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It is shown that our multi-high-frequency (4®00 GHz) resonant cavity technique yields distortion-free
high-field electron paramagnetic resonaiEER spectra for single-crystal samples of the uniaxial and biaxial
spin S=10 single-molecule magnet§SMM’s) [Mn;,0;,(CH;CO0),4(H,0),]- 2CH;COOH- 4H,0 and
[Fes0O,(0OH)q5(tacn) |Brg- 9H,0. The observed line shapes exhibit a pronounced dependence on temperature,
magnetic field, and the spin quantum numbevks(values associated with the levels involved in the transi-
tions. Measurements at many frequencies allow us to separate various contributions to the EPR linewidths,
including significantD strain, g strain, and broadening due to the random dipolar fields of neighboring
molecules. We also identify asymmetry in some of the EPR line shapes arfeea previously unobserved
fine structure to some of the EPR lines for both thg &&d Mn,, systems. These findings prove relevant to the
mechanism of quantum tunneling of magnetization in these SMM’s.
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I. INTRODUCTION scattering*~>*proton NMR?*?°and muon spin relaxatiof,
which cannot easily or directly probe the properties of spe-
Examples of “single-molecule magnets (SMM’s)  cific spin quantum levels.
which have attracted considerable recent interest include Animportant breakthrough in the spectroscopy of SMM's
the uniaxial [Mn;,0;,(CH3COO)«H,0),]-2CH,COOH has been the development of a sensitive cavity perturbation
-4H,0 (Mn,,-acetate or Mp-ac) system and the biaxial technique for carrying out multi-high-frequenci40 to
[Fe,O,(OH),(tacn)s|Brg- 9H,0 (FeBr) systemt~° Both 200 GHz) electron parar?%gnetlc resonaE®R mea-
of these SMM’s exhibit spirS=10 ground states, with a surements on single cryst&fs:*°In parncu_lar, th!s technique .
. . . 22 ) leads to at least a three orders of magnitude improvement in
dommant easy-axis typg anlsot'ropl';)sz (wher.e D 'S detection sensitivi§? relative to conventional single-pass
negative—see Sec. )|l which provides a potential barrier

] , _ oten € multi-high-frequency EPR techniqu&&'~3®which opens up
(height ~|D[S") against the reversal of individual spins many new avenues for probing SMM's. To date, our single-

from Ms=+10 to —10 (see Fig. 1 Recent studies have crystal investigations have focused primarily on the energy
shown that both systems possess an ability for their magdependence of the positions in the magnetic field of EPR
netic moments to quantum tunnel through their respectiveibsorptions corresponding to transitions between different
anisotropy barriergsee Fig. 1 and that this process domi- spin quantum level€~?°In this article, we turn our attention
nates the magnetization dynamics at low temperatureto the magnetic field, frequency, temperature, and spin quan-
(kgT<|D|S?).511-18 tum level Mg) dependence of the EPR linewidths and, in
Because of its significance as a fundamentally novel pheparticular, the line shapes obtained from measurements on
nomenon, as well as its potential for applications in nano+eBr and Mn-ac. We note that a brief account has been
technology, magnetic quantum tunnelifigQT) in SMM’s  presented elsewhe?é.However, this earlier report empha-
has been extensively studied latdlsee, e.g., Refs. 5 and sizes the theoretical foundations of the linewidth analysis
11-18, yet its underlying mechanism is still not fully under- and does not consider line shapes.
stood, especially at a quantitative level. One possible reason Documented lack of resolution, sensitivity, and/or various
is the lack of precise information on the disposition of theexperimental artifacts have been known to affect most high-
individual (electronig spin energy levels. This is due to the frequency EPR investigations of f&r and Mn,,-ac to date.
fact that much of the available data on the spin properties oft is commonly stated that observed EPR line shapes cannot
these systems have been obtained through dc and ac magre- analyzed because they contain uncontrollable distortions
tization  studies*~161%  specific  heat® neutron due to instrumental artifacts resulting from standing waves in
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B=0 Thermally assisted sensitivity. Consequently, it is necessary to study a large
= _ J wumeliig sample made up from unaligned microcrystals, and it is only
\\ // / ‘LL /7 possible to obsefve a few transjtiong. Fgrthermore,_ ex'peri—
\ 7 \ / mental complications only permit a linewidth analysis; i.e.,
no line shape analysis is possible. To date, the most precise
SMM EPR line shape analyses have been reported by
M 8 M,= -8 Mukhin et al, for both F@Br and Mn,-ac® using a zero-
<3 field coherent source technique. Gaussian EPR lines are ob-
M=9 My=-9 served, which are attributed to random dipolar fields in the
M= 10 “Pure quantm”™ M¢=-10 sample. However, these studies are also limited in sensitivity.
tunneling Consequently, only a few transitions are observed, even for
a) Thermally activated very large polycrystalline samples. Finally, conventional
relaxation X-band EPR is limited by the fact that only a few transitions
X% > close to the top of the barrier are accessible. Furthermore,
\ ar i = i little or no information concerning the spin-spif4) and
spin-lattice {T;) relaxation times has been possible Xn
M,=8 band®®
=9 As we will show in this article, measurements on single
M= 10 N —— M= -8 crystals are essential, as are several other unique aspects of
quantum M.= -9 our technique. For example, contrary to recent assertions by
b) tunneling ° Blinc et al,*® we are able to obviate essentially all instru-

Mg=-10 mental artifacts that could influence and/or distort EPR line

shapes. In addition, our ability to measure at many frequen-

FIG. 1. (@ Schematic of the double potential well for a spin cijes, temperatures, and orientations enables us to distinguish
S=10 system in zero applied magnetic field, with a dominant easypetween several contributions to the EPR linewidths and line
axis crystalline anisotropP S, with D<0; theMs=*10 “spin-  shapes. These include inter-SMM and hyperfine dipolar
up” and “spin-down” states lie lowest in energy. Pure QTM, di- fields, distributions in crystal field parameters, and spin-
rectly between the unperturbeds=+10 states(as indicatel is  |attice interactions. Indeed, each of these effects have been
possible if there exist terms in the Hamiltonigy. (1)] which mix — giscussed in the MQT literature, e.g., dipolar fietdisjstrib-
these two levels. In the absence of pure QTM, a thermally assistegg crystal field parameters caused by disIocal‘fBrnBer-
form of QTM may occur if states higher up in the scheme arema"y assisted tunnelintf;“"‘zthe Landau-Zener effeéf,‘“
mixed. (b) Application of a magnetic field biases the wells, favoring and hyperfine interactiorfé4” Based on our recent theoreti-
population of the—Ms states. Whenever levels in the two wells oo 637 we find that a distribution in the uniaxial crystal
come into resonance, direct QTM is possible and accelerated rela)ffeld parémeter so-calleB strain, contributes significantly
ation occurs between the spin-up and spin-down states; i.e., tht% the EPR Iine\,/vidths for the I§Br, and Mn-ac systems. In
relaxation may be considerably faster than the classical thermall - . 2 y .
activated relaxation over the top of the barrier. Resonant QTM haé?dmon’. we observe an appreqable inter-SMM dipolar
been observed in the form of sharp steps in the hysteresis loops oadening for F¢Br andg sFraln In qu—ac.. The current
SMM's (Ref. 16. work focuses on the EPR line shapes. This is particularly

important in view of recent theoretical wdfkwhich consid-
the sample probe, which cause a mixing of the dissipativers local distortions in the SMM site symmetries, and their
and reactive sample resporiéé>This is most pronounced role in the MQT phenomenon.
in the case of the high-magnetic-field studies of Barra The article is organized as follows: in the next section
et a|_;8132_34 asymmetric line shapes are genera”y observedgsec. ”), we discuss th&=10 effective Spin Hamiltonian in
making it extremely difficult to evaluate the true resonancethe context of high-frequency EPR and the MQT phenom-
positions. Indeed, even for aligned polycrystals, significan€non; in Sec. lll, we describe our experimental procedure; in
discrepancies can be noted between the observed and cald®ec. IV, we separately present results fogBie(Sec. IV A
lated EPR transitions, with respect to both the peak positionghd Mn-ac (Sec. IVB); in Sec. V, we discuss the signifi-
and intensities, as well as the line shapes and withAs.an ~ cance of our results, and we summarize and conclude our
example, it has been reported in Ref. 33 that the linewidth&indings in Sec. VI.
in Fe;Br approximately scale aM%, whereas our earlier
studie4®3” have shown a dominant linear dependence of the Il. EFFECTIVE SPIN HAMILTONIAN
linewidths onMg, both for FgBr and Mn-ac. This fact, . . .
along with the asymmetric line shapes observed in high-field 1he effective spin Hamiltonian for the Mpac and FgBr
EPR studies, may account for differences in the spin HamilSyStems has the form
tonian parameters deduced by single-pass, cavity-lesg R R o .
high-field EPR, as compared to other technigtfe§:282° H=DSI+E(S{~S))+ugB-g-S+0,+H', (1)
The zero-field coherent time-domain THz technique em- . o R
ployed by Parket al*® is limited in energy resolutiofreso- ~ whereS is the vector spin operator ar&}, S,, andS, are
lution is a fifth of the broadest EPR linewidthas well as the spin projection operators along the easy, hard, and inter-
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mediate axes, respectivelly, is the uniaxial spin-spin cou- ing matrix elements modify the energy eigenvalues and
pling parameter, and the rhombiiif <D/3) term character- should, therefore, be detectable in an EPR experiment. How-
izes the magnetic anisotropy in the plane perpendicular to thever, for the systems of interest, these effects are small. Con-
easy axis;& is the Landeg tensor, andB is the applied sequently, great precision is required. Although inelastic_ neu-
T i o ) tron scatteringINS) measurements are capable of providing
magnetic field vector; finallyO, denotes weaker higher-  gimijar information, EPR offers many advantages in terms of
order terms of order 4 in the spin operators, &hdrepre-  resolution, sensitivitamount of sample requirgdand, in
sents additional perturbations such as those which lead tgarticular, the fact that one can systematically control the
EPR line broadening, as discussed in the Introductid®s  |evel mixing by means of an externally applied magnetic
negative for both Mg-ac[=—0.457 cm ' (Ref. 22] and field. In addition, the higher sensitivity of the EPR technique
FeBr [=—0.203 cm* (Ref. 23]. The rhombic termE is  ensures that all of this may be achieved for a single crystal.
zero for Mn-ac, due to its strictly axial®,) site symmetry, Several EPRand INS experiments have indicated the pres-
while E=0.032 cm ! for Fe;Br.% For a cylindrically sym- ence of significant fourth-order single-ion transverse
metric system, for whictDS? would be the only nonzero anisotropies for both Mp-ac (Refs. 16, 26, 32 and 3&nd
term in Eq.(1) in zero applied field, the energy eigenstatesFe;Br (Refs. 33 and 3b Nevertheless, fourth-order anisot-
may be labeled by the quantum numbég(—S<Mg<S), ropy cannotfully explain the observed spacing in magnetic
which represents the projection 8fonto the easy axis; the field of magnetization steps observed in low-temperature
energy eigenvalues are then given by the expresgion hysteresis experiment§and there remains considerable dis-
=DM3. This results in the energy barrier separating doubly2dreement as to the magnitude of the fourth-order
degenerate Nis= *i,i=integer) spin-‘up” and -‘down”  terms.>= * (bonsequel_’ntly, higher-resolution EPR mea-
states(see Fig. 1 surements are necessary in order to refine estimates of the
In order for quantum tunneling to be possible, there mustiamiltonian parameters and to determine whether EPR line
exist finite terms in Eq(1) that break the cylindrical sym- Shapes contain additional information concerning the MQT

metry(i.e., do not commute witﬁ;z) and mix states in either phenomenon.
potential well, thereby lifting theMs= =i degeneracies.

Such terms include the rhombE(ASf—ASf,) term, higher- . EXPERIMENT

order S|ngle:|on anlsotgc;ggzterms in the transverse Sp'r‘ P The (25+1)-fold quantum energy level structure associ-
erators(.e.g_.,ﬁ andﬁ), > “atransverse externally applied 5164 with a large molecular spBnecessitates spectroscopies
magnetic field, transverse mterAnaI fields due to nelghborlng;p(,mning a wide frequency range. Furthermore, large zero-
SMM’s or nuclei[contained inH' (Refs. 39 and 48, or field level splittings, due to the significant crystalline anisot-
local distortions in the crystal field symmetry caused imperropy (large |D|) and large total spir§, demand the use of
fections in the crystalalso contained ifH’ (Ref. 40]—  frequencies and magnetic fields considerably high@rGHz
these may include dislocations or a partial loss or disordeio 1 THz, and up to 10 T, respectivglthan those typically
among the ligand molecules. Pure quantum tunneling is obdsed by the majority of EPR spectroscopists. The high de-
served between the unperturbeds==+10 degenerate gree of sensitivity required for single-crystal measurements
ground states in R8r below about 350 mKsee Fig. 1, and  is achieved using a resonant cavity perturbation technique in
the observed relaxation has been explained in terms of theombination with a broadband millimeter-wave vector net-
E(éi_éi) term in Eq.(1). However, one has to addition- work analyzer(MVNA) exhibiting an exceptionally good

ally consider the respective roles of inter-SMM dipolar ﬁeldssignal-to—noise ratio; a detailed description of this instrumen-

and nuclear hyperfine fieldél’ in Eq. (1)] in order to fully tation can be found in Refs. 28 and 51. The MVNA is a
) hase- itive, full B— Hz(Ref. -
account for the observed tunneling ingBe.l8% For the oo sensitive, fully sweepali—350 GHz(Ref. 52], su

M he situation | lex: erheterodyne source-detection system. Several sample
Niyac system, the situation is even more complex: pure oeq couple the network analyzer to a range of high-
ground-state quantum tunneling has not been observed

) L o nsitivity cavities Q factors of up to 25000 situated
zero applied magnetic field, and there is little consensus as Within the bore of a 7 T superconducting magnet. The
the origin of the appareritveak transverse anisotropy which '

th I isted tum t i | VNA-cavity combination has been shown to exhibit a sen-
causes thermally assisted quantum tunneling among 1eVegy, i, of at least 18 spins G 1s 2, which is comparable

hear the top of the ba_rne(se'e Fig. 1 The Iead!ng theories with the best narrow-band EPR spectrometers. This, coupled
include Afour}h-order single-ion transverse anisotropy terms, vy newly acquired sources and a split-pair magnet, allows
such asS;+ S, which are allowed under the axia) site single-crystal measurements at any frequency in the range
symmetry}'®** and local distortions in the axial crystal from 8 to 250 GHz at temperatures down to 1.5 K
fields caused, e.g. by dislocatiot?s. (+0.01 K) and for any geometrical combination of dc and
A tunneling matrix elemeritterm in Eq.(1) that does not  ac field orientations up to 7 Tup to 45 T at the National
commute withS,] gives rise to eigenstates that are con-High Magnetic Field Laboratojy
structed from symmetric and antisymmetric combinations of The use of a narrow-band cavity offers many important
unperturbed M= *i) states on either side of the barrier advantages over nonresonant methcd®, e.g., Refs. 8 and
and to a lifting of the degeneradyunnel splitting between  31-34. Careful consideration concerning the coupling of ra-
these symmetric and antisymmetric states. Thus, the tunnetliation to and from the cavityvia waveguid¢ combined
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with the ability to study very small samples, eliminates prob-
lems associated with standing waves in the sample ptobe.
This, in turn, eliminates a mixing of the dissipative and re-
active responses of the sample under investigation and, when
combined with a vector detection scheme, enables faithful
extraction of the true EPR line shapésoth the real and
imaginary components free from instrumental artifacts.
One other notable feature of the superheterodyne scheme is
its detection rate of 34 MHz; thus, there is no need for field
modulation, unlike other high-field EPR methdd&-33Con-
sequently, any raw data displayed in this paper constitute
pure absorption. Finally, the use of a cavity enables position-
ing of a single-crystal sample into a well-defined electromag-
netic field environment; i.e., the orientations of the dc and ac  FIG. 2. Temperaturefindicated in the figuredependent micro-
magnetic fields relative to the sample’s crystallographic axegave absorption amplitude for §Rr, as a function of magnetic
is precisely known, and the dc field is very homogeneousield, for measurements at 116.931 GHz; the field is applied parallel
over the tiny volume €1 mnt) of the sample. In this way, to the easy axis to within an accuracy of 1°. Sharp resonances are
additional contributions to the EPR line shapes are avoidedbserved, which correspond to EPR transitions between e 2
due to, e.g., field inhomgeneities over the sample volume ot 1 spin states of the system—these are labeled in the figure.
slight misalignments of crystallites, as may be the case for
measurements on aligned powders. width dependence, it is first necessary to fit the line shapes.
Single Mn-ac and FgBr crystals were grown using lit-  Figure 3 shows several attempts to fit various transitions with
erature methods! All measurements were performed in the both Lorentzian and Gaussian functions; all of the data were
standard EPR configuration with the ac excitation field transobtained from a single field sweep at a frequency of 89.035
verse to the dc field. The gBr crystal used for the majority GHz and a temperature of 10 K, with the field close to align-
of the studies reported in the following section was a thinment with the easy axis (8°1°). At the lowest fields,
rhombic (acute angle~60°) platelet with edges of length where the resonances are bréadmparable to spacingand
~0.7 mm and thickness-0.17 mm. The Mp-ac crystal therefore overlap, fits involving multiple Gaussian or Lorent-
was needle shaped, with approximate dimensionI15 zian functions are necessaffyig. 3. As can be seen from
X 0.05 mni. Orientation of the Mp-ac crystal was this figure, the Gaussian fit is noticeably better than the
straightforward, due to the fact that its easy axis is defined by.orentzian one, suggesting that some form of inhomoge-
the needle axis of the sample. Alignment of thgBtecrystal  neous broadening mechanism is at play. Although this has
necessitated measurements at many arfglal.of the data  been noted by other authofthese earlier measurements
presented in this paper were obtained with the dc magnetiwere performed on polycrystalline powders, which were
field aligned approximately parallel to the samples’ easy axepressed into large pellets. Consequently, the microcrystals in
(hard-axis data are presented elsewff&i® Finally, tem-  the pellet will have been subjected to varying stresses that
perature control, in the range 2-50 K, was achieved using aould be responsible for the broad Gaussian lines. Here, we
variable-flow cryostat situated within the bore of the super-demonstrate that this is an intrinsic feature of thg E®IM’s
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conducting magnet. (this is also the case for Mp—see following section
Figure 4 shows Lorentzian and Gaussian fits to transitions
IV. RESULTS excited from successively high#tg levels(smaller absolute
A. FegBr
. . Gaussian

Figure 2 shows raw temperature-dependent data obtained 0y . ---- Lorentzian
for the FgBr SMM at a frequency of 116.931 GHz; the field g
is applied along the easy axis to within an accuracy of about S
1°. A series of more or less evenly spaced resonant absorp- &
tions are observed which become successively weaker with g ,
increasing field. A detailed analysis of the frequency depen- B 1
dence of the EPR line positions is published elsewfere. g ]
Here we focus instead on the linewidths and line shapes. In < bt
this frequency and field range, and for this orientation, the b = *' =

levels involved in the transitions are well separated and do
not cross. ThusM g is a good quantum number, and we have
labeled the resonances in Fig. 2 according to the levels in- F|G. 3. A closeup of several FBr resonances obtained at 10 K
volved in the transitions. and a frequency of 89.035 GHz, with the field applied approxi-

It is apparent from Fig. 2 that the observed transitionsmately parallel to the easy axis; the levels involved in the transi-
exhibit dramatic variations in linewidth, both as a function of tions are indicated in the figure. The solid and dashed curves rep-
Mg, field, and temperature. In order to characterize thigesent respective Gaussian and Lorentzian fits to the data.

5 1.0
Applied magnetic field (tesla)
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FIG. 6. Temperature dependence of the Gaussian EPR line-
, widths obtained for different spin transitiotigdicated in the fig-
2 1.0 1 2 3 ure); the data were obtained at a frequency of 116.931 GHz, with
(H- H,es)/Wldth the field applied parallel to the easy axis. The inset shows the field
dependence of the crossover temperatiliges]—the temperature at
FIG. 4. Further Gaussian and Lorentzian fits tosBtedata  which the linewidths reach a maximum—for thés= —9 to —8,
(same experimental conditions as Fig, Bustrating theM g (level —-81to—7, —7 to—6, and—6 to —5 transitions.
from which the transition was excited—indicated in the figude-
pendence of the widths. The horizontal scale has been offset angisg scales linearly wittM 5. The rounding close t&g=0
.nor.malizeq to thg widths of each resonance—the actual widths arg, que to a convolution of the intrinsic lifetim@pin-lattice
indicated in the figure. broadening and thé/ls-dependent [D-strain contribution.

) o The former is expected to produce a Lorentzian line shape,
value ofMg) from the same field sweep as the data in Fig. 3.thys accounting for the apparent crossover from Gaussian to
The first thing to note is the dramatic line narrowing with | grentzian EPR lines, as observed for the sharper transitions
decreasing absolute value Bfs. Also apparentin spite of  in Fig. 4. The slight narrowing of the EPR widths in Fig. 5 as
the reduced signal to noisés a slight change in line shape, 5 function of increasing frequency and the weak asymmetry
from approximately Gaussian to a more Lorentzian form, a%iboutMg= —1/2 are due to the fact that higher-frequency
th.e Iines. become narrower. The significance of this fi”ding(higherM o) transitions are observed at higher magnetic
will be discussed further below. . . fields, where the inter-SMM dipolar broadening is weaker

Figure 5 shows a compilation of Gaussian widths versugsee discussion belowFor FgBr, no measurablg strain is
Ms (the level from which the transition was excilednea-  gpserved. A theoretical analysis of these trends may be found
sured at many different frequencies; all of the data were oby, ref. 37.
tained at a temperature of 10 K and with the field applied at  The temperature-dependent contribution to the linewidths
an angle#=8°+1° away from the easy axis. The pro- for Fg,Br (Fig. 6) is dominated by random-fluctuating dipo-
nounced(almost linear increase in EPR linewidth witMs |4y fields at each SMM site, due to the magnetic moments of
is due toD strain®’ Since the dominant contribution to the the neighboring SMM’s. At 116.931 GHz, thds=— 10 to
spin Hamiltonian[Eq. (1)] is proportional toM3, energy  —g transition occurs very close to zero field 9.1 T). Un-
differences(i.e., EPR transition frequenciescale asMg; der zero-field cooling, the spin-upMs=—10) and spin-
henceD strain produces a linear widtmA(energy depen-  down (Mg= -+ 10) states will be equally populated. Hence,
dence orMs, which projects onto a width in field\B) that  the random distribution of spin-up and spin-down molecules
results in a maximal contribution to the Gaussian dipolar

Rl e v EPR line broadening, as evidenced by the extremely large

:3 > 68 GHz ", temperature-dependent contribution to Me=—10 to —9

= v o * .0 transition in Fig. 6 asT—0. Upon raising the temperature,

5100' O 109GHz v.$S higher levels in the scheméM ¢/ <10) become populated

< ; i;g ggz >a ® and the individual moments begin to fluctuate more rapidly,

4= o 141GH § e thus leading to a suppression of the dipolar broadening. The

é 5014 : § g same qualitative picture may be applied to the other transi-

= ¥ 2 : E T=10K tions (M= —9 to — 8, etc), provided thakgT exceeds the

E g § Zeeman splitting of the ground state. AT less than the

|0 5 0. 2 4 6 8 -10 ground-state Zeeman splitting, the system polarizes and the
Spin projection — MS dipole fluctuations are suppressed, leading to an EPR line

narrowing, as confirmed for all but thils=—10 to —9
FIG. 5. A compilation of theM s (level from which the transition ~ transition in Fig. 6. The crossover occurs Wh?” We=
was excitetl dependence of the Gaussian EPR linewidths obtained 10 state starts to depopulate, i.e., approximately when
for FeBr at 10 K and many different frequenciéadicated in the ~ kgT=gSugB. The inset to Fig. 6 shows the crossover tem-
figure); see text for a discussion of the data. perature TcRr), Where the slope of the data in the main part
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O
FIG. 7. Temperature dependence of the EPR line positions ob- <
tained for different spin transition@dicated in the figurg the data

were obtained at a frequency of 116.931 GHz, with the field applied 06 08 10 12 14
parallel to the easy axis. The line shiftaoH(T)] are plotted rela- Applied magnetic field (tesla)
tive to the respective line positions at 50[ Kk H(50 K)].
FIG. 8. (&) A closeup of several Br resonances obtained at 10

of the figure changes sign, versus the average magnetic fieldland a frequency of 145.937 GHz, with the field applied parallel to
strength at which each particular transition is obserfgmk  the easy axis; the levels involved in the transitions are indicated in
Fig. 2. It is found thatTcg indeed scales linearly witB. the figure. The dashed and dotted curves represent respective
Furthermore, the slope of the fit to the data in the inset tdaussian and Lorentzian fits to the dala. Temperature depen-
Fig. 6 is 14.4-1 KT 1=gSug/kg, corresponding very dence of theM_5=_—10 to —9 transition in(a) illustrating the fine
well to S=10 andg~2 to within the experimental error, Structure to this line.
thus supporting the picture of dipolar broadenifigy for
the 116.931 GH2Vig=—10 to —9 transition in Fig. 6 is no other combination of parameter values is able to produce
below the minimum temperature of our current spectrometethe same quality of fit simultaneously to all of the frequen-
(Tmin—1.2 K). Consequently, we were unable to verify cies and temperatures studied for this particular sample, even
whether this line eventually narrows when the spin systenthough other parameter values may produce good fits for a
polarizes. However, higher-frequency and -field data, fomparticular measurement. This emphasizes the power of our
which T¢g should exceed the minimum temperature of ourmultifrequency single-crystal EPR technique.
spectrometer, exhibit a similar line broadening for g Very recent studies on a different sample from the one
=—10 to — 9 transition, at all temperatures investigatede used in the measurements described ab@wailar shape
Fig. 8 below. At present, the origin of this effect is not fully and size, and obtained from the same syntfdsieveal un-
understood. usual line shape characteristics, particularly at low tempera-

In Fig. 7, we show the temperature dependent shifts of théures and for transitions involving levels close to the bottom
EPR line positions obtained from Fig. 2. When compared toof the potential wellse.g., Mg=—10—-9 andMg=—9
Fig. 6, it is noticeable that there is a similar crossover in the——8, . ..).This is illustrated in Fig. 8, for data obtained at
temperature dependence for transitions from levels witha frequency of 145.937 GHz, with the field aligned precisely
Mg/ <10. Therefore, this low-temperature limiting behavior along the easy axis. At the somewhat elevated temperature of
may also be attributed to the polarization of the spin system10 K [Fig. 8@)], the Mg=—10— —9 transition shows ap-
The sign of the shift indicates that the field at each SMMpreciable asymmetry: this resonance has a Lorentziatted
site, due to neighboring SMM'’s, opposes the applied fieldcurve tail on the low-field side and closer to a Gaussian
i.e., it is opposite to the polarization direction. This is to be(dashed curvetail on the high-field side; furthermore, the
expected for the R@8r structure, in which the emolecules data lie somewhat to the right of the fits on the high-field
reside on the corners of a slightly distorted cdb&rom the  side. Subsequent resonancéds= —9— —8, Mg=—8—
magnitudes of th¢M ¢/ <10 line shifts, we estimate dipolar —7, etc) appear to be less asymmetric, and the Gaussian fit
fields at each SMM site of a few hundred gauss300 G). improves. Recent theoretical studies have considered, in
The origin of the continued shift of tht1s=—10 to —9  some detail, the effects of different types of defect structure
transition to lower magnetic fields is, at present, not wellon EPR line shapes and how these defects may influence the
understood. MQT phenomenon in SMM'ssee Sec. Y*°*¢Both Lorent-

A comprehensive theoretical analysis of this linewidthzian and Gaussian broadenings are preditteas well as
data has been published elsewh&®&rom such an analysis asymmetry® (see discussion in Sec)V
for the sample used in obtaining the data in Fig. 2, we esti- Examination of theM s=—10——9 transition at lower
mate a distribution irD of op=0.01D, negligibleg strain, temperature$Fig. 8b)] reveals a fine structure to the line,
and a dipolar contribution to the broadening which assumes which is strongly temperature dependent; i.e., the curves are
nearest-neighbor SMM separation of 12°Awhich is in  not smooth, but exhibit a series of distinct distortions. We
agreement with the accepted range of near-neighbor disuspect that this fine structure and the asymmetry are con-
tances of between 10.5 and 14 A. Within acceptable rangesiected with crystal defects, since it is not observed for all
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FIG. 9. Temperaturéindicated in the figuredependent micro- FIG. 10. A compilation of theM g (level from which the transi-
wave absorption amplitude for Mgpac, as a function of magnetic tion was excitegl dependence of the Gaussian EPR linewidths ob-
field, for measurements at 189.123 GHz; the field is applied parallefained for Mn-ac at 20 K and several different frequenciesdi-
to the easy axis. Sharp resonances are observed, which correspatuted in the figurg see text for a discussion of the data.
to EPR transitions between thés2 1 spin stategindicated in the
figure) of the system. The solid curves are Gaussian fits to the dat
the inset shows attempts to fit both Gaussianlid curvg and
Lorentzian(dashed curvefunctions to some of the data in the main
part of the figure.

Folume of the sample used in this investigation was some-
what smaller than that of the fr sample used for the
studies in the previous section; finally, due to the increased
energy scale of the Mg-ac system(larger |D|), the ob-
served transitions correspond to levels considerably higher in
energy above the ground state than would be the case for
gzegBr at comparable frequencies and fields. Therefore, this
constitutes a much more challenging experiment. Neverthe-
less, clear resonances are observed, which also have Gauss-
cian line shapesgsolid curve$ and once again exhibit a pro-
nounced linewidth dependence bh (the level from which

the transition was excitgdFor comparison, the inset to Fig.

Nevertheless, theMg=-—10——9 transition in Fig. 2 ; : " . .
(lowest-field resonansc)ealso exhibits fine structure %t the 9 shows attempts to fit the first two transitions with Gaussian
nd Lorentzian functions; the Gaussian fit is noticeably bet-

lowest temperatures, and fine structure is also apparent i
data published by Barrat al®® It is possible that the fine
structure is indicative of a finite number of SMM site sym-

metries, as opposed to a smooth distribution. The dislocatio . ) o .
Pp guencies. The lineaM g contribution to the widths once

theory of Garanin and ChudnovgRyleads to long-range e VS o
strains in the crystal, thus giving rise to a smooth distribution@9@n indicates a significant distribution i (o~ 0.0D).

in site symmetries. Therefore, the fine structure we observE!owever' the dipolar contribution to the Ilngw[dthg Is con-
may signify a finite number of configurations involvinggFe siderably weaker for Mp-ac than for FgBr. This is initially
molecules coordinated by different numbers or arrangemen@pparent fror_n the weak 1_‘r_equen(_:y dependence observed
of ligand molecules. It should be stressed that the data pré@MONg the widths for transitions wifiM g/ <5 and the fact
sented in Fig. 8 truly represent the intrinsic EPR line shapedhat the frequency dependence observed for higief-

i.e., any instrumental effects would be systematic and, therd!@nSitions is opposite to what was observed faf iReFig. 5;

fore, influence all of the line shapes equivalently. Further-€+ the higher-frequency transitions are broader. The origin

more, the noise level for these measurements is well beloy! this effect has to do witly strain and will be discussed
the resolution of the figure. Clearly, additional studies on gurther below.

range of samples prepared in different ways, i.e., different !N Fig. 11, we plot the temperature dependence of the
sample qualities, will be required to fully resolve these INeéwidths observed at a frequency of 189.123 GHz. A simi-

issues—such studies are currently in progress. lar trend can be observed for the ldiMg transitions for
both Mn;»-ac and FgBr (decreasing width with decreasing
temperature However, the pronounced line narrowing ob-
served for the higheM g transitions at lower temperatures,
Figure 9 shows raw data obtained for Mmc at a fre- in FegBr, is absent in Mgy-ac. This provides further evi-
guency of 189.123 GHz and at temperatures between 10 arsénce that the dipolar contribution to the linewidths is con-
35 K; the field is applied parallel to the easy axis to within siderably weaker in Mp-ac. In contrast, th&1 5 dependence
0.2°. The first point to note is the diminished signal-to-noiseof the widths is stronger for Mp-ac, due to the increasdl
for this data, when compared to Fig. 2. There are severatrain (cp~0.02D, as opposed top~0.01D for FeBr).
reasons for this: first, the dynamic range of our spectrometefFhe weaker dipolar broadening is consistent with an in-
is reduced at this higher frequency of 189 GHz; second, thereased inter-SMM separation for Mrac?

samples® A direct comparison between the data in Fig. 8
and data for the first samp{€igs. 3 and #is complicated by
the fact that the linewidths are substantially broader for thi
second sampléncreased strain. We note that many SMM
compounds are known to lose solvent molecdfe¥,which
would lead to a degredation of sample quality over time an
may, in fact, provide a natural explanation for tBestrain.

Figure 10 plots theV 5 dependence of the Gaussian EPR
Hnewidths for measurements made at several different fre-

B. Mn 10-ac
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g 1ot <1»<1<1<1<1<1<’""i D/D/D The unambiguous demonstrationdfstrain in FgBr and

£ eof D-DDDDDDI- o6 A 6105 Mn,-ac indicates the presence of significant sample inhomo-

g gg: g 510-4 O 4103 geneities or imperfections; i.e., the molecules are subjected

M o - o ""3’.0‘3 o2 .0* b 2to-l to varying anisotropy. A natural explanation for this could be
4 50

a loss of solvent molecules or disorder among the ligands;
indeed, a slight degredation of sample quality over time has

FIG. 11. Temperature dependence of the Gaussian EPR lind2€€N nc7)ted, and it is known that the crystals do lose
widths obtained for several spin transitiofisdicated in the figure solvenf Another poss'b'“tY_haS r_ecent!y beerj proposed by
in Mny,-ac; the data were obtained at a frequency of 189.123 GHz&Garanin and Chudnovsk, involving dislocations in the
with the field applied parallel to the easy axis. For comparison, se€fystals which act to locally distort the site symmetries of
data for FgBr in Fig. 6. individual SMM's. What is more, Garanin and Chudnovsky

have claimed that the QTM phenomenon in SMM's finds a
The pronounced frequency dependence of the ldiggf-  natural explanation in terms of these dislocations. As men-
(>5) transitions, as seen in Fig. 10, is attributablegto tioned in the Introduction, QTM requires symmetry breaking
strain. Each transition shifts to higher field with increasingterms in the HamiltoniaiEq. (1)]. Local rotations of the
frequency, thereby amplifying the effect of a distribution in magnetic anisotropy axes due to dislocations have two ef-
g—hence the increased linewidths with increasing fre-fects: they generate AtranAsverse second-order crystal field
guency. Additional support fog strain comes from the mea- terms, of the formE(Sﬁ—Sf,), which facilitate QTM be-
sured anisotropy in the tensor, from both our previous tweenMg states differing by an even integer, and they result
work?® and that of other$:*?Using accepted values for the in an effective local transverse magnetic figlchder appli-
inter-SMM separations, it is possible to simulate all data obcation of field||z) that unfreezes odd tunneling resonances,
tained for a particular sample with a single pair(sémple-  thereby solving the conundrum as to why both even and odd
dependentD- and g-strain parametersyp=0.02D andoy  tunneling resonances are always observed igBFeand
=0.008 are typical for many of the Mp-ac samples we Mn,,-ac. It has also been shown that long-range strains pro-
have studied’ duced by dislocations result in broad distributions of relax-
Finally, in Fig. 12, we show magnifications of several of ation times, something which is also observed experimen-
the resonances from Fig. 9. Once again, it is apparent that theally in Mn,-ac*® Indeed, assuming realistic concentrations
EPR lines exhibit a fine structure. In particular, thes=  of dislocations, Garanin and Chudnovékizave been able to
—6 to —5 andMg=—5 to —4 transitions show a clear account for the experimentally observed tunneling in
double-peak structure; the best attempts at single-Gaussiain,-ac (Ref. 49 and predict a distribution in the uniaxial
fits (dotted curvepare included in the figure for comparison. spin-spin coupling parameter,~0.02D, which is of the
Similar behavior was observed at other frequencies. Onceame order as we have found from linewidth analyses
again, these findings hint at the possibility that there may~(0.01-0.02P]. It should be pointed out, however, that
exist a finite number of configurations involving Mrac  any disorder amongst the ligand molecules, as well as any
molecules coordinated by different numbers or arrangementgss of solvent molecules, may be expected to produce many
of ligand molecules. We note that the presence of variougf the same effects as those proposed by Garanin and
Chudnovsky?’i.e., disorder among the peripheral molecules
~5to—4 surrounding the SMM'’s will result in local variations in site
+8t0+9 symmetry.
' Careful theoretical consideration of different forms of dis-
locations (edge, screw, correlated, uncorrelated, )etadi-
cates that the resultal strain can produce both Gaussian
and Lorentzian EPR line shap®turthermore, recent work
by Parket al®® predicts asymmetry in some of the EPR line
shapes. One may think of this as arising due to the fact that
a dislocation causes an asymmetric distributiomini.e., it
can only reduc®, not enhance it. Clearly, certain features of
the results presented here, particularly in Fig)8may con-
firm some of these predictions. So far, our attempts to simu-
late data have been limited @ strain,g strain, and dipolar
FIG. 12. Magnifications of several of the 189.123 GHz tracesbroadening. TheD and g strains should be correlated, al-
shown in Fig. 9(transitions and temperatures are indicated in thethough we have yet to verify this. Inclusion &f strain, as
figure), illustrating a fine structure. well as strain in the fourth-order anisotropy, did not affect

Temperature (kelvin)

-6 to -5

Absorption (arb. units)

15K

1 i5 210 215 3.0
Magnetic field (tesla)
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our simulations to within sensible ranges of these paramyields crystal field parameters that are in much closer agree-
eters. We have also ignored hyperfine effects, since these amgent with inelastic neutron scattering measurements than
irrelevant in the case of the g&r (*°Fe has no nuclear spin  conventional high-field EPR studié®.

and exchange narrowing in Mgac is believed to diminish

the hyperfine splitting” At present, most of our data have VI. SUMMARY AND CONCLUSIONS

been obtained for just a few samples of each ofBfeand I : :
Mn,,-ac. Further work is in progress on a range of different We have used a multi-high-frequency cavity perturbation

SMM's, with the goal of resolving some of these issues, e_g_technlque to measure EPR line shapes for oriented single-

whether solvent loss or ligand disorder is the main reason foﬁ;rystal samples of the gBr and Mnzac SMM's. The use of

the observed strain or whether EPR line shapes correlateﬁonnirergxsr?tn (rjn((:a?;]/g)cgs(?ﬁs;e%?ncyolr:girzjoerrt:tri](t)r?dgg:ég?rﬁi O\;ﬁ;
with various theoretical works in progress dealing with ' 9

dislocation-mediated QTNE coupling of radiation to and from the cavifyia waveguidg,

Clearly, if the QTM mechanism is mediated by disorder combined with the ability to study very small samples, elimi-

then single-crystal EPR offers the most direct means of pror_1ates mixing of the dissipative and reactive responses of the

viding quantitative information with which to test relevant sample under Investigation, and e”?‘b'es faithful extraction of
the true EPR line shapes. Our ability to measure at many

theoretical predictions. However, it is essential that EPR lin . . X
shapes obtained from experiments be free from the expeﬁi_requenues, temperatures, and orientations further allows us

: . " 1o distinguish between several contributions to the EPR line-
mental artifacts which have been known to hamper high-". . : .
frequency EPR measurements. Indeed, given the stibgg widths and shapes. These include inter-SMM and hyperfine

dependence of the EPR line shapes and linewidths, one hgisoolar fields, distributions in crystal field parameters, and

to question recent attempts to determine the crystal field pas_pln-latnce interactions. Each of these effects have been dis-

rameters to fourth order from high-frequency EPR. Inspec-cussed in the literature in terms of playing a possible role in

; . the MQT phenomenon. In addition to significabt strain,
tion 8225253 fits 1o dat.a for FgBr and MQZ ac by Barr_g which is indicative of a distribution in the SMM site sym-
et al® reveal considerable discrepancies in the positions_ " h d d ious| b q fi
of low-|M4| transitions. Because of the smaller IinewidthsmEtrleS’ we have detected a previously unobserved fine
LSl E : o structure to some of the resonances for botkBFeand

associated with the loyM ¢ transitions, one can be far more ,

. ; : - Mn,,-ac SMM’s.
confident as to the experimentally determined resonance flellgI
from such transitions than one can be for the considerably
broader highM¢| resonances. Field modulation techniques
compound this problem, as do studies on aligned polycrys- We would like to thank George Christou, David Hen-
tals which give rise to asymmetric distributions in the orien-drickson, and Andrew Kent for useful discussions. This work
tations of the individual crystallites. Indeed, our most recentwvas supported by the National Science Foundation Grant
investigations indicate that the high-frequency EPR techNos.(DMR0103290 and DMR0196430S.H. would like to
nique described in this artickSec. Il and Refs. 28 and 51 thank the Research Corporation for financial support.
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