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The question addressed in this paper is that of the influence of the density of dislocations on the spin
tunneling in Mn, clusters. We have determined the variation in the mosaicity of fresh and thermally treated
single crystals of My, by analyzing the widening of low angle x-ray diffraction peaks. It has also been well
established from both isothermal magnetization and relaxation experiments that there is a broad distribution of
tunneling rates which is shifted to higher rates when the density of dislocations increases.
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Within the last few years molecular clusters have emergediistorted single crystaf€,we have noticed that in order to fit
as truly interdisciplinary objects. This is so because thes¢he data for these last crystals, it is necessary to introduce a
materials allow us to test the border between quantum angecond-order tern‘E§<_ There are also electron paramag-
classical mechanicsthey may also be used as a hardwarenetic resonancéEPR) datd® in which the energy separation
for quantum computefs and for low temperature magnetic peqyeen thes, spin levels is measured. These experiments
cooling® The magnetic hysteresis in molecular clusters regqest that energy barrier height varies slightly from mol-
sults from the existence of2+ 1 spin levels in the two wells oo jje to molecule, which can also be interpreted in terms of
the existence of dislocations. Here we present experimental

of the magnetic anisotropy barrier. Wnmolecular clusters
haveS=10 at low temperature and are equivalent to a Slngleevidence of the effect of defects, mostly dislocations, on both
the rate of spin tunneling and the law of relaxation in single

domain particle with magnetic moment 2p. The occur-
rence of magnetic re_laxatlo_n at temperatures at which .th(e:rystals of two different M, molecular clusters.
thermal fluctuations die out is due to spin resonant tunnelin

g 24 ) 5,26
between degenera®y, states in the two wells of the anisot- id Mtnlz'la‘c antql Mn, 2C|dt:enzloat§, :\/_In12CI_,thhtf;1]ve I
ropy potential well$~° To the first approximation, the spin iaentical magnetic cores and local Symmetries, wi e only

Hamiltonian used previousiy®®to fit the magnetic data ob- difference that the easy axes of M@l lie alternatively in
tained for the different MpAc molecular clusters is written the direction (011) or (01), being nearly perpendicular to
as their nearest neighbors. That is, the spin Hamiltonian for the
two type single crystals should contain the same terms. Fresh
H= —DS§+ H' +Hgip+ Hr, ) single crystals of MppAc and Mn,Cl were first character-
ized by x-ray diffraction techniques and then we carried out
whereD=0.65 K%~'®andH’ contains anisotropy terms of the magnetic studies. The next step was to cycle the tempera-
fourth order of the spin operatdt*° The last two terms ture of the crystals between 80 K and 300 K four times. Then
correspond to the contribution of both dipolar and hyperfinewe performed new x-ray diffraction and magnetic character-
fields to the transverse magnetic field. The first term of Eqization. A second rapid therm&RT) process, similar to the
(1) generates spin leve; inside each well, while the sym- first one, followed by both x-ray and magnetic characteriza-
metry violating terms inducing tunneling are those associatetion was also performed. During all these operations the
with the transverse component of the magnetic anisotropgingle crystals were kept glued on the top of a glass capilar
and the transverse dipolar and hyperfine fields. Very recentlynside the measuring probe. Several runs using different
however, Chudnovsky and Garaffirhave suggested that fresh samples were performed for both e and Mn.Cl.
tunneling due to the magnetoelastic couplifg,, may be In order to have an idea of how much a temperature
even larger than that due to the terms written in @9}. This ~ change induces dislocations, we can compare the minimum
may be so, as a consequence of the local transverse anisstress to create a dislocation with stresses created by tem-
ropy and magnetic fields associated with dislocations. Alsgerature gradients. It is easy to show that the minimum tem-
recently, Merteet al?! have performed Landau-Zener relax- perature changéin air) to create a dislocation in a small
ation studies in Mgy, clusters using different sweeping rates crystal is roughlyAT,;;~30/2aE, whereo is the tensile
of the applied magnetic field. Their data clearly show et strength,« is the linear expansion coefficient, aidis the
there is a distribution of tunneling splittings associated withYoung’s modulus. Giving reasonable values for a molecular
the second-order anisotropy terifi;) the fraction of Mn,  crystal, the minimum temperature change is about 100 K.
molecules remaining in the metastable state obey the scalinthe RT process supposes a rapid change in the temperature
law suggested theoretically for the case when the tunneling isf the surrounding air of the crystal of about 200 K. When
driven by dislocations. In a series of resonant experiments ahe crystal core is still at the initial temperature, the surface
frequencies between 37 and 110 GHz, using both fresh anof the crystal starts to cool down. This large temperature
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FIG. 1. (Colon w-6 plot of the (22) reflection of the Mg,Cl crystal: before any proceseft), after one RT processentey, and after
two RT processegight) . The insets clearly show the enlargement of the peak alodge to the increase in mosaicity after the RT process,
while keeping a constar@t width. The flattening inw even overcomes the scan width.

gradient generates radial and tangential tensions that fav@rocess because they were low angle and intense. In Fig. 1
the propagation of dislocations across the crystal, probablye show thew- plot of the (22) diffraction peak, for the
starting at point defects frozen during the growth of the CryS\vn,,Cl single crystal, in its pristine forrfleft), after the first

tal aljd during the x-ray irradiation. The prppe_lgat!on of dis-RT procesgcentey and after a second or{eight). The inset
locations by the whole crystal converts an initial single cry:s—Clearly shows the widening of the diffraction peak alang

ta! mtp a mult!domaln crystal_wherg each eIem.enF IS SIIght!ydue to the increase of the mosaicity while the width alodg 2
misaligned with respect to its neighbors. This is what is

; remains constant. It can be also seen that after the second RT
known as a mosaic crystal and the decrease of the average

size of the domains and their misalignment is related to th rocess, tDe flattening io even overcomes the >ean W.'dth'.
widening of the diffraction peaks. As the peak widening Ob_Assumlmj that the average distance between dislocations is

served in our experiments is as low as a few tenths of Inversely related to the widening, and taking into account

degree, the samples after the thermal process are still consithat the latter doubles approximately after each thermal treat-
ered as single crystals but with a larger mosaicity. ment, see Fig. 1, it may be concluded that the number of
To better determine the mosaicity variation with the RT dislocations increases near by an order of magnitude after the

processed’~2° we have focused our attention on low angle RT process. It is assumed that the domain size effect domi-
diffraction peaks in order to minimize the widening associ-nates over the effect of misalignment, otherwise the increase
ated to the lack of monochromaticity (M&a, and of the dislocation concentration would be lower. Similar re-
Mo Kas,). After checking the crystal parameters and gettingsults were observed in the analysis of low angle diffraction
the crystal orientation by using an Enraf-Nonius CAD4 four-peaks for the MpAc single crystal.

circle x-ray diffractometer, we choose the reflections2( The magnetic characterization of the single crystals be-
+2=2) for comparing their shape before and after the RTfore and after the RT process include hysteresis cycles at
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FIG. 4. Dependence on the sweeping rate of the applied mag-
FIG. 3. Isothermal magnetization curves at 2 K for Ml netic field, of the variation of magnetization on a Landau-Zener
single crystal, beforésolid line) and afterdashed lingthe third RT experiment at 1.8 K and for the zero field resonance forMa
process. single crystal, beforésolid squaresand after(open circlesthe RT
process.

different temperatures and relaxation experiments over the
resonance at zero field by changing the sweeping rate of thEhe effect appears emphasized in Figh)2where the relax-
magnetic field. The experimental evidence of changes assation ratel’ at each time is plotted as deduced from the
ciated to the thermal process came out from the magnetielaxing data by using the differential exponential laghM
relaxation data at zero field, see Fig. 2. In these measure= —MI'dt).
ments the single crystals were first placed in a field The variation ofl” with time, see Fig. @), strongly sup-
= 30 kOe atT =10 K, then they were cooled until the de- ports that the spin relaxation is a superposition of exponen-
sired temperature and the field was then switched off. Théial decays with different rates,
direction of the applied field coincides with tleeaxis of the
Mny,Ac crystals. In the case of the MYCI single crystals,
the field is applied along the easy axis direction for only half
of the molecules. The data displayed in Fig. 2 are represen- ) o o
tative of those obtained for different samples of the twoWhereMy is the initial magnetization at=0, andI" should
single crystals at different temperatures and show that botRorrespond to the relaxation rate for the'dlffergnt molecules
the amount of magnetization relaxing per unit time and themay or may not have been affected by dislocations. We have

relaxation rate are larger after performing the RT processederified recentl§ that the relaxation law can be fitted by a
stretched exponential, its exponent depending on the concen-

tration of dislocations. The molecules near the core of the
dislocations are those for which the magnetoelastic coupling
s the strongest and which, consequently, show the largest

M(t)=MOJ f(T)exg —Tt)drT, 2

TABLE I. Values of the tunneling probabilityyy , at the differ-
ent resonance peaks for the M@l single crystal before, after the |
first, second and third thermal process deduced from hysteresl

measurements recorded at different temperatures. tunneling rate. This is the reason why there is a distribution

of relaxation times and why the measured tunneling rate de-
100py, creases with time.

F  Temp. Before Afterfirst After second After third In Fig. 3 we show isothermal magnetization curves at 2K

N (K) RT RT process RT process RT process  for the Mn,Cl single crystal before and after the RT process.
It is well known that the magnetic relaxation at each reso-

0 18 141 14x1 18x1 20+1 nance depends on the step numiigas well as on the sweep

1 18 141 15+1 18+1 221 rate of the applied magnetic field. In all these experiments

2 18  16x1 16x1 22+1 24+1 we have fixed this rate at 10 Oe/s. In order to study the

3 18 221 22+1 28+1 30x1 dependence of the magnetic relaxation at each resonance on

0 2.0 4+1 61 81 7*+1 the RT process, we have calculated the tunneling probability

1 2.0 7+1 8*1 12+1 14+2 pn at each resonancey=Ry_1—Rn/Ry_1, WhereRy is

2 2.0 19+-1 17+1 24+ 2 26+ 2 the fraction of molecules that remain in the metastable well

0 2.2 141 16+1 18+2 20+2 after theNth level crossing. In Table | we list the values of

1 2.2 36-2 362 42+2 48+2 py for the case of the MpCl single crystals before and after

0 2.4 60+ 2 58+2 66+3 66+3 the first, second, and third thermal process. Table | clearly

1 24 80+ 4 84+ 4 85+ 5 90+ 6 shows thatpy is larger for all resonances detected experi-

mentally in the case of the single crystals suffering the RT
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process. That is, the amount of magnetization tunneling afor all values ofr, after the single crystals have suffered the
each resonance is correlated to the crystal mosaicity detectégat treatment.
in the x-ray experiments. In other words, the crystals having It is clear that while it is possible to perform a one-to-one
more and more dislocations show faster and faster magnetisorrespondence between theory and experiments in the case
relaxation because they have larger and larger number @ff the ground-state tunneling for Myghc,? it is not the case
molecules affected by dislocations. . . in our experiments as the tunneling occurs from many differ-
The temperature tends to reduce the differencesiifor  ent excited levels. Concerning the analysis of the data for the
the fresh and treated crystals as it should be due_ to the fagf,q types of Mn, single crystals we have used in our ex-
that as the temperature Increases we start detecting the m?Jériments, we expect a qualitatively similar effect of dislo-
ecules that are not affected by dislocations and are Iocateéjations for two reasons: dislocations introduce new terms in

far away from the nuclgus of the dislocations. the spin Hamiltonian associated with both the transversal
Landau-Zener experiments have also been perfofh&d, .
field and anisotropy, and the MCI crystals are formed by

using fresh and thermal treated single crystals of;Mo. . . - ; .
The tunneling probability when one resonance is crossed att%{v.o |de_nt|cal blocks similar to MﬁAC W'th perpend|cu|e_1r
orientation between them. That is, following the analysis of

given sweeping rate for the magnetic field depends expo- ; .
nentially on the tunneling splitting of the resonance. OurChudnovsky and Garanfl,for both type of single crystals,

Landau-Zener experiments were done in the following Way?rgtilgﬁrg?ZZfI:ctesX?necif;séns the tunneling rate as the concen-
First a negative saturation field was applied at the measuring - ' . :
Summarizing, we have shown and discussed magnetic

temperature. Then the field was changetite= —2 kOe at ; :
) . e data for different single crystals of two molecular clusters,
the highest sweeping rate and the value of magnetization was, ., . = . . ) .
o ) X ; Which indicate that the existence of dislocations modify sub-
measured givingVl ;. The field was immediately changed to . . . : ;
= L . ; stantially the spin tunneling rate. The magnetic relaxation
H, =2 kOe at a giving sweeping ratemeasuringM , after

the process was finished. This procedure was repeated IatW is strongly affected by defects, as a consequence of

different sweeping rates ranging from 30 Oe/min up to 1@5ei)sverlappmg of tunneling splittings for the different spin

T/min and at different temperatures. The results obtained a
1.8 K are shown in Fig. 4. In this figure we plot the normal- The authors thank the EGGrant No. IST-1999-29110

ized variation of the magnetizatichM/Mg=M,—M;/Mg

and Generalitat de Cataluny&rant No. 2001SGR335or

as a function ofr. One can see that this quantity increasesfinancial support.
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