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Electron paramagnetic resonance measurements on single crystals of the molecular mggaedsMig,
reveal complex nonlinearities in the linewidths as functions of energy eigenstate, frequency, and temperature.
Using a density-matrix equation with distributions of the uniaxial anisotropy paramette Landeg factor,
and dipolar interactions, we obtain linewidths in good agreement with experiments. Our study shows that the
distribution inD is common to the examined molecular magnetgdral Mn;, regardless of the qualities of the
samples. This could provide the basis for a proposed tunneling mechanism due to lattice defects. The distri-
bution ing is also quite significant for M.
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[. INTRODUCTION tion in D seems to be generic in the molecular magnets Fe
and Mny,, although the standard deviation Dfitself varies
Molecular magnets such as Mi(Ref. 1) and Fg (Ref. 2 between samples. This point assures that inherent defects or
have recently drawn vigorous attention because of the madmpurities in samples can be checked through the distribu-
roscopic quantum tunnelingMQT) of their magnetizations tion in D by observing the linewidths of EPR spectra, and
at low temperaturé$ and their possible applications to forms a basis of a recently proposed dislocation-induced tun-
quantum computing.These materials consist of many iden- Neling mechanism’!

tical clusters with the same magnetic properties and charac- 1€ experimental details are presented in Sec. Il. Sec. Il

teristic energies. Each cluster is made up of many differenfi€SCribes some typical EPR spectra and observed features,

species of ions and atoms, with a total spin angular momenv_vhile Sec. IV presents our theoretical model. Section V dis-

tum in the ground state d8=10. The clusters have strong cusses the theoretical results in comparison with the experi-
crystal-field anisotropy and thus a well-defined easy axis,mental data. Section VI describes our conclusions.
and the magnetic interaction between different clusters is

weak. Many competing models have been proposed to ex- Il. EXPERIMENTAL DETAILS

plgin MQT in molecular magnets: higher-order .transverse All the measurements were made on single crystals,,Mn
anisotropy, thermally assisted quantum tunnelif,the  \yas synthesized according to the procedure described by
Landau-Zener effect,”* and dipolar interactions with dy- | is! Fe, was synthesized using Wieghart's metfogingle
namic hyperfine field$ So far, the MQT in these materials crystals of both materials were grown via slow evaporation.
has not been completely understood, and new experimenta{pical crystal dimensions used werex1x0.5 mn?. EPR
and theoretical approaches are needed. measurements were made for a magnetic field along or close
In this paper, we present both previously unpublished exto the easy axis using the multifrequency-resonator-based
perimental data and a theoretical model for the electron paraspectrometer described earltér® The (transversg excita-
magnetic resonancéEPR) linewidths of single crystals of tion frequency was varied between 45 and 190 GHz. The
the molecular magnets F@nd Mn, when the field is ap- temperature range was from 1.8 to 40 K, with a precision of
plied along the easy axis. To understand the measured lin@®.05 K. The linewidths were measured as functions of Zee-
widths, we use density-matrix equations, assuming that thean field, EPR frequency, and temperature, for crystals of
uniaxial anisotropy paramet® and the Landey factor are  different quality, over a wide enough range to probe energy-
randomly distributed around their mean valué®-strain”  level broadening due to lattice defects and inter-cluster dipo-
and “g-strain” effects®) due to crystalline defects or impu- lar interactions.
rities in samples. By adjusting the standard deviation® of
and 9, and the strength of the dipqlar i_ntere}ctiong, these IIl. EXPERIMENTAL RESULTS
equations are used to obtain theoretical linewidths in excel-
lent quantitative agreement with our experimental data. Our Figure 1 shows a typical EPR spectrum of Fer a field
theoretical study also shows that for the examineq Feapproximately along the easy axis at a resonance frequency
sample the distribution i and the dipolar interactions are of 133 GHz and aT=10 K.*®Figure 2 shows a typical EPR
crucial to understand the linewidths, while for the Mn spectrum of Mn, for a field along the easy axis at a reso-
sample the distributions iD andg are more important than nance frequency of 169 GHz arfid=25 K. The following
the dipolar interactions. These results imply that the distribuinteresting features are observed: the EPR linewidths are on
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FIG. 1. Normalized power absorptigm arbitrary unit$ for Fe, W 246 é-2§ 5468 0246810
as a function of magnetic field &t=10 K with the field almost (@) Mg
along the easy axis#=9°) (Ref. 16. Every other resonance peak
is marked by the energy level from which the spin system is ex- 2200 — 2000 ;
i - ifh A—A D-strai
C|tse;d. For example, the leftmost peak is for the transifibg= 10 (d) =169 GHz e g_sstrr;': (e)
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to a few thousand gauss for Iy [Figs. 1, 2, and &) —(d)]; § .
the linewidths increasaonlinearly as a function of the ab- ‘E’ 1000 "
solute value of the energy eigenstdék, [Figs. 1, 2, and I
3(a)—(d)]; the minimum linewidths are observed for transi- E
tions involving theM ;=0 eigenstate, with a weak asymme- 1400 ¢
try in the widths abouM =0 [Figs. 3a) and(b)]; and reso- J 500 1
nances involving the same energy eigenstates become g o ) I
narrower upon increasing the measurement frequency or °
field [compare Fig. @) with 3(c)]. (b‘)°°°1 2 8,4 5 6 %2 éM4 5 6
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IV. MODEL

FIG. 3. Experimental(filled circles and theoretical(open

For clarity, the model for Fgis described separately from circleg full width at half maximum(FWHM) of the resonance lines
that for Mny,. vs M for (a), (b), (c) different frequencies a=10 K for Fg;, and
(d) at T=25 K for Mny,. (e) Line broadening due t®-strain,
A. Feg g-strain, and dipolar interactions W for the Mn;, sample in(d).

To obtain the theoretical linewidths of the power absorp-The standard deviations & andg, and the effective distance be-

tion for Fey clusters, we consider a single-spin system withtween dipoles fore) are given below. Heréi||z. For Feg (Mnyy),
the fit is best when the standard deviatiorDois 0.01D (0.02D and

1 ' ' the standard deviation af is 0.008)) and the effective distance
M Mn,, f=169 GHz between dipoles is 12 A (14 A).
=6
08 L S 4
s M=4 S=10 in a weak oscillating transverse magnetic field. We
5 choose the easy axis to be thexis. Since the Rgeclusters
o %6 _ have an approximat®, symmetry, the lowest-order ground-
(] M —2 . . . . 1
8 i state single-spin Hamiltonian®is
g 04 2 2 2
s W Ho=— DS~ E(S— )~ gueH.S; @
o
02} W whereD = 0.28&5 (kg is Boltzmann constaptind the trans-
verse crystal-field anisotropy paramefeis 0.04%g .1° Here
0 . . . S, is the ath component of the spin angular momentum
0 2 4 6 operatorg is the Landey factor which is close to 2ug is the

magnetic field (tesla) Bohr magneton, andH, is the longitudinal static applied
FIG. 2. Normalized power absorptiofin arbitrary units for mggnetic field. In zero_field, ignoring the small transverse
Mn,, as a function of magnetic field &=25 K with the field ~ anisotropy terms, the eigenstates\(2)(|Mg) [~ My)) are
along the easy axis. Every other resonance peak is marked by tiftegenerate for eachls, and the lowest energy states are
energy level from which the spin system is excited. The leftmost(1/v2) (|10)+|—10)). These degeneracies are lifted by ap-
full resonance peak around 1 T is for the transitMg=6—5. plying the fieldH,. WhenH,~D(m+m’)/gug, wherem
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and m’ are eigenvalues ofS, in units of A(m,m’= ds (Em_1—&m)_
—10, ...,10), there exists a pair of quasidegenerate energy qai %\/ZA(HZ)(I)MS,MS_pMsfl,Msfl)a
levels,m andm’. WhenH, is large enough, the eigenvalue h

of S,, Mg, is a good quantum number since the transverse

terms are much smaller than the Iongitudigal tzerms. In such ﬁZYMS—l,MS
magnetic fields, the transverse ternB(S;- <)), cause A(Hy) (970 2 (H H o’ iy 1 )2
guantum tunneling between the two quasidegenerate energy s 1Mg
levels. Next we introduce an interactiof(t) between the
spin system and an oscillating transverse magnetic figld V=[(MJVo[Me—1)|, H _flo—D(2Ms— 1) ®
with angular frequency=2f: st TolTs ’ res gug ’
Vo ' whereA(H,) is a Lorentzian line-shape functioH, s is the
V(t)= ?(e"”tJre*"”t), VoxH,S,. (2)  resonant field, and yy_-1m /gus gives a linewidth due to
the finite lifetime of any excited state. Ad decreases, the
We treatV(t) as a small perturbation t#. resonant field increases. The linewidth determined by

Besides the interactioV(t), the spin system interacts Yms—1ums iS On the order of several to several tens of gauss at
with the environment, such as the thermal fluctuations of théemperatures below several tens of kelvin, and it increases as
clusters. Through this spin-phonon coupling, the spin systenls decreases because of the corresponding shorter lifetimes.
can relax to re-establish thermal equilibrium. Since the time$lowever, the experimentally observed linewidiliscrease
of interest are much longer than the correlation time of theasMg decreases until thil;=1—0 andM =0— —1 tran-
phonon heat bath, the heat bath is considered always to be #itions (hereafter denotets=1 andM¢=0, respectively,
thermal equilibrium. Thus we can integrate out all degrees oind are on the order of several hundred to a thousand gauss
freedom of the bath to obtain an equation of motion for thein the same temperature rangggs. 1 and 8&)—(c)].
density matrixp(t) of the spin systerf’ To resolve these large discrepancies, we first assume that

D and g are independent random variables with Gaussian

do()mrm i distributions centered at 0.288and 2.00, with standard de-
ot 7P Hot V(O mt 5m’,mn;m PnWmn  viationsop and oy, respectively. Such distributions can be
caused by impurities or crystalline defects in the macro-
= Ym' mPm’.m> (3)  scopic sample, which result in different clusters seeing

slightly different values oD andg. Then we calculate the

W+ W, average power absorption at a fixed frequency and

Ymm=T T 5 W= k;m Wi, (4) =10 K by averaging Eq(6) over the Gaussian distributions

using MATHEMATICA ,%! to obtain the linewidth as a function

where the subscripts represent eigenstates of the longitudin@f Ms. Our numerical calculations show that the distribution
part of Hy, p()mm =(M’|p(t)|m), andW,, is the transi- i D causes the linewidths to decrease linearly with decreas-

tion rate from themth to thekth eigenstate, which is deter- Ing absolute value of @ —1, with a slight rounding close
We consider the case that the frequencyf the oscillat-  linewidths approach the intrinsic lifetime broadening. On the

ing field is fixed whileH, is varied to induce a resonance. Other hand, the distribution ig makes the linewidths in-

With the selection ruleAM¢ =+ 1, the power absorbed be- crease with decreasinls because the resonant field in-

tween theM ¢ and theM—1 level is creases with decreasing,. These trends can be predicted
from the expression for the resonant fidij.s in Eq. (6)
de . . because the intrinsic linewidths are substantially smaller than
EZSMs[pMs’Ms]fadJr Emg-1lPm - 1m - 1)raa, (5)  the measured linewidth@vith the exception of the lowest

absoluteM transitiong. However, the density-matrix equa-
tion (3) is needed to understand the temperature dependence
. . of the linewidths.

the change with time of the population in the levels Next, we consider the effect of the intercluster dipolar
caused by the first term in Eq3). We solve Eq.(3) for  jneractions, in which each cluster experiences a net mag-
[Pm, M lraa UP to first order inVy near resonancew~(&v_ netic field comprised of the applied field and the dipolar
—&w,-1)/%]. In this limit, among the many off-diagonal fields from the surrounding clusters. At high temperatures

density-matrix elements, only(t)y _ = p(1)* - (kgT>hw) these dipolar fields fluctuate randomly about
y Y(Om-1m [ =P (Ot my-1] zero, giving rise to a dipolar contribution to the EPR line-

contributes td py_ m_lrad- The matrix elemenp(t)u_-1m_  widths. At low temperatures, the ground state becomes pref-
is obtained by solving Eq3). Consequently, only two neigh- erentially populated, leading to nonzero dipolar fields which
boring energy levels are involved for each resonance pealare the same at the site of each cluster. This leads to a line
An increase of the population in one of the two energy levelsarrowing upon increasing,.s or the EPR frequency, or
results in a decrease of the population in the other. So theeducing the temperature. We use the multispin Hamiltonian
power absorption beconds that consists of{, andV(t) for each cluster, and magnetic

Whereé’MS is the energy of théM level, and[sz,Ms]rad is
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dipolar interactions between different clusters. We neglectWWe attribute this absence of hyperfine splitting to exchange
the spin-phonon interaction because the spin-phonon relaxxrarrowing due to fast electron spin exchange over the metal-
ation time is very large compared to the spin-spin relaxatiorion framework. Otherwise one would expect a linewidth of
time. We truncate the original multispin Hamiltonian to leave over 1000 G, since eaclPMn nucleus (=32) is expected to
only terms which commute with thecomponent of the total  exhibit a hyperfine splitting of about 200 & Thus 12 al-
spin angular momentur®;S,;, where the sum runs over all most equivalen®Mn nuclei, together with the acetate pro-
clusters, because of the selection ril#l ;= =1 whereM tons alone should lead to an overal_l width o.f over 1000 G.
is an eigenvalue oE;S,;. Then the dipolar interaction is _NOUt()?e tthfé})%eg]eaﬁ'urheq Sma||eSttVV|@Ms=210(|)|’(1)FGlgt- Kd)]d "
o dp_ A (& & _aa . _ is abou , Which increases to over oward the
modified 0 H "= jAi(S- S 35,5, where Ay i M.=10—9. The hyperfine effect would not be
expected to change significantly with the electronic spin

tcéufrfsrzsjaiig(.jisi?;?ngijrl;g;st;g;j%:((atc)tan%gZ;?’lz jjk r\t/avI:t:]v: quantum numbeMg. We thus consider the hyperfine effect
glectS,V(t) in the energy of the multispin system and treat®s @ lumped parameter representing the residual linewidth,

H perturbatively. Following the formalism in the independent oM.

literaturé®? for the S=10 system, we calculate to first order

in H 9% the root-mean-square deviation of the resonant field V. RESULTS
from the center valuél,sin EqQ. (6), assuming that the line

=[(gue)%2r; (3¢5 —1). Hererjy is the distance between

For the Fg sample examined, the calculated linewidths

. . égree well with the experimental data at the measured fre-
the exact geometry of the sample for this calculation. We us‘auencies {=68, 89, 109, 113, 133, and 141 GHat T

a lattice sum, assuming that dipoles are distributed on a ;4 usingop~0.01D andd~12 A. Within acceptable
S|mple cubic !att|ce, and the magnetic anisotropy axis is nofanges ,OfoD, o4, andd, no other combination of parameter
particularly aligned along any of the edges of the lattice. Th%alues is able gto produce the same quality of fit simulta-

specific angles of the magnetic anisotropy axis with the lat'neously to all of the frequencies studied, although other pa-

ltlcg a}[xes cti.o notﬁhpprdgma}bly_ cthangtg the Strﬁn%:]h c|>f the.gtlﬁ ameter values may produce good fits for a particular fre-
ar interactions. The dipolar interactions make the linewidths uency. Figures ®)—(c) show the experimental and

dpcrease asd decreases_ because the stronger reSonaifeoretical linewidths for Reat three frequencies. Our cal-
fields "?ad to a more poIan;ed system. . ulations show that thB-strain and the dipolar interactions
In this StUdY’ we_emphaS|ze that the line broadenlng .e.ﬁecgre equally important for the linewidths of the sample, while
due to hyperfine fields doe_s not appear to b_e a &gmﬂca%e g-strain does not contribute significantly. It was previ-
factor. Indeed, for kg there is no hyperfine splitting due to ously speculated tha\llg dependence of the EPR linewidths

the metal ion, since the dominant Fe isotop8se, has no for Fe, and Fg was due to th®-strain only?“ However, this

nuclear spin. : : ;
. . . cannot be explained by the-strain alone, because the dis-
The overall features of the linewidth, as a functiorMy, tribution in D only results in dinear Mg dependence of the

are de.termmed. by the cpmpeﬂ"uon among these three eﬁ.eCtﬁhewidths. The possibility of the presence of dipolar fields
D-strain, g-strain, and dipolar interactions. We have varied : X . - .
X . ; - ~was mentioned in a zero-field millimeter-wave experiment
op, 04, and the effective distance between the nelghbormq 25 : :
. 9 " . : or Fe;.”> The weak asymmetry of the linewidths abadwdt
dipoles,d, within experimentally acceptable ranges in order = h -
to fit the experimental data. =1 andMS—O,_ shown in Flg_s. @ and (b)’ can b_e und_er-
stood by combining thé®-strain effect with the dipolar in-
teractions. TheD-strain produces linewidths symmetric
aboutM¢ =1 andM4= 0, while the dipolar interactions yield
Since the molecular magnet Mnhas tetragonal symme- narrower linewidths with smalleM ¢ transitions, which are
try, the ground-state single-spin Hamiltonian is, to lowestobserved at higher resonant fields. For a giventransition,
order, the linewidths decrease as the frequency increases because of
5 the dipolar interactions. Compare Fig@Bwith Fig. 3(c).
Ho=-DS;~CS—gusH,S, (1) The distribution inD does not give frequency- or resonant-
with D=0.55%g, C=1.17x103ks, and g=1.94% We ﬁil.d .depen(:‘ent Iinewid';]hs, rl?utd'Fhe.g:iipolar' ir|1teractions do.
perform the same analysis as in the previous subsection fdr ISI IS a?]Ot er reasodn It' att deh 'SU\'/ ut||orDra on_(e;l caréng[ .
the available Mp, data f=169 GHz,T=25 K, the field ~EXPlain the measured linewidths. We also considered distri-
butions for other higher-order crystal-field anisotropy param-
eters E or fourth-order coefficienjsand found that they do
not contribute substantially to the linewidths.

B. Mn,,

along the easy axissee Fig. &). The differences are as
follows: the resonant field is modified to

ho—D(2M— 1)+C(4M§— 6M§+4Ms_ 1) For the Mn, sample examined, the calculated linewidths
He= ; [Fig. 3(d)] are in a good agreement with the experimental
9ke data forop~0.0D, 04~0.008), andd~14 A. Figure 3e)
dipoles are assumed to be distributed on a bcc lattice, and tl#hows separately the line broadening due to Ehstrain,
anisotropy axis is along the longer side of the sample. g-strain, and dipolar interactions with the chosen standard

For Mny,, the hyperfine effect must be weak, becausedeviations and the effective distance between dipoles. For
there is no resolved hyperfine splitting in the EPR spectrathe Mn;, sample, the distribution dD is wider than that for
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the Fg sample. TheD-strain effect is still dominant, but a sample the distributions iB andg are more important than
g-strain effect must be included as well to understand théhe dipolar interactions. From these, we draw the conclusion
linewidths for smalleM transitions. As shown in Fig.(8, that theD-strain is universally important for the EPR line-
the linewidths fotM ;=2—1 andM,=1—0 of over 1000 G  Widths in molecular magnets, although other effects, such as
cannot be exp]ained by tHe-strain and the dip0|ar interac- g-strain and dipolar interactions, can also contribute, depend-
tions alone. It is essential to invoke tigestrain effect. The ing on the material. These results imply that the assumption
dipolar interactions do not play as significant a role as for thénade in the tunneling modéimay be correct. A distribution
Fey sample. in D may also facilitate multiphoton transitions through vir-
tual states which are necessary to implement a quantum al-
VI. CONCLUSIONS gorithm for the molecular magnets Nrand Fg.°> Addition-
ally we speculate that thB-strain effect may contribute to
We have presented our measured EPR spectra for the widths of resonant steps in magnetization hysteresis
single-crystal molecular magnetsg@nd Mn, as functions  loops. A more detailed repoft, including the temperature
of energy eigenstat¥l s and EPR frequency when the field is dependence of the linewidths at fixed frequency for both mo-
along the easy axis. We also have calculated theoretically thecular magnets, will be published elsewhéfe.
EPR linewidths to quantitatively compare with the experi-
mental data, using density-matrix equations along with
Gaussian distributions iD and g and the dipolar interac-
tions. Our calculated linewidths agree well with the experi- This work was partially funded by NSF Grant Nos. DMR-
mental data. Our analysis shows that for the examingd Fe9871455 and DMR-0103290, by Florida State University
sample the distribution i and the dipolar interactions play through CSIT and MARTECH, and by Research Corporation
key roles in explaining the linewidths, while for the Mn (S.H).
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