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We examine quantitatively the temperature dependence of the linewidths and line shifts in electron para-
magnetic resonance experiments on single crystals of the single-molecule magnetsdRdn,, at fixed
frequency, with an applied magnetic field along the easy axis. We include intermolecular spin-spin interactions
(dipolar and exchangeand distributions in both the uniaxial anisotropy param&teand the Landey factor.

The temperature dependence of the linewidths and the line shifts are mainly caused by the spin-spin interac-
tions. For both Fgand Mn,, the temperature dependence of the calculated line shifts and linewidths agrees
well with the trends of the experimental data. The linewidths fqriégeal a stronger temperature dependence
than those for My, because for Mpp @ much wider distribution i overshadows the temperature depen-
dence of the spin-spin interactions. FogFne line-shift analysis suggests two competing interactions: a weak
ferromagnetic exchange coupling between neighboring molecules and a longer-ranged dipolar interaction. This
result could have implications for ordering ind~at low temperatures.
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[. INTRODUCTION crease sharply with temperature at low temperatures, reach a
maximum, and then decrease slowly at higher temperatures.
Single-molecule magnetéSMM’s) consist of identical The exception is the transition associated with the ground
molecules, each of which is made up of several magnetistate, for which the linewidth decreases with increasing tem-
ions surrounded by many different species of atoms. A singl@erature in the whole range studi€2-50 K). On the other
molecule of the SMM's Mp-acetaté and Fg (Ref. 2 has  hand, for the transitions with high resonant fields, the line-
an effective ground-state spin 810 and a strong crystal- widths increase monotonically with increasing temperature.
field anisotropy. A zero-field energy barrier against magneti+or Fg, the line positions change nonmonotonically with
zation reversal is approximately 65 &0 K) for uniaxial  energy level and temperature.
Mn,, (biaxial Fg).>~" Despite their large effective spin, In Ref. 20, which was our first attempt to understand the
these single-molecule magnets have shown quanturenergy level and resonance frequency dependence of the
coherencg® and quantum tunneling between the energy levdinewidths, we showed that for single crystals of both Fe
els of the two potential well$:1! Although dipolar interac- and Mn, the distribution in the uniaxial anisotropy param-
tions between different molecules are weak, in the low-eterD of the single-spin Hamiltonian, caused by defects in
temperature limit and near zero applied field, a dipolarthe samples, contributes substantially to the inhomogeneous
interaction could stimulate the quantum tunneling and thudinewidths at constant temperature. This was also recently
explain the nonexponential magnetization relaxation obsupported by terahertz spectroscopy for,M& The micro-
served at early times2~17 scopic origin of the distribution ifD has not yet been fully
Recently, electron paramagnetic resonafieeR experi-  understood>?* The analysis further showed that forgRiae
ments on single crystals of Fand Mn, have revealed in- dipolar interactions between molecules contribute to the line-
teresting effects in the widths and positions of the EPR peakwidths as significantly as the distribution I, while for
as functions of energy level, resonance frequency, and tenMn,, their contribution is less significafl. In a recent
perature when the applied field is along the easy 4%s?*  millimeter-wave study on Re? the dipolar field may have
For both Fg and Mny,, at fixed frequency, the linewidths been overestimated because the distributiorDinvas not
increase with decreasing energy levglee largest linewidth  included.
corresponding to the transition between the ground state and Since the approximations made in Ref. 20 reasonably well
the first excited stajeand for a particular transition the line- explained the linewidth behavior at fixed temperature, in the
widths increase with decreasing frequency. On the othepresent paper we investigate the temperature dependence of
hand, the details of the temperature dependence of the lingéhe linewidths and line positions. To explain this additional
widths for the two materials are quite different. For Mn  feature, we take into account the intermolecular spin-spin
the linewidths increase smoothly with increasing temperainteractions(exchange and dipolgras well as distributions
ture, showing a rather weak temperature dependence. For the uniaxial anisotropy parametBrand the Landej fac-
Fe;, for transitions at low resonant fields, the linewidths in-tor. We find that the distributions iB andg do not contrib-
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ute to shifts in line positions with temperature, but the ex-(98% of Fe nuclei witH =0); (iii) any residual effect of the
change and dipolar interactions produce nonzero local fieldeyperfine fields was included in background linewidths.

that are temperature dependégtlow temperaturgsso that Possible misalignment of the external field and a spread in
they can make the line positions change with temperaturehe in-plane fields are also not considered since misalign-
Thus, to explain theemperaturedependence of the mea- ment of the external field cannot provide the temperature
sured line shifts, both thexchangeand dipolar interactions dependence of the linewidths and line shifts. We checked
are needed. Without the exchange interaction, we cannot exhat for Fg the effect of a distribution in the transverse an-
plain the observed nonmonotonic line shifts with tempera-isotropy parameteE on the linewidths was negligible. We
ture. This was not included in our earlier stutiyef. 20. also found that a spread in the in-plane fielg®ssibly
Although the exchange interaction was not considered in oucaused by nuclear spinsan give rise to a distribution in the
earlier study, its effect on the linewidths is negligible as longeasy axis of each molecule, leading to asymmetries in EPR
as the magnitude of the exchange constant is much smalléne shapes>3*

than the linewidthg® The model and technique used in this study are similar to

This paper is organized as follows. A brief summary ofthose in Ref. 20, except that we here take into account the
the experimental procedures is presented in Sec. Il. Thaonspherical sample shapes and the actual crystal structures.
models for Fg and Mn, are described separately in Sec. Ill. Therefore, we here summarize them only briefly, focusing on
Section IV describes our calculated linewidths and line shiftsvhat causes the temperature dependence of the line shifts
vs temperature, and they are discussed in comparison witiind linewidths for each source. The temperature dependence
the experimental data. Our conclusions are provided in Seaf D is discussed in Sec. I[VA 1. In our convention, the en-
V. ergy levelM¢=+10 is the ground state when the field is
applied along the positive axis, while in Refs. 19,21 the
ground state isM¢=—10. For clarity, we discuss geand
Mn,, separately.

All of the EPR experiments were performed on single
crystals with the magnetic field aligned along or close to the
direction of the easy magnetization axis, in a temperature A Fey
range fran 2 K to 50 K. For Mn,, this direction coincides We consider an effective single-spin Hamiltonian that sat-
with that of the longest dimension of the essentially needleisfies approximat®, symmetry,
shaped crystals. For gethe direction was determined by
measurement of the largest spread of the resonant field, by
rotating the crystal around the approximately known orienta- Ho=—-DS2— E(Sf—si)—QMBstz, )
tion of the easy axis. The single crystals were prepared as
described earligr>?’-2EPR measurements were made in
the 100-190 GHz range with a resonant-microwave-cavityvhere the uniaxial anisotropy paramefer=0.28%;, the
system described by Hill and co-workéfswhich enables transverse anisotropy parametgr=0.04%g,*® g is the
observation of distortion-free EPR line shaﬁéé’.he line-  Lande g factor, which is close to 2, angg is the Bohr
widths were determined by computer fitting of the observednagneton. Her&, is the ath component of the spin angular
experimental spectra to either a Gaussian or a Lorentziamomentum operator, artd, is the longitudinal static applied
function for the spectra obtained at various temperatures. Allnagnetic field. We assume that the longitudinal magnetic
the spectra were obtained by keeping the frequency fixed anfield is applied along the easy axtbez axis), and we ignore
sweeping the field to obtain the resonance peaks, as is usufle small transverse anisotropy ternts termg in calculat-
in EPR spectroscopy. ing the linewidths. Thus, the energy lewdl is a good quan-

tum number of the spin operat&,. According to our con-
1. MODEL vention, the ground state i =+ 10.
' Using the density-matrix equatittwith the Hamiltonian,

For the examined single-crystal sample of Bkthere are  Eq. (1), and an interaction between the spin system and an
two sources of the EPR linghifts temperature dependence oscillating transverse field, we calculate the power absorp-
of D and the electronic spin-spin interactiofdipolar and  tion between the levelM and M —1 for a fixed value of
exchange interactiopsbetween different molecules. There the uniaxial anisotropy paramet®. In the power absorp-
are also two sources of the EPR lib@adeningtheD-strain  tion, the line-shape function includes a natural linewidth,
effect(distribution inD) and the spin-spin interactioRSFor  which is a function of temperature. Next we calculate the
the examined Mp, sample?! the sources of the line broad- average power absorption with a Gaussian distributioB,in
ening are theD strain, theg strain® and the spin-spin whereD itself is assumed to be temperature independent. As
interactions?° a consequence, the line broadening due tdtstrain effect

In our model, hyperfine interactions are not considered fobecomes weakly temperature dependent because of the tem-
the following reasons:(i) the observed line shifts and perature dependence of the natural linewidths. To calculate
changes in the linewidths were much larger fog Bean for  the natural linewidths, we use the strength of the coupling
Mny,; (ii) hyperfine fields are orders of magnitude larger forbetween the spin system and a surrounding phonon heat bath
Mn, (in which all nuclei have spins df=5/2) than for Fg  obtained in Ref. 36. For example, fbf;= + 10, the order of

II. SUMMARY OF EXPERIMENTAL PROCEDURES
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magnitude of the natural linewidths is several to several tens 1w, L.
of gauss at temperatures below several tens of kelvin, and the Hex°h=§ >SS )
widths increase with decreasifg;. L

The spin-spin interactions are calculated separately with,are H,; is the single-spin Hamiltonian for thith mol-
D fixed, and then combined with thHg-strain effect to obtain ecule, the sunE; runs over all molecules, and(t) is the
the total linewidths. At low temperatures, all energy levels; o - tion between théth molecule and the oscillating
are not equally populated, and the populations of the Ievelf‘ransverse field. Herg{Po® is the dipolar interaction be-

change with temperature according to the Boltzmann factortWeen the molecules, ang are the direction cosines of the

Thus, the local field on a particular molecule caused by sur- b leculdsand k (F lati h
rounding molecules changes with temperature. Therefore, th\ée_Ctor eMeen mo ecu,qsan (rji) relative to the easy
Xis (z axis). The sum=j, runs over all molecules, so that

spin-spin interactions are mainly responsible for the tempera? N - _ _
ture dependence of both the line shifts and thedny twWo indices are not the sant&.#*"is the isotropic ex-
linewidths?®3"To calculate the line shifts and the line broad- change interaction between the spins of nearest-neighbor
ening due to the spin-spin interactions, we use a multispifnolecules where the exchange coupling consfgnts J if
Hamiltonian that commutes with;S?, where the sum runs the ith andjth spins are nearest neighbors and zero other-

over all molecules. Details of the technique can be found ifViSe- It is reasonable to assume thg¥/;(t) is much smaller
Ref. 37. than the dipolar and exchange interactions, which again are

much smaller than the sum of the single-spin Hamiltonians.
Since the field is swept at constant frequency, the energy
Htotzz [Hoi+Vi()]+HD, 2 levels change with the sweeping field. We neglect slight
i changes of the energy levels during resonances and use
Hies=[hv—D(2M4s—1)]/gug, Where v is an EPR fre-

H ()= dipole 3 exch 3 quency, as the fieldl in the_spin Hamiltonian to calculate the
energy levels for the particular resonance.

, 1, .. To calculate thef/th moment of the resonant field devia-

Hd'pO'e=§ > Aw(S- S35, (4 tion, we formulate thefth moment for a frequency sweep

Ik and then convert it to a field sweep. This is justifiable be-

o) (gus)? cause we neglect the slight energy change caused by the
Aj= <_°)_§(3§12k_ 1), change of the field during resonance. The probability density
4 21y function of the EPR frequency is given by
2 3% {exp—&/kaT) —exp—E fksT)} (| Sin)I?
Fu(v)=—— ©)

2 27 e~ EnlkeT)—exp—En kgD [(n 2 S[n)?

whereé&, is the energy eigenvalue QIJ-HOJ-+H(1), [n) is the corresponding eigenvecté}:, denotes the sum over all states
[n") such thatt, =¢&,, and2n2§, denotes the sum over all states for whith<¢,,, — £,<h(v+dv). Using Eq.(6), we
calculate thefth moment,

237 (Ew & (e~ EnlkeT) —exp ~En keT} [(n] 2 Sn")?
(vly= —" L oe=12, ..., @
22 e & /keT) —exi —En ksT)} (I Sfjn'))?

where the temperature dependence of the linewidths is intors. Assuming that the dipolar and exchange interactions
cluded through the Boltzmann factors, and the eigenvalues df () are much smaller than the thermal energy, we expand
H @ can contribute to&,, — &,) ¢ and/or the Boltzmann fac- the Boltzmann factor into

144409-3



PARK, NOVOTNY, DALAL, HILL, AND RIKVOLD PHYSICAL REVIEW B 66, 144409 (2002

] Summations over four different indices do not appear in Eq.
; HOj+H(1) (11) becauseZ{jAj;=NZ.,Aq; by translational invariance.
exp ——— 5 — We thus have only three undetermined tedifslf , S/ A7,
B - and Ei’jJiinj in the calculated second central moment. The
exchange coupling constaditcould be determined from the
; Hoj HO line-shift analysis. The remaining two term§,i’in2j and
=exp| — kB—T 1- KaT +- (8) Ei’jJiinj , can, in principle, be calculated from the exact ge-

ometry of the system. However, in our study, we take the two

and consider only the first term on the right-hand side. Inferms as variable parameters, and compare their optimum
Ref. 38, the Boltzmann factor was not included since thevalues with the calculated values. A physical justification for
temperature of interest was quite high, so that all energyhis is provided in Sec. IVA2.
levels were equally populated. In our calculations, we use a \We fix the EPR frequency at=116.9 GHz and vary the
mean-field approximation, so that the sumsAgf andJ;, ~ temperature from 4 K to 35 K for the linewidth analygisk
[Egs.(4) and(5)] can be separated from the spin operators.to 30 K for the line-shift analysjs We do not analyze the

To compare with the measurdihe shifts we calculate ~experimental data above 35 K because at higher tempera-
perturbatively the first momerH —H ., whereH is the  tures, excited st_ate(gﬁecn_ve sSpinS< _10) might play arole.
resonant field without the spin-spin interactions, and subtrad®nly good-quality(high signal-to-noise ratioexperimental
from it the first moment at a reference temperature of 30 Kdata were selected. For the line-shift analysis, the exchange
This reference temperature was chosen because at highg@nstant) and effective dipole field\ are varied, while for
temperatures additional line shifts can be expected from théhe linewidth analysis'=3/AZ/N, A=X/J;A;/N, and
temperature dependence Bf The calculated line shifts to the standard deviation @ are varied within experimentally
zero order inH M/kgT contain the exchange coupling con- acceptable ranges in order to fit the experimental data. Note
stantJ and the effective dipole field==;.,A;x/N (N is  that in Ref. 20 the molecules of favere assumed to be
the number of molecules in the sample and the summatioglistributed on a simple cubic lattice in a spherical sample.
runs over all moleculgsas variable parameters. This zero- For spherical samples the value &fis zero for all effective
order result inH M/ksT depends on) and A through the dipole distances. Thus only one parameter, eifhesr the
terms €, —&,) in Eq. (7). SinceA depends on the sample effective dipole distance, sufficed in the linewidth analysis.
shape due to the field-induced net magnetization, Ewald'dhe real samples, however, were not spherical. Thg Fe
method? is not sufficient to estimate its value in our case. sample examinédwas a thin rhombic platelet with an acute

To compare with the measurdiohewidths we need to angle of about 60°, edges of length 0.7 mm, and thickness
calculate the second central momégt —(H))?), whichis  0.17 mm; and the molecules of fare distributed on a tri-
equivalent to ((H—H,9?)—((H—H,9)? where ((H clinic lattice. Therefore, we here use two fitting parameters
—H,d?) and (H—H,9)? are calculated perturbatively to (A andI’) to consider the dipole-dipole distributions in the
zero order inH M/kgT.%” The square root of the second real experimental samples described above.
central moment is proportional to the broadening due to the
spin-spin interactions. The quantitfH—H 9?) includes
the following six terms: /35, S/J;A;, /A7, . o _ .
Shdidics SdijAjk, and [, AjA; . The quantity (H For Mny,, we consider an effective single-spin Hamil-
~H,d)? includes three terms X{jJij)z/N (Eierij) tonian that satisfies tetragonal symmetry,
X(Z{;Aj)/N, and (Zi’inj)2/N. HereXj; and X run over
all molecules with the constraint that no two indices in the Ho= —DS§—C$—g,uBHZSZ (12
summations must be the same, aldand J; are nonzero
for nearest-neighbor molecules only. The coefficients of thjth p = 0.55, C=1.17x 10 3k, andg=1.943 Here we

last three term$2the summations over three indiceg, and  consider the case in which the applied field is along the easy
k) in ((H—Hyed®) are the same as those of the three terms inis (the z axis), and we neglect the small transverse fourth-
((H=He9)? To simplify the second central moment, we qer anisotropy terng; + S .

use the identities The technique is the same as forgFexcept for the fol-

B. Mn,

lowing:

2

E( > Jij) =>" 2+> Ji ik (9) (i) Theg-strain effect provides a weak temperature depen-
N ij R dence to the linewidths, caused by the temperature depen-

dence of the natural linewidths.

, , (i) The resonant field without the spin-spin interactions is
Z% ‘Jiinj+%:4 JiiAjk s modified to
(10)

1 ! !

S22 A

N 1j ]
hv—D(2M¢—1)+C(4M3—6MZ+4M¢—1)

1 ’ 2 ' ’ Hres=

(13
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0.288 T T 0

(a)

(iii) To calculate the natural linewidths, we use the
strength of the coupling between the spin system and a sur,
rounding phonon heat bath from Ref. 40.

(iv) Dipoles are distributed on a centered tetragonal lattice
with sample dimensions 3.0.15x0.05 mn?. (In Ref. 20,
the dipoles were assumed to be distributed on a bod
centered cubic lattice, and the sample was assumed to
spherical)

(v) The easy anisotropy axis is along the long side of the;
needle-shaped sample.

(vi) For Mny, the measured line shifts are negligible com-
pared to the measured linewidths, so that we do not have to

consider the exchange interaction and the effective dipole F'G: 1. (8 Hypothetical smooth temperature dependence of the
field (J=0 andA=0, soA=0). Thus, the secondentral uniaxial anisotropy paramet& for Fe;. The functional form used

moment ((H—(H))?). which is proportional to the mea- €€ SD(T)=—0.710665 exg(—1[10(50-T)+250]}. (b) The

. . A . resulting calculated line shifithe peak position at a given tempera-
sured linewidths, is identical to the second momeftd ture minus the position &t=30 K) due to this temperature depen-

_ 2
Hred®).- . . . dence ofD, shown vs temperature at=116.9 GHz.
To compare with the experimental data, the frequency is

fixed atr=189.123 GHz, and the temperature is varied fromsured line shifts. It could presumably make a minor contri-
10 K to 40 K. Our analysis ends at 40 K because at highebution at high temperatures, together with the other factors
temperatures, excited statésffective spin S<10) might described below. However, we hereafter t&kas a tempera-
play a role*:~*30nly EPR spectra of good quality were se- ture independent parameter, for the sake of simplicity and
lected, andl’ and the standard deviations bf and g were because the exact temperature behavior is not yet known. We

varied within acceptable ranges in order to fit the experimen@lS0 note that the distribution i does not change the line
tal data. positions.
Next, we consider the effect of the spin-spin interactions

between molecules on the measured line shifts. If we first
IV RESULTS AND DISCUSSION ignore the exchange interaction and consider the dipolar in-
We show that the spin-spin interactiongipolar and/or teraction only for a spherical sample with dipoles distributed

; ; : imple cubic latticéwhich is the assumption made in
exchange interactiopslone determine the trend of the tem- on a simp ; . . .
perature dependence of the line shifts and the linewidth Ref. 20, then the effective dipole field vanishes, so that

. ; . ; Shere is no line shift to zero order i /kgT. Higher-order
From the line-shift analysis, we estimate the orders of magéorrections[the second term in Eq@8)] E;)rovidge a much

qitude of the .eXCha.”g? interaqtion an the eﬁgctlve deOIesmaller and qualitatively different temperature dependence
field and obtain their signs. Using this information, we alsofrom that seen in the measuremeftempare Figs. @) and
explain quantitatively the linewidths, including tf@strain 2(a)]. If we include a nonzero effective dipole fieldonly in

and/or theg-strain effects which give rise to a stroMds  he zero-order calculation, then a negative effective dipole
dependence but weak temperature dependence of the linga|d moves the line shifts for all the transitions down below
widths. The spin-spin interactions contribute more to theserg [Fig. 3(b)]. On the other hand, if we include an ex-
linewidths for Fg than for Mn,, mainly because the change interaction only in the zero-order calculation, then a
D-strain effect is dominant over the Spin-spin interactions forferromagnetic exchange interacti@‘egaﬁvej) moves the
Mnlz, while it is comparable with the Spin-spin interactions"ne shifts up above zero for all transitions excdmts
for Fe. This explains the difference in the temperature de-= + 10 [Fig. 3©)]. In both cases, the calculated line shifts
pendence of the linewidths for Feand Mn,. The set of pehave very differently from the measured shiffsgy. 2(a)].
parameter values which best explains the experimental datgherefore, we need to include both the effective dipole field
has some systematic theoretical uncertainties that are diffgnd the exchange interaction in order to explain the mea-
cult to calculate exactly. sured line shifts. An intermolecular exchange interaction was
recently observed for the different types of single-molecule
A. Feg magnets, Mp and Mn, dimer®® Since the effective dipole
field A depends on the sample shape due to the field-induced
net magnetization, we do not use Ewald’s metfidd esti-

It is known that the value of the uniaxial anisotropy pa- mate A and thus leave it as a fitting parameter. For the ex-
rameterD may vary smoothly with temperatuféTo gauge change interaction, we assume that the coupling condtant
the importance of this effect, we first assume tBahas a s isotropic along thea, b, andc directions of the ftriclinic
temperature dependence such as Fi@).1Then the line unit cell (although in experimental samples the exchange in-
shift, (H)(T) —(H)(T=30 K), becomes monotonically tem- teractions are highly anisotropjcso that the coordination
perature dependent, as shown in Figh)1Comparing Fig. number is 6. The optimum values & and J are Ay
1(b) with the experimental data in Fig(&, we see thatthe ~-20G andJ,,~—7 G (~1 mK), respectively. With
monotonic temperature dependencéofannot by itself ex-  these optimum values, the calculated line shiffy. 2(b)]
plain the complicated temperature dependence of the meaeproduce well the trends of the temperature dependence of

D (i)

-50 |

0.2875 -

<

otropy parameter

100 |

o

| anis

1al

<H>(T)-<H>(T=30K) (gauss)

0.287

0 10 20 30 0 10 20 30
Temperature (kelvin) Temperature (kelvin)

Uniaxi

1. Line shifts
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2 FIG. 3. Calculated line shifts vs temperaturevat 116.9 GHz
o for Fe;, with (a) only the dipolar interaction for a spherical sample
°ﬁ° 100 | in higher-order calculations JEO, AEE{]-A”- /IN=0, and I"
E - in’jAﬁ/NqﬁO), (b) only the effective dipole fieldd=—20 G, (c)
:’:\ only the exchange coupling constaht —7 G, (d) A=-20 G <
Y A=—20 gauss 0 andJ=+7 G > 0, () A=—20 G andJ=—12 G, and(f) A
£ 200} J=—7 gauss =-30G andJ=—7 G.
A
:{:, Ms=10 the exp_erimental datiFig. 2(a)]. Figure Zc) shows_ a direct
comparison between the theory and the experiments for a
-300 . L few transitions.
0 10 20 30

Temperature (kelvin)

FIG. 2. (8 Measured line shifts vs temperature at

The negative sign of the effective dipole field €0)
indicates that dipoles are antiferromagnetically coupled. This
result seems to be in conflict with the prediction that the

=116.9 GHz for Fg. (b) Calculated line shifts vs temperature at dipolar Ising spin system \{4\/7ith the same structure agife
»=116.9 GHz for Fg. Here the calculation is performed to zero ferromagnetically ordered:”” However, as pointed out in
order inH W/ksT. We use the effective dipole field=3/A; /N Ref. 47, the energy difference between the ferromagnetic and

=—20 G and the exchange coupling constarnt—7 G. (c) Mea-  antiferromagnetic states is so small that any neglected effects
sured line shift§symbols in(a)], superimposed on calculated line may shift the ground state to an antiferromagnetic state. The
shifts [curves in(b)], for several transitions for comparison. negative sign of the exchange coupling constdrt Q) cor-
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FIG. 4. Calculated full width at half maximufFWHM), caused FIG. 5. Calculated FWHM caused by the spin-spin interactions

by the Gaussian distribution in the uniaxial anisotropy parani2ter only, shown vs temperature at=116.9 GHz for Fg Here the
only, shown vs temperature fro4 K to 35 K atv=116.9 GHz for exchange constant)=—7 G, I'=3] AiZj/Nzgs &, and A

Fe;. Ms=10 indicates the transition from the energy leWdl  —x/3. A, /N=—156 G
=10 to M4=9, etc. The standard deviation bfis approximately S
0.006D.

—1)/gug, due to the distribution ilD from the expression for

. . . H,es. If the natural linewidths are comparable with the vari-

re;ponds to ferromagnetic cqupllng be_tween the ef.feCt'V%nce of the resonant field, then the effect of temperature is

spins of the molecu!es. Thus, if there exists any orQenng forsigniﬁcant. If the natural linewidths are much smaller than

Fes, .then the ordering temperature shouI(_JI be e_stlmate_d b%ﬁe variance, then the effect of temperature is negligible. The

considering both the exchange and the dipolar interactions, o+ =1 linewidth at 10 K(35 K) varies from 7 G(29 G) to

The two interactions compete with each other, thereby reduc79 G (235 G as M, changes from+10 to +3, using the

ing the possible ordering temperature to a lower value th"’“ﬁarc’imeter values i; Ref. 36. The variance (,)f the resonant

the ordering temperature with only one of the two interac—ﬂeld’ oo(2M—1)/g s, v.arie.s from 260 G to 70 G dd,

tions considered. o is varied from+10 to +3 with o, =0.0064. Thus, we find
Finally, we show the calculated line shifts with several that for smallMg the natural linewidths are comparable with

other parameter values that are different from the optlmun%he variance, while for larg®l the natural linewidths are

ones. If the effective dipole field and the exchange mteraci,nuch smaller than the variance. Therefore, for sivbllthe

tion both change signs, then the calculated line shift alsg ) . .
L . . . . calculated linewidths show a substantial temperature depen-
changes its sign. If the sign df is opposite to the sign af,

then the magnitude of the calculated line shift fivtg dencg, Wh”: for Iargeél_s there is only a very weak tempera-

=+ 10 is much smaller than those for the other transitionsture epen encesee Fig. 4. . ;

which does not agree with the experimental ck are ’ In Fig. 5, the calculated line broadening caused solely by
9 P P the spin-spin interactions at fixdadlis shown vs temperature

Figs. 3d) and Za)]. Figure 3e) shows the calculated line -
shifts with J<J,,, andA=A;. Figure 3f) shows the cal- it v=116.9 .GHZ' Herg we use the exchange cqnsthn.t

. opt =~ oP ) =—7 G, which was estimated from the measured line shifts
culated line shifts withJ=J,, and A <A All three fig- (Sec. IVAD, T=3'A2/N=86 G and A=S'J. A;/N
ures[Figs. 3d)—3(f)] are significantly different from Fig. : L M I

| . )
2(b) with the optimized values. =—156 &. For the ground stat®1 ;= + 10, the linewidths

decrease with increasing temperature in the whole examined
L temperature range. Favi;=+9,+8, and +7, the widths
2. Linewidths first increase sharply with temperature at low temperatures,

For Fg, the distribution inD and the spin-spin interac- and then decrease slowly with temperature at high tempera-
tions contribute approximately equally to the inhomogeneousures. ForM¢=+6,+5,+4, and +3, the widths increase
line broadening. Figure 4 shows the calculated line broadernwith increasing temperature in the whole examined tempera-
ing due to theD-strain effect only as a function of tempera- ture range. As the temperature increasesMhalependence
ture at v=116.9 GHz. Here the standard deviation of theof the line broadening due to the spin-spin interactions de-
Gaussian distribution i, o, is approximately 0.00a3. creases. This trend was also seen in the experimental line-
The line broadening caused by tle strain only becomes widths (shown as symbols in Fig.)6confirming that the
temperature dependent, because the natural linewidths depin-spin interactions are essential to understanding the tem-
pend on temperature. The distributionDnmakes each mol- perature dependence of the linewidths.
ecule subject to a slightly different resonant field. A mea- The trends of the temperature dependence can be qualita-
sured line shape is a sum of many Lorentzian line shapetvely understood through the relative magnitude difference
with a natural linewidth and different resonant fields. We canof the thermal energy and the Zeeman energy splitting be-
calculate the variance of the resonant fieldp(2M¢  tween the state$ls=+10 andM =—10. If the Zeeman
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here is different from that0.01D) reported in Ref. 20,
becauserp is sample dependent and the samples examined
were different. The value df corresponding to an effective
dipole distance of 12 A (R in Ref. 20 was about 2033
As shown in Fig. 6, our calculated linewidths agree well with
the experimental data, except in the low-temperature range
for large M transitions M¢=+10,+9,+8). The experi-
mental linewidths foM ;= + 10 show 1T dependence in the
whole examined temperature rarfjeFor M= +10,+9,
and +8, the calculated linewidths are appreciably smaller
than the experimental linewidths below 10 K. As a possible
explanation for this discrepancy, we speculate that at low
temperatures and larg¥lg (i) our assumptionH V/kgT
<1, may break down, and/dii) there might be other con-
FIG. 6. Calculatedcurves and measured FWHNsymbolg vs  tributions that we have neglected, which should be included
temperature ab=116.9 GHz for Fg. Here we use the standard along with the dipolar and exchange interactions. In prin-
deviation of D, op~0.0064, the exchange coupling constaht ciple, WhenH(l)/kBT is not much smaller than unity, a first-
=-7G, I'=86 G, and A=-156 G. The solid curves, from order calculation inHD/kgT produces corrections of
bottom to top, correspond M =3,4,...,9,10. See the text for  ()(1/k,T). But its implementation is quite complicated, and

possiple sources of the discrepancy between the theory and the s si_order calculation may anyway not be sufficient to ex-
experiments for low temperatures and laige. plain fully the measured linewidths.

energy splitting is much larger than the thermal endtbis Introducing the concept of the crossover temperature to
occurs at low temperaturgsthen the system is polarized. explain the temperature dependence of the widths seems to
Thus, higher temperature provides larger populations ibe successful for=116.9 GHz. However, recent EPR ex-
higher energy levels within the same potential well where theperiments(Fig. 8 in Ref. 2} showed that even when the
ground state is located. This leads to an increase in the rafirequency is increased te=145.9 GHz, such that the reso-
domness of the spin orientation so that linewidths becom@ant field for the ground-state transitioM{=10) is ap-
larger with increasing temperature. If the Zeeman energproximately 1 T, the linewidths for this transition still in-
splitting is much smaller than the thermal ene(tiyis occurs  creased withdecreasingtemperatures down to 2 K. This
at high temperatur¢sthen some energy levels lmoth po-  cannot be explained using the reasoning given above, be-
tential wells are populated. In this case, thermal fluctuationsause the crossover temperature for the transition is approxi-
increase rapidly with increasing temperature, so that the dumately 15 K, so that the linewidths should decrease with
ration time of the local magnetic field due to neighboringdecreasing temperature below about 15 K. At present, we do
molecules becomes shorter than the spin-spin relaxation timeot fully understand the broadening of this ground-state tran-
T, (the inverse of the natural linewidth€Eventually, at very  sition. (At »=145.9 GHz, for other transitions than the
high temperatures the local field is averaged out. Thereforeground-state transition, the temperature dependence of the
the linewidths decrease with increasing temperature, whiclinewidths can be understood using the concept of the cross-
usually occurs in paramagnetic materials with very small oover temperaturg.
zero single-ion anisotrogy. (This effect is called motional Consideration of exchange interaction in the linewidths
narrowing?®) Thus, the “crossover” temperature where the slightly reducesrp (from 0.007® to 0.0064€) and the di-
maximum of the linewidth occurs must be proportional to thepolar interactionfrom I'=103 G to I'=86 G°). However,
Zeeman energy splitting betweeM =+10 and M, the quality of the linewidth fit including exchange interaction
=—10, whichis 2@ ugH s For example, for the transition is comparable to that without exchange interaction since the
M¢,=+10—+9 atv=116.9 GHz, the resonant field is less exchange coupling constant is very small compared with the
than 0.1 T, so the Zeeman splitting is aboz2 Conse-  linewidths? The two fitting parameterd; =86 G, and A
quently, its crossover temperature is below the examined —156 &, can be calculated using the exact geometry of
temperature range. The crossover temperature increases witle system. The calculated values drg,=500 G and
decreasingVl; because the resonances are observed at i .y=— 137 &, when the easy axis is 9° off from tleeaxis
creasing fields for decreasing,. For the transitonsV;  toward the positivéb axis, and 7° off from the-b plane®
=+9—-+8,+8—+7, and+7—+6, the crossover tem- The optimum value ofA is quite close toA .4, in contrast
peratures are within the examined temperature réasgethe with I'. Possible reasons that the optimum valuelofs
inset in Fig. 6 of Ref. 2L ForM¢ = +6,+5,+4, and+3,the  much smaller thaid’., are as follows:
crossover temperatures are above the studied temperature(i) In our calculation, we considered each molecule to be
range. a point dipole. If we consider the atomic positions of the
Figure 6 shows the experimental désymbols and our  eight Fe ions in each molecule and calculate the dipolar in-
calculated linewidthgcurves, including both theD-strain  teraction between Fe ions in different molecules, then the
effect and the spin-spin interactions withy~0.0064D, J  sumI of the squared dipolar interaction can be significantly
=-7G,I'=86 G, andA=—-156 G. [The spread irD  reduced.

1200

700

FWHM (gauss)

200

Temperature (kelvin)
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FIG. 8. Calculatedcurves and measuretsymbolg FWHM vs
temperature av=189.123 GHz for Mp,. Here theD strain (op
~0.018), g strain (4~0.003y), and the dipolar interactions
(I'~=203 @) are included in the calculated linewidths.

FIG. 7. Calculated FWHM for Mp, caused by the dipolar in-
teractions only, shown vs temperature,at 189.123 GHz, with
the sum of the squared dipolar interactidhs 203 &. The exam-
ined temperature range for Mnis from 10 K to 40 K.

(i) Recent nuclear magnetic resonance experiments for e combine the three effect®(strain, g strain, and di-
the single-molecule magnet Mnshowed some spin-density polar interactionto find that the calculated linewidths agree
leakage onto the ligandé-2° This indicates indirectly that Well with the measurgg linewidths withp~0.018, oy
for Fe, the spin density in a single molecule may not be ~0-008), andl’=203 G, as shown in Fig. &The value of
confined only on the core, which would thus reduce the magl corresponding to an effective dipole distance of 14 A for
netic moments of the eight Fe ions. The above two reason¥N12in Ref. 20 turned out to be the same as that obtained for
are our speculations to explain the discrepancy, but it is stilFé& in Ref. 20) Here the standard deviation gfis quite
unclear why considering the atomic structure within eactsMall, so that we cannot rule out the possibility «f=0.

molecule does not substantially change the valud of Note thatop and o vary (~30-40 %) from sample to
sample. The optimum parameter values found here are dif-

ferent from those estimated in Ref. 20, because the examined
Mn,, sample was different. The calculated value Fqrwith

The experimental data for Mpare limited to resonance the exact geometry of Mafrom Ref. 1(with each molecule
frequencies below 190 GHz, so that the laMg transitions  considered as a point dipoldés I' .,= 397 G; this is, again,
where the line shifts are significant cannot be observed foguite a bit higher than the optimum value 10y probably for
these low-frequency measurements. Additionally, the linethe same reasons as forgE@lthough the origin of this dis-
widths for M, are an order of magnitude larger than thosecrepancy remains unclear. Overall, the temperature depen-
for Fe;. Therefore, relatively small line shifts are probably dence of the linewidths for Mg is weaker than for kg
masked for Mp,. Thus, hereafter, the small line shifts are because the distribution i for Mn,, is roughly three times
ignored in our analysis, so the exchange interaction and thgs wide as for Rg and the dipolar broadening for §és
effective dipole fieldA need not be considered in the line- comparable to that for Mg. Thus, the distribution irD
width analysis for Mi,. The sources of the line broadening conceals the significant temperature dependence of the dipo-
are then thé strain, theg strain, and the dipolar interaction. lar broadening for Mg,.

The line broadening caused by tBestrain andg-strain As a consistency check, we also used the same values of
effects for Mn is found to have a weak temperature depen-the three parametersof~0.018D, 04~0.003, and T
dence(not shown, which is similar to the line broadening =203 &) to analyze the measured linewidthas functions
due to theD-strain effect for Fg. The contribution of the of the energy level M for several frequencies v(
dipolar interaction to the linewidths is shown vs temperature=127.8, 148.5, 169, 181.8, and 189.1 GH a fixed tem-
in Fig. 7. Herel' =3{;A7/N=203 &. The dipolar broaden- perature T=20 K). Our calculated linewidths are in good
ing increases with increasing temperature Kbg= + 6,+5, agreement with the experimental data as shown in Fig. 9.
+4,+3, and+2. We do not see the regime where the dipo-Due to a dominant contribution of the distributioninto the
lar broadening decreases with increasing temperature, bénewidths, they do not depend much on the resonance fre-
cause the crossover temperature kbg=+6, about 32 K  quency.

(the resonant field is about 1.6),Tis close to the highest

temperature analyze#0 K). Unlike Feg, the Mg depen- V. CONCLUSION

dence of the dipolar broadening does not decrease with in-

creasing temperatuighe curves are almost paralleThis is We have investigated how the EPR line shifts and line-
also observed in the experimental dégdhown as symbols in  widths vary with temperature for different energy leviig
Fig. 8. with the applied field along the easy axis for the single-

B. Mny,
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2300 TABLE I. Optimum values of the parameters used in the line-
—_ :ggf;%ggggg* i shift and linewidth analysis. Hewey, is the standard deviation &f,
1900 | |~~~ 189.1 GHz (THEORY ] o4 is the standard deviation @f J is the exchange coupling con-
° :g'g&z“(‘&’,‘)") # stant between nearest-neighbor molec@esyative sign means fer-
'g{ # 189.1 GHz (EXP) 4 romagnetic interactionA=3{;A;; /N (which vanishes for spherical
2 1500 samples I=3/,A%/N, and A=3/,J;;A;; /N. With experimentally
determined values dd andg (Refs. 3 and 1Pfor Fe;, we optimize
% 1100 J and A for the line shifts andrp, I', and A for the linewidths,
E while for Mn;, we optimize op, o4, and I' for the
Mn linewidths. The parameters are essentially independent of the
700 12 measurement frequencies, but some of them are expected to be
somewhat batch and shape dependent, as markediiyhe table
. below.
800 1 3 5
Energy level Ms Fe Mn;, Batch Shape Size Crystal structure
FIG. 9. Calculatedcurves and measure(symbols FWHM vs D 0.288kg 0.55kg 2
energy leveMg at T=20 K for v=127.8, 169, and 189.1 GHz for ,_ 0.0060 0.01®D ° X
Mn,,. Here the values ofp, oy, andI” are the same as those in 200 194 @
Fig. 8. Because of a relatively small contribution of the dipolarg 0007 ° X
interaction to the linewidths, the linewidths do not change much‘]g 76 by
with the resonance frequency. A _20G c X X X
I 8G 203G ° X X X
molecule magnets geand Mn,. Our calculations consider A -156 G ¢ X X X

the spin-spin interactions between molecules, as well as di
tributions inD andg. We have found that the distributions in “Batch, shape, and crystal structinelependent

D andg provide a weak temperature dependence to the line2Batch dependent.

widths, and that the spin-spin interactiofexchange and di- °“Shape, size, and crystal structure dependent.

polar interactionsdominate the temperature dependence of

the line shifts and the linewidths. For fethe line-shift ~ broader distribution irD for Mn,,, the linewidths for Fg
analysis(Figs. 2 and 3 provides possible evidence of an show a stronger temperature dependence than those for
exchange interaction between molecules, and it determindgn;,. This conclusion also corroborates our assumption that
the sign and order of magnitude of the exchange interactior is distributed for both materiaf, although the micro-
The competition of the suggested exchange interaction witiscopic origin of this spread is not yet well understédé

the dipolar interaction would tend to lower a possible mag-
netic ordering temperature. A small exchange interaction
does not affect the linewidth analysis significantly because
the exchange coupling constant is much smaller than the This work was funded by NSF Grants Nos. DMR-
typical linewidths. Table | summarizes the optimized values9871455, DMR-0120310, DMR-0103290, and DMR-
of the parameters used in our analysis. Those parameters af4,96430, Research Corporatié®.H,), and by Florida State

in principle, independent of the resonance frequencies, butniversity through the School of Computational Science and
some of them are expected to be somewhat batch and shajpdormation Technology and the Center for Materials Re-
dependent, as indicated in Table |. Because of the muchkearch and Technology.
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