as muons, are implanted
within the sample, which, once thermalized, sit within an
interstitial site within the crystal structure. Generally, as a first
approximation, the muon will tend to locate near regions of
negative charge within the unit cell. For example, within an
oxide, the lone pairs on the oxygen can donate electron density
to the muon, forming a dative bond.

Once thermalized, the muon then responds to the local
magnetic environment (both electronic and nuclear) and is
able to separate out both static and dynamic parts of the sus-
ceptibility. Following the temperature evolution of magnetic

states, one can probe the nature of the magnetism within a
sample and discern whether the magnetic moments order or
if the system is dominated by a dynamic state due to the
presence of magnetic excitations [19,20].

The muon time spectra collected from szenicsite in zero
field (ZF) can be seen in Fig. 2(a). There is a remarkable sim-
ilarity between all three data sets, which are offset for clarity,
where the oscillation is due to the anisotropic coupling of the
muon to the proton on the [OH]− groups within the crys-
tal structure, as was demonstrated in other samples [21–23].
It is noteworthy that, although the muon may be bound to
an [OH]− group, there are a few chemically distinct [OH]−
groups within the crystal structure (see Fig. 1). However, it is
the local anisotropic μ+ → H interaction that dominates the
muon spin relaxation, so one cannot pick apart the different
crystallographic stopping sites of the muon. The data were fit
using the equation

G(t ) = Ar
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1 + cos(ωt + φ) + 2 cos

(
ωt

2
+ φ

)

+ 2 cos

(
3ωt

2
+ φ

)]
e−λt + AB, (1)

which describes the coupling of the muon to a single I = 1/2
nuclei, i.e., the proton. In Eq. (1), ω is the frequency, φ is the
phase that accounts for the oscillations not starting at t = 0,
Ar is the relaxing asymmetry, or simply asymmetry, λ is the
muon spin relaxation rate, and AB is the baseline, accounting
for muons stopping outside of the sample, i.e., in the sample
holder.

In the case of the fits within Fig. 2(a), the asymmetry
was fixed at 21.5%, φ at 0.14 rad, and the frequency was
fixed at 0.097 rad s−1 or 0.61 MHz, demonstrating that it is
this anisotropic of coupling of the muon to the proton that
dominates the depolarization of the muon spin down to the
lowest temperatures. This is clear evidence that there is no
magnetic order present within the sample. Generally, if bulk
or local magnetic order is present, the electronic magnetism
swamps any contribution from the nuclear moments. This
results in either the onset of a faster precession frequency

FIG. 2. Data from the zero-field μSR experiment. (a) The raw muon time spectra at different temperatures, the solid lines are fits to the
data using Eq. (1). Note that the 50 K data were taken in a He-4 exchange gas cryostat. The three data sets are offset for clarity as they lie on
top of each other. (b) The temperature dependence of the muon spin relaxation rate, λ.
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FIG. 3. (a) μSR time spectra for different longitudinal fields at 100 mK. Above 100 G LF, there is a persistent relaxation present due to
the dynamics of the electronic moments within the sample. (b) The temperature dependence of the muon spin relaxation rate in a fixed LF of
1 kG. (c) The square-root field dependence of the muon spin relaxation rate at three different temperatures. At high fields, the data could be fit
using the power law λ ∝ B−0.5, indicating the 1D nature of the spin diffusion.

that shows a temperature dependence or the appearance of
a missing fraction, if the internal fields are larger than what
can be measured by the technique. The only evidence of any
electronic magnetism is the change in the relaxation rate, λ.
The evolution of the relaxation rate is plotted in Fig. 2(b) and
there is a decrease in λ as T → 4 K followed by a plateau at
the lowest temperatures. If the fluctuation rate of the electronic
fields is faster than the experimental timescale, the influence
of measurable magnetic fields will be weak. This is the likely
scenario that we observe, and this is why the observed relax-
ation rate is small, yet still measurable.

One problem with working within ZF in this case is that
the coupling of the muon to the nuclear moment on the proton
dominates the depolarisation of the muon spin. To understand
the behavior of the electronic moments, one can use a lon-
gitudinal field (LF), applied along the initial polarization of
the muon spin, that decouples the muon ensemble from their
local environment. The change in the time spectra with the
application of different LFs at 100 mK can be seen in Fig. 3(a).
The fact that the oscillations within the data can be damped
by a moderately small field of 50 G is proof that, in ZF, the
coupling of the muon to the proton is dominant. At 1 kG, there
is still a relaxation present and the relaxation rate is equal to
1/T1μ, the spin-lattice relaxation rate with respect to the muon
ensemble.

By measuring the temperature dependence of the muon
spin relaxation rate at 1 kG, one is able to decouple the nu-
clear component and is left only with the dynamic electronic
component. The time spectra could be fitted using a single
root-exponential relaxation

G(t ) = Are
−√

λt + AB, (2)

where the parameters have the same meaning as above for
Eq. (1), but in this case Ar was fixed at 11.6%. The tem-
perature dependence of the relaxation rate, λ, can be seen
in Fig. 3(b). The root-exponential physically describes the
dynamics of a system with chemically distinct multiple muon
stopping sites; a result of there being more then one different
[OH]− environment within the crystal structure. There is a
clear plateau at low temperatures and, on heating, there is a
drop in λ followed by a levelling off at higher temperatures.
This is evidence that, at low temperatures, there are persis-
tent electronic fluctuations, likely quantum in nature, with a
constant fluctuation rate, as has been observed in 1D chain
samples before [19,20,24,25]. As the temperature is increased,
the electronic moments become more dynamic in nature, with
a faster fluctuation rate, which corresponds to the drop in λ.
Above 2.5 K, the electronic moments are in the motionally
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narrowed state and one observes a levelling off of λ as the
residual relaxation dominates.

To further probe the nature of the excitations within the
sample, λ was followed as a function of field [Fig. 3(c)].
At low fields, the sample is within the region where the
muon-nuclear moments are being decoupled, so to probe the
electronic excitations one must work generally within fields
higher then ∼75 G. To then quench any weak inter/intrachain
spin diffusion, the system must be within the high field limit
and from this the dimensionality of any dominant spin dif-
fusion can be deduced. To this end, a plot of λ versus B−0.5

reveals a linear region that can be fitted using a straight line.
The linear dependence represents the power law λ ∝ B−0.5

and is a hallmark for for 1D excitations [26] where the spec-
tral density f (ω) ∼ ω1/2. This matches with that previously
observed using NMR for szenicsite [16]. At 4.1 K and at
fields below 400 G, the knee in the data may be evidence
of interchain spin diffusion, or that a particular muon site
must be decoupled to observe the 1D spin diffusion. The same
linear trend is also observed at 2.7 K and 100 mK, albeit
with different slopes, and so there may be differences in the
spin diffusion rate at the three different temperatures, which
is feasible given the behavior in λ within Fig. 3(b).

The existence of 1D fluctuations are in line with the sam-
ple being dominated by the linear chains of Cu2+ ions. If
there was the presence of singlet-triplet excitations within the

dimerized side chains, one would expect to observe this within
the muon spin relaxation rate as this would modulate the
spin of the muon and effectively decouple it from the nuclear
magnetism; this is not the case and there was no evidence of
this being observed within the literature.

These data show that there is no ordered ground state.
Instead, the low-temperature magnetism is dominated by 1D
magnetic excitations along the Cu2+ chains and this would
match with the behavior expected for a system lying on the
Majumder-Ghosh point. However, the possibility that it is
only the antiferromagnetic J1 exchange that dominates and
J2 is negligible should also be considered as this would
also result in a 1D system that cannot order. However, at
these extremely low temperatures, J2 would have to be ex-
ceptionally small, or zero energy, compared to J1. Either
way, there is strong evidence to support that this system
does not order down to extremely low temperatures. This
will hopefully prompt further work to provide further ev-
idence of the quantum nature of the magnetism of this
mineral.
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