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It has been shown within density-functional theory that in,Macetate there are effects due to
disorder by solvent molecules and a coupling between vibrational and electronic degrees of
freedom. We calculate the in-plane principal axes of the second-order anisotropy caused by the
second effect and compare them with those of the fourth-order anisotropy due to the first effect. We
find that the two types of the principal axes are not commensurate with each other, which results in
a complete quenching of the tunnel-splitting oscillation as a function of an applied transverse
field. © 2005 American Institute of PhysidDOI: 10.1063/1.1847851

The observation of resonant tunneling of magnetization ;=D& + E(S - g), (1)

in the single molecule magnet I\{gracetaté(hereafter Mn,)
with a ground-state spin 08=10 has led to many experi- WhereD andE are the uniaxial and second-order transverse

mental and theoretical investigatioh€ A simple anisotropy ~ 2nisotropy parameters argj is the easy-axis component of
the spin operato®. The S, symmetry of the ideal My mol-

Hamiltonian forS=10 provides an excellent approximation ,
. : o ecule causes the value Bfto vanish and the lowest-order
to the physics occurring at low temperatures. Deriving the .
transverse terms to be fourth order. Only transverse aniso-

Hamlltoqlan from de.nsrg)gfuncnona[l?F) calculations is tropy terms are responsible for the resonant tunneling be-
challenging but possibfe’® For a particular molecular ge- yyeen energy levels that are almost degenerate. Magnetic
ometry, a magnetic anisotropy tensor may be calculated coRynneling measurements, however, showed that some of the
sidering spin-orbit coupling within a DF framework. In the resonant tunnelings occurred at a level lower than the fourth
principal-axes coordinates, the lowest-order spin Hamil-order? To understand this anomaly in the tunneling, Cornia
tonian can be simplified to the following form: et al® proposed that inherent disorder in solvent molecules
may break theS, symmetry and provide nonzero values
of E. Recent electron-paramagnetic-resonan¢eéPR
experiment’é)’ll and magnetic tunneling measureméhts
dElectronic mail: park@dave.nrl.navy.mil revealed that the model of Corné al® needed to be refined
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for a quantitative comparison with the experiment. Our DF
calculationd on the Mn, showed that the values & for
possible configurations of the disordered solvent molecules
are in good quantitative agreement with the experiment.
For the Mn,, the calculatedD value is —0.556 K
which agrees well with the experiment. The calculdieea-
sured value of D, however, does not account for all the
measured anisotropy barrier of 65°K° One needs a longi-
tudinal anisotropy of an order higher than the second order.
In this spirit a fourth-order spin-orbit-vibro(6OV) interac-
tion was proposed by Pedersen al’® Ideally, this SOV
interaction can only contribute to modifying the second-
order barrier and to activating two fourth-order transverse
terms in the spin Hamiltonian. At this level a strong SOV o
interaction can complicate the tunneling experiments in SEVFIG. 1. Geometry of a My molecule with four hydrogen-bonded acetic
eral different ways. The simplest complication is that thereacids molecules. This_high—symme?ry configuration accounts for only 1/16
are two different longitudinal fourth-order terms which scale®" e to1@! concentration. For details, see Ref. 8.
asS$’S’ and S, respectively. If theS; term is dominant, then
at any resonant field only a single pair of states is involvedf the Mn;, molecules have thg, symmetry with hydrogen
with tunneling. The fourth-order transverse terms result inbonds and another 1/16 of the molecules haveShsym-
departures of the period of the tunnel-splitting oscillationmetry without hydrogen bonds. The remaining molecules
from AH,=2\2E(|D|+E)/gug that has been derived by have different orientations which break the symmetry. As
Garg!* Such departures were identified by Wernsdotfer. discussed in Ref. 8, there are a total of six different configu-
and later modified to include the fourth-order transversgations which have the number of hydrogen bongstatis-
terms by the Kececioglu and Garg and SésSdiecent EPR  fical weights, and andE values of(0, 1/16,-0.54, 0.000
and magnetic experimer]l}ssuggested that for Mg the in- (4, 1/16,-0.56, 0.000 (1, 4/16,-0.54, 0.008 (2, 4/16,
plane principal axes of the second-order anisotropy may not0-55, 0.000, (2, _2/_16’_'0'55’ 0.016 and (3, 4/16"0'55_’
be aligned with those of the fourth-order anisotropy so thaf:008- The two distinctive cases of two hydrogen bondings
the oscillation in the tunnel splitting could be completely &€ characterized by having neighboring acetic atids”)

quenched in this material when the magnetic field is appliet{:zi:joeg denr:;n:jﬁ/g n‘l?%nseIﬂrggilrngsicetel(;tzﬁgznii“)the

along the hard axis of the fourth-order anisotropy, in contras , respe y- ymmetry sugg .

to Fe, " case of significantly small off—dlagonal elemer!ts in the
In this paper, we perform the DF calculations on a Sta_matrlx for n=1, the perturbations due to the cis-geometry

- . : : should cancel each another and that those due to the

tistically weighted collection of three differere values . '

. trans-geometry should add constructively. Thus, we find
caused by the solvent disorder and on the fourth-order SO hat 5/8 of the molecules have appreciaffievalues of
interaction. We then combine these two effects to determinﬁ 008-0.016 K PP
whether DF theory(DFT) can qualitatively account for a = ' :

suppression of oscillations in the tunnel splittings that occur The Hamiltonian for a single uniaxial anisotropic spin
supp . . pitting coupled to a one-dimensional harmonic oscillator is given by
in transverse tunneling experiments.

= + P2+ 02Q%) + Q3 .y, where P and
Our calculations have been performed within DFT usingH 7S+ 5 (P20’ Q) + Q2SS ' Q @

18 are the momentum, position, and frequency of the oscillator
the NRLMOL program.” The NRLMOL calculates an accurate

- i , ~~ and y},=dy,,/dQ. As shown in Ref. 13, the energy of the
Gaussian-type orbital representation for the self—consmterg0 ; ; ;

occupied and unoccupied molecular orbitals. We use DFle— /5> .pMm2-(A+BM2)2/202  where A=S(S+1)(.
XX

within the generalized-gradient approximaﬁ%mo account +7{,y)/2 andB= 7y, ~ (v, + ,y)r/y)/z_ Generalizing this problem

for the quantum-mechanical behavior of the electrons. The, {fe Mny, requires coupling of all normal modes. In gen-

geometries of the molecules are fully relaxed. Considering 5| the fourth-order corrections to the Hamiltonian A
the spin-orbit coupling for a relaxed geometry, as discussec_izabcﬁabcdsasostsﬁ_ Only the Raman-active vibrational
in Ref. 5, the second-order anisotropy Hamiltonianmodes lead to a change in the fourth-order barrier.
(Zap=xy.zYapaS) May be derived from the calculated orbit-  combining the SOV interaction with the symmetry-
als. Diagonalization of they matrix provides the second- preaking effects of the solvent disorder, we can write the

order anisotropy barrier and the principal axes. total spin Hamiltonian as:
As shown in Fig. 1, a single Mg molecule is sur-
rounded by four acetic-acid solvent molecu(@H;CO,H), H=DS +E[coq2a)(S - i) +2sin2a)S S

each of which is shared by two neighboring Mmolecules.
If a Mny, molecule is hydrogen bonded to four gED,H + A (S, - §'13) + A[ 35" + 355, - 305°S]]

molecules, as pictured in Fig. 1, then the symmetry of this +By(Si+ S - 65S) + BISS/(S - )], (2)
molecule remains the same &s Since CHCO,H can bind

to either of the Mn, neighbors with the same energy, 1/16 wherea denotes the angle between the medium axes of the
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calculated second-order and fourth-order anisotropy anc
A:, Ay, By, andB, represent fourth-order anisotropy param-
eters. If one replaces the operat@8s, S, andS) by classi-

cal spin vectors and recast the fourth-order transverse term
in spherical coordinates, then the classical potential energy ir
the xy plane(e.g., =m/2) becomes

24 degrees
Single carbon isotopic defect g

E=Ey+ S| By cog4e) + Esin(4¢) , 3
4 No isotopic defects
where &, is a constant term ane is the azimuthal angle.
This shows that the energy surface of a system Bjtaym-
metry, at fourth order, resembles a four-leaf clover inxke
plane. Furthermore, when the fourth-order terms in &j. L L L L
are accounted for, the in-plane principal axes are determine: Transverse Magnetic Field (2(2E(D}E)]'=0.2T)
to lie "’q?”g the nodes or antinodes Of, the f:lasslcal pOten_tla‘:lG. 2. Logarithm of theéVl = £5 tunnel splitting vs applied transverse field
In addition, onceB; and B, are determined in given coordi- (ajong thex axis) for a Mny, with one°C isotopic defect and pure Mp
nates, a rotation by C(_)JS[Bl/(B%+ 53/16)1/2] allows one to calculated with theoretical anisotropic parameter values. Different values for
reexpress the two transverse terms &S!+S') with C @ (0,3, 12, and 24°were used.
=[BZ+B3/16]*2/2. The experimental value o€ is 2.3
x 105 K,* while our preliminary (possibly undercon- remains unperturbed. Since the tunneling experiments were
verged SOV contributions toB; and B, lead to Cgo, Performed in the presence of the longitudinal field that
=0.053x 10° K. 18 makesM and M’ almost degenerate wheM+M’ # 0, di-
Even with the rotation of thé3; and B, terms to the rect comparison with experiment is not possible. The effect
more usual definition, the second-order transverse terms maf the longitudinal field and the different types of isotopic
not, in general, be simultaneously expressed in the diagonalefects on the tunnel splitting is in progress.
form. So the dependence anis required. To compute we In summary, for Mp, we have considered the second-
calculate the separate magnetic anisotropy energies from tigder anisotropy induced by the disordered solvent mol-
SOV interaction and the solvent disorder as a functiogpof ecules and the fourth-order SOV interaction within the DFT
in the xy plane. For the solvent disorder only three configu-framework. While further details are required, we have
rations[n=1, 2Atrang, and J are considered in the calcula- shown that the tunnel-splitting oscillation will depend on iso-
tion because the rest of the three configurations do not prdopic disorder if the SOV effect is dominant.
duceE. We find thata is 24°. This is a bit smaller than the This work was supported in part by ONR
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