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High-field electron paramagnetic resonance spectra were collected at several frequencies for a single crystal of
[Zn3.91Nig go(hmp)4(dmb),Cls] (1), where dmb is 3,3-dimethyl-1-butanol and hmp~ is the monoanion of 2-hydroxy-
methylpyridine. This crystal is isostructural to [Nis(hmp)s(dmb)4Cls] (2), which has been characterized to be a single-
molecule magnet (SMM) with fast quantum tunneling of its magnetization (QTM). The single Ni" ion zero-field-
splitting (zfs) parameters D; [= —5.30(5) cm~?] and E; [= +1.20(2) cm~Y] in the doped complex 1 were evaluated
by rotation of a crystal in three planes. The easy-axes of magnetization associated with the single-ion zfs interactions
were also found to be tilted 15° away from the crystallographic ¢ direction. This inclination provides a possible
explanation for the fast QTM observed for complex 2. The single-ion zfs parameters are then related to the zfs
parameters for the Niy; molecule by irreducible tensor methods to give D = —0.69 cm~* for the S = 4 ground state
of the SMM, where the axial zfs interaction is given by Déﬁ.

Introduction smallest magnetic memory ufitor in quantum computa-
tional devices$: 10

Polynuclear complexes of several first-row transition
metals have been reported to function as SMMs, manganese

complexes being the most prevaléhiiowever, SMMs have

Single-molecule magnets (SMMs) are molecular nano-
magnets that exhibit magnetization hysteresis below their
blocking temperaturé’s?® Several quantum effects have been
observed in the magnetization dynamics of SMMs, such as i 2 ) 13~ 14 17 .
tunneling of the direction of magnetizatiéhAguantum phase also been identified W'thN'.:g’V’ Cr,* and Ni. n t.h 'S
interferenceé,and spin parity effectd’ It has, therefore, been  P2Per, we focus on Ni SMMs of the composition

suggested that SMMs could some day be employed as the[Ni“(hmp)“(ROH)“Cl“_]',S' Whe_re hmpis the monoanion of
2-hydroxymethylpyridine, R is some substituent, and S is a
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solvate molecule. As we previously communicatetfthese of the axial zfs parameter for the individual"Nions and
Ni", SMMs exhibit magnetization versus magnetic field whether a positive single-io; value could project a
hysteresis loops that indicate the presence of a relatively fastnegativeD value for theS = 4 ground state of a NMISMM.
rate of magnetization tunneling (a small coercive field in To answer this, we have prepared single crystals of
the loop) and, in certain cases, the presence of an exchang@Zns ¢iNioodhmpy(dmb)Cls] (1), where dmb is 3,3-dimethyl-
bias!!16 Detailed measurements have been carried out in 1-butanol. High-field electron paramagnetic resonance
order to determine the origin of the fast magnetization (HFEPR) experiments have then been carried out on a single
tunneling; the results will be given in several papers, crystal of this doped complex in order to determine the
including this one. single-ion spin zfs parameter®i( E, g, etc.) at each of the
The three requirements for a molecule to be a SMM are four possible NI sites for a [ZgNi(hmp)(dmb)Cl,] mol-
(1) a relatively large spirs for the ground state; (2) an ecule doped into a [Zthmpl(dmb)Cl,] crystal. We note
appreciable negative magnetoanisotropy, that is, a dominanthat a similar methodology has recently been employed by
zero-field splitting (zfs) termD& (D < 0), in the spin Pardi et al., for a one-dimensional '"Nihaldane chain
Hamiltonian; and (3) not too large a value for the tunnel systen??However, to the best of our knowledge, this is the
splitting of the ground state (caused by terms in the spin first such study by HFEPR for a SMM. The single-crystal
Hamiltonian that do not commute with)SThe large spin measurements further enable us to determine the orientations
and negative magnetoanisotropy determine the magnitudeof the principal magnetic axes at each of thé kites and
of the thermodynamic barrier for classical thermal activation, to show how theD value of theS = 4 Ni', SMM results
leading to reversal of the direction of magnetization for a from theD; andE; values { = 1—4) for the four exchange-
molecule. It is important to emphasize that, even if a coupled Nf ions. Finally, we investigate how the single-
particular complex has a large barrier for magnetization ion spin-Hamiltonian parameters affect the thermodynamic
reversal, it may not function as a SMM if the complex has barrier for magnetization reversal as well as the tunnel
a very fast rate of quantum tunneling of the direction of its splitting for the N SMM.
magnetization. The Nj SMMs have a spirs = 4 ground
state and a negative magnetoanisotr&g§.1°The question
is, why do they exhibit a fast rate of magnetization tunneling?
In this and following papers, we will answer this quest’t'&f-f’. reagents were purchased from Aldrich.
_ The D value for a SMM results Iargely f_rom the single- [Zn5.6MNio ohmp)a(dmb).Cla] (1). 1.23 g (@ mmol) of ZnGi
ion D_i valu_es for each of the metal_lons in the r_nolecul_e. 0.24 g (1 mmol) of NiCk6H,0, 1.09 g (10 mmol) of hmpH
The inter-ion magnetic exchange interactions in dNi  (2_hydroxymethylpyridine), and 0.54 g of NaOMe (10 mmol) were
complex give rise to a ground state with an axial zfs dissolved in 80 mL of MeOH and refluxed for 30 min. The resulting
interactionDﬁ that results from a projection of the single- solution was then filtered and left at room temperature for over 1
ion zfs interactions at each of the four'Nbns. D values week. Pale-green prism-shaped crystals were then isolated. A total
for Ni"" complexes have been found to be both positive and of 1.6 g of these pale-green crystals were collected by repeating
negative?! Thus, the first question arising concerns the sign the above procedures several times. The crystals were then

Experimental Section

Synthetic Procedure.All operations were carried out in air. All
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suspended in 30 g of 3,3-dimethyl-1-butanol (dmb), and 40 mL of
methylene chloride was added to dissolve the solids. The resulting
solution was filtered and kept in an ambient environment for slow
evaporation. Pale-green bipyramidal-shaped crystals formed after
2 weeks with an overall yield of 10%. Anal. Calcd fbr CsgHgo-
C|4N4OSZn3'glNi0'og' C, 46.34; H, 6.48; N, 4.50. Found: C, 46.96;
H, 6.55; N, 4.15. Selected IR data (KBr, cHx 3310 (br, s), 2960
(s), 2860 (s), 1600 (s), 1570 (s), 1480 (s), 1440 (s), 1400 (s), 1370
(s), 1290 (s), 1250 (m), 1220 (m), 1160 (s), 1080 (s), 1050 (s), 997
(s), 974 (s), 920 (m), 889 (w), 870 (w), 839 (m), 818 (s), 754 (s),
731 (s), 702 (w), 644 (s), 496 (m), 463 (m).

X-ray Structure Determination. Diffraction data for a crystal
of [Zn3.91Nig.olhmp)(dmb)Cly] were collected at 100(2) K with a
Bruker Smart Apex CCD diffractometer equipped with MoK
radiation ¢ = 0.710 73 A). SADABS absorption correction was
applied. The structure was solved by direct methods and refined
on F2 by a full-matrix least-squares procedure (SHELXTL, version
6.10, Bruker AXS, Inc., 2000). All atoms except the hydrogen were
refined anisotropically. Hydrogen atoms were placed in calculated
idealized positions. In the refinement, all metal atoms in the
structure were treated as the Zn atom. Crystallographic data and
details of the X-ray study are given in Table 1.

HFEPR. A good-sized crystal [approximate dimensions:
1.5 x 1.5 mn? square base; 2 mm height] of compltewas selected
to perform the single-crystal HFEPR measurements. The orientation
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Table 1. Crystallographic Data for [ZniNig.ohmpl(dmbyCla]

(complex1)
formula® C43H3()C|4N403M
fw, g/mol 1244.44
temp 100(2) K
space group 144/a
a A 12.9165(4)
b, A 12.9165(4)
c, A 35.038(2)
a=p=y 90
vol 5845.7(4) B
z,2 4,0.25
F(000) 2592
density calcd 1.414 g cnd
abs coeff 1.854 mmt
abs correction SADABS
transmission max/min 0.7684/0.6062
reflns, measured 18318
reflns, independent 3355 [Rirt 0.0181]
data/restrains/params 3355/0/234
GOF onF? 1.055

R indices [I1>20(1)]
R indices (all data)

R1 =0.0214, wR2= 0.0546
R% 0.0233, wR2= 0.0554

aM represents Zn or Ni. Figure 1. ORTEP plot of [Zr.giNioodhmpy(dmb)Cly] at the 30%
probability level. Intramolecular ©H---Cl H-bonds are shown by dashed
lines.

of the crystal was confirmed by determining crystal face indices
on the basis of X-ray diffractometry prior to the HFEPR measure- yted in the crystal. On the basis of this assumption, it is a

ments. The HFEPR spectrometer is equipped for conducting high-relatively straightforward exercise to compute the prob-
sensitivity angle-dependent cavity perturbation measurements OVergpilities for the formation of the ZnZnsNi, Zn,Niy, ZnNis
a broad frequency range (4350 GHz) and in the presence of a and Ni complexes, as a functiox, in the formula

strong magnetic field (up to 17 T). A millimeter-wave vector . . . .
. . ZNgNig—g(hmpl(dmb)Cly] (see Figure S1 in the Supporting
network analyzer acts as a continuously tunable microwave source[ A NI4=Ax o
Y Y Information). Wherx = 0.977, it is found that the Zrand

and phase-sensitive detector{80 GHz), enabling simultaneous . . .
measurements of the complex cavity parameters at a rapid repetitionZsNi Species make up 91% and 8% of the total population,
rate (~10 kHz). A pumped’He cryostat system was utilized to  respectively. Thus, the doped crystal is comprised of some
control the temperature of the experiment. A detailed description S= 1 [ZnsNi;(hmp)(dmb)Cls] complexes doped randomly
of the spectrometer can be found in the literafi3ré. into a diamagnetic Znhost crystal. Because the 'Nions
Inductively Coupled Plasma-Optical Emission Spectrometry are ferromagnetically coupled with each other in the
(ICPOES). A Perkin-Elmer Optima 3000 DV ICPOES system with  Zn,Ni,, ZnNiz, and Ni complexes, one would expect ground
axially viewed plasmas was employed. The operation process of states ofS = 2, 3, and 4, respectively, for these three
this system is described eIsewhé?e.The wavelengths of  pyossibilities. The absence of significant HFEPR peak intensi-
illesrﬁii?sm f:r Zunairt]i(tj Zifl.goor;r;sfor Nc: f"‘fg;”fgf:\?aged””tgi’etg‘ese ties for these spin values confirms that the predominant
118.5 times inq 1% H%\I@solution, :nd this sglution was further paramagnetic species present in the crystal is theNiZn
diluted 160 times. The highest dilution factors were 196 ppb of Ni complex. . )
and 8460 ppb of Zn. Therefore, a molar ratio of ZnHN®7.74: X-ray Strucwr? of [Zn 3-91N'0-09(hmp)4(dmb)4C|4]' Like
2.26 was obtained. the analogous Nicomplex2, [Zns oiNio. o hmp)(dmb),Cly]

() crystallizes in the tetragon¥d,/a space group with four
molecules in the unit cell without solvate molecules (see
Table 1). Figure 1 shows the ORTEP plot of complexf
each metal atom is treated as a Zn atom, moletiias$,
site symmetry with the metal ions occupying the alternating
corners of the distorted cubane core. In addition to the
chelating hmp ligands, the central D, core (M= Ni or
Zn) is bonded to four Cl anions and four 3,3-dimethyl-1-
butanol ligands. A comparison of bond lengths and angles
between complexekand? is given in Table 2. As expected,
the metat-ligand atom bond distances for the 34iNig o9
complex are longer by 0.620.11 A than those for the Ni
complex. The Ni-Cl bond length is, however, 0.002 A
longer than the ZnCl distance. The bond angles character-
izing the Ni and Zn 91Nig 09 COMplexes are similar. It seems
reasonable that, in the crystal for complgxhe few ZnNi
complexes should be randomly distributed among the Zn
complexes. Also, it is clear that any spin-Hamiltonian

Results and Discussion

Preparation of the Ni"-Doped Zn', Complex. The goal
was to prepare a crystal that is isostructural with,(Rinp)-
(dmb)Cly] (complex2), but where the Niions are doped
into a diamagnetic lattice. Through separate experiments, it
was known that [Zghmp)(dmb)Cly] (complex 3) could
be prepared, where the ¥nons obviously do not have
unpaired electrons. Consequently, we prepared faintly green
[Zn3 9iNig odhmpl(dmb)Cl,] (complex1) crystals. A rela-
tively precise value of the Zn/Ni ratio in the crystals was
obtained by ICPOES spectra, which gave Zn#i97.74:
2.26%. Provided that there is little difference in the heats of
formation for either the Znpor Nis complexes, the Niions
in [Zn3.giNig.odhmpl(dmb)Cls] should be randomly distrib-

(24) Takahashi, S.; Hill, SRev. Sci. Instrum 2005 76, 023114.
(25) Cai, Q.; Luo, N.; Chen, F.; Yang, Anal. Sci.2001, 17, i853.
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Table 2. Comparison of Selected Bond Lengths (A) and Bond Angles
(deg) for Complexed and2?2

complex2 complexl

M(1)—O(L)#1 2.0510(13) 2.0709(9)

M(1)—O(1)#2 2.1018(13) 2.1245(9)

M(1)—O(1) 2.0374(13) 2.1338(9)

M(1)—0(2) 2.0893(14) 2.1972(10)

M(1)—N(1) 2.0648(16) 2.1246(11)

M(1)—ClI(1) 2.3593(5) 2.3377(3)

O(1)#1-M(1)—O(1)#2 80.73(5) 81.02(4)

O(1)#1-M(1)—N(1) 161.13(6) 156.35(4)

O(1)#2-M(1)—N(1) 101.79(5) 103.41(4)

O(1)#1-M(1)—0O(2) 82.29(4) 80.80(4)

O(1)#2-M(1)—0(1) 80.10(5) 79.92(4)

N(1)-M(1)—0O(1) 79.78(6) 77.22(4)

O(1)#1-M(1)—0(2) 85.13(5) 83.07(4)

O(1)#2-M(1)—0(2) 165.09(5) 162.74(4)

N(1)-M(1)—0(2) 90.09(6) 88.63(4)

O(1)-M(1)—0(2) 93.38(5) 90.97(4)

O(1)#1-M(1)—CI(1) 100.57(4) 103.65(3) Figure 2. Stereo plot of the molecule packing in [ZaNio.odhmp(dmb):-

O(1)#2-M(1)—CI(1) 96.00(4) 97.71(3) Clg].

N(1)-M(1)—CI(1) 97.76(5) 98.79(3) . S

0(2-M(1)—CI(1) 91.21(4) 92.52(3) to be accounted for. However, after a closer inspection, it is

O(1)-M(1)—-Cl(1) 174.79(4) 174.64(3) found that these two molecular orientations are actually

aM represents Zn or Ni i and Ni in 2. related by an inversion operation. Therefore, because of the

intrinsic inversion symmetry associated with the operators

parameters characterized for thd iins in complext would DO’ andEQ,? in the spin Hamiltonian, only four different
be quite close in value to those found for thé Kingle ions orientations of the Niions need to be considered.
in the Ni, crystal. The most direct way to deduce the orientations of the

Crystals ofl and 2 have the same space group and the principal magnetic axes associated with the individudl Ni
same morphology, that is, that of a rectangular-based zfs interactions involves measuring the angle dependence of
bipyramid. The relationship between the unit cell directions EPR spectra for several different planes of rotation. As will
and the crystal faces can be found in the Supporting be seen below, such measurements were performed for three
Information (Figure S2). The axis coincides with the  carefully chosen rotation planes. However, fits to such data
bottom-to-top diagonal direction of the crystal, whereas the contain many adjustable parameters, for example, the various
a andb axes are aligned with the edges of the rectangular Ni" spin-Hamiltonian parameter®{ E;, g, etc.), the Euler

base. The magnetic easy axis for compgthe Niy SMM) angles that relate the local magnetic axes to the crystal-
is found to be along the crystallographiaxis. lographic axes, and additional Euler angles that take into
HFEPR Spectroscopy of [Z13.9iNig.ohmp)4(dmb)4Cly] account minor misalignments between the actual and as-

(1). There are several reasons why we selected the dopedsumed rotation frames. For this reason, we first set out to
crystal of complex. for single-crystal HFEPR experiments. estimate the Nispin-Hamiltonian parameters via frequency-
First, the orientation of the crystal lattice relative to the faces dependent measurements. Spectra were thus obtained be-
of a crystal can easily be deduced. Second,térebutyl tween 58 and 352 GHz with the dc field approximately
groups on the dmb ligand provide considerable insulation aligned along the axis of the crystal, as displayed in Figure
between molecules in this complex. Therefore, intermolecular 3; this orientation was deduced from preliminary angle-
magnetic exchange interactions are minimized, as substanti-dependent data. Because of the 4-fold symmetry of the crystal
ated by the absence of any measurable exchange bias in thstructure, one may assume that the anghgsbetween the
magnetization versus magnetic field hysteresis loop for the magnetic easy axes for the four'Non sites and the applied
SMM Ni", complex @).1%18 Third, there are no solvated magnetic field are more or less the same for this field
molecules in the crystals of complex&sand 2. Disorder orientation. Thus, the frequency dependence of the spectra
associated with any solvate molecules can give broad HFEPRshould roughly superimpose, with any splittings likely due
signals, as was seen for the methanol and ethanol analogueto small deviations from perfect field alignment along the

of complex2.181° Thus, the crystals of complexdsand 2 axis. Indeed, three distinct EPR absorptions are seen in the
give relatively sharp HFEPR signals, as will be discussed in experimental spectra (see Figure S3 in the Supporting
detail in a later papéef’. Information). Each EPR absorption consists of several closely

Before the HFEPR spectra are discussed, it is worthwhile spaced peaks, which we believe are mainly due to a slight
to check how many different metal sites are available for misalignment of the applied field. However, it is also likely
the individual NI' ions. A stereoview of the molecular that these splittings are caused by different microenviron-
packing in the unit cell of comple% is shown in Figure 2. ments, as has been found for the parent [Ni(hmp)(dmb)CI]
At a first glance, it looks like there are two kinds of molecular systemt®
orientations that are related by a 4-fold rotation axis. Thus, Figure 3 displays the frequency dependence of the posi-
for each kind of cubane, with four Niites available, there  tions (in field) of the three EPR absorptions. Each data point
appear to be eight different single-ion orientations that needis located at the center of an absorption, and the error bars

3830 Inorganic Chemistry, Vol. 44, No. 11, 2005
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single values foD; andE; are sufficient for fitting all of the
data, as one would expect from the 4-fold symmetry of the
molecule.

Estimation of theg factor requires knowledge of the field
orientation relative to the magnetic axes at the individual
Ni" sites. The dashed curves in Figures 3 and 4 have been
generated with the sanmi®,, E;, andg values as the solid
100 F curves, but they assume that the single-ion easy axes are
AAN - aligned with the applied magnetic field. In this situation, one
, . e sees that thd@, and T, states pass right through each other

1 2 3 4 5 ¢ 7 and that resonances and B also pass right through each
Magnetic field (tesla) other. On the other hand, the data clearly indicate a level
Figure 3. Frequency dependence of the positions (in field) of the three repulsion, which depends very sensitively on the field
resonance branches. Each point is located at the center of a resonance, andrientation. Thus, armed with approximd@eandE; values,

the error bars represent the range over which fine structures are observedgne can adjust the field orientation (equivalent to tiIting the
Superimposed on the data are several simulations of the frequency

dependence of the resonance positions, obtained by taking diﬁerencesmgle'ion easy axes away from the _CrySta”c’gra_mmiS)
frequencies between th&2 1 energy levels fo8= 1, as shown in Figure and thez component of the factor until the behavior of the

4. See the main text for an explanation of the simulations and Figure 4 for A 3ndB resonances is accurately reproduced. This procedure

the labeling of the various transition4, (B, C). . . . . . .
provides a good first estimate of the tilting of the single-ion

easy axes away from the crystallograpki@xis, that is,

300

200

Frequency (GHz)

200f T+1 15,
PPN Sl P The curves in Figures 3 and 4 were actually generated
TO using the final parameter set determined from the full angle

D = -5.30(5) e depeljdence (sge b_elow an_d inset to Figure 4). The two sets
E_’=i1.20(2) e of solid curves in Figure 3 |IIustr_ate_ the s_mall (_effect of the
2 =230(5) transverse field componer_1t for t_hls field orientation. Beca_use
i we do not yet know the orientations of the hard and medium
directions associated with each of the'\bns, we cannot
know the orientation of the projection of the field within
h : I T S their hard planes caused by the® 1fiting of the easy axes.
Magnetic field (tesla) Thus, the two sets of curves illustrate the extreme cases
Figure 4. Energy level diagram fos = 1, assuming a negative uniaxial cprre§pond|ng to projection onto the hard .ar.]d medllum
D; parameter. The spin-Hamiltonian parameters, corresponding to the directions. One clearly sees that the lack of this information
e e AT, i 1.8 S, 2L i Stag i the analyss does ot dramatical nfuence
-pl)—areaﬁgllto thec axis ofpthe crystal [(001) direction]. Tghe dashed cu‘rj\f)e Ourlmltlal estimates ob;, E;, g, or the e.asy'aXIS tlltlng apgle.
corresponds to the case where the magnetic field is applied parallel to the ~ Finally, we comment on the selection rules governing the
local easy axis o_f one of the Niions. The _Ievels_ have be_en labeled in  three branches of resonances in Figure 3. First of all, as the
zero-feld accordng to e Schirme described i e A (X 21 1 sampie is otated in the horizontal field magnet, the relative
orientation between the dc and ac magnetic fields dnd
indicate the range over which the fine-structure peaks areHs, respectively) changes. Although it is possible to imagine
observed. Superimposed on the data are several simulations. geometry in whichH, and H; remain orthogonal, one
of the frequency dependence, obtained by taking differencecannot hope to achieve such a situation when working on
frequencies between th&2 1 energy levels fo6= 1, as high-order modes of the cavity & 90 GHz). In addition,

(=]

Frequency (GHz)
E

-200 + Bllc
Tilt angle = 15°

-300

shown in Figure 4. These triplet levels are labelgdT,, although the dc field is very homogeneous, the sample used
and T, in zero field, in order of ascending energy; in this study was rather large (approximate dimensions:
corresponds to theMs = O state, whereadly and T, 1.5 x 1.5 mn? square base; 2 mm height). Consequently,

correspond to the symmetric and antisymmetric combinationsthe H; field was not particularly uniform over the volume
of the pureMs = +1 states. At high fields, the triplet states of the sample (note thdt2 ~ 0.5 mm at 350 GHz); that is,
are labeledl_;, To, and T4; in order of ascending energy; its orientation varies from one part of the sample to another.
here, the subscripts refer to the spin projection onto the The relative orientations dfly andH; will also likely vary
magnetic field quantization axis. Considering all possible from one frequency to the next. Therefore, in general, one
transitions between these three levels, one expects threeexpects components ofl; that are both parallel and
resonance branche&, B, andC), which extrapolate to three  perpendicular tdH,. Consequently, botiAMs = +1 and
different zero-field offsets (splittings). These offsets are AMs= +2 double quantum transitions should be expected.
sufficient for estimatindd; andE;; D; is responsible for the  Indeed, the relative intensities of the different resonances
splitting between the uppdéis = 0 state and thiMs = +1 differ noticeably for different frequencies (see Figure S3 in
doublet;E; is responsible for the splitting of thids = +1 the Supporting Information). In addition to this, there is
states. We note that, to within the experimental uncertainty, strong mixing between th&, and T, states in the 37 T
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Figure 5. Schematic representation of the four possible principal single-
ion magnetic axesx|, yi, z) tilted with respect to the crystallographic axes

(a, b, ). A solid cube is drawn with each of the edges aligned with the
crystal axes to guide the eyes and to show their relationships. We note that
the real [NiZrs(hmpk(dmbyCls molecule has a distorted cube structure.

Magnetic field (tesla)

range. This mixing also affects EPR selection rules, thereby

allowing transitions that might otherwise be forbidden for a 150 <100 =50 0 50 100 150
much higher symmetry geometry. It is for this reason that Angle (degrees)
we simply label the three resonance branchAgB, andC; Figure 6. Angle dependence of the EPR peak positions corresponding to

e : : resonancd (Figure 4) for (a) orientation 1, field rotation approximately in
that is, it is meaningless to try to label them in terms of theac plane (orbc plane); (b) orientation 2, field rotation approximately in

simple quantum numbers. Furthermore, we expect to observeneab plane; and (c) orientation 3, field rotation approximately in the plane
all three resonances for essentially all field orientations and containing the (110) and (001) crystallographic directions. The insets depict
equencie; tha is, o lear selecion ules apply. 1o Senent seomety,n aeh case e lepora s 25 e

Single-lon ZFS. To obtain more precise information  The experimental spectra can be observed in the Supporting Information.
concerning the orientations of the magnetic axes associatedtL he solid Curvefst r?fe fits tofthf dattaa and the tdashed Ct(lrves inb rteptr)fESﬁ?t
with the individual NI ions, further angle-dependent experi- i iions of the projections of the single-ion hard and medium directions
ments were performed. Because the orientations of theonto theab plane have been indicated in b.
crystallographic axes can be easily identified from the shape
of the crystal, the sample can be manually aligned within The single-ion axes illustrated in Figure 5 have been oriented
the cavity for rotation in a desired crystallographic plane. approximately as deduced from these studies. For the ensuing
However, such an alignment is never perfect, and it is, thus, discussion, we use the angigand¢ to denote polar angles;
necessary to introduce additional parameters to correct forwe use the subscriptsandc to refer to the laboratory and
small misalignments. In general, three parameters (Eulercrystal coordinate systems, respectively, and subscript
angles: a, 8, y) are required in order to relate any two j (= 1—4) to denote the four single-ion coordinate systems
coordinate systems; these angles are defined in Figure S4 inFigure 5).
the Supporting Information and in ref 26. We correct for  Angle-dependent measurements were performed for three
any misalignment of the sample within the cavity by defining separate planes of rotation; the blueprints for the three
a set of Euler angle€,, Cs; and C,, which relate the  experiments are illustrated in Figure S5 in the Supporting
crystallographic¢) and laboratorylj coordinate frames, that  |nformation. For orientation 1, we rotated the field ap-
is, @ b, c) = (XY, 2). proximately in the crystallographic plane (or thébc plane,

We can now approximate the [¥i(hmpl(dmb)Cl,] because it is indistinguishable by symmetry), that is, in a
molecule as a cube with its edges aligned with the crystal- plane parallel to one of the vertical cube faces in Figure 5.
lographica, b, andc axes, as shown in Figure 5, with four  For orientation 2, we rotated the field approximately in the
possible positions (labeled—4) for the lone Ni ion. We crystallographicab plane, that is, in a plane parallel to the
note that the actual molecule has a distorted cube structurehorizontal cube faces in Figure 5. Finally, for orientation 3,
Next, we must relate each of the four single-ion coordinate we rotated the field in a plane approximately intersecting
frames &, yi, z) with the crystallographic axes,(b, c); the the crystallographiec andbc planes, that is, a vertical plane
subscripts refer to the four positions. Because of the 4-fold crossing the horizontal diagonals of the cube in Figure 5.
symmetry of the crystal, only a single set of Euler angles These geometries are also depicted as insets to Figure 6. A
(S» S S) is needed to completely specify these four frequency close to 120 GHz was carefully selected for these
coordinate systems; that i§,, S, andS, specify the single-  experiments. This sits just at the lower edge of a gap between
ion axes at one of the sites (e.g= 1), and the remaining  theB andC resonance branches (Figure 3). In fact, 120 GHz
three are related by the crystallographic symmetry group. is right at the zfs between tHg, and T, levels (Figure 4).
Consequently, resonan€is always observed as a broad
(26) The transition from one coordinate system to the other is achieved by absorption at zero field and resonariés always found at

a series of two-dimensional rotations. The rotations are performed | . . . L

about coordinate system axes generated by the previous rotation stepNigher frequencies. Meanwhile, the position of resonakice
The convention used here is thats a rotation about theaxis of the depends strongly on the field orientation at 120 GHz, moving
initial coordinate system. About thg axis of this newly generated from 1.5 T upward to the maximum available field of 7 T

coordinate system, a rotation Byis performed, followed by a rotation . . - . - .
by y about the newe axis. for field orientations close to the hard magnetic directions.
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In this way, 120 GHz provides the lowest frequency (hence,
the best signal-to-noise ratio) with which we can focus on
the angle dependence of a single resonance; that is, reso-
nancesB andC do not interfere with the angle dependence
of resonance over the full 4r radians.
Figure 6 displays the angle dependence of peaks corre-
sponding to resonance(at 2.5 K and ~ 120 GHz) for the
three chosen planes of rotation. Representative experimental
spectra are displayed in Figure S6 in the Supporting
Information, and the precise frequencies are listed in the
figure caption. For each plane of rotation, four resonance
branches are observed corresponding to the folirskigs,
thus confirming the earlier conclusion concerning the non-
collinearity of the magnetic axes at each site. The solid curves Figure 7. Simulated resonance surfaces for field rotation exactly in the
are it o the data; we describe th fiting procedure in detail 22127, T banches of resonances e seen (cee he man et for an
below. In parts a and c of Figure 6, the experimental angle via the intersection of the surfaces with a horizontal plane corresponding
(“offset") has been calibrated so that the high-symmetry to the experir_nenta_ll mgasurement frequency. The simulations assume the
points occur aty = 0° and 6, = 90°. For both of these parameters given in Figure 4.
orientations, the Euler ang@®; ~ 0. Consequently, the angles  lifted. Figure 7 shows a pair of doubly degenerate surfaces
61 and6. are approximately equivalent. Meanwhile, the angle for rotation exactly in theb plane, that is, very close to the
in Figure 6b (orientation 2) is referenced to the approximate rotation plane for orientation 2 (Figure 6b). We then perform
orientation of the crystallographi (or b) axis, as deduced g “virtual” experiment, where we pick a measurement
via microscope images of the sample mounted in the cavity. frequency {) and solve for the intersection between the
We estimate the error of this calibration to #&°. constantf surface and the four 3D surfaces. The resulting
Before discussing the data, we briefly review the Hamil- curves describe the angle dependence of the spectra for a
tonian for spinS= 1. We can write the Hamiltonian operator particular set ofC, S, and zfs parameterd(, E;, andg).

in matrix form as follows: The final and most complicated task involves performing a
least-squares fit to the full data set (orientatiors3)L
N D*+ regBcost) A E As already noted, the four resonance branches seen in
H = A 0 . A Figure 6 originate from each of the four 'Nsites (Figure
E A" D — ugg,B cosp) 5). All degeneracies were avoided because of small mis-

alignments of the sample within the cavity for each rotation
plane, that is, finiteC parameters (Euler angles). However,
A = 0.707%ugB[g, sin@,) cose,) — ig, sin@,) sin@)] (1) it is apparent that this alignment was fairly good in the case
of orientation 1, because the two high-field branches are
It should be noted that the angl@sand¢; involved in this almost degenerate. In zero magnetic field, the magnetic
Hamiltonian represent the spherical polar coordinates refer-dipole transitions for all four Niions must be degenerate
enced to each of the individual Nspin coordinate frames  because of the symmetry equivalence of the four sites.
(%, Vi, z), as depicted in Figure 5. All other terms in eq 1 Application of a magnetic field breaks this symmetry.
represent zfs interactions, which we find to be the same for However, a magnetic field along tleeaxis will not lift any
all four ions. One must then independently transform the degeneracies because of the axial symmetry, whereas a field
lab coordinates into each spin coordinate system using theapplied within theab plane will only partially lift the 4-fold
two Euler transformations described earlier. For each ex- degeneracy; that is, in general, the spectrum will split into
perimental orientation, this involves a separate seCof two branches, as illustrated in Figure 7. Note that the curves
parameters. However, our fitting procedure is designed to for orientations 1 and 3 (Figure 6a,c) intersect at a single
obtain a single set ob parameters. point atd, = 0° (~6.) and at two points fof); = 90°. The
The next step involves solving for the eigenvalues two branches arise because of taéerm; when the field is
(frequencies) for all four spin sites, as a function of the roughly parallel to the; axes of two of the ions, it must be
applied magnetic field strength and its orientation. We note approximately orthogonal to the axes of the other two.
that the field was only ever rotated about a single axis for a Thus, it is the combination of the Zeeman a@aderms that
particular experiment; thus, the field streng®),(and its lifts the degeneracy.
orientation ) in the lab frame, represent the only variables  As soon as the field is tilted away from either thexis,
in this procedure. Upon doing so, we obtain four 3D surfaces or the ab plane, the degeneracy will, in general, be
(frequency, field, orientation), one for each'"Nsite. For completely lifted. This is why four branches are seen for
rotations in high-symmetry crystallographic planes, the each experiment. In particular, for orientation 2, the rotation
number of surfaces may be reduced because of degeneracieplane was inclined at an ang® = 9.8° away from theab
However, we shall see that, in general, the experimental plane, causing the splitting of the two main branches. The
geometry was such that these degeneracies are completelgashed curves in Figure 6b reveal the average behavior of

where
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each split branch. The minima of the dashed curves, which ok
are separated by exactly 9Qas required by symmetry), r-*’\\/MM —sK

correspond to the directions of the projections of the medium = /’\/’*v S

axes of the individual Ni ions (/) onto the ab plane. Z2& 15K
Meanwhile, the projections of the hard ax&$ ¢orrespond g °

to the maxima in the dashed curves (not shown in Figure § 3 §

6b) that, to within the experimental resolution, occur at the i g ?

same angles. Thus, from Figure 6b, we can conclude that = s g - A

the hard and medium axes of the'Nons  andy;) project 3 Eifo T

onto theab plane along directions given lay = 70+ 5° + A8.0h?;glféz)iclfisel(i'(ztezi;)3l0
(n90°) (n = integer) relative to tha axis; the+5° results :

1.0 Ls 2.0 2.5 3.0

from the uncertainty in the alignment of the crystal within
y g y Magnetic field (tesla)

the cavity.

; ivh_fi Figure 8. Temperature dependence of theesonance between 2.5 and
On the basis of the near degeneracy of the two hlgh field 10 K and at a frequency of 119.9 GHz; the field is oriented approximately

branches seen f'OI’ orientation 1 ('Figure 6a)7 one can concludeyiong the crystallographicaxis. The inset shows the energy level diagram
that the single-ion easy axes tilt approximately along the for S=1, with a negative uniaxigd [= —0.530(5) cnm'] parameter [also,

crystallographica andb directions 6:50) that is, S, ~ 0° E = £1.20(2) cntY]. As can bee seen from the figure, thetransition
. . ’ ' ' occurs from the ground state.
90°, and so forth. It is, then, straightforward to deduce the

single-ion easy-axis tilting angl&) from the separation of  temperature is decreased. This is precisely the behavior seen
the low-field (~3.75 T) maxima in Figure 6a. This maximum i the main part of Figure 8. In contrast, if the sign Df

separation of 3@& 1° corresponds to the angle between hard ;55 positive, the energy level diagram would be inverted.
planes associated with Nites that are related by a 180 | this case, theA transition would occur from an excited
rotation (see Figure 5), implying that the easy axes for €ach siate and its intensity should decrease at the lowest temper-
Ni ion are tilted 15+ 0.5 (= ) away from thec axis, as  atures. Because such behavior is not observed, we can
previously inferred on the basis of the frequency dependence ¢qnclude from the temperature-dependent studies that the
Finally, we can conclude from the low-field maxima in sign of D; must be negative.

Figure 6a that the magnetic field intersects the hard planes 7rg of the S = 4 Ground State of the Ni; SMM. The

associated with the two Niions responsible for these gpm complex [Ni(hmpy(dmbyCly] has a spinS = 4
maxima closer to their medium directionsZ0° away) than  gyound state as a result of the ferromagnetic coupling of the
their hard directions. Thus, on the basis of the discussion of o, N jons. The barrier for magnetization reversal is

Figure 6b above, we infer that the Euler an§le= 70 + 5° approximately equal t&|D|, whereD gauges the axial zfs,

(or 250 + 5°) for the ions withS, ~ 0° (or 180) and D&, in theS= 4 ground state. In this section, it is shown
S = 160+ 5° (or 20+ 5°) for the ions withS, ~ 90° (or how the single-ion zfs interaction for the singleNon in
27@). For a more detailed explanation, refer to the Sup- e [ZreNi(hmp)(dmb)Cl] molecule doped into the lattice
porting Information. _ of diamagnetic Zt, molecules gives rise to the axial zfs
The optimum single-ion zfs parameters obtained from jnteraction for theS = 4 ground state of the Kj SMM.

these angle-dependent measurements, as well as frequency- | the previous section, the zfs parameters for tHeid
dependent studies performed with the magnetic field applied i, zn,Ni(hmp),(dmb)Cls] were evaluated by HFEPR to be
along the crystallographicaxis (Figure 3), and tha/b axes D = —5.30(5) cn! andE = +1.20(2) cni™. The zfs matrix

(not shown), yieldD; = —5.30(5) cm?, E; = +1.20(2) cnt?, in each local NI coordinate system is of the form
g; = 2.30(5), andgx = gy, = 2.20(5). To within our

experimental accuracy, the obtairgdnisotropy is marginal. -D/3+E 0 0

On the basis of the obtaindd;, and E; values, one would B =10 -D/3—E 0 )
H local i i

expect a difference betweepn and gy, [= ¥2(gx + @y)] on 0 0 2D/3

the order of 0.02 and a difference betwegrandg, on the

order of 0.0F? This is not inconsistent with the obtained  Hereafter, the double bar symbol above each capital letter

values. Unfortunately, the relatively broad EPR signals do represents a % 3 matrix. This matrix has to be converted

not permit a more precise determination of h@nisotropy.  from the local coordinate framework to the crystal lattice
Temperature DependenceWe conclude this section by coordinate framework. This transformation is made by means

examining the temperature dependence ofAlresonance. f the Euler matrixz where the Euler angles,, S;, and
Figure 8 displays data obtained at temperatures between 2.5 _ 0° 15. and 70’ respectively, and is giver’1 aé

and 10 K, at a frequency of 119.9 GHz; the field is oriented

approximately along the axis of the crystal. The inset to = =
i i i Derystar= A Diocal (3)

Figure 8 shows the energy level diagram &+ 1, with a crystal loca

negative uniaxiaD; [= —5.30(5) cntl] parameter [also, ) i ) ]

E = +1.20(2) cnl]. As can be seen from the figure, the In the Ni, complex, there are four Nions, and if we define

transition occurs from the ground state. Thus, one should D; = Deystai for Ni'' ion number 1, then the total zfs matrix

expect the intensity of this transition to increase as the for a Ni'; molecule is given by eq 4.
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S5 _an = S P~ P~ S Origin and Importance of ZFS for the S= 4 Ground
Dty = 9,0, + d,D, + d;D,+d,D, + d; .D,; ,+d; D, s+ i :
toral - FLTL T Fem2 | TeEs T W4 TL2ELe ¢ TL3TLS State of the Ni', SMM. It was shown in the last section
dy Dy 4+ dy D, 3+ dy Dy s+ dy Day (4) how the single-ion zfs interactions at each metal ion site

_ contribute to the zfs interaction for the ground state of a
In this equation,D; (i = 1, 2, 3, 4) represents the zfs SMM. For metal ions such as Nithat have an orbitally
matrices for the individual ionsaj (,j=1,2 3, 4) nondegenerate ground state in a low-symmetry coordination
represents the asymmetric dipolar couplings between metalSité; the origin of the zfs interaction is the admixture of
centers andj, andd: andd,; are their expansion coefficients. excited states into the ground-state wave function that result
The values of} anddi; are calculated by irreducible tensor O™ Spin—orbit coupling £LS). These single-ion zfs effects

method=7-2° In the Ni', cubane moleculeS, = S = S = are parametrized in a spin Hamiltonian with terms such as

S, = 1 andS = 4. Thus DS andE(§; — S)), the axial and rhombic zfs interactions.
Here, we retain the subscripto distinguish between single-

Btotalz 1/2851 + 1/2852 + 1/2853 + 1/2854 + 2/2851'2 + ion and SMM zfs parameters. The magnitude and sign of

il -~ > _ _ the D; parameter (and of thg; parameter) depend on the
?logD1 3+ gDy 4+ oDy 5 rgDy 4+ *ogD3 4 (5) magnitude and sign of the spiorbit coupling constant
. and on how close in energy the excited states are that are
Because theBi,j values are mainly from dipotedipole spin—orbit admixed with the ground state. The single-ion
interactions, for simplicity, we ignore their contribution to  Di value for a N¥ complex has been found to be positive in
aotal_ This is reasonable because Eg values are on the  SOme complexes but negative in oth&r&For six-coordinate

. . . Ni'" complexes with six equivalent ligand®; values have
order of 0.1 cm’, whereas in the Ni complex3, D, is been rer?orted in the range ef3.05 t?) +1.7|O cmt In a
about 5 cm?. This gives eq 6:

recent papet? Krzystek et al. used HFEPR to determine

D; = +13.20(5) cm* for the four-coordinate tetrahedral'Ni
complex Ni(PPK).Cl;; the complex Ni(PP$).Br, gave

— D;i = +4.5(5) cnt. Thus, four-coordinate complexes gener-
The D; matrices for the other three Nions numbered 2, 3,  ally have largetD;| values than do six-coordinate complexes,
and 4 can be related t®; for Ni' ion number 1 by because the excited states are closer in energy to the ground
employing the matrix for thé&s, symmetry operation. The  state in the case of the former. Consequently, the magnitude
transformations foDs, Ds, andD,, are then given by eq 7:  &nd sign ofD; for a Ni'" complex reflects the number and

Th ical Its faD ith th ii ingle-i geometry of the ligands. In addition, the orientations of the
€ numerical results 1o, WIth the posItive SINGIE-IoN incinal magnetic axes associated with the single-ion zfs

interaction reflect the positioning of the ligand atoms. In other

Diota = Y 28D1 T gl 28D, T Y 28Ds T gl 28D4 (6)

N _clny -1 A
D, =5DyS, words, thez direction associated with thB;S axial zfs
B = 23 =, interaction might correspond to a metdigand bond direc-
3T A tion, or some other orientation depending on the positioning
D —<sD.g-3 ) a_nd s_ymmetry pf thg Iigant;is. Thg magnitude, sign, gnd
4 AT direction of the single-ion zfs interaction ultimately determine
. o2 ; _ |
E, value, are given as follows (in GHz): Fhe ;fs interaction in .a.Nh SMM. If the D; value for a.N.i
ion is negative, then it is necessary that the magreetgis
_ 6.8998 0 0 of that ion not be inclined too far away from the magnetic
Dy = |0 6.8998 0 (8) z axis of the N¥; SMM (c axis in this case). Alternatively,
0 0 —13.799 the single ionD; value could be positive. However, in this

_ o = _ o situation, the single-ion magneticaxis should be oriented
Itis satisfying thaiDiw is & traceless diagonal matrix with  cjose to the hard planexy plane) in order for the positive

(1, 1)= (2, 2). From eq 2, this implies th& = 0 for the b, value to project a negative contribution to tBevalue
S = 4 ground state of the Ni SMM, as expected for this  for the Ni', SMM.

complex, which ha&, site symmetry, requiring tha = 0. There are two important ways in which the single-ion zfs
From egs 2 and 8, we can calculate that= —0.69 cm* interactions (bothD; and E;) affect the low-temperature
for the positive single-iorE; value (andD = —0.66 cnt* magnetization dynamics of a SMM. In order for a SMM to

for a negative single-iok; value) for theS= 4 ground state.  have a potential energy barrier for magnetization reversal,
Given the approximations made in this calculation, agreementthe SMM must have a negativ@ value. The NI, SMMs

with the experimentally determind@lvalue of—0.600 cn1! have spinS = 4 and the barrier heightlerr is $|D| ~
is remarkably good. 10 cntl. One way for the Niy SMM to reverse its
magnetization direction from “spin-up” —4) to “spin-

(27) Bencini, A.; Gatteschi, DElectron Paramagnetic Resonance of 9 " _ L .p p” (b= ) . P
Exchange Coupled Systen8pringer-Verlag: New York, 1990. dqwn (MS = +4).|5. via classical thermal ac.tlvatlo'n over

(28) gsatteschi, D.; Sorace, L. Solid State Chen2001, 159 (2), 253~ this barrier. Thus, it is clear that the barrier height will affect

1.

(29) Boca, R.Theoretical Foundations of Molecular Magnetisiilse- (30) Krzystek, J.; Park, J. H.; Meisel, M. W.; Hitchman, M. A.; Stratemeier,

vier: New York, 1999. H.; Brunel, L. C.; Telser, dJnorg. Chem2002 41 (17), 4478-4487.
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the low-temperaturdgT < &|D|) magnetization dynamics.  zfs interactionBﬁ{(A)f1 causes rapid magnetization tunneling.
This barrier height is ultimately related to the tensor It has been determined in this paper that thé idh easy
projection of the single-ion zfs parametésandE;. axes are tilted 15away from the crystallographic axis
The single-ion zfs interaction can play an even more (i.e., the molecular easy axis) for te= 4 ground state of
important role in determining the quantum (as opposed to the Niy SMM. A significant E; term is also found for the
classical) magnetization dynamics of &' NEMM. At very single NI' ion. We believe that these factors, when combined
low temperatureskT < &|DJ), where SMMs exhibit  with the 4-fold symmetry, project a lardg, term for theS
blocking of their magnetization, quantum tunneling may = 4 ground state. It will be shown in the later paper exactly
become the dominant mechanism of magnetization reversalhow this transverse fourth-ord@j@j term leads to fast
In this case, one observes a temperature-independent magground-state quantum magnetization tunneling in thg Ni
netization relaxation rate, involving tunneling between the SMM. In summary, the single-ion zfs interactions in & Ni
M= —4 and Ms= +4 ground states. Transverse interactions SMM determine both the potential-energy barrier for mag-
in the spin Hamiltonian (terms that do not commute with netization reversal and, more importantly, the rate of
S) cause this tunneling at a rate which is governed by the magnetization tunneling.
tunnel-splitting interaction (raised to some power) which lifts
the degeneracy between the ™ —4 and Ms = +4 states. . . X
How effective this interaction is at causing tunneling depends National Science Foundation (Grants CHEO0095031,
very sensitively on the symmetry of the spin Hamiltonian CHEO0350615, DMR0103290, and DMR0239481).
and on the magnitude of the spin. Transverse interactions Supporting Information Available: X-ray crystallographic files
can arise from transverse internal or external magnetic fieldsin CIF format are available for complexds Additional figures
(i.e., fields with components in they plane of the SMM) or and tables and a supplementary discussion of the angl_e-depgndent
from zfs interactions that contain the operaté;sand S, data cited in this'paperare also available. This material is available
As we will show in a later paper, where HFEPR data are free of charge via the Internet at http://pubs.acs.org.
presented for a single-crystal of a'NiSMM, the quartic 1C0482279

Acknowledgment. This work was supported by the

3836 Inorganic Chemistry, Vol. 44, No. 11, 2005





