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Some 3d" (4 = n = 7) transition metal compounds exhibit a cooperative transition
between a low-spin (LS) and a high-spin (HS) state. This transition is abrupt and occurs
with a thermal hysteresis, which confers a memory effect on the system. The intersite
interactions and thus the cooperativity are magnified in polymeric compounds such as
[Fe(Rtrz);]A,-nH,0 in which the Fe?* ions are triply bridged by 4-R-substituted-1,2,4-
triazole molecules. Moreover, in these compounds, the spin transition is accompanied
by a well-pronounced change of color between violet in the LS state and white in the HS
state. The transition temperatures of these materials can be fine tuned, using an ap-
proach based on the concept of a molecular alloy. In particular, it is possible to design
a compound for which room temperature falls in the middle of the thermal hysteresis loop.
These materials have many potential applications, for example, as temperature sensors,
as active elements of various types of displays, and in information storage and retrieval.

The use of molecules or molecular assem-
blies for information processing is one of
the most appealing perspectives in molecu-
lar chemistry. Whatever the final goal, a
fundamental underlying concept is that of
molecular bistability (1), which may be de-
fined as the ability of a molecular system to
be observed in two different electronic
states in a certain range of external pertur-
bation. Usually, one of the states is the
ground state, and the other is a metastable
state. Molecular bistability may refer to ei-
ther a single molecule or to an assembly of
molecules. To be used in memory devices,
the bistability must be associated with a
response function, for instance, optical or
magnetic, which reveals the state of the
system.

One of the most spectacular examples of
molecular bistability is the spin-crossover
phenomenon. It was first observed in 1931
(2, 3) and has been investigated extensively
since the mid-1970s (4-9). Only during the
1980s, however, was it realized that spin-
crossover compounds could be used as active
elements in memory devices (10-14). In
1984, it was found that a green light switches
the LS state to the HS one, which has
practically infinitely long lifetimes below 50
K, and that a red light switches the system
back from the HS state to the LS state
(14-16). The discovery of this LIESST
(light-induced excited spin-state trapping)
effect suggested that the spin-crossover com-
pounds could be used as optical switches.
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Let us briefly explain the essence of the
spin-crossover phenomenon. Some molecu-
lar species containing an octahedrally coor-
dinated transition metal ion with the 3d»
(4 = n = 7) electronic configuration may
show a crossover between an LS and an HS
state (Fig. 1). This crossover may be in-
duced by variation of temperature or pres-
sure, or by irradiation. To a first approxi-
mation, the crossover occurs when the en-
thalpy of the LS state in its equilibrium
geometry is slightly lower than that of the
HS state, also in its equilibrium geometry.
At low temperature, the thermodynamical-
ly stable state is the LS state, of lowest
enthalpy. On the other hand, when the
temperature is higher than a certain tem-
perature, denoted Ty, the HS state be-
comes the thermodynamically stable state,
because the entropy associated with the HS
state is much larger than the entropy asso-
ciated with the LS state, and the TAS (tem-

6 —

FRVE
%4—4’29

EE———
-~
Temperature

Pressure

Light irradation

Low-spin High-spin
1444 5Tag
5=0 §=2

Fig. 1. LS and HS states for a molecular species
formed by an Fe?* ion surrounded by six ligands
situated at the corners of an octahedron. At the
molecular state, the spin-crossover corresponds
to an intraionic transfer of two electrons between
the tog and €y orbitals, accompanied by a spin flip.

perature multiplied by entropy) gain over-
comes the enthalpy loss (17). T, is the
temperature for which there is coexistence
of 50% of LS and 50% of HS molecules.
The most extensively studied spin-crossover
compounds are those involving the Fe?*
ion with the 3d® configuration (6). In oc-
tahedral surroundings, the 3d metal orbitals
are split into the low-lying t,, and high-
lying e, subsets. The LS state arises from the
close-shell tzg6 electronic configuration and
the HS state from the t, % electronic
configuration. In the HS state, the anti-
bonding e, orbitals are doubly occupied,
which results in a lengthening of the Fe-
ligand bonds, compared with the LS state,
typically by 0.15 to 0.18 A (18, 19).

Polymeric Structures and
Cooperativity

The fundamental origin of the spin-cross-
over phenomenon is molecular, but the
shape of the temperature dependence of
the high-spin molar fraction, x5 = f(T),
depends strongly on intermolecular inter-
actions. The more pronounced these in-
termolecular interactions are, the steeper
the xyg = f(T) curve around T,j,;. When
the magnitude of these intermolecular in-
teractions overcomes a threshold value,
the spin-crossover phenomenon may be-
come cooperative. In such cases, we will
speak of spin transition. The thermally
induced transitions between LS and HS
states may not only be very abrupt, but
they may also occur with a hysteresis ef-
fect. In these cases, the temperature of the
LS — HS transition in the warming mode,
T.1, is higher than the temperature of
the HS — LS transition in the cooling
mode, T, | . The existence of hysteresis is
of the utmost importance, because it con-
fers a memory effect on the system. Be-
tween T_7 and T_|, the state of the
system, LS or HS, depends on its history,
and hence on the information which has
been stored.

Numerous studies have been devoted to
the origin of the cooperativity in spin-tran-
sition compounds, in particular by Giitlich,
Spiering, and co-workers (20-24). The co-
operativity is associated with the fact that
the equilibrium geometries in the LS and HS
states are different. We are not focusing here
on the theoretical aspect of the problem, but
rather on how to design strongly cooperative
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spin-transition compounds. The basic idea is
the replacement of molecular crystals by
polymers. In the former compounds, the ac-
tive mononuclear species are located at the
nodes of a crystal lattice, and the intermo-
lecular interactions, predominantly van der
Waals interactions, are weak. If the mole-
cules are hydrogen-bonded, these interac-
tions may be enhanced, but remain insuffi-
cient to give rise to a strong cooperativity. In
the latter compounds, the active sites are
linked to each other by chemical bridges
through which the intersite interactions may
be efficiently propagated. The first com-
pound of this kind, of the formula
[Fe(btrz),(NCS),]'H,O, was described in
1990 (25); in this compound, the active sites
are bridged by the 4,4'-bis-1,2,4-triazole li-
gand (btrz), resulting in a two-dimensional
structure. Very abrupt spin transitions, both
in the warming and cooling modes, as well as
a thermal hysteresis of 21 K were observed,
with T.1 = 1445Kand T.| = 123.5K.
Moreover, the transition was accompanied
by a well-pronounced change of color be-
tween violet (or pink) in the LS state and
white in the HS state. The violet color re-
sults from the spin-allowed 1Alg - 1Tlg dd
transition occurring at 520 nm; the white
color arises from the fact that the spin-al-
lowed d-d transition of lowest energy in the
HS state, STZg - SEg, occurs in the near
infrared. This marked change of color allows
optical detection of the transition, by use of
a set-up to record the transmittance of the
material at 520 nm wavelength as a function
of temperature (26).

In terms of applications for display devic-
es, the ideal situation is obviously that where

o

Scheme 1

room temperature falls in the middle of the
thermal hysteresis loop. We extensively ex-
plored the Fe?*-4-R-1,2,4-triazole system,
where 4-R-1,2,4-triazole (denoted hereafter
as Rtrz) is the molecule shown below.

Most of the compounds we are con-
cerned with have the general formula
[Fe(Rtrz);]A,,nH,O, where A is an anion
and nH,O stands for noncoordinated water
molecules. So far, no single crystal suitable
for x-ray diffraction could be obtained.
However, structural information has been
deduced from EXAFS (x-ray absorption fine
structure) at the iron K edge and from
LAXS (large-angle x-ray scattering) spectra
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(27-29). For all the compounds investigated
so far, the structure in the LS state consists of
linear chains in which the neighboring Fe
atoms are triply bridged by Rtrz ligands
through the N atoms occupying the 1- and
2-positions (Fig. 2). The shortest Fe-Fe sep-
aration is 3.65 A, and the FeNg core is
close to a regular octahedron. The align-
ment of the Fe atoms has been confirmed
by the presence of a peak, both in EXAFS
and LAXS spectra, characteristic of a Fe-
Fe-Fe linear path. The chain structure is
retained in the HS state, but it is not
certain that the Fe atoms remain aligned.
The peaks characteristic of a three-atom
linear path disappeared. As expected, the
average Fe-N bond is lengthened by 0.18
A, and the FeNg core is distorted. Several
crystal structures of the same type, with
Cu replacing Fe?*, were solved. All show
linear chains of triply bridged metal ions
(30). Linear trinuclear Fe’* species in
which the metal ions are triply bridged by
1,2,4-triazole ligands have also been char-

acterized (31, 32).
Spin-Transition Regimes

Let us now focus on the types of spin tran-
sition encountered with the [Fe(Rtrz),]
A,nH,0O compounds. All these compounds
display the thermochromic effect already
mentioned for [Fe(btrz),(NCS),]-H,O, and
thus, the bistability can be detected optical-
ly. Four different types of spin transition may
be distinguished:

1) The transitions are very abrupt with a
well-shaped thermal hysteresis loop and a
perfect reproducibility of this loop over suc-
cesive thermal cycles. Such a behavior is
rather rare. It has been observed so far for
[Fe(NH,tr2),J(NO,), (T. 1 = 348K, T, |
= 313 K) (33, 34) and [Fe(Htrz),(trz))(BE,)
(T.? =383K T.l = 345K) (35, 36).
The chemical formula of this latter com-
pound does not exactly correspond to the
general formula given above; it contains an
electron hole disordered over each
Fe(Htrz), (trz)Fe-bridging network.

2) The spin transitions are smoother,
occurring over a range of at least 10 K, and
the hysteresis width is in the range of 5 to
20 K. Many [Fe(Rtrz);]A,-nH,O com-
pounds exhibit such behavior (37, 38), for
instance, [Fe(NH,trz);](BE,),’H,O with a
hysteresis loop of 7 K centered at 255 K.
Usually, the behavior is reproducible over
successive thermal cycles. In such com-
pounds, for a given Rtrz ligand, the transi-
tion temperatures decrease as the size of the
anion A~ increases (39).

3) The observed behavior is governed
by the synergy between spin transition
and dehydration-rehydration process. This
happens, for instance, for [Fe(NH,trz),]-

i
2

(tosylate),*2H,O (40). At room

temperature, the material is LS and
has a violet color. As the temperature in-
creases, the noncoordinated water molecules
are removed, followed by an extremely
abrupt transition at 361 K from the metasta-
ble LS state to the stable HS state of
[Fe(NH,trz),](tosylate),. The HS — LS and
LS — HS transitions for the dehy-
drated compound [Fe(NH,trz)](tosylate),
are smoother and occurat T, | = 279 K and
T.1 296 K. Usually, the dehydrated
material is hygroscopic and spontane-
ously reverts to the starting material—
[Fe(NH,trz);](tosylate),»2H,O in the cho-
sen example-—in a normal atmosphere at
room temperature.

4) Some recently synthesized materials
resemble those described in 3), with two
important differences: the transitions for the
dehydrated material occur at much lower
temperature than for the hydrated one, and
the dehydrated material is stable in normal
conditions, that is, it does not reabsorb wa-
ter. A typical example of such a behavior is
offered by [Fe(hyettrz);]A,-3H,0 with hyet-
trz = 4-(2'-hydroxy-ethyl)-1,2,4-triazole and
A~ = 3-nitro-phenylsulfonate (41). The LS
— HS transition for this compound is de-
tected optically at 370 K, whereas the tran-
sition temperatures for the dehydrated mate-
rial [Fe(hyettrz);]A, are T_| = 100 K and
T.1 = 110K (Fig. 3). In other words, once
the starting violet material has turned white
by heating, it remains white (and in the HS

Fig. 2. Structure of a polymeric chain [Fe(Rtrz),] in
the LS state of the spin-transition compounds
[Fe(Rtrz),]A,-nH,0, viewed both perpendicularly
to (top) and along (bettom) the chain direction. For
the sake of simplicity the R groups are omitted.
They are bonded to the nitrogen atoms occupying
the 4-positions of the triazole groups. The iron
atoms are in red, the nitrogen atoms in green, and
the carbon atoms in black.
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state) when coming back to room tempera-
cure. We will discuss later the possible appli-
cations of such materials.

Molecular Alloys

The most appealing spin-transition materi-
als in terms of active elements for display
devices are those exhibiting behavior 1),
provided that room temperature falls within
the thermal hysteresis loop. So far, no pure
material of this kind has been found. How-
ever, several approaches may be used to
displace the thermal hysteresis loop. One
possible approach is suggested by studies on
doped spin-crossover compounds (34, 42—
44). Replacing some Fe?™ ions by non-—
spin-crossover ions results in a decrease of
the transition temperatures. This approach,
however, has a drawback; the color con-
trasts between LS and HS states are less
pronounced in doped materials than in pure
compounds. A much more appealing ap-
proach has recently been proposed, which
consists of designed molecular alloys. These
alloys may be synthesized from two types of
triazole ligands, R;trz and R,trz. Consider,
for example, an alloy of the formula
[Fe(R,trz); 5, (R,trz);, JA,'nH,0, construct-
ed in such a way that along each chain
there is a proportion 1-x of R;trz ligands
and x of R,trz ligands. Such an alloy is
obviously totally different from a mechani-
cal mixture of two pure compounds
[Fe(R,trz);]A,nH,O and [Fe(R,trz);[A
nH,O with the proportions 1-x and x, re-
spectively. Such a mixture has 1—x chains in
which all the ligands are R;trz and x chains
in which all the ligands are R,trz. As ex-
pected, the mixture shows two spin-transi-
tion regimes, whereas the alloy shows a
unique spin-transition regime, with transi-
tion temperatures solely controlled by the
composition of the alloy defined by x, pro-
vided that there is no demixing into the
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Fig. 3. Spin-transition behavior for the couple
[Fe(hyettrz);]A,-3H,0 — [Fe(hyettrz);]A,, with hyet-
trz = 4-(2'-hydroxy-ethyl)-1,2,4-triazole and A~ =
3-nitro-phenylsulfonate. The HS fraction was de-
tected optically, through the transmittance of the
material at 520 nm.

pure compounds. Such a behavior is dis-
played (Fig. 4) for the alloy [Fe(Htrz); 5,
(NH,trz),; (CIO,),’H,0O. In that case, no
demixing occurs, and T, 1 and T, | vary
linearly as a function of x. Furthermore, the
two ligands were chosen in such a way that
the transition temperatures for one of the
pure compounds are above room tempera-
ture, and for the other pure compound are
below room temperature. It turns out that
for a particular composition of the alloy,
room temperature falls in the middle of the
hysteresis loop. This material, with x =
0.015, is violet or white at room tempera-
ture depending on its history, or on the
information which has been stored (45,
46).

This alloy behavior can be modeled in
the framework of a mean-field description
(47). We consider an alloy of composition
A_B,, with a + b = 1, and define the HS
molar fractions for the sites A and B as
xys(A) and xyg(B), respectively. What is
experimentally detected, either magnetical-
ly or optically, is the total molar fraction of
HS sites x5 = xyg(A) + x4s(B). The
Gibbs free energy of the alloy, G, is ex-
pressed as

G = Gis(A) + Gus(A) + Gis(B) +
GHS(B) + Gexc - TSmix (1)

The first four terms on the right-hand side
stand for the free energies of the A and B
sites in both the LS and HS states; G_,
stands for the excess free energy arising
from the intersite interactions AA, AB, and
BB, and S, is the mixing entropy account-
ing for all the ways to distribute the A and
B sites in LS and HS states in the lattice.
The extrema of G are given by the solutions
of

3G/dxs(A) = 0and 0G/9xs(B) = 0 (2)

which leads to a numerical solution x;;g =
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Fig. 4. Variation of the spin-transition temper-
atures T,1 (e) and T | (o) for the alloys
[Fe(Htrz)5_g, (NH,trz) 4 J(CIO,),-H,O as a function
of alloy composition.

f(T). We will not detail further this calcu-
lation developed elsewhere (48), and will
only present a typical result in Fig. 5. The
xps = HT) curve for the A, By alloy is
compared to both the curves for the two
pure materials and the curve for the simple
mixture of 50% of A and 50% of B. T, for
the alloy occurs exactly halfway between
the T, values for pure A and pure B. The
curves of Fig. 5 also reveal a weakness of the
molecular alloy approach; the transitions
for the alloy are more gradual than for the
pure compounds.

Another kind of alloy involves mixed
counteranions instead of mixed triazole li-
gands. The spin-transition temperatures for a
given type of cationic chains [Fe(Rtrz),]
have been found to depend on the nature of
the counteranion A, which suggests that the
spin-transition regime may be also fine-
tuned through the composition of alloys of
the formula [Fe(Rtrz),]A A’,_ nH,O. This
possibility was tested for R = NH,, A =
NO;, and A’ = BF,. Figure 6 shows the
thermal hysteresis loop for the alloy
[Fe(NH,trz),J(NO;), ,(BF,)5; preencapsu-
lated in a polymer. The hysteresis loop has a
width of about 60K, and T, 1 and T, | are

situated on either side of room temperature.

Design of Display Devices

The compounds described above exhibit
both magnetic and optical changes when
they undergo a spin transition. Their opti-
cal behavior is presently responsible for the
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Fig. 5. Theoretical calculation in a mean-field ap-
proximation of the x,,q = f(T) curve for the spin-
transition molecular alloy A, ;B 5. This curve is
compared to those of the pure materials A and B,
and that of a 50-50 mixture of A and B. The pa-
rameters of the calculations were chosen in such
a way that T, , is equal to 200 K for pure A and
300 K for pure B. The interaction parameter oc-
curring in the excess free energy was taken equal
to 278 cm™ for all types of interaction (AA, BB,
and AB). In this calculation, it was assumed that
there were only two sites, A and B, but in the
[Fe(R,tr2);_5, (R,trz)5, JA, nH,0 compounds there
are, of course, many more.
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interest in their development. Two kinds of
displays have already been investigated, in-
volving type (iv) materials on the one hand
and alloys working at room temperature on
the other hand. In both cases, the writing
step consists of locally warming up the dis-
play above T, 1. For a reversible display,
the erasing step involves cooling down the
material, locally or not, below T_| , using
for instance, a Peltier element. Such a re-
versible display is represented in Fig. 7.

The compounds of the type [Fe(hyettrz);]
A,-3H,0 may be used as single-use displays,
with a first level of security, because the
materials cannot recover the hydrated LS
state at room temperature without damage
(mainly oxidation of Fe?* ions). Such mate-
rials can indicate the first use of a prepaid
stored-value card. They can also be used as
temperature threshold indicators, because
they can be designed in such a way that the
transition temperature covers a range be-
tween -30°C and 100°C.

One of the main advantages of such
displays is that they are easily implement-
ed as a printed ink, deposited on any type
of substrate such as plastic or paper. The
design of the material then has to be
completed by adjusting the ink basis,
which mainly consists of a polymer solu-
tion. The ink basis has to comply with four
criteria, namely: (i) to stick to the sub-
strate, (ii) to be chemically neutral for the
spin-transition material, (iii) to protect
the material from environmental influenc-
es, and (iv) to be mechanically compatible
with a printing principle of warming up.
An intensive study led us to the choice of
a screen-printing polymer basis with sol-
vent subsequently evaporated.

The need for careful material design is
even more pronounced with the second type

ey
o

p .
®

o
i'S

Transmittance (arbitrary units)
o o
N [+
LB I B S B B
<+—

PR BT RN B

320 340 360

260

280

300

T(K)
Fig. 6. Thermal hysteresis loop detected optically
through the transmittance at 520 nm for the com-
pound [Fe(NH,trz);J(NO,), ,(BF ), 5 pPreencapsu-
lated in a polymer. It has been checked that the
hysteresis loop is reproducible over several dozen
of thermal cycles. Two successive thermal cycles
are represented here.

of displays, reversible ones, involving room-
temperature working alloys. These alloys are
sensitive to oxidation and humidity, and
therefore preencapsulation of the material
during the synthesis itself is required. Such a
preencapsulation leads to hermetic, very
thin, and transparent capsules around the
spin-transition particles. Once this process is
mastered, the resulting display is perfectly
reversible, does not require any power supply
to keep the message displayed, and is partic-
ularly easy to implement.

Alternative solutions are rather sparse.
To the best of our knowledge, only two have
been reported. One uses charged polyethyl-
ene terephthalate, where the charge under-
goes local nucleation and denucleation, de-
pending on the thermal treatment applied
(warming up for both nucleation and de-
nucleation, but at different temperatures),
thus leading to diffusive or transparent
states, respectively. The system suffers from
fatigue during successive cycles. The second
one involves magnetic particles that are oti-
ented perpendicular or parallel to the sub-
strate. To work, it requires a dedicated sub-
strate, which is not always compatible with a

Metallic lines

Resistive

Alumina substrate

Peltier element

cost target. This technique re-
mains highly sensitive to interfer-
ences with residual magnetic fields.

Further Perspectives

Spin-transition polymers exhibit some
fundamental features such as magnetic and
optical transitions, and bistability that
make them relevant for further investiga-
tion as storage media. The increasing im-
portance of electronic data retrieval and
storage reveals a need, and in the mean-
time a challenge, for high-density storage
media. Within the last 40 years, the bit
length has decreased from 250 pwm (the
first hard disk from IBM in 1950) to 1 pm
in audio compact discs and even 0.6 pm
(compare work on frequency-doubling sys-
tems by IBM in 1994). These reductions
in size have taken place in parallel with
the emergence of higher data transfer rates
(the typical range is currently 9 megabits
per second) and shorter information ac-
cess times, typically 30 ms. Whereas the
latter figure is exclusively linked to the
reading process, the other two parameters

Fig. 7. Principles of a display using a spin-transition polymer as active element. The substrate consists
of an alumina plate, on which resistive dots and connecting electrodes were previously screen printed.
The dots are addressed through columns and rows. The addressing step can be monitored through a
computer (top). A layer of the active material is deposited on the substrate. This is done by screen-
printing technology, using an ink consisting of the material in suspension in a resin which acts as both
a material support and a protection against the environment (bottom left). The dots, when electrically
addressed, act as heat dissipators. When the temperature is above 7, 1 , the material passes from violet
to white. The information is stored as long as the system remains at a temperature within the hysteresis
loop (bottom right). To erase, the temperature has to be lowered below T | . This can be achieved with
a Peltier element. Various related displays can be derived from the one shown in this figure.
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are directly related to the material itself
and to the storage process.

To further increase the integration, even
with existing writing tools (the predicted
limit for optical writing is a density of 100
bits per square micrometer), there is a crucial
need for new materials. Spin-transition poly-
mers have already offered interesting capa-
bilities such as: (i) room-temperature work-
ing range, (ii) wide thermal hysteresis loops
(50 K and more), (iii) low thermal address-
ing power (about 5 X 1072 mW/um?), (iv)
short addressing time (the intrinsic time
scale of the phenomenon is of the order of
nanoseconds), and (v) very small bit size.
Regarding this last point, the minimum size
for one bit is not one repeat unit [Fe(Rtrz),],
but the smallest particle that exhibits coop-
erativity. It has been estimated that about
10* strongly interacting active sites should
exhibit a cooperative behavior. This roughly
corresponds to a cube of 4 nm per edge and
potentially represents a decrease by two or-
ders of magnitude in the characteristic bit
size. Note that a single-electron transistor
has been reported by researchers at the Uni-
versity of Minnesota, with a characteristic
gate size of 6 nm (49). With such a degree of
miniaturization, the implementation of the
compound and the writing and erasing pro-
cesses remain unsolved problems. This is a
general concern for high-density data stor-
age. For spin-transition materials, the Lang-
muir-Blodgett film approach has been the
first to be investigated. It may lead to regular
bidimensional media, with controlled densi-
ties of active sites (50).

Concerning the writing-erasing and read-
ing tools, at least two high-definition meth-
ods are under development. Both AT&T
and IBM reported on near-field optical spec-
troscopy (51), claiming the achievement of a
0.06-pm bit length (52). The alternative
route is atomic force microscopy. In the early
1990s, the first thermomechanically written
bits on polymethylmethacrylate were ob-
tained, with lengths of 120 nm (53). The
best performances are around 3- to 6-nm
bits, even though the accuracy of this tech-
nique is not on the atomic scale. As far as

spin-transition materials are concerned,
thermal writing has already proved its appli-
cability. Nevertheless, localized erasure re-
mains difficult to achieve.

Up to now, we focused on the optical
properties of the materials in terms of appli-
cations. We would like to mention another
kind of temperature sensor whose response is
not provided by the color, but by the mag-
netic properties. In magnetic resonance im-
aging, it may be important to know the in
situ temperature or to receive an alert when
an upper-limit temperature is reached. For
instance, this is the case for the treatment of
some tumors by hyperthermy. A compound
designed in such a way that its transition
temperature corresponds to this upper-limit
temperature may be used. Below this temper-
ature, the compound is diamagnetic, and the
magnetic resonance image is not perturbed.
When the critical temperature is reached,
the compound becomes paramagnetic, and
the magnetic resonance image is strongly
perturbed.
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