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Transition between thermally assisted relaxation and quantum tunneling
in a molecular magnet
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We report Hall sensor measurements of the magnetic relaxation pf-idoetate as a function of
magnetic field applied along the easy axis of magnetization. Data taken at a series of closely spaced
temperatures between 0.24 and 1.9 K provide new clues for understanding the physics of quantum
tunneling of magnetization in Mp—acetate. ©2001 American Institute of Physics.
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I. INTRODUCTION verse anisotropyare not explicitly shown. Tunneling occurs

) ) ) ) from levelm’ in the metastable well to leveh in the stable
Despite considerable interest and attention, a full u”derpotential well for magnetic fields:

standing has not emerged of the magnetic relaxation of the
single molecule magnet [§In;;0;5(CH;CO0);4(H,0)4] Ho=N
-2CH;COOH-4H,0). The magnetic core of Mp—acetate Z T g,up

consists of 12 superexchange-coupled Mn atoms to give \‘;’1vhereN=|mvL m’| is theNth level crossing or step number.

sizable S=10 spin magnetic moment that is stable at tern'The second term in brackets is small compared to 1. Thus,

peratures of the order of 10 K and below. These magnetlgvhen an external magnetic field is increased from zero at

clusters are arranged on a tetragonal lattice, and strong0 . . -
S ) . me fixed rate, steps; occur at intervals of magnetic field,
uniaxial anisotropy(of the order of 65 K yields a double

~D/(g,ug)=~0.42T corresponding to faster relaxation at

well potential with doubly degenerate ground states in Z€1%elds where levels on opposite sides of the potential barrier

field and a set of excited levels corresponding to differentCoinCide in enerav: for a aiven step all pairs of levels cross at
projectionsms=*+10,=9, ...,0 of thetotal spin along the 9y 9 patp

easyc axis of the crystal. Measurements below the blockin roughly the same magnetic field. However, careful measure-
Y ystal. Yments show that there is structure within each step due to the

temperature of 3 K have revealed a series of steep steps bnresence of the termﬁ; as indicated in Eq(2), the levels

the curves oM versusH at roughly equal intervals of mag- . .
g - . 0 not cross simultaneously, an effect that is more pro-
netic field, as shown in Fig. 1, due to enhanced relaxation o :
nounced for levels that are deeper in the well. ERRd

the magnetization whenever levels on opposite sides of thﬁeutron scatteririg® experiments have yielded precise val-

anisotropy barrier coincide in energy. In the present article es 0fA=1.173(4)<10 2K andD=0.54§3)K, and an es-

we report detailed measurements of the magnetization Qate forg, of 1.941). Comparison of the measured mag-
2 . .

Mn,,-acetate as a function of magnetic f|eld applied alongnetic fields with those calculated from E¢R) therefore
the easy axis of magnetization at a series of very closely

spaced temperatures. We show that there is an abrupt change
in the character of the magnetic relaxation over a narrow

A
1+ 5(m2+m 2)}, 2

range of temperature. Our results provide valuable new clues 92077~ 0.100
that may provide the key to understanding the mechanism of DR R T ) ]
tunneling in Mn,—acetate. 2 24 Z Z Z Z z =
e . - . N 0.15¢ 10.075 B
Identification of the levels that participate in tunnelingis : . %
based on the following considerations. The spin Hamiltonian  § i /M@_ §
for Mny, is given by: '5 0.10- OM/oH Jo.050 &
~ L ] =
T -~
_ 2
H__DSZ_QZMBHZSZ_A$+"' ) () % g . )
- - - = 0.0 To.025 &
whereD is the anisotropy, the second term is the Zeeman I 17 B
energy, and the third on the right-hand side represents the I \
next higher-order term in longitudinal anisotropy; additional 0.005 u—l, \J , ANl 16,000
contributions(e.g., transverse internal magnetic fields, trans- 2.0 25 3.0 35 40 45 50 5.5
Field (T)
dAuthor to whom correspondence should be addressed; electronic maiFIG. 1. For a set of closely spaced temperatures between 0.24 and 0.52 K,
sarachik@sci.ccny.cuny.edu M anddM/dH are plotted as a function of magnetic field.
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FIG. 2. As the temperature is raised above 0.52 K, we see the transitiofl!G- 3. For temperatures k_)e_ztwe_en 1.00 K and 1.90 K, the maximum height
from ground state tunneling to thermally assisted tunneling. associated for each transition increasesNaslecreases. The temperature
extrapolates toward the blocking temperature as the field is reduced to zero.

provides an experimental tool that allows identification of
the states that are predominantly responsible for the tunne

ing.

fesponding to tunneling froom’ = — 10 and a second maxi-

mum that is approximately consistent with a Gaussian that
moves continuously to lower fields as the temperature is
raised. Although this behavior is enigmatic and requires fur-
ther study, it is clearly inconsistent with the gradual evolu-

The magnetization of small single crystals of tion expected for a continuous second-order transition be-
Mn,,—acetate was determined from measurements of the Iqyeen thermally assisted and pure quantum tunneling.
cal magnetic induction at the sample surface using a 10 As the temperature is raised even further, the maxima
X 10um? Hall sensor composed of a two-dimensional elec-corresponding to ground state tunneling disappear and the
tron gas(2DEG) in a GaAs/AlGaAs heterostructure. The excited state peaks grow in amplitutiég. 3. Note that the
2DEG was aligned parallel to the external magnetic fieldexcited state peaks associated with each step do not grow
and the Hall sensor was used to detect the perpendicul@fdefinitely: at some step-dependent temperature the peak
component(only) of the magnetic field arising from the reaches a maximum and then decreases in amplitude. This is
sample magnetizatich. easily understood: as the temperature is increased the popu-

Our results are shown in the next few figureS. For dif"ations of h|gher energy |eve|eNhere tunne”ng is easipr
ferent temperatures between 0.24 and 0.52 K, Fig. 1 showgcrease, and a larger fraction of the magnetization relaxes
the first derivativedM/dH of the magnetizatiorM with re- toward its equ”ibrium value at smaller fields.
spect to the externally applied magnetic fiéld the ampli- Moreover, one expects the maximum amplitude to in-
tude of these curves is a measure of the relaxation raterease with increasing temperature since tunneling is easier
Maxima occur at magnetic fields corresponding to fastehear the top of the potential well. Figure 3 shows that the
magnetic relaxation due to level crossings on opposite sidegmperature at which the excited state peaks exhibit a maxi-
of the anisotropy barrier. In the temperature range of thesgyum increases linearly with decreasing field, and extrapo-
measurements, peaks are observedNer|m+m’|=5-9;  |ates to the blocking temperature at zero field. This illustrates
the curves all coincide folf<0.52. The position of the the evolution from over-the-barrier relaxation of the magne-
maxima corresponds accurately to the fields predicted fofization in the superparamagnetic regime to the thermally
tunneling from the lowest state in the metastable well ( assisted magnetic quantum tunneling regime. Interestingly,
=—10). This, and the fact that the rate of relaxation is in-the position of the excited state peaks continue to move to
dependent of temperature, are clear indications that the tungwer fields. Each maximum iaM/dH can still be approxi-
neling occurs from the ground state in the metastable welnately fit to a single Gaussian, although a second shoulder
for different step numbers. The maxima of Fig. 1 can be fit appears to develop, which is difficult to distinguish from the
to Gaussians of equal widths. noise.

As the temperature is raised, the amplitudes of the  The position of the maxima is shown as a function of
maxima decrease and shoulders develop at lower fields Ne@mperature in Fig. 4. Here we clearly see that the field cor-
each peakFig. 2). We attribute this to the onset of thermally responding to ground state tunneling is independent of tem-
assisted tunneling from excited levels in the metastable poyerature while the field associated with thermally assisted
tential well. One would eXpect that this shoulder is due to tthnne“ng decreases approximate|y |inear|y with temperature.
emergence of a peak centered aroundnthe: — 9 anticross-
ing point, with progressively larger admixtures of peaks N CONCLUSION
tered aboutn’=—-8, m’'=—7, and so on, as the tempera-
ture increases. However, all attempts to fit the data by a sum To summarize, measurements in )Mracetate taken at
of such Gaussiafor Lorentzian distributions have been un- closely spaced intervals of temperature show that the mag-
successful to date. Instead, the data are consistent with reetic relaxation exhibits an abrupt change in character over a
superposition of two terms: a Gaussian fixed at the field cornarrow temperature range to rapid magnetic relaxation at a

Il. EXPERIMENTAL RESULTS
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P N L A be decomposed into a sum of Gaussian peaks centered at the
: ) ? 533 333 333 553 ] position of the excited state crossings. Rather, our data indi-
~ 2F i S SihRrr Tl cate that these maxima shift continuously to lower field and
% N ] can be approximately fit to a single Gaussian. Our measure-
@ 1.5} \ Y| ke 1 ments provide valuable clues that may lead to a full under-
2 I b} A \ ] standing of the process of quantum tunneling in
« fo \ [ ] Mo
S 1r N=5§ o B 12 acetate.
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