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We present magnetization measurements of the single-molecule magnet Mng revealing various
tunnel transitions inconsistent with a giant spin description. We propose a dimeric model of the
molecule with two coupled spins S = 6, which involves crystal field anisotropy, symmetric
Heisenberg exchange interaction and an antisymmetric Dzyaloshinskii-Moriya exchange
interaction. We show that this simplified model of the molecule explains the experimentally
observed tunnel transitions and that the antisymmetric exchange interaction between the spins
gives rise to tunnelling processes between spin states belonging to different spin multiplets.

Introduction

Single-molecule magnets (SMMs)' have been studied intensively
in recent years because their unique features allow the
crossover between classical and quantum physics to be
observed.? The macroscopic observation of quantum phenomena
such as tunnelling between different spin states®* or quantum
interference between tunnelling paths>® provides the possibility
of studying in detail quantum mechanical laws in nano-
scale molecular systems and also might provide substantial
information concerning the implementation of spin-based
solid state qubits’® and molecular spintronics.'°

During the last ten years the spin system of SMMs has
mainly been described by a single macroscopic spin and the
associated tunnelling processes were transitions inside a
multiplet with total spin S, i.e. transitions which conserve
the total spin S of the molecule.> ®!' Recent developments in
the field of molecular magnetism go beyond this giant spin
approximation.'>'®

When describing the molecule as an object composed of
several exchanged coupled spins s; the total spin S of the
molecule is not fixed, but several multiplets with different total
spin S appear and as a consequence the allowed tunnel
transitions and relaxation paths of the spin system increase
considerably. The associated tunnel processes between different
spin states in this multi-spin description do not need to
conserve the total spin S of the molecule. Recently Carretta
et al. showed evidence of this quantum superposition of
spin states with different total spin length in the SMM
Cr;Ni by inelastic neutron scattering (INS) techniques.'® In
fact, when introducing an antisymmetric exchange coupling
(Dzyaloshinskii-Moriya interaction) between the spins s;
which compose the molecule, the superposition of a symmetric
and an antisymmetric spin state becomes possible. The
associated tunnelling process and also quantum interference
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effects of different tunnelling paths have been observed
recently in a Mn,-based molecular wheel.!>!%13

In this article we report the observation of quantum tunnelling
between spin states with different total spin S in a Mn-based
SMM!7 currently having the highest anisotropy barrier of
89 K.! A theoretical model is proposed that describes the
molecule as an exchange-coupled system of two separated
spins S; = 6. The experimentally obtained tunnel splittings
using the Landau—Zener method of various symmetric and
antisymmetric tunnel transitions are compared to this
theoretical model.

Experimental techniques

The measurements are performed using a superconducting
vector magnet and a dilution cryostat at low temperatures in
the range of 100 mK to 1 K. The magnetization of the Mng
sample is measured by a Hall magnetometer.’®?! The Hall
bars were patterned using photolithography and dry etching,
in a delta-doped AlGaAs-InGaAs-GaAs pseudomorphic
heterostructure using molecular beam epitaxy (MBE). A
two-dimensional electron gas is induced in the 13 nm thick
Ing 15Gag gsAs well by the inclusion of a Si delta-doping layer
in the graded Al,Ga,_,As barrier. All layers, apart from the
quantum well, are fully depleted of electrons and holes.
The two-dimensional electron gas density ng is about
8.9 x 10" em™? in the quantum well, corresponding to a
sensitivity of about 700 Q T~!, essentially constant under —100 °C.
The micrometre-sized sample is placed on top of the 10 um x
10 pm Hall junction, with its easy axis approximately parallel
to the magnetic field along the z-direction of the solenoid
using the transverse field method.*> The SMM has the
chemical formula [Mn™¢O,(Et-sa0)s(O,CPh(Me),),(EtOH)q]
(Et-saoH, = 2-hydroxyphenylpropanone oxime) (Fig. 1a) and
will be called briefly Mne. The structural details of
the molecule and preparation of the molecule are described
elsewhere.!® The six Mn atoms, each having a spin s; = 2,
form the core of the molecule and they are strongly super-
exchange coupled and act as a macroscopic spin S = 12 at low
temperature. 19
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Fig. 1 (a) Structure of the molecule Mng, where the core of the
molecule is highlighted (manganese (red), oxygen (green), nitrogen
(blue))." (b) Simplified model of the magnetic core of the Mng
molecule with two ferromagnetically coupled spin triangles, each
containing three manganese atoms and having a total spin S = 6,
which form the dimeric molecule.

Results and discussion
General discussion of the spin system

The recent work of Carretta et al. employing INS techniques
shows evidence of very low-lying excited spin multiplets in
Mng and as a result shows the breakdown of the giant spin
model.'* In contrast to Carretta e al. we propose to describe
the molecule by two superexchange coupled spin triangles,
each of them being described by a rigid total spin S = 6
(see Fig. 1b)."” This simplified molecular dimer description is
in very good agreement with the INS measurements and
simulations shown by Carretta er al. Our model reproduces
very well the low-lying spin multiplets and gives the advantage
of a quite small Hilbert and parameter space compared to the
description of the Mng molecule by Carretta er al.'*

Each of the two ferromagnetically coupled spins of the
molecular dimer S; = S, = 6 can be described by the spin
Hamiltonian:

A= —D(S7) — gupoS:H (1)

where S;*, S and S/ are the vector components of the i-th
spin operator, g = 1.99 is the gyromagnetic factor and ug is
the Bohr magneton. The first term describes the uniaxial
anisotropy of the molecule with longitudinal anisotropy
parameter D and the second term is the Zeeman interaction
of the spin S; with an external magnetic field H.

The exchange interaction of the two halves of the molecule—
as depicted in Fig. 1b—can be described by

Hex = —JS1 8 + D15 (81 X 8) )]

where the first term describes the isotropic Heisenberg
exchange interaction with exchange constant J and the
second term is an antisymmetric Dzyaloshinskii-Moriya
(DM) interaction between the two spins. These antisymmetric
interactions result in general from pairwise interactions of
neighbouring spins that do not have an inversion centre. This
condition is fulfilled in the Mng molecule even when the entire
molecule has an inversion centre. It is extremely unlikely that
all these individual DM contributions would cancel out for all
applied fields, and all possible excitations and dynamics. The
possibility of a DM interaction in the Mng molecule is thus
well justified.
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Fig. 2 Zeeman diagram of the dimeric molecule Mng using the
longitudinal anisotropy constant D = 1.28 K, an isotropic Heisenberg
exchange interaction J = 0.8 K and g = 1.99. Due to the exchange
interaction some excited spin multiplets are located only a few Kelvin
above the ground state.

Exact diagonalization of the total spin Hamiltonian
H = H |+ A+ He leads to the energy spectrum shown
in Fig. 2. The lowest lying spin states belong to the S = 12
multiplet. Due to the ferromagnetic exchange the first excited
spin multiplet |[S = 11, Mg = £11) is located at about 25 K
above the ground state doublet |S = 12, Mg = £12) in zero
magnetic field. In the following we will discuss the different
level crossings not in the eigenbasis of the total spin of the
molecule |S, Mg). As the total spin of the molecule may
fluctuate we chose the more convenient eigenbasis of the two
single spins of the molecule [S;,m;) ® |S,m5) = |my,m,). The
ground state doublet can be expressed as |12, +12) = |+6, £+6)
and the first doublet of the first excited multiplet reads
11, £11) = 1//2(|£6, £5) — |£5, £6)). The lowest lying spin
eigenstates belonging to the ground state multiplet S = 12 are
symmetric in respect to a permutation of the two spins in the
product base |[m;) ® |m,), whereas the eigenstates of the
S = 11 multiplet are antisymmetric in this single spin eigenbasis.

When we look at the probability of tunnelling from one spin
state to another, we see immediately that most of the terms
in the Hamiltonian 2 are symmetric and therefore only
provide coupling between symmetric spin states. The only
antisymmetric term in the Hamiltonian is the DM exchange
interaction, and as a consequence this term can provide a
coupling between a symmetric and an antisymmetric spin
state, i.e. this term couples spin states of the ground state
multiplet S = 12 and the first excited multiplet S = 11.

Tunnel transitions at low longitudinal magnetic field

Fig. 3 shows some magnetization measurements at low
temperature in the presence of large transverse magnetic
fields at different sweep rates. Equally spaced and very
pronounced steps of the magnetization appear at approximately
woH. ~ 0T, 045 T, 09T, 1.35 T and 1.8 T. In between
these tunnel transitions, we observe a fine structure of
smaller steps, which occur at approximately ugH. ~ 1.2 T
and 1.65 T.
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Fig. 3 Magnetization measurements of Mng for different field sweep
rates and two transverse magnetic fields uoH, = 3.4 T (solid lines) and
uoH, = 4.1 T (open symbols). The sample was first saturated in a large
negative magnetic field and then ramped at constant sweep rate to
positive field. All measurements were done at low temperature
T = 100 mK.

Fig. 4 shows the derivatives of the magnetization curves of
Fig. 3 as well as the corresponding Zeeman diagram with the
lowest energy levels. The main steps of magnetization, equally
spaced by AugH. ~ 0.45 T, can be explained in the framework
of a giant spin approximation, when describing the molecule
by a collective spin S = 12. We checked that the fine structure
is not due to spin—spin cross-relaxation.>* Additionally, the
fine structure cannot be explained when assuming small
differences in the crystal field parameters in the two halves
of the molecule.

However, the fine structure in the magnetization steps is
related to excited spin multiplets. In fact, these steps can be
understood when considering excited spin multiplets in the
multi-spin approach. For example the tunnel transition at
UoH. ~ 0.45 T involves the symmetric eigenstates |—6, —6)
and 1/\/2(\6, 5) + |5, 6)). In between the main, equally spaced
tunnel transitions several avoided level crossings appear that
involve excited spin multiplets (as shown in Fig. 4).

As an example, the avoided level crossing at poH. ~ 0.75 T
involves the symmetric eigenstate |—6, —6) and the antisym-
metric eigenstate 1/,/2(/6, 5) — |5, 6)). The tunnel process at
woH. ~ 1.2 T involves the symmetric eigenstate |—6, —6) and
the antisymmetric eigenstate 1 /\/2 (16, 4) — |4, 6)). The
observed avoided level crossings in our experiments allow us
to determine the longitudinal anisotropy parameter D = 1.28 K
and the isotropic exchange constant J = 0.8 K.

Fig. 5 shows the tunnel splittings 4 of the different level
anticrossings within the ground state multiplet (at yoH. ~ 045 T,
09 T and 1.35 T) and the ones involving excited spin
multiplets (at poH. ~ 1.2 T and 1.65 T) as a function
of the transverse magnetic field poH,. Note that the tunnel
splittings of the two antisymmetric level anticrossings around
UoH, =~ 1.6 T could not be studied separately as they are
too close.

In order to determine the tunnel splittings the longitudinal
magnetic field was swept over a level anticrossing with fixed
sweep rate dH./dr = 68 mT s~ ! and fixed transverse magnetic
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Fig. 4 (a) The derivative plot of some of the magnetization curves of
Mng of Fig. 3 shows various peaks due to tunnel transitions. In
between the main tunnel transitions between states belonging to the
ground state multiplet we observe a fine structure of additional tunnel
transitions involving excited spin multiplets. (b) Zeeman diagram with
tunnel transitions between symmetric spin states within the ground
state multiplet (marked by red dotted lines) and tunnel transitions
from the ground state multiplet to spin states belonging to excited spin
multiplets (marked by black dashed lines).

field poH, and the probability of tunnelling from one state to
the other was measured by means of magnetization decrease of
the saturated sample.

The tunnel probability P, ,, between two spin states m and
m’ is given by the Landau—Zener formula

Py =1 P 3
mm' = 1 —€Xp " 2hgugm—m'|dH- /di ( )

that allows us to calculate the tunnel splitting of the
avoided level crossing 4,,,,,» when P, ,» < 1.>19722 Note that
P, < 1 is not fulfilled for very high transverse magnetic
fields and therefore the experimentally obtained tunnel
splittings are only estimates of a lower boundary of 4,,,,."°
The experimentally obtained tunnel splittings lie in the
range of 1077 K for all the observed transitions and they
rapidly increase when applying a transverse magnetic field
ﬂoH x> 3T.

When calculating the tunnel splittings of the anticrossings
between symmetric states they are mainly determined by the
symmetric spin operators like the second and fourth order
anisotropy terms or the Heisenberg exchange interaction.

This journal is © The Royal Society of Chemistry and the Centre National de la Recherche Scientifique 2009

New J. Chem., 2009, 33, 1231-1236 | 1233


http://dx.doi.org/10.1039/b822305j

Downloaded by University of Belgrade on 02 January 2013
Published on 07 April 2009 on http://pubs.rsc.org | doi:10.1039/B822305J

View Article Online

-4 v T
Wy = —e—pH,=045T 3
104, —eo—pH,=092T
. = "1 N apl =4 o—pH,=121T
= 08131 o —— = —e—pH,=045T =
é 1075_ 8 074 3 T ' ﬂuH,-=Dsz'r ¢ MOHZ 1397 E
< 18 o6 h cuH =121 T pH,=165T
N 1
()] Bisael] S, uH,=3T
c % 05 . o = 130T
= 6 |2 0e . wH,=165T .
= 1073 il . /
% - sweeprale 88mTss | g
02l —— ey
— o 30 60 20 120 150 180 210 240 /' /.
) Time (s) S o
E 1074 _,-7-—-—0—-—¢)7-°’*" e e/ '/ B
2 5/
= )
PRPPRPRPPP S
T T T T T T - T
0 1 2 3 4

Transverse magnetic field py H (T)

Fig. 5 Tunnel splittings 4 of Mng as a function of the transverse
magnetic field for different level anticrossings. The longitudinal
magnetic field uoH. was swept over an avoided level crossing at a
constant sweep rate dH./dz = 68 mT s~' and with fixed transverse
magnetic field. The tunnel splittings were obtained by applying the
Landau—Zener technique.®?*?® The inset shows the time dependence
of the magnetization of the saturated sample when sweeping several
times over the level anticrossings.

However the splitting between a symmetric and an anti-
symmetric spin state is given by the matrix element involving
antisymmetric spin operators, i.e. in the framework of our
model the antisymmetric DM interaction. When analyzing the
tunnel splitting between a symmetric and an antisymmetric spin
state we can get an estimate of the DM interaction vector Dy,.

Further on, the magnitude of the tunnel splitting between
symmetric spin states can be used to fix the parameters D, J
and possible fourth order parameters. Numerical simulations
of the tunnel splittings by exact diagonalization of the above
defined Hamiltonian show that the isotropic exchange and
weak higher order transverse anisotropy terms together with a
transverse magnetic field comparable to the one used in the
experiments give rise to tunnel splittings between states of the
ground state multiplet of the order of 1077 K.

The magnitude of the tunnel splittings is well reproduced
when introducing a weak fourth order spin operator term as
proposed by Carretta et al.'* The strong increase in the tunnel
splitting 4,, , for large transverse magnetic fields is also well
reproduced in the framework of this model. The large tunnel
splittings between symmetric and antisymmetric spin states
cannot be reproduced by any symmetric spin operator like
second and fourth order crystal field anisotropy terms or the
Heisenberg exchange interaction.

However, the antisymmetric DM exchange interaction can
provide a quite large coupling between the symmetric
and antisymmetric spin states. Numerical simulations show
that a vector of the DM interaction D, with components
D, = D, = D. = 10 mK gives rise to tunnel splittings of the
order of the experimentally observed ones. In particular, the
calculated tunnel splitting at poH. ~ 0.75 T turns out to
be at least one order of magnitude smaller than the one at
uoH. =~ 1.2 T. This is consistent with our experiments, as
we did not observe any clear and pronounced step in the
magnetization curves at poH, =~ 0.75 T. The corresponding

tunnel splitting is theoretically—with the parameters given
above and transverse magnetic fields below 4 T—smaller than
107® K and therefore too small to be measured with our
experimental technique.

Tunnel transitions at high longitudinal magnetic field

In addition to the tunnel transitions at low longitudinal
magnetic field with high transverse magnetic field we study
in this paragraph the tunnel transitions at low temperatures
with no transverse magnetic fields. In this case the tunnel
splittings at low longitudinal magnetic fields are very weak
and will not be observed in our experiments. However the
reversing of the magnetization of the molecule occurs at higher
longitudinal magnetic fields where the probability for tunnel
transitions between different spin states is high enough to
be observed experimentally even without the presence of
transverse magnetic fields.

Fig. 6 shows the magnetization measurements as a function
of the longitudinal magnetic field for different temperatures in
the range between 100 mK and 960 mK. The sample was first
saturated in a large negative magnetic field and then the
external magnetic field was ramped at constant magnetic field
sweep rate v = 1 mT s™! to positive field with no transverse
magnetic fields applied.

The magnetization of the sample starts to relax at quite high
magnetic fields of about 4 T. Typically the magnetization of
the molecules is completely reversed in a longitudinal magnetic
field above 5.2 T. We can distinguish in our experiments
between a multitude of different tunnel transitions as a
function of the temperature. Some tunnel transitions appear
even at the very low temperature of 100 mK and others are
thermally activated and start to appear at temperatures above
600 mK.

In order to better observe the positions of the tunnel
transitions, we plotted the derivatives of the magnetization
curves dM/dH as a function of the longitudinal magnetic field
in Fig. 7. In this representation we can clearly distinguish
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Fig. 6 Magnetization measurements of Mng as a function of the
longitudinal magnetic field for different temperatures in the range
between 100 mK and 960 mK. The sample was first saturated in a large
negative magnetic field and then the external magnetic field was
ramped at constant sweep rate dH./dr = 1 mT s~! to positive field
with no transverse magnetic fields applied.
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Fig. 7 Zeeman diagram of the dimeric molecule Mng using the
Hamiltonian parameters D = 1.28 K, J = 0.8 K, ¢ = 1.99 and
derivation dM/dH. of the magnetization curves of Fig. 6 as a
function of the longitudinal magnetic field. The local maxima of the
experimental curves as a function of the temperature reveal a very rich
structure and allow distinguishing between tunnel transitions in the
ground state and thermally excited tunnel transitions. Note that the
low temperature measurement at 100 mK is voluntarily shifted
upwards to allow better discrimination of ground state tunnelling
and thermal excited tunnel transitions.

between thermally excited tunnel transitions and tunnel
processes of the fundamental spin states.

We can in addition numerically simulate the energy of the
numerous spin states in the dimeric model of the molecule and
we observe numerous crossings of spin states in the Zeeman
diagram. As the tunnel splittings between a symmetric and
an antisymmetric spin eigenstate should be very small (as
the antisymmetric DM interaction is very weak and as we
work in the absence of any transverse magnetic fields) we do
not consider these antisymmetric tunnel transitions in the
discussion of our experimental results.

As shown in Fig. 7 in the case of the tunnel transitions at
very low temperature the tunnelling process involves the
fundamental spin eigenstate |—6, —6) and another symmetric
spin eigenstate that can be described in a good approximation
by (my.m2) = 1//2 (Imy,ma) + [mamy)). In fact most of the
spin eigenstates in the Zeeman diagram are largely dominated
by the symmetric superposition of the two spin states |m;,m,)
and |my,m,). Additional contributions from other spin states

are negligibly small (their contribution to the wavefunction is
very often a hundred times smaller than those of the leading
terms) and will not be considered for clarity reasons.

We observe in Fig. 7 in the low temperature measurements
at 100 mK six very pronounced tunnel transitions that appear
at longitudinal magnetic fields of ugH. = 4.04 T,4.23T,4.42 T,
4.59 T, 5.00 T and 5.28 T. These experimentally observed
tunnel transitions can be confirmed by numerical simulations
using eqn (1) and (2). We find in our simulations at those
six magnetic field positions level crossings of symmetric
spin eigenstates that involve the fundamental spin state
|—6, —6) and another symmetric spin eigenstate. The results
of the numerical simulations for the low temperature tunnel
transitions and the corresponding spin eigenstates are
summarized in Table 1.

In fact in the Zeeman diagram of Fig. 7 we observe a lot
more level crossings than in our experiments. Many of
the level crossings involve the fundamental spin eigenstate
|—6, —6) and another antisymmetric spin eigenstate. These
transitions between a symmetric spin state and an anti-
symmetric spin state are supposed to be very weak and
therefore we do not observe all these potential tunnel
transitions in our experiments. Only the transitions between
two symmetric spin states are large enough to contribute
sufficiently in our experiments to the magnetization reversal.

In order to explain theoretically the thermally excited tunnel
transitions we looked for spin level crossings in the Zeeman
diagram of Fig. 7 which involves two excited and symmetric
spin eigenstates. We found in our numerical simulations
various level crossings that involve the excited spin states
IS = 12, M = —11) = 1//2(-6, —=5) + |-5, —6)) =
(=5;—6)and |S = 12, m = —10) = (-5;-5).

The results of the thermal excited tunnel transitions of our
experiments in the temperature range between 600 mK and
960 mK and the corresponding numerical simulations are
summarized in Table 2. The level crossings of symmetric and
excited spin states appear approximately at the experimentally
observed magnetic field positions. The experimentally
observed tunnel transition at ugH. = 3.95 T for example
can be explained by the level crossing of the excited spin state
IS = 12, m = —11) = (—5;—6) and the symmetric spin state
IS, m) ~ 1//2(1-5, 5) + |5, =5)) = (=5;5). The other
thermally excited tunnel transitions can also be explained by

Table 1 Experimental tunnel transitions of Mng at high longitudinal
magnetic field. The experimentally observed tunnel transitions at
100 mK can be assigned to two well-defined spin states in the
dimeric model of the molecule. The numerical simulations involve
the Hamiltonian parameters D = 1.28 K, J = 0.8 K, g = 1.99

Experiment/T Theory/T Initial state (m1,,m,) Final state (m,m;)

4.04 4.02 (~6:—6) (5:0)

4.04 4.06 (=6;—6) (3:0)

423 427 (—6:—6) (5:-1)
4.42 438 (~6:—6) (5:-6)
4.59 4.54 (=6;—6) (5:-2)
4.59 4.54 (=6;—6) (5;—4)
4.59 4.56 (~6:—6) (5:-5)
5.00 5.03 (=6;—6) (1; 0)

5.28 5.23 (—6:—6) (4:-6)
5.28 5.28 (~6:—6) (3;-3)
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Table 2 Experimental tunnel transitions at high longitudinal
magnetic field for the observed thermally activated tunnel transitions.
They can be assigned to two well-defined spin states in the dimeric
model of the molecule. The numerical simulations involve the
Hamiltonian parameters D = 1.28 K, J = 0.8 K, g = 1.99

Experiment/T Theory/T Initial state (m;,m,) Final state (m,m,)

3.95 3.99 (=5;—6) (5:-5)
4.09 4.09 (=5:—6) (5:-2)
4.30 432 (=5:-5) (-3:3)
430 432 (=5:-5) (4;-5)
4.42 442 (=5:-5) (4; 0)

4.68 4.65 (=5:-6) (4:—6)
485 4.80 (=5:—6) (3;-3)
4.85 4.85 (=5:-6) (4:-5)
5.23 522 (=5:-6) (5:-4)

different level crossings of symmetric spin states as depicted in
Fig. 7 and Table 2.

Finally we remark that in the framework of a dimeric
molecule where the spin eigenstates contributing to one tunnel
transition can be described by one dominant spin state (m1;,11,)
these tunnel transitions can be understood as a spin—spin
cross-relaxation in the molecule.?® In fact when the molecule
tunnels between two spin states, the two halves of the molecule
change simultaneously their spin state in order to minimize
their interaction energy with each other and with the external
magnetic field.

Conclusions

We have presented magnetization measurements of the SMM
Mng revealing various tunnel transitions. At low longitudinal
magnetic fields with the presence of high transverse magnetic
fields we observed several tunnel transitions, which are
forbidden in the framework of a giant spin approximation.
We propose to describe the Mng SMM as a molecular dimer of
two coupled spins S = 6. The introduction of an antisymmetric
exchange interaction leads to the superposition of spin states
with different spin length. This superposition of spin states
belonging to different multiplets leads to additional tunnel
transitions which are observed in our experiments.

In addition we presented magnetization measurements at
high longitudinal magnetic fields with no transverse magnetic
fields that reveal a very rich structure of tunnel transitions. In
the framework of the dimeric molecular structure we were able
to explain the numerous fundamental and thermally excited
tunnel transitions.

Therefore we found strong evidence that this molecular
dimer description of this SMM is well justified, especially at
low temperatures and small longitudinal magnetic fields. It is
obvious that the presented simple dimer description is only
valid for the description of the lowest spin multiplets and
possible effects of higher excited spin multiplets are probably
not well described by this simple model. Nevertheless, this
multi-spin description goes far beyond the standard giant spin
approximation and is capable of explaining the experimentally
observed tunnel transitions. This dimeric model of the molecule
is confirmed by numerical calculations of the positions and the

magnitude of the tunnel splittings which are consistent with
our experimental results.
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