PHYSICAL REVIEW B VOLUME 55, NUMBER 17 1 MAY 1997-|

Thermally activated and field-tuned tunneling in Mnj,Ac studied by ac magnetic susceptibility
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The magnetic ac susceptibility of oriented Mn,Ac crystallites has been measured as a function of tem-
perature, field, and frequency. The field has been applied at different values of thedavitlierespect to the
sample easy axis. Far=5 K, the isothermal and adiabatj¢climits have been determined as a function of
field. For 6=0° and intermediate frequencies, Lorentzian-shaped peaks have been observed at magnetic field
valuesH,=nH; with n=0, 1, and 2 wheréi,=4.1 kOe. Asé increases these maxima shift to higher fields,
that satisfyH,cosf=const, and decrease in amplitude. The relaxation timéollows Arrhenius’ law with
respect to temperature and decreases sharply=atl,,. The observed phenomenology unambiguously proves
the existence of field-tuned tunneling between excited magnetic states which are thermally populated. At 5 K,
the effective activation energy and the spin states involved in the tunneling process have been obtained.
[S0163-182697)09317-X

[. INTRODUCTION authors inferred the existence of tunneling between thermally
populated up|+m), and down|—m), magnetization states,

Since the report on the MgAc complex magnetic bista- which are nearly degenerate at zero field. When a field is
bility and the possibility that this molecule provides a mag-applied, the increase im could be related to the detuning
netic quantum tunnelidg(MQT) model system, extensive Pproduced by the Zeeman splitting of the m) doublet. A
work has been performed on it. Magnetic dc susceptibilityrelaxation time minimum would appear when energy levels
experiments characterized MAc as a superparamagnet, corresponding to states of opposite spin orientation cross and
with blocking temperaturdz=3 K. It was found that this @ new tuning condition is achieved.
compound has only one relaxation timre which depends Although the valueH =3 kOe is different fromAH
exponentially on the temperature= 7oexpQV/ksT), with =4.6 kOe we may conjecture that the step in magnetization
70=2.1x10"" s andQV/kg=61 K. The saturation of the and the dip int are simply related. To ascertain this, ac
relaxation time to a constant value bel@ K was interpreted ~ susceptibility measurements have been performed on the
as a new indication of the crossover to MQT below thatsame sample for which the steps had been previously de-
temperaturé. tected. The magnetic field, frequency, and temperature de-

The bistability property was based on the appearance of Bendence of the complex susceptibility have been explored
broad magnetic hysteresis loop beldi.! Later, “ava- in the neighborhood of the tuning regiold =0 and 4.6
lanche” processes appeared in hysteresis loops measured #&2€), as a function of sample orientation. Briefly, the pres-
low 2.5 K3 Recently~° hysteresis loop measurements on a€nce of susceptibility peaks at the tuning fields, with a
sample of oriented crystals showed the onset of steps at fieleorentzian dependence on the applied field, has been ob-
intervals ofAH=4.6 kOe, which were attributed to resonant Served. From the temperature and field dependence of the
tunneling of the magnetization between different excited'€laxation time, the existence of tunneling between thermally
quantum states. This process differs from MQT between th@opulated excited levels at these fields has been unambigu-
|0west_|ying energy states for the two magnetiza’[ion direc.OUSly concluded. The relaxation time depends on the orien-
tions. However, both processes are related since the MQT f&tion of the easy axis of the sample with respect to the
the mechanism which gives rise to magnetic relaxation of thé@pplied magnetic field.
molecule.

A well-established technique to study magnetic relaxation Il. SAMPLE PREPARATION AND EXPERIMENT
times is ac susceptibility. Indeed, the complex susceptibility _
was studied on this molecule as a function of frequency and The compound MppAc, brief for
temperature, confirming the values@¥#/kg and r, reported ) _
earlier’ Of more interest is the field dependence of the re- [Mn1201o(CHCO0116(Hz0)]- 2CH,COOH 4H,0,
laxation time measured by means of ac susceptilfilily. is an organometallic molecular crystal with 8 Mn lI5(
Ref. 8 it is described that when the magnetic field is applied=2) and 4 Mn IV (S=3/2) ions, which form a magnetic
on an oriented sample along tkeaxis, the relaxation time cluster of effective spinS=10 (Ref. 9. The sample was
shows two dips aH=0 andH=3 kOe, respectively. The synthesized as described in Ref. 10 and its quality was
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2.0 : field-cooled magnetization curdeand the value reported
0=0° . here are very different.
H,=0 ., B It should be noted that two shoulders appeay i(iT) and

H
o

@
th

susceptibility (10 emu)
>

x"(T) below 4 K. These two peaks are related to relaxation
processes with relaxation times, and 73, respectively,
shorter thanr,;. The existence of these processes has also
been inferred from magnetic relaxation experiments per-
formed below 3 K(Ref. 2. Our x'(w) measurements per-
formed aboe 4 K reveal that these faster relaxing parts of
the magnetization contribute g with their equilibrium sus-
ceptibility for the whole measuring frequency and dc field
range. Then, it follows that,> r,> 73 and we focus our

T(K) study on the slowest relaxation mechanism.
Our ac susceptibility measurements under a dc field have
FIG. 1. Magnetic ac susceptibility measuredrat5 Hz along  been performed at >3 K. Furthermore, the magnetization
the z axis of the sample®, real componentD, imaginary compo-  reaches the thermal equilibrium valié.,; consequently,
nent. magnetic relaxation effects are only due to the ac magnetic
field. For practical purposes, the frequency-dependent sus-
checked by x-ray diffraction. The obtained crystallites wereceptibility can be written as follows:
about 10um long and aspect ratio of about 10, the long axis
being parallel to the axis. The crystallites were embedded xo(H,T,0)— xns(H,T,6)
in Araldite epoxy and submitted to a 5.5 T field at room XadH.T.0,@)=xn(H.T,0)+ 1+ilor(H,T,0)]
temperature. Since at this temperature the sample is super- v (1)
paramagnetic, an effective orientation of the crystallites with
the c axis parallel to the field direction was achieved. Thewhered is the angle of the applied dc and ac magnetic fields
orientation was confirmed visually under a microscope atvith respect to the easy axis of the sample. Usually, the
1000x magnification. We estimate that the crystallites’ dynamic behavior of an uniaxial single domain magnetic
axis lie within a cone of about-7° wide, around the field particle is analyzed using Arrhenius’ law for the relaxation
direction. time:12:13
Cylindrical samples of this sample/epoxy solid were mea-
sured in a Quantum Design superconducting quantum inter-
ference device magnetometer with ac susceptibility option.
The excitation field was 4 Oe for all experimental runs. The
frequencyr was varied between 0.025 and 980 Hz and thewhere the energy barridd(H,6) for thermal activation, in
temperature stability was maintained within 1% of the absothe case of uniaxial magnetic anisotropy, is gived*dy
lute temperature. Measurements were also performed with
the orientation axigtaken as the axis of the sampleform-
ing an angle 820#<90° with the applied field. For this the
sample holder was cut to form the desired angle and thélereQ is the density of anisotropy energy,is the volume
sample glued on that surface. We estimate that the anglef the particle, andHq(#) is the critical field at which the
between the sample axis and the field direction was deteenergy barrier becomes zero. R 0°, this field equals the
mined to 5°. anisotropy field which was estimafe be around 100 kOe.
The exponenk(6) =0.86+1.14H(#)/Hq(0) tends to 2 as
0 goes to zero.
At the low-frequency limitw71(T,H)<€1 the susceptibil-
The ac susceptibility measured unde5 Hz acmagnetic ity given by Eq.(1) is real and reaches the thermal equilib-
field applied along the axis of the sample is shown in Fig. rium value xq, usually called the isothermal susceptibility.
1. As it has been recently reported by several auftfdtt ~ The Mny,Ac equilibrium susceptibility can be obtained nu-
follows the characteristic behavior of an ideal superparamagmnerically differentiating the magnetization versus field curve
netic system with a well defined relaxation time. Between 6measured above 3 K, i.e., when all the molecules are super-
and 12 K the total susceptibility is real and follows the paramagnetic for the characteristic dc measuring times. The
Curie-Weiss lawy=C/(T—T.) whereas it reaches a maxi- equilibrium susceptibility so obtained, &i=5K and 6
mum at the blocking temperatuiig;=5.5 K and decreases =0°, is shown in Fig. 2.
at lower temperatures. The imaginary part of the susceptibil- At high enough frequencies7;>1 the susceptibility
ity x” departs from zero neafg and shows a peak &  given by Eq.(1) tends toy,. This theoretical limit was
=45 K. At this temperature, the relaxation time of the  experimentally achieved =5 K and#=0° measuring the
Mn;,Ac molecules equals the inverse of the angular fre-susceptibility at the highest accessible frequenay,
guency w=2mv) of the ac magnetic field. On the other =980 Hz; the results are also represented in Fig. 2. Finally,
hand, the characteristic measuring time of dc magnetic exn the same figure, thg’'(H) measurements far=15 Hz at
periments is about 100 s and, consequently, the dc blockingj=5 K and §=0° are shown. They lie between both limits
temperaturé g=3 K, obtained from the peak of the dc zero- for all the applied fields and approximate the isothermal limit

- U(H, )
T1= To€X kBT (2)

U(H,0)=QV[1—H/Hq(6) 1. ®)

Ill. EXPERIMENTAL RESULTS
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2.0 ! , , TABLE I. Activation energyU¢, and prefactorry, Arrhenius
f law [Eqg. (2)] parameters obtained from the fit @f(T) data, for
different strengths and orientations of the applied field.
1.5 (U=100,D=73K).
g 0 (deg) H (kOe)  Uey(K) 7o ()
5 1.0 0 0.0 61(2) 6 (2)x10°8
® 0 4.1 57(1) 1.1 (2)x10°7
0.5 25 0.0 61(2) 5 (4)x10°8
25 45 51(2) 2 (1)x1077
0.0 25 5.0 60(2) 6 (3)x10°8

that the field dependence ef disagrees with the classical
expectation for a thermally activated relaxation mechanism.
isothermal limit (=0); @, intermediate casevE 15 Hz); (—) es- ) _In order to determine unambiguo_USIy f[hat the ac suscep-
timation of the susceptibility caused by overbarrier thermally acti-UPility peaks are due to a nonclassical field dependence of
vated relaxatior(see text the relaxation time, we performed ac susceptibility measure-
ments as a function of the frequency in the 0.025

as H increases(although this limit in fact decreases with HZ<»<1000 Hz range. We obtained the relaxation time
increasingH and becomes very close jg; above 9 kOg fitting the x'(w) and x"(w) experimental curves to Eql).

For classical thermally activated relaxation, the field de-Typical experimental curves measured at different field val-
pendence of’ is determined by the decrease of the anisot-ues aroundd;=4.1 kOe are shown in Fig. 3. We note first
ropy energy barriet) asH increase$cf. Eq.(3) abovd. The  that the fits are reasonably good except at the high-frequency
effective relaxation timer; given by Arrhenius’ law is then ~region. This dlscre_pancy indicates tha'F there are other faster
shorter and, according to E.), the system should approach relaxation mechanisms for the m.agnetlc momeqt;, as we ex-
the equilibrium susceptibility value. Although experimental Pected from the¢,{(T) data(see Fig. 1. However, it is clear
x'(H) data indeed approaclo(H) at high fields, the in Fig. 3 that thex"(w) maximum appears at a higher fre-
x'(H) curve also shows two sharp peaks centered arounguency forH,;=4.1 kOe than forH=3.5 and 5 kOe. The
Ho=0 and H;=4.1(1) kOe [B;=H;+47M¢=5.1(1) field dependence of; at T=5K is shown in Fig. 4. We
kG]. We note thaB,, that is, the internal field which is seen
by the molecule, is very similar to the valug,=5 kG,

FIG. 2. Field dependence of the real part of the susceptibility
at 6=0° andT=5K; ¢, high-frequency limit ¢=980 Hz); O,

where the first jump appears in magnetic hysteresis loops —t o H = 3.5 kOe
measured at low temperatufesTo amplify they’(H) and ™

x"(H) peaks aH; we first determined, at each temperature, 6

the relaxation timer;(H;) from the inflection point of the

x'(w) experimental curve. We then measurgt{H) and 4t

x'(H) in each isotherm at the frequency which verifies L °.
wT7,~1. In other words, we synchronized our experimental of - M
exciting frequency to the relaxation rate of the molecules at g f \ ]
H=H,. In this condition, according to Eg.(1), < 0 R0 o0
dx'/d(w7;) has a maximum. Thus, the susceptibility be- 2 - H = 4.1 kOe
comes very sensitive to the dependence of the relaxation 2

time onH. If Eq. (1) is again considered, the origin of the z 4

two x’(H) peaks could be either the existence of narrow B N
maxima in the equilibrium susceptibility, which are not ex- % 2r ey
perimentally observed, or a sudden speeding up of the mag- L /N

netic relaxation neaH, and H;. In order to clarify this ot e o
point, we estimated, using E(]) to interpolate between the 4 .—a H = 5kOe
low-frequencyyo(H) and high-frequency(H) limits ob- \

tained experimentally, the field dependence thdi(v i

=15Hz) would follow if the relaxation mechanism at 2 * -
=5 K was the thermal activation of the magnetic moment i N i
over the anisotropy barrier. The parametetsand U(H 0001 o1 : 0 10;)“’*91000
=0) for #=0°, which are given in Table |, were substituted ' ' v(Hz)

in Egs.(2) and(3) to obtain7(H). This y'(H) estimation is
shown as a continuous line in Fig. 2. From inspection of Fig.  FiG. 3. Magnetic ac susceptibility as a function of frequency,
2, itis clear that the calculated susceptibility differs with themeasured at§=0°, T=5K, and fields at and about,

experiment. Thus, Eq$1)—(3) do not predict the existence =4.1 kOe;®, real componentO, imaginary component—) fits
of a sharpy’ peak at a finite fieldH;=4.1 kOe. It follows to Eq.(1) to obtainr;.
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FIG. 4. Field dependence of the relaxation time Tet5 K and 2 9
6=0°. 6l
emphasize that; does not have a monotonic decrease as 4l
H increases but shows minimaldy=0 andH;=4.1 kOe, [
in contrast with the classical expectation for a pure thermally sl
activated relaxation process. [
The x'(H) experimental data can be fitted nddg=0 0

andH;=4.1 kOe to a Lorentzian curvéig. 5):

H(kOe)

FIG. 6. Magnetic ac susceptibility isotherr(é=25°) measured
_ 2, (4) at those frequencies that maximize tHe=H, peak;®, real com-
T+[(H—Hp)/A,]
ponent;O, imaginary component.

x'(H)=xg(H)+

where A, can be interpreted as the field range around ) .

H, (n=0,1) for which the relaxation time increases with other handA, increases by 24% as the temperatures raises
the absolute value dfi—H,. xg(H) describes the field de- from 4.3 to 5.5 K wheread, remains approximately con-
pendence of the susceptibility far frosi=H,. In order to ~ Stant. o _ _
fit the experimental data to E@), xg(H) was chosen to be At any value gnd orientation of the dc applied magnetic
a constant value for th, peak and a second-order polyno- field, the relaxation time strongly increases as the tempera-
mial near H,. At T=5K and #=0°, we obtainaA, ture decreases. In fact, the temperature dependengeoain

—270(3) Oe and\,=351(9) Oe, respectivelysee Fig. 5.  be fitted to Arrhenius’ law as shown in Fig. 7 fér=25°.

A, is larger thamh, for all T and 6. The values of the activation enerdy.; and time constant
Experimentaly’ (H) and x”(H) curves corresponding to 7o Parameters obtained from this fit of are given in Table
9=25° and three different temperatur@s-4.3, 5, and 5.5 I. It is interesting to note that, in agreement with previously

K are shown in Fig. 6. We note thgt andy” also show two reported daté,the order of magnitude of the microscopic
peaks neaH,=0 and H;=4.5 kOe; i.e., the field value time 7o does not change with the applied field. We note that

H, does not depend significantly on temperature. On thdor =25°, U is smaller aH,=4.5 kOe, which corresponds

1.2 T : ——H=0

——H =4.5kOe
——H =5kO0e

0.3

0.0 : 2025
“1000 500 1001 T (K"

0 0
(H-H )(Oe)
FIG. 7. Temperature dependence of the relaxation timeg dor
FIG. 5. The susceptibility peak &=5 K andv=15 Hz, about = =25°); (—) fits to Arrhenius law: ®, for Hy=0; O, for H;
H, andH, fitted to a Lorentzian functiofEq. (4)]; half width at =45 kOe; ¢, for H=5 kOe.(Note that its slope is higher than for
half maximum’sA,=270(3) Oe,A;=351(9) Oe. H,;=4.5 kOe)
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FIG. 9. Angular dependence of the crossing field component
parallel to the easy axid;),. The continuous line represents the

0.0 condition H,),=4.1 kOe.

04¢ evident from the data exhibited in Fig. 8 that theand y”

maxima become broader and lower @asgeparts from zero.
The relaxation time measured under the conditibip

) ) , =(H,), fixed, which is shown in Fig. 10, decreasesths

4H (k0e)8 12 increases, in contrast with low-temperature magnetic relax-

: ation experiments which detected no dependence;ofn

FIG. 8. Magnetic ac susceptibility isotherms measured at differﬂ'16 This dlscrgpancy can be _due to the very different experi-
ent orientationsd, plotted as a function of the component of the mental conditions under which bOt_h ser|e§ of eXpe”mentS
applied fieldH, which is parallel to the easy axis of the samy@g; ~ Were performedT=200 mK and variabléd, in the experi-
real componentD, imaginary component. Inset: Enlarged view of Ment of Paulsen and Paflk=>5 K andH,=const in ours.
the H, peak measured at=0°, T=5K, andv=15 Hz. When the applied field was parallel to tkeaxis of the

sample, we observed a third peak of near H,
to the second peak in Fig. 6, than the value obtained for & 8.4 kOe B,=9.7 kG). This peak is shown in the inset of
slightly larger field valueH =5 kOe; i.e., the value dfl o is Fig. 8. The valueB, is not far from the magnetic-field value
smaller in-tune condition than off-tune condition. Moreover, B~10 kG where a jump is observed in the hysteresis fobp.
the relaxation timer, and the activation energy obtained The possibility of observing peaks at multiple valuesHf
atHy=0 (for §=0° and #=25°) are larger than the same higher than two is hindered by the merging, aboMe
parameters measured &t=H;(6) (H,=4.1 kOe for 6 =9 kOe, of the isothermal and high-frequency limits of the
=0° andH;=4.5 kOe for #=25°). The observation that susceptibility. In Ref. 8, a deep minimum of the relaxation
U(H) is smaller atH,, with n=0,1, than at fields that are time aboutH=0 and a second one & =3 kOe, quite
off-tune condition is crucial for this work since it points smaller than ouH;=4.1 kOe value, were observed. The
towards the physical origin of the relaxation time minima atauthors suggested the existence of a fine structure of maxima
7(H,), as we discuss in the next section. Again, this experi-
mental result disagrees with the decreas&J@fl) asH in-
creases predicted for classical thermally activated relaxation
[Eq. (3)].

In order to investigate the effect of the transverse compo-
nent of the applied fieldH, on the magnetic relaxation of
Mni,Ac, we repeated the same set of ac susceptibility ex-
periments for6+0. The x'(H) and x"(H) experimental
curves show two maxima ad=Hy andH=H, for all 6
values(see Fig. 8 The firsty’ peak is always centered about
Ho=0 whereasH(6) increases a9 increases. It is very
relevant to note that the field vallé;(6) at which the first
peak appears is such that its component parallel ta dods
is nearly independent of for 6<60° and approximately
satisfies H;),=H,cos9~4.1 kOe(see Figs. 8 and)9 For

larger angles the width of thg’(H) peak is too large to FIG. 10. Dependence of the relaxation timg measured af
define the position of the critical field with enough precision — 5 k and fixedH,=(H,), on the component of the applied field
as to assure this statement. In spite of this experimentay perpendicular to the easy axis of the sample; Carvestimated
shortcoming, we infer that the existence of a sharp minimungependence for classical overbarrier hopping; Cibyestimated
in 7(H) at H=H,(6) is determined by the value of the dependence for resonant tunneling through levelsglirk below
(H4), rather than by the total applied field;(6). It is also  the classical barrier.

0.2}

0.0
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and minima below 5 kOe. From our daft. Figs. 4 and 8 20 T — ——————
it seems that the relaxation time minima appear onlyHat ]
~n H4(0), wheren is an integer.

IV. DISCUSSION

Our main experimental results at&) When the field is
applied parallel to the anisotropy axis of the sample, we ob-
serve sharp susceptibility maximatt=0, 4.1, and 8.4 kOe,
which we denominatél,,, with n=0, 1, and 2, respectively.
They correspond to internal field3, that are in excellent

agreement with the values at which steps have been observed T 5 o
in hysteresis loop measuremefit§.This is clear evidence m
for the existence of a common underlying mechanis2. FIG. 11. Energy levels scheme of the unperturbed Hamiltonian

The relaxation time shows minima at these field vali8s. 7%’ [see Eq.(5)] at H,=H;(0). The tunneling process pro-
Despite its rather striking field dependence, the relaxatioposed in the text is shown schematicalig) Thermal activation
time decreases &b increases, and follows Arrhenius’ law from the initial statdm=10) to the excited stattm=4), (2) tun-

for all fields. (4) The corresponding activation ener@iy  neling to|m=—3), and(3) decay to the ground staten= —10).
depends orH; it is lower at the tuning field valuesl=H U and U are the energy barriers for classical thermally activated
than for off-tune fields(5) The tuning condition only de- relaxation and tunneling between excited states, respectively.
pends on the component of the field along the anisotropy

axis, and is fulfiled at least when H3),=H.cos¥ the magnetization of the sample attains its equilibrium value,
~4.1 kOe. (6) At this tuning field value we have verified as in our ac experiments. The theoretical valBg0)
that the relaxation time becomes shorter as the transverse5.7 kG is only about 10% larger than the crossing field
componentH, increases.(6) The relaxation time atH, B,(0)=5.1 kG obtained from either ac or dc experiméfts.

=nH,, decreases asincreases, at least for=0, 1, and 2. In our experiment, we apply an oscillating field parallel to
The following spin Hamiltonian has been proposed forthe dc field. Therefore, the observed time evolution of the
this system®1° magnetization is induced by the oscillating applied field.
During this time evolution, the magnetization approaches its
H=— DS§+ gugSH+H' (5) equilibrium value and, consequently, a continuous redistribu-

tion of the spin states population follows. Several possible
where D is the anisotropy energy constant. The vallles mechanisms have been proposed to explain this evolution for
~0.73 K andg~1.9, determined by means of magnetizationMn,Ac molecules. Below we compare them to our experi-
and high-field ESR experiments, will be used h€r&he  mental results.
first term is an uniaxial anisotropy energy, the second term At high temperature, the relaxation time measured experi-
corresponds to the interaction of the magnetic moment witimentally follows Arrhenius’ law(see Fig. 7. It has been
the z component of the applied field, arfd’ is a perturba- proposedf that the molecule follows a series of thermally
tion which does not commute wit,. We treat the molecule activated Orbach processes to overcome the anisotropy en-
as aS=10 object since, at low temperatures, the populatiorergy barrier U. In each Orbach process, the molecule
of the S=9 excited multiplet is expected to be small. The changes from an initidim) state to a finalm=1) state.U is
eigenstatesm) of S, are also eigenstates of the unperturbeddefined as the distance from the bottom of the metastable
Hamiltonian. The unperturbed ground state, in the absence of
an applied magnetic field, is thg=10) doublet, and all
|+m) states are degenerate. The perturbaftéhinduces
tunneling between states of opposite spin orientation.

The Zeeman terngugS,H, breaks the zero-field degen-
eracy of the anisotropy term. It follows that one of the two
anisotropy energy wells, in whiam>0 for H,>0, becomes
metastable(see Fig. 11 For increasing field values the
|+m) state increases, while tHe-m) decreases in energy
and both cross with the adjacent states. According ta'&q.
all unperturbed energy levels on both sides of the energy
barrier match atH,=nH;(0), whereH,(0)=D/gug (see
Fig. 12 andn is an integer. Using the values &f andg
given above, we obtaihl1(0)=5.7 kOe, larger than the ob- ' H /H (0)
served value by 37%, approximately. The origin of this large i
discrepancy can be the difference between the externally ap- Fig. 12. Energy levels of{—#' as a function of the com-
plied field H and the magnetic field=H-+47M which  ponent of the applied field scaled to the first crossing fie{d0);
really interacts with the magnetic moment of the molecule continuous lines: lower potential welir(<0); dashed lines: upper
Therefore, the difference between the applied fidldand  potential well m>0). The energy barrier for the thermally acti-
the corresponding internal fieBl; is expected to be larger if vated relaxation process is shown at two different field values.
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energy well to the top of the barriésee Fig. 11 At zero  =0,1,2... . Therelaxation time follows an Arrhenius law
applied field,U=100D~73 K which is the energy differ- with an effective activation enerdy, which is the energy
ence between _the unperturbed stat¢gm=0) and difference between the metastable stat#0) and the energy
Im=+10). As H, increases, the energy of one of the wells of the tunneling states. We infer this from our experimental

decreases with respect to the otlfisee Fig. 12and, as a results, independently of whether tunneling is phonon as-
result, the barriet) decreases according to E@®). Conse-  sjsted or not.

quently, a monotonic decrease of asH, increases follows |t js worth pointing out that small stray external fields
in this model[see Eq.(2)], in contradiction with the two (Earth's magnetic field, for instanteould not suppress tun-
experimentally observed dips exhibited in Fig. 4. neling between these excited states because their tunneling

A magnetization quantum tunneling relaxation mecha-gi; ; o :

. " plitting AE; is large (see Ref. 2D The inhibiting field
nism has been proposed recently by P(ﬂ_ltlal.l_9 for_the Hp large eLough to switch tunneling off islp~AE-/
Mny,Ac molecules. The unperturbed Hamiltonian given bngB(m_m,)_ If |H—H,|>Hp, for all levels below the en-

Eq' (5) commutes W!trsz fpr 9=0 and quantym transitions ergy barrier top, the magnetic moments relax by thermal ac-
etween different orientations of the magnetic moment alon%vation over the classical energy barrir SinceU> U
eff s

the easy axis are then forbidden. The perturbafiinpro- . . .
y P #onp “Zeeman detuning” leads to the increase of the relaxation

posed in Ref. 18 follows from a fourth-order distortion of the | X : )
uniaxial anisotropy; it induces tunneling between thelime that we have observed experimentally. The interaction

|m=—10) unperturbed state, which is assumed to be th&f the molecule with a thermal bath as well as hyperfine field
initial state of the molecule, and a fink+m) unperturbed ~ €ffects [Hpy,~250 Oe (Ref. 22] broaden the unperturbed
state. However, this term only allows tunneling between un€nergy !evels. In addition, the local field which is seen by the
perturbed spin statesn’) and|m”) which satisfym’—m”  magnetic moment fluctuates due to thermal modulation of
=4N, whereN is an integer. From the field dependence ofthe dipolar interaction with neighboring molecules, leading
the unperturbed Hamiltonian eigenvalu¢see Fig. 12, to homogeneous broadening of the susceptibility peaks. All
crossing of such levels would occur only at fieldg with  these effects enlarge the valuetéf and, consequently, the
n=even. In contradiction with this prediction, we observe €xperimental halfwidth\ ,. The susceptibility peaks are also
susceptibility maxima at all the integer multiples I9f (n broadenedabout 30 Og by any slight misalignment of the
=0,1,2). The prediction of Ref. 8 that the relaxation time Crystallites’c axis from thez axis of the sample.
decreases monotonically &, increases is in marked con-  In the following discussion, we try to find the most effec-
trast with our observation of minima at al=H,,. tive relaxation channel. The relaxation timgis expected to
From the above discussion we may conclude that the refollow approximately Arrhenius’ law for thermally activated
laxation mechanism underlying our experimental results pertunneling (for [H—Hg|<Hp) as well as for classical over-
formed on Mn,Ac molecules appears to be neither a classi-barrier (for [H—Hg[>Hp) relaxation. Moreover, the effec-
cal thermally activated process nor tunneling through thdive energy barriel) o« for tunneling through excited states is
lowest-lying states. We propose a relaxation mechanisrgmaller than the classical valug for thermally activated
which involves three step$i) thermal population of an ex- overbarrier transitions. At thel;=0 in-tune condition, the
cited statel+m’) from the initial |+ 10) unperturbed state, difference between the calculated classical barrier hdight
(2) tunneling through the anisotropy barrier through some=73 K and the measured valug.z=61 K, scaled byD
excited levels, and3) decay to the ground state 10). This  yields AU/D=16.4, very close to the valuaU/D =16 of
process is represented schematically in Fig. 11. Then, théie [m=+4) and |[m=—4) tunneling stategFig. 12. At
maxima observed iny’(H) at H,=0, 4.1, and 8.4 kOe H;=4.1KkOe andH,=0, the calculation of the barrier height
would be related to the existence of resonant tunneling beyields U=66 K, while the measurement yield$.x=57 K,
tween nearly degenerate unperturbed states at these fieldsys the difference isAU/D=12.3, close to the value
which leads to local minima of the relaxation time [see  AU/D=11 which corresponds to then=—3), |m=+4)
Fig. (4)]. tunneling doublet. We can conclude from these estimations
The tunneling effects we have observed require thermahat in the temperature region we are exploring, the doublets
activation. This is so because tunneling through the lowestinvolved in tunneling lie about) — U 4~9-12 K below the
lying energy states is suppressed by fields as small as the tmp of the barrier. This estimation is corroborated by the
field amplitudehy(~4 Oe) we have applied in our experi- measurements performed @t 25°, where the valuebl o
ments. The corresponding Zeeman energy is much larger51 K for the in-tune fieldH ;=4.5 kOe, andJ .+=60 K for
than the relevant energy splittingSE+, that one expects to the off-tune fieldH =5 kOe were obtained. That is, the dif-
be generated by+’.'°~?! Detuning therefore takes place ferenceAU=9 K is identical to the estimated difference at
even if the dc field satisfiesl,=nH,. However,AE in- 6=0.
creases sharpliexponentially fast inm| (Ref. 20] as one From the values ofr, obtained from the Arrhenius law
moves up the energy barrier. It is therefore not surprising tdits of the data forr; obtained at fixed field and varying
find a pair of state$m) and|—m+n), for |m| sufficiently  temperature, collected in Table I, we can conclude that they
small, for which AEr~gughg is fulfiled. Now, consider do not vary too strongly for the different applied fields. If,
temperatures that are not too low, such that the dominantonsequently, we assume the approximation tQamnay be
mechanism off resonandthat is, forH, away fromnH,) is  considered as constant we may obtain the field dependence
thermal activation over the energy barrier. Then tunnelingof U on H, from the 7(T=5 K,H,) data plotted in Fig. 4
through stategm) and|m’=—m-+n) that lie below the en- using the expressionUgy(H,)=KTIn[71(H,)/7]. With
ergy barrier is to be expected wheh,=nH;, n 70=6x10"%s, the value for H,=0, the resulting
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70

105 . . . , tained with fields applied at a nonzero angle to the anisot-
ropy (i.e., for H,# 0) axis fit well with the tunneling process
100t that we infer above foH,=0.
95t Attempts to explain the observed effects by processes tak-
ing place near the top of the barrier fail for the reasons that
Q_ 20 follow. All unperturbed energy levels lie below the top of the
D" gsl barrier for any fieldH applied along the direction. These
levels lie on a pattern that is repeated whé¢rchanges by
801 5 twice the value ofH ;. If such a process would induce reso-
75t ’i}}ﬁ ] nances inr, versusH, they would be spaced awice the
H ﬁ observed amount. Moreover, if the process involves the first
2

1 one or two levels below the top of the barrier the difference
H/H in activation energyAU would amount to an order of mag-

L _ ) nitude less than observed.
FIG. 13. Activation energiet) o (scaled toD) versus applied

field H, (scaled toH,) (H,=0); O, Data obtained from Arrhenius
law fits (Table )); @, Points derived fromr;(H,) data, with z, V. CONCLUSIONS
=6x108 s; (—), Classical overbarrier activation energy. The ex-
perimental points have been scaled with the paramefgrs
=0.73 K andH;=4.1 kOe.

We have performed a detailed ac susceptibility study of
the magnetic relaxation of MpAc molecules at tempera-
tures above 1.8 K. A possible relaxation mechanism, the tun-
neling between thermally excited spin states explains quali-
Uer(H,)/D values show sharp minima at the tuning fields andtatively the experimental results. When the field is applied
maxima corresponding to overbarrier procé€s®. 13. In parallel to the anisotropy axis of the sample we observe
the same figure we have plotted the valuesUgf/D ob-  sharp susceptibility maxima at the field valudg, with n
tained from the Arrhenius law fits of the data taken at fixed=0, 1, and 2 that correspond to the crossing of the Zeeman
field and varying temperatur@able |), observing a reason-  splitted spin levels. The most striking result is that the relax-
able agreement, a proof of the soundness of thetion time exhibits minima as a function of magnetic field at
To=constant approximation. The field dependence of the ache crossing field values. The temperature dependence of the
tivation energyU(H,) for classical overbarrier process has relaxation time follows an Arrhenius law. The corresponding
also been plotted in the same figusealed toD andH;).  activation energyU depends orH, with a value which is
This line coincides nicely with th&).(H,)/D points at the  |ower atH=H,, than at any other field of similar magnitude
off-tune field valuesH,/H,=0.6 and atH,/H,;=1.5. Thus  but off-tune condition. At any of the crossing fields, pairs of
the maximum values decrease Hdg increases because the levels with opposite spin orientation are tuned in energy so
barrier height decreases, and the dominant process for theggat a non-negligible tunneling probability exists for pairs
off-tune field values is overbarrier hopping. lying not far below the top of the barrier. The pair with the

Consider the parallel and transverse componétifsand  |argest value of tunneling rate times the relevant Boltzmann
Hy, respectively, of the field that is applied at an angle factor dominates the relaxation process and determines an
from the anisotropy axis. We now discuss the observed deeffective activation energy .« of the Arrhenius law. This
pendence of the relaxation time as a functionHgf, keeping  energy is lower than the classical overbarrier flipping process
H,=(H;),=const. The magnetic interaction term, activation energyU, determined at off-tuning field condi-
gugHLSs, has two effects: the classical barrier heighttion. From the difference between both activation energies
U(H,,H,) decreases ald, increases, and energy levels asthe level pairs involved in the tunneling have been deduced.
well as energy splittings change with, . Now, which is the A transverse field hardly modifies the crossing field value
most effective channel for tunneling depends on how thgH,),, while it does reduce the relaxation time. This reduc-
Boltzmann factor and the energy splitting change from oneion can be explained as due to a lowering of the effective
energy level to the next one. Furthermore, energy-level spacctivation energy of the tunneling process due to the de-
ingsat a given energy below the barri¢op depend weakly crease in the height of the barrier caused by the transverse
on H,, while the energy splitting of a level with enerd@y, field.
dependsexponentiallyon U—E,, but more weakly on We think that the main questions left to be answered are,
H,.%° Consequently, the energy difference between the doucl) the nature of the perturbing Hamiltoni&s', even in the
blet or doublets which contribute most to magnetic tunnelingabsence of any applied fiel) how tunneling takes place,
at H,=H,; and the lower state of the metastable well isand(3) how to predict what energy levels contribute most to
roughly given byU =U(H,)—const. As mentioned above relaxation as a function of temperature. We believe that the
the most effective tunneling doublet foH,=(H;), perturbing Hamiltoniar#{’ must be linear in spingsuch as
=4.1 kOe andH,=0 is abow 9 K below the barrier, for random dipolar or applied magnetic fields, or hyperfine in-
temperatures near 5 K. We therefore estimate the value déraction) but not of fourth order in transverse spins, as pro-
T, versus the transverse componét} at H,=H; with  posed by Politiet al,'® since then the peaks &t=nH,,
Arrhenius’ law with 7o=1.1x10" " s, the value obtained with n=odd, would not be observed.
from the fit of ther,(T) data measured a&t=0°. The re- Note added in proofMagnetization measurements per-
sulting 74 (H,) curve, shown in Fig. 10, fits the experimental formed on a single crystal have corroborated the presence of
data points reasonably close. Thus, the data we have obysteresis jump$
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