PHYSICAL REVIEW B 68, 184408 (2003

Characterization of the S=9 excited state in FgBrg by electron paramagnetic resonance
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High-frequency electron paramagnetic resonance has been used to observe the magnetitMiipote],
transitions in theS=9 excited state of the single-molecule magneiBfg A Boltzmann analysis of the
measured intensities locates it at=22 K above theS=10 ground state, while the line positions yield its
magnetic parametei® =—0.27 K, E=*=0.05 K, anngz —1.3x10 ¢ K. D is thus smaller by 8% ani
larger by 7% than fo6=10. The anisotropy barrier f@=9 is estimated as 22 K, which is 25% smaller than
that for S=10 (29 K). These data also help assign the spin exchange consgsitauid thus provide a basis
for improved electronic structure calculations oryBe.
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[. INTRODUCTION the excited states, in particular ti&=9 manifold. A peak
around 30 cm® has been reported in the far-infrared
Single-molecule magnet§SMM's), defined as com- spectrunf® but it was not established whether it was a nor-
pounds where a magnetic domain can, in principle, benal molecular vibration involving metal ions or a transition
reduced to a single moleculé, have recently been of to the S=9 level from theS=10 ground state. Moreover,
high theoretical and experimental interest due to theithis peak was not observed for the closely similar compound
novel properties and potential applications, which includeFeg;Br,(ClO,),, whose spin HamiltoniafEq. (1)] param-
quantum tunneling of their magnetizatiofiQTM),3®  eters are known to be close to those ofBig.?>2°
whose detailed mechanism is still not fully understood, The magnetic properties of the ground state ofBte
molecular memory devicdd and elements of quan- have been well described by the following spin Hamiltonian,
tum computerS. One of the best characterized SMM’s with S=10 (Refs. 6, 15-21, and 25-27
is [(CeH1sN3)sFes(m3-0O)2(u2-OH)12]Br7(H20)Br- 8H,0, N - - o
abbreviated FgBrg, > whose main spin-bearing skeleton is H=pugB-g-S+DS;+E(S;—S)) +BJ05+ B505+B305,
shown in Fig. 1. (1)
Studies by magnetizatiol, neutron scattering®** elec-
tron paramagnetic resonant&PR),*'*~?1and NMR (Ref.
22) techniques have established that the ground state has a
spin valueS=10. Figure 1 shows a schematic of the spin 5
configuration of the F& (S=5/2) ions. At temperatures be-
low 1 K, the magnetization relaxation takes places via
QTM.* While a great deal of progress has been made in
understanding the nature of QTM indB¥g, many questions
still remain unclear. For example, the magnitudes of calcu-
lated tunneling rates are much lower than the observed
values?® Second, there is a lack of data on the nature and
magnitude of the spin-exchange constaiits between the 7
eight F€" ions in the FgBrg core. The best estimates come
from the temperature dependence of the dc magnetic suscep-
tibility xgc. 22*The x4 (Ref. 12 could be fitted by several
sets ofJ's. One of the criteria of such a procedure is the

e : 3+
prediction of the proper spils value of the ground state, . Fe
together with the location of the excited states, in particular
the S=9 state. Theyy, fit yielded at least two sets dfs, but o O
the set providing the better fit yielded the position of the
=9 state to be less than 0.5 crhabove the ground staté. FIG. 1. Schematic representation ofgBe, (Ref. 12. The ar-

The other set predicted th&=9 state at greater than rows represent spin orientations of the*Feions in the S=10
25 cm ! (36 K) above the ground state. From the point of ground state. The organic ligands and the eight Bnions have
view of understanding the magnetic structure ofBig, itis  been omitted for clarity. Each Bé& has S=5/2; thus the ground
thus important to experimentally determine the location ofstate spin can be seen &s 6x5/2—2x 5/2=10.
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where the first term is the Zeeman interactiBnrepresents
the usual zero-field uniaxial anisotropy parameter, Brille
second-order rhombic anisotropy. The fourth-order terms are
given by 03=35S/-[30S(S+1)—25]S?—6S(S+1)

+3 (S+1)2 05=147S2—S(S+1)—5](S2 +S%)

Energy (GHz)
o

+(S2+S2)[7S2—S(S+1)—5], andO3=1/2(S} +S*).
Here, we report on an EPR detection of 8« 9 state of -500
FeBrg and preliminary evaluation of its spin Hamiltonian —~F
parameters as defined in E@l). We observe a series of . é
peaks, calleg3 transitions, which we assign to &9 ex- £‘ g
cited state of FgBrg. From the temperature variation of the & e
line intensities, we establish that ti&=9 manifold lies at S =
24+ 2 K above theS=10 ground state, in contrast to the = S
suggestion of>36 K from susceptibility analysi& =
Section Il below describes the single-crystal preparation 5
and the EPR instrumentation. The results obtained and their Field (tesla)
analysis are presented in Sec. lll, with the discussion
presented in Sec. IV and the conclusions summarized in FIG. 2. EPR spectrum of gBrg at 131 GHz and 35 K with the
Sec. V. Zeeman field applied along the easy akisttom panel along with

the energy level diagram corresponding to 810 spin system
(top panel. The S=10 energy level diagram has been constructed
through the spin Hamiltonian parameters of Caciugtoal. (Ref.

[ (CeH1sN3)e Fey (s - O)p (mp -OH)1,] Bry(H,0) Br 13). The single-headed arrow at 0.8 T designates the expected po-
-8H,0(Fe;Brg) was synthesized following the procedure of sition where g3,5 would appear if thes transitions originated from
Weighardt etall® Relatively large (2 mmx2 mm  anS=10state.

X 0.5 mm), optical quality single crystals were prepared by

slow evaporation. The crystals were aligned with the Zeemapeaks present in Fig. 2 that are labeled asgheansitions
field applied along the easy axis of magnetization by sight, t@nd are the focus of the current investigation.

within a few degree&® The final orientation was confirmed  Our analysis procedure consisted of three stéps:to

by EPR splittings, being the extremum for the canonical ori-ascertain that thg transitions are from an excited statb)
entations. The EPR measurements were made using ta determine the spin multiplicity of this excited state, and
variable-frequency (44—-200 GHy, cavity-based, high- (c) to deduce the spin Hamiltonian parameters forghspin
sensitivity spectrometer described eart®et®?® The main  system and its energy position relative to the ground state
component of the spectrometer is a millimeter-wave vectof S=10).

network analyzer (MVNA), a phase-sensitive, fully Direct evidence that thg transitions originate from a
sweepable, superheterodyne source-detection system. tAermally populated excited state is provided by the tempera-
variable-flow cryostat situated within the bore of a 17 T su-ture dependence of their intensities. Figure 3 shows spectra
perconducting solenoid allows for temperatures down to 1.5t 5, 15, and 35 K, respectively, giving clear experimental
K, with an accuracy of- 0.01 K. The high sensitivity of the evidence that th¢g transitions arise from a thermally popu-
MVNA technique (168 spins G's™') allows for observa- lated excited state, because their intensities rapidly decrease
tion of the low-level transitions of the EBrg ground and as the temperature is lowered.

excited states in a single crystal and for angular variation In order to quantitatively measure the intensities of ghe

II. EXPERIMENT

studies, as described earlfer?! peaks as a function of temperature, the spectra of the ground
and excited states needed to be separated. The separation was
lIl. RESULTS accomplished by using a Gaussian fit for each individual

peak. The validity of Gaussian fits, especially for the low-

Figure 2(bottom panelshows a typical EPR spectrum of field transitions, has been previously establisHe@ihe cri-
FeBrg at 131 GHz with the Zeeman field applied along theterion for the goodness of the fit was that the sum ofdhe
easy axis of an RBrg single crystal at 35 K. The spectrum andg transitions mirrors the experimental data quite well by
consists of a series of strong peaks,y, @_g, @_g, €tc.;  visual inspection and also by minimizing the remaining in-
the subscripts represent the spin projection quantum numbegnsity obtained by subtracting the Gaussian fits from the
Mg, corresponding to the level from which the EPR absorp-experimental spectra. This remaining intensity was within
tion transition originates, in th8= 10 ground state following the experimental noise in our separation procedure. Each
the convention introduced earl#’ The « transitions have Gaussian fit was then summed to yield a separ&ed0
been very well analyzed earl#€rt"?*and have been shown spectrum. The spectra were then separated by subtracting the
to arise from the magnetic dipolAMs=*1) transitions Gaussian fits of thex peaks from the experimental spectra.
within the 21 Mg levels of theS=10 multiplet. The specific The remaining3 peaks were then fit with Gaussian functions
peak assignment is indicated in the top panel fordhean-  and summed, yielding a separat8& 9 spectrum. We veri-
sitions. In addition to thex resonances, there are additional fied that these separated spectra agreed well with the experi-
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FIG. 3. Temperature dependence of EPR spectra gBrigefor
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generally evident in the corresponding excited-state spectra,
though the relative intensities are modified slightly due to
differing matrix elements in the transition probabilities,
Pom|{¥n|Ss|¥m)|?, of the two spin systems, given by
Eq. (2):

Poc[SX(S+1)—MX (Mc+1)]. 2)

In order to analyze the intensity of th® peaks we nor-
malized their intensities. The normalization process involved
dividing the intensity of 83 peak, with a giverM ¢ value, by
the corresponding peak with the samé&/ value. This en-
abled us to ignore instrumental effects and spectral envelope
changes with temperature. At 5 K, th& peaks are barely
discernable from the noise level of the spectrum. At 10 K,
however, they increase in intensity enough to emerge from
the a transitions. The decreasing intensity of tBepeaks,
upon lowering temperature, unambiguously designatesthe
peaks as being due to a thermally populated excited state.

Once it was concluded that th& peaks originated from
an excited state, the spin multiplicity of the excited state
needed to be determined. The presence of an excited state
(with perhapsS=9) close to the ground state of Bz has

B||z at 131 GHz and 5, 15, and 35 K.

mental data by taking the sum of tkeand 8 spectra and
comparing it with experiment, as shown in Figay
Figure 4 also shows the relative decrease in the intensit

been previously inferred from magnetic susceptibffitgnd
mentioned in subsequent muon spin relaxatiQrSR) 24
EPR?® and neutron diffraction studiés,without any evi-
dence for its location or multiplicity. Herein, the spin multi-
9Iicity of the excited state has been determined by two inde-

of the separated excited-statg)(spectra in relation to the pendent methods: first, by the location of the leading peak

S=10 spectra as the temperature is decreased. The spectﬁglf
envelope present in th®=10 spectra at 5, 15, and 35 K is

:a B‘s s B-4 & B

—‘10 l / ll Experiment
L 35K
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L o+p
o
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FIG. 4. (a) Experimental, resummed and 3, separate=9,
and separate®=10 spectra at 35 K and 131 GHz f&i|z. (b)

Separated spectra at 15 ) and at 5 K.

o) in the set of peaks assigned to tBe 9 state. Figure

2 shows an experimental spectrum taken at 131 GHz and 35
K. As is evident in all spectra taken, there is Bopeak
between thea 5 and «_4 peaks. Furthermore, the 4,
transition is symmetric and shows a clear Gaussian shape, as
would be expected at this temperature for a well separated,
individual pealé! This lack of aB_ ;4 transition, barring spin
Hamiltonian parameters being very different from those for
the ground state, is strong evidence that the excited state is
S=9. The location of the firs{3 peak is consistent with
slightly modified spin Hamiltonian parameters and a spin
multiplicity of S=9 for the excited state, as anticipated
theoretically'?

Additional, more quantitative support—that the sfiof
this excited state is indees= 9—was provided by computer
simulations which were run usirgm.*° The procedure was
first checked for th&= 10 state for which the parameters are
known®172125The simulations for theS=10 state were
performed with the spin Hamiltonian parameters previously
determined by Caciuff@t al!® using neutron scattering. A
typical comparison is shown in Fig. 5. The simulated spectra
for the S=10 ground state were in close agreement with our
experimental results, thereby validating the simulation pro-
cedure.

The B transitions were then accurately simulated for the
three frequencies utilized 10, 131, and 155 GHzusing the
spin Hamiltonian parameters obtained in the present study. A
field-frequency plot is shown in Fig. 6. Quite good agree-
ment can be seen between the simulated cuis@a lineg
and the observed peak positions. A more explicit and quan-
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TABLE I. Experimental and simulated peak positions at 131

GHz for the S=9 state, for B|z, using D=-0.27 K, E=
- +0.05 (+0.015) K, B}=-1.3x10°K, BZ=0K, and Bj
:.é =0 K.
25
22 Transition Experiment Simulation
‘2 ju M¢—Mgss (tesla (tesla
- ﬁ ~9--8,8., 1.2082 1.2282
t ) . -8--7,B_g 1.6208 1.6400
0 3 6 -7—-6,8_, 2.0409 2.0608
Field (tesla) —6—-5, B¢ 2.4610 2.4691
FIG. 5. Experimental and simulated EPR spectra gBFg for 2:_: 2_5 222;3 gg;:g
B|z at 35 K and 131 GHz. _3_}_2' 37: 3'6394 3'6721
titative comparison is shown in Table I, using the measured _i:o 1, ’31’2 j’?&;é j’?ési

data for 131 GHz. Th® parameter decreases in magnitude
by 8%, to —0.27 K, while theE term increases by 7%, to
+0.05 K (=0.015 K). Surprisingly, theBg term is similar

in magnitude,— 1.3x 10" ® K, but opposite in sign to th&
=10 parameter (1.0210 ° K). Due to the fact that the
experimental spectra were taken along the easy axis of ma
netization, theB2 and B} terms were not included in the
simulations. A simulated spectrum at 35 K, with the spin
Hamiltonian parameters determined for both 8w 10 and IOCP(NMS—NMsH)/Z. (©)
S=9 states, is shown in Fig. 5. Linewidths were not an op-

timized parameter in the simulations, though the relative in- ) o N )
tensities matched the experimental data well. Therefore, the Therefore, assuming very similar partition functions and
simulated spectrum presented in this figure is the sum of th® values for the two states, the intensity ratio between two
S=10 andS=9 separated spectra using peak positions gentransitions of the samé/; states in theS=9 and S=10
erated bysim.3° The agreement between the experimentaManifolds, respectively, is given by

and simulated spectra, as shown in Fig. 5, can be seen to be

quite satisfactory, thereby supporting the parameter assign- lo/l10=(Po/Pio)exp(— AE o o/KT), (%)
ment. We are thus able to assign the full experimental spec-

trum to transitions in theS=10 multiplet (@'s) and theS
=9 multiplet (8’s).

of a specific peak between givavig and Mg, ; states, is

proportional to the population difference between ¥hgand
ls+1 states and the transition probabiliy as given in
g.(3):

wherek is the Boltzmann constant aldE 4 is the energy
p_ifference between giveN states in theS=10 andS=9

Once the spin Hamiltonian parameters had been dete tolds. Th fthe G ian fits. f )
mined, the relative intensities of tkeand B transitions were manifolds. The areas of the Gaussian fits, for a givento o
M., transition, were factored by their transition probabili-

used, at temperatures from 5 to 35 K, to determine the loca;

tion of the S=9 state above the ground state. The intensity//€S: IN Poth theS=9 andS=10 manifolds, in order to de-
termine their ratios. Due to the fact that eg@lransition is

normalized to its corresponding transition, the ratio of in-
tensities should be constant, regardless of the spelific
pair, for any given temperature.

A Boltzmann analysis of the intensity ratios is shown in
Fig. 7(b). The ratios of intensities of thg to « transitions
were compared at 5, 15, 20, 25, 30, and 35 K and plotted
versus inverse temperatur@ (*). The slope yields the en-
ergy differenceg18 K) between a giveiM¢(9) state and the
correspondingVl¢(10) state. Therefore, the energy difference
between thev;=10 andM¢ =9 (S=10) in zero field(5.46
K) must be added to the energy obtained from the Boltzmann
analysis, yielding an energy difference of 24+2 K (17

Field (tesla) +1.5 cmi ). Figure 8 shows a schematic of the energy lev-
els in zero field for the&s=10 andS=9 manifolds based on

FIG. 6. Frequency dependence of the first ejgfttansitions in ~ the present study. Clearly, the highdr; levels of theS=9
FeyBrg with B||z. The solid lines portray the frequency dependencestate overlap with the lowek levels of theS=10 state,
given by the spin Hamiltonian parameters determined in this workjndicating at least a partial breakdown of the single-spin
whereas the solid squares are the observed field positions. model.

160

-
£ 3
o

Frequency (GHz)
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0.3 coupling interactions) between F&" ions in FgBrg have
(a) been determined to be antiferromagnéficTherefore, the
magnitude of these coupling constants dictates both the lo-
cation and spin topology of th=9 excited state.
o 02¢ As mentioned in the Introduction, a detailed analysis of
the dc magnetic susceptibility data led Dedfsal? to two
reasonable sets of exchange parametetal J;_,
=20cmi J; ;=120cm?, J;_s=15cm !, and J;_;
01 =35cm?! and (b) J;_,=102cm?, J;_3=120cm?,
J;_s=15cm!, and J;_s=35cm 1. While set(b) pro-
vided a much better fit to the experimental data, it predicted
the position of the first excited stat&=9, at less than
0.5 cm' ! above theS=10 ground state. We do note, how-
T (K) ever, that Delfst al. did not include any zero-field splitting
0

et
|l
S—
-]
—

10 20 30
Temperature (kelvin)

30 2

.03 . 1'0 terms in their susceptibility analysis. Nevertheless, this same

basic configuration of exchange constants has been recently
supported by detailed symmetry-based calculations by Ra-
ghuet al3! Though the magnitudes of the coupling constants
calculated by these authdtsare different from those of
Delfs et al,'? the dominance of thd;_5 interaction over
other magnetic couplings remains consistent. The present
study supports the essential correctness ofa@etautioning
about the use of-fitting alone to determine th&s.

The coupling seta) of Delfs et al? and the best set of

. . . Raghuet al3! both show that); _; dominates the exchange
0.03 0.06 0.09 interactions. The perturbation leading to tBe=9 excited
1/T (kelvin™) state must result from the smallest differencd’macting on
the same ion or symmetrically equivalent set of Féons.
fo —7 transition in theS=9 state,l,, normalized to the-8 to Thus it seems reasonable to deduce that this perturbation

—7 transition in theS= 10 state) ;5. The curve joining the experi- J0€S not involvel; s, hence’ the butterfly core (FeFe;,
mental points is a guide to the ey@) Boltzmann analysis of the F&. F&), but rather the Fe's on the corners of the cluster
normalized intensities of th&=9 spin state. The slope yields the (F&, F&s, Fe;, Fe) via some linear combination of their

FIG. 7. (a) Temperature dependence of the intensity of th@

excitation energy as 182 K between level with the samd  val-  wave funC_tionS- o _
ues in theS=10 andS=9 manifolds. Addition of the zero-field The spin Hamiltonian parameters determined for e
splitting between thévl ;= —10 andM.=—9 levels(5.5 K) leads =9 state provide some insight into the origin of the anisot-

to the location of th&s=9 state at 24 2 K above the ground state. ropy of the cluster. Th&=9 parameters are slightly differ-
ent from those of th&s=10 ground state. The 7% larger
IV. DISCUSSION value for S=9 is in accordance with increased transverse
Our determination that th&=9 manifold in FgBrg is distortion in the Fg structure. The decrease i with de-

located 24- 2 K above theS=10 ground state is in contrast creasing magnetic moment indicates that the anisotropy

to with earlier suggestions based on magnetic susceptibilit resent in th?.FSGBrB core has some dipqlar coqtributi_on_
(>36 K).12 The four central F&" ions in the FgBrg core ather than arising purely from a spin-orbit interaction. Simi-

[F&" , F§", F&", and F&" (as shown in Fig. 1] can be 1arly, the change in sign of the! term indicates thaB)

described as that of a butterfly configuration. All magneticOdinates from many-body interactions betgveeﬁ*ans_,
and not from a collective sum of individu@l, terms. This

S=9 argument is in line with the fact that B, term needs an
»r = . . . . . .
effective interaction involving at least four spins. Alterna-

3 —I\'IS tively, this significant change iBS may be a result of the
3 S =10 — breakdown of the single-spin model, as has been proposed
c d E— by Katsnelsoret al. in connection with Mn,-acetate’? Ad-
(11 l\-v'Is_ ] ditional, detailed angular variation studies are underway for
— to precise measurement and understanding of these questions.
S The anisotropy barrier, estimated frdnandE values for
+8 A=24 K the S=9 manifold, is 22 K, as compared to that for tBe
0 =10 ground staté29 K).
0 — W __

_ V. CONCLUSIONS
FIG. 8. Schematic for the energy levels of both %10 and

the S=9 states in zero magnetic fiel8=9 is located at an energy Using variable-frequency, high-field, EPR measurements
A=24+2 K as marked. on single crystals of RBrg, we have detected a set of tran-
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sitions, labeled ag3;, which have been conclusively as- cited states. The results of the present study should serve as
signed to theS=9 spin multiplet, located at an enerdy  a sensitive basis for more refined theoretical modeling of the
=24+2 K (17+1.5 cm 1) above the ground=10) state. bonding and magnetic properties of these materials.

The spin Hamiltonian parameters have been determined to a
good accuracy and differ from those of t8e- 10 stateD is
smaller by 8%, whileE is larger by 7%. These parameters
yield the anisotropy barrier {DS;~22 K), about 25% We would like to thank the National Science Foundation
smaller than forS=10. BY for S=9 also shows a dramatic (NIRT Grant No. DMR 0103290for financial support. S.H.
change; the sign is opposite to that for the 10 state. Al- would also like to thank the National Science Foundation
though electronic structure calculations have been reportedMR (Grant Nos. 0196430 and 0239484nd Research
for Fe;Brg,313334there has been little definitive data on ex- Corporation.
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