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Ground-state tunneling in Mn,,-acetate
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We report Hall sensor measurements of the magnetic relaxation gf&detate as a function of magnetic
field applied along the easy axis of magnetization for a series of closely spaced temperatures between 0.24 K
and 1.9 K. The occasional absen@ suppressionof ground-state tunneling under conditions where one
would expect it to be readily observable is attributed to the presence of a broad distribution of tunnel splittings.

DOI: 10.1103/PhysRevB.65.212401 PACS nuniber75.45+j,75.50.Xx

Crystals of the high-spin molecular nanomagnetthe fourth-order terrrA$ (the levels do not cross simulta-
Mn,-acetate( Mn;,0,,(CH;COO),¢(H,0),4]- 2CH;COOH  neously allows identification of the energy levels that are
-4H,0) exhibit dramatic quantum mechanical phenomengesponsible for the tunneling observed at different tempera-
on a macroscopic scale and have been the focus of intensgres and magnetic fields. The process by which the magnetic
interest in recent years. The material consists of weakly inmoment relaxes toward equilibrium depends on temperature:
teracting nominally identical spin-10 Mg clusters regu-  over-the-barrier relaxation above the blocking temperature,
larly arranged on a tetragonal lattice. Measurenfetiglow Tg~3 K, thermally assisted tunneling at lower tempera-
the blocking temperature of 3 K have revealed a series ofures, and pure ground-state tunneling for temperatures be-
steep steps in the curves bf versusH at roughly equal |ow ~0.6 K.
intervals of magnetic field due to enhanced relaxation of the |n this paper we report detailed measurements of the mag-
magnetization whenever levels corresponding to spin projetetization of a single crystal of Mpin a swept magnetic
tionsm==*10,+9, ...,0 onopposite sides of the anisotropy field for a set of closely spaced temperatures. Confirming
barrier coincide in energy. Different “steps” dominate at dif- earlier report$;1° there is an abrupt transfer of “spectral
ferent temperatures, indicating that the tunneling is thermallyoveight” to ground-state tunneling as the temperature is re-

assisted. duced. We show that under some circumstances relaxation
Mn,-acetate can be modeled by the effective spin Hamilthat should proceed from the ground state appears to be
tonian missing under conditions where one would expect it to be
5 present. We describe this enigma in detail and argue that it is
H=—DS;~g,ugH,S,~AS+ -, (1) due to the fact that, rather than being single valued, the tun-

where the anisotropy constabt=0.548(3) K, the second nel splittings are broadly distributed and vary locally

term is the Zeeman energy, and the third tekm 1.173(4)  throughout the crystal. _
%102 K is the next higher-order term in longitudinal '€ magnetization of small single crystals of Mmwas
anisotropy~"; additional small terms that do not commute determined from measurements of the local magnetic induc-

. . 2
with the Hamiltonian and which drive the tunnelifguch as  tion at the sample surface using>@0 wm” Hall sensors

transverse internal magnetic fields, transverse anisotaygy cOmMPosed of a two-dimensiignal electron gadEG) in a
not explicitly shown. Tunneling occurs from level’ in the ~ CGaAS/AlGaAs heterostructure.The 2DEG was aligned par-

metastable well to levein in the stable potential well at allel to the external magnetic field, and the Hall bar was used
fields: to detect the perpendicular componémtly) of the magnetic
field arising from the sample magnetization. The external
A magnetic field was swept at a constant rate of 1.88
1+ 5(m2+m’2)}, (2 x10°3T1/s.

For different temperatures between 0.24 K and 1.05 K,
whereN=|m+m’| is the step number and the level match- Fig. 1 shows the first derivativ@éM/JH of the magnetization
ing condition is m=—m’—N. The second term in the M with respect to the externally applied magnetic field?
bracket is smaller than the first so that st&psccur at ap- The maxima occur at magnetic fields corresponding to faster
proximately equally spaced intervals of magnetic field ofmagnetic relaxation due to level crossings on opposite sides
~0.48 T. Structure within each step due to the presence aff the anisotropy barrier. In the temperature range of these
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FIG. 1. The derivative of the magnetization with respect to field  FIG. 2. The derivative of the magnetization with respect to field
vs magnetic field at three different temperatures, as labeled. Pairs o6 magnetic field for stepl=8 at several different temperatures, as
vertical lines are drawn for each resonamteorresponding to the labeled. The three vertical lines correspond to magnetic fields for

magnetic field for tunneling from the first excited staté=—9 tunneling fromm’= -8, m'= -9, andm’=—10. A single peak is
(dotted line at the lower fieJdand from the ground staten’ observed a1l K and 0.9 K which cannot be resolved into a set of
=—10 (solid line at the higher field Gaussiangor Lorentziang it is apparently due to a superposition

involving thermal activation to statesn(=—-9,—8,...).

measurements, maxima are observed fde=|m+m’|
=5-9. For each resonanch,=...,56,7,8..., the two the population of the excited states is exponentially sensitive
vertical lines denote the magnetic fields corresponding tdo temperaturen=nye =T, the population of the ground
tunneling from the first excited state’ = —9 (dotted ling, state,ngr=no[l—e*E’kT]~no, at any low temperaturel
and the lowest statep’ = — 10 (solid line). At 1.05 K, shown <Tg. The spin population of the lowest level in the meta-
in Fig. 1(a), the main source of the tunneling is neither thestable well is therefore essentially the same at 1.05 K, 0.88
ground state nor the first excited state. Instead, the threl&, and 0.24 K, and if tunneling occurs from the ground state
maxima associated with thé=6,7,8 resonances are appar- at the lower temperatures, it should also be observable at
ently due to a superposition of tunneling involving thermal1.05 K. One could understand the absence of ground-state
activation to higher states in the wellm(=-9,—8, tunneling at stepN=7 at 1.05 K if relaxation at lower fields
—7,...);this is illustrated in Fig. 2 for stepl=8, where had effectively depleted the out-of-equilibrium spin magne-
magnetic fields for differentn’ sublevels are indicated and tization, so that the system has relaxed to near equilibrium.
data are shown for several temperatures. However, as the magnetic field sweeps beyond the field cor-

The tunneling at 0.88 K, shown in Fig(l), takes place at responding to ground-state tunnelingh&7 at 1.05 K, a
magnetic fields corresponding to the ground state for stepsizable maximum develops at the next resonaXee3, in-
N=5 andN=6; some magnetic relaxation begins to appeardicating that an appreciable fraction of the spin magnetiza-
at the first excited state fad=7, and forN=8 and 9 there tion is still out of equilibrium and is available to relax instead
is tunneling mostly fronm’ = — 9 while ground-state tunnel- at the next set of level crossings Mt=8.
ing from m’=—10 is barely observed. At the lowest tem- The enigma is most simply revealed by the following
perature of 0.24 K, all tunneling occurs from the ground stateanalysis. The tunneling amplitude at a given field depends on
in the field range of these measurements, as shown in Figlow much out-of-equilibrium magnetization remains, which
1(c). depends on how much magnetization has relaxed at earlier

We now arrive at the enigma referred to in the introduc-fields. For ground-state tunneling, the dependence on past
tion. Examination of resonandé=7 at the three tempera- history can be folded out of the problem by normalizing
tures illustrated in Fig. 1 shows that tunneling proceeds aldM/JH by the remaining out-of-equilibrium magnetization
most entirely from the excited levels 8&=1.05 K with  (Mgy—M). Thus, we define the normalized tunneling rate
nearly no contribution from the ground state while the relax-I'=(dM/dH)/(Mg,— M) and plot this quantity as a func-
ation atT=0.24 K is entirely due to ground-state tunneling tion of magnetic field in Fig. 3.
for N=7. The enigma is that ground-state tunneling appears According to Landau-Zenét theory as well as the den-
to be absent at the higher temperature. Similar behavior isity matrix formalism developed by Chudnovsky and
found at every step. One should bear in mind that althougl@araniﬁ“for tunneling in a swept magnetic field, the tunnel-
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nel by thermal activation to excited spin statd$=7,
m’'=-9,—8, ... ,depleting the magnetization of the “fast”-
tunneling magnetic clusters so that no magnetization remains
that can relax from the ground stdte=7, m’ = — 10. Mean-
while, the magnetic centers that have small tunnel splittings
remain in the metastable potential well at stdp-7 and
tunnel instead at the next resonarite 8 (or highey when

the magnetic field is now larger and the potential barrier

commensurately lower. In this way, a broad distribution of
tunnel splittings and tunneling rates provides a natural expla-
nation for the fact that ground-state tunneling is absent in
some circumstances even though a substantial amount of
out-of-equilibrium magnetization remains in the system.
Chudnovsky and Garariih'® (CG) recently suggested
theoretically that there is a broad distribution of tunnel split-
tings in Mn,-acetate crystals, and experimental support for a
distribution has been obtained from magnetizatibtt elec-
tron paramagnetic resonaf¢éEPR), and terahert? experi-
ments. Such a distribution could arise from a locally varying
) B o second-order transverse anisotropy due to the dislocations
ing probability depends only on the tunnel splitting and thesuggested by C@Refs. 14 and 1Bor from a distribution of
sweep rate. Therefore, for a set of identical moleculest longitudinal anisotropie®.
fields corresponding to transitions from the ground state Mn,, molecules have recently been proposed as qubits for
should be independent of temperature. It is clear in Fig. Qquantum computer®22 Such qubits would have to be oper-
that this is not the case. The total normalized tunneling ratgeq 4t millikelvin temperatures where the ground-state tun-
at the magnetic field corresponding to the ground staté ( ejing creates a quantum superposition of spin-up and spin-
=—10) is significantly smaller at 1.05 KRef. 15 thanitis  yown states. The enigma of the “missing” ground-state
at 0.24 K-_ . _ tunneling provides support for the presence of tunnel split-
The enigma discussed above can be understood if 0ng,gs that vary from molecule to molecule in Mracetate.
assumes a broad distribution of tunnel splittings, so that the,cy a broad distribution of tunnel splittings would necessi-
tunneling rates of the magnetic molecules vary from point 0516 the use of isolated individual magnetic molecules.
point with some relaxing very slowly and others relaxing
rapidly. At any particular resonanc&l(m’), some fraction We thank D. A. Garanin, E. M. Chudvnosky, and J. R.
of molecular clusters have tunnel splittings that allow themFriedman for valuable discussions. Work at City College was
to relax with a reasonable probability, while other moleculessupported by NSF Grant No. DMR-9704309 and at the Uni-
with much smaller tunnel splittings have relaxation rates thaversity of California, San Diego, by NSF Grant Nos. CHE-
are sufficiently slow that they cannot tunnel. In the exampleD095031 and DMR-0103290. Support for G.C. was provided
discussed above where ground-state tunneling is missing &y NSF Grant No. CHE-0071334. E.Z. acknowledges sup-
N=7, molecules that belong to the “fast’-tunneling portion port of the German-Israeli Foundation for Scientific Re-
of the distribution relax; if the temperature is high, they tun-search and Development.
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FIG. 3. The normalized tunneling ratE=(dM/JH)/(Mgy;
—M) vs magnetic field al=0.24 K andT=1.05 K for theN
=7 transition.
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