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Asymmetric lineshape due to inhomogeneous broadening of the crystal-field transitions
in Mn ;, acetate single crystals
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The lineshape of crystal-field transitions in oriented single crystals of, Moetate molecular magnets is
determined by the magnetic history. The absorption lines are symmetric and Gaussian for the nonmagnetized
state obtained by zero-field cooling. In the magnetized state which is reached when the sample is cooled in a
magnetic field, however, they are asymmetric even in the absence of an external magnetic field. These obser-
vations are quantitatively explained by inhomogeneous symmetf@lssiahbroadening of the crystal-field
transitions combined with a contribution of off-diagonal components of the magnetic susceptibility to the
effective magnetic permeability. This can be qualitatively understood as a redistribution of the interacting
modes superposed in the total inhomogeneously broadened line which dynamically occurs via the magnetic
medium, i.e., via different components of its susceptibility depending on the magnetic state.
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I. INTRODUCTION asymmetry of the EPR lines was attributétb the distribu-
tion of the easy-axis orientation. In particular, dislocations in
The high-spin magnetic cluster of Mnacetate(which  real crystals were suggested to cause a distribution of crystal
stands  for [Mn;,0;5CH;COO)6(H,0)4]- 2CH,COOH fields which strongly influences the mechanism of quantum
-4H,0) is the prime example of single-molecule based magtunneling.18 The environmental effects determined by inter-
nets which reveal a number of interesting phenomena such @&l magnetodipolar and hyperfine fields and their distribu-
mesoscopic quantum tunneling of the magnetization an@ions also become clearly apparent in resonance quantum
guantum phase interferente® Over a wide range the prop- tunneling*®?° They result in a dependence of the tunneling
erties of Mn, acetate are determined by the splitting in theresonances on the magnetic staaad in a strong effect of
crystal field(CF) of the S=10 ground multiplet described by the time-dependent internal field on the relaxation law pre-

the spin Hamiltoniaf° dicted in Ref. 21(see also the recent review by Tupitsyn and
Barbard?).
H=DS+D,Si+Bj(S' +S*)/2—gugS-H, (1) Applying a different type of frequency-domain magnetic

spectroscopy we have studied the influence of the inhomo-
where the first three terms represent the Cl’ystal field and tf@eneous broadening and magnetic state on the |ineshape of
last one the Zeeman energy in a magnetic fi¢ldThe large  magnetodipolar transitions in Mpacetate which allowed us
single-ion anisotropy with an energy barrier of65 K is o reveal and explain a remarkable dependence of the line-
produced mainly by the axial ter®S; with D<0. The  shape on the magnetic history of the sample: i.e., field-
magnetizatiorM of the cluster is stabilized along the fourth- cooled(fc) and in contrast to zero-field-coolédfc) states.
orderC, symmetry axis. At low temperatures resonant tun-
neling through the energy barrier is possible if the energy II. EXPERIMENTAL RESULTS
levels on both sides coincidée:*

In the last years the structure of the energy levels of the A few dozen of Mn, acetate single crystals of typically
ground-state multiplet of Mg acetate and the parameters of 1—2 mm in size were aligned to a mosaic of about 0.5 mm
the effective spin Hamiltoniafl) were studied by electron- thickness and X7 mn? area such that th€, axes of the
paramagnetic-resonancéEPR) measurements® inelastic  crystals lay in the plane of the plate and were parallel to each
neutron  scattering, and  quasioptical magnetic Other (to an accuracy better tha®°). Using a frequency-
spectroscop}~12Currently much attention is devoted to the domain magnetic spectroscopy,* we studied the magnetic
shape and width of the absorption liné8F transitiony  absorption by measuring the optical transmission coefficient
which may provide a deeper understanding of the mecha the frequency range from 8 to 18 crh The experiments
nisms of quantum tunneling in real crystals of molecularwere performed at temperatufe=2.33 K in a magnetic
magnets. The Gaussian lineshape found at zero'fildi-  field H up to 7 T which was oriented perpendicular to the
rectly indicates an inhomogeneous character of the linenagnetic-field vectoh of the radiation propagatingvith the
broadening due to a distribution of intracrystalline interac-wave vectorq) along they direction (Voigt geometry:h|x,
tions, in particular, magnetodipolar and crystal fields. De-qy, H|Z|C.).
tailed EPR investigatiodd®of various contributions to the ~ The two transmission spectra plotted in Fig. 1 show the
line broadeningdistribution of the crystal fieldsy factors, |=10)—|=+9) transition measured dt=2.33 K with no ex-
dipolar fields revealed an important role of the CF distribu- ternal field presentd =0; note that this corresponds to a real
tion coming from local strains[ strain. In addition, the zero-field EPR experiment. In one cas®nmagnetized, zfc
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FIG. 1. Magnetic absorption due to the 10)—|+9) crystal-

field transition in the transmission coefficient specttats of Mn;, FIG. 2. Absorption of thd¢*10)—|*9) crystal-field transition

acetate single crystals measured Tat 2.33 K without external in Mn,, acetate single crystals @t=2.33 K measured by transmis-

magnetic field. In the first casefc) the sample is cooled down sion at different magnetic fields. The lines represent the calculations

without applied magnetic field, in the second césgthe sample is  using a single Gaussian term and an effective susceptibility.

cooled in a field of 1 T which was subsequently switched off. The

solids lines represent the calculations using a single Gaussian line

and an effective susceptibility as described in the text. The dashed Xxx,yy( v)=x, (V)=x110R+10(V) F x_10R_1o(v), (39

lines show calculations with three Gaussians corresponding to the

most populated isomers with distorted CF which arise from the Xxy(¥) == xyx(V) =1V x4 10R 1 1d( V) v 10
random distribution of the acetic acids; the parameters are given in
the text. —X-10R-10(V)/v_10],  (3b)

wherehv_ ;;=E+g—E+ 9= hvgoi gugH, are the transition
state the sample is cooled down without applied magneticfrequencies between the corresponding states on 6neof
field, in the second cas@nagnetized, fc statethe crystals another () side of an anisotropy barrier. Herev),=
are cooled from 20 K in a field of 1 Tparallel toC,) which - 19D+ D,(10°+9?)] is the zero-field energy ang. 1o
was subsequently switched off. In fc crystals the resonance: 2N(gug(10S,|9))%(p+ 10— p-o)/hv. 1o are the contribu-
frequency is shifted up by 0.1 cm and the lineshape is tions to the magnetic susceptibility due to the corresponding
significantly asymmetric, with the slope smoother on the lefttransitions N is the particle density, angl, is the population
(low-frequency side. Applying a magnetic field parallel to of the energy level&,, which are given by the Boltzmann
the C, axis of the fc crystals increases the transition fre-factor p,,=exp{—En/kgT}/=exp{—E,/kgT} in an equilibrium
qguency as displayed in Fig. 2; the lineshape remains asynstate.

metric similar to theH=0 case. The lineshape functionB. ;o(¥)=Ry(») may be either
Lorentzian,
Ill. ANALYSIS v2
L . Rn(v)=—5——F——, (4)
For a quantitative description of the spectra we have to v~ votivAwg,

consider the radiation propagating aloggaxis through a
transversely magnetized mediurh|k,€|z), whose optical
response is determined by an effective magnetic "oy — 2
perfneab”it);g ! y v gnet RI(v)=(7I8)Y2(vla ) [ exp|— (v—vy) 2202}

or Gaussiaht with the imaginary part

+exp{— (v+ v 2207}, (52)
Prefi( V) = s 1) = ey (0) oy )] pry (V) (2)  and the real one determined via the Kramers-Kronig relation
, »v1Rp(v1)
and thus depends on both diagonal and off-diagonal compo- Rm(v)=(2/m) | —5———dv;. (5b)
0 vi—v

nents of the magnetic permeability;;(v) where the latter

are sensitive to the magnetic state of the sanffgler zfc). However, we cannot exclude more complicated lineshapes
The magnetic susceptibility;.(v) is related to the perme- related to a superposition of several CF transitions due to
ability via wi(v) = &;+ 47 xi(v) with the Kronecker sym-  different isomers in real crystdfs®®?’ (see subsequent sec-
bol &;;. For low temperatures only transitions from the tion).

ground state to the first excited state10)—|=9) contrib- In a nonmagnetized state, when the population is the same
ute to the susceptibility on both sides of the barriefp, g~p_19, and the off-
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diagonal components of the susceptibility vanighy () 0.6 e E s e —
=0, the effective permeability is given by [

BEAV)= (V) =1+ Ay, (v), (6)

where the diagonal susceptibility compongnt(v) is deter-
mined by Eq. (38 for xi10=x-10=x1J2 and Rijo
=R_1o. In a magnetized statep( 1p~1,0_19~0)

4y, (V[1+4mx, (v)(1—v%13)]

per(v) =1+

1+4myx, (v)
-~ 4y, (v) 7) 96 9.8 100 102 104
1+4mx, (v)’ Frequency (cm™)
whereyx, (v) = x+10R+10(?). ForH=0 the functionsy, (v) FIG. 3. Magnetic absorption specttd at zero magnetic field

in Egs. (6) and (7) coincide and the difference between zfc (1 =0) for the field-cooledfc) state of Mn, acetate. The calcula-
and fc permeability is mainly determined by the denominatotion compare Gaussian with Lorentzian lineshapes of|th&0)
1+4myx, (v) in Eq. (7). —|=9) crystal-field transition.

As shown in Fig. 1 by the solid lines, we can nicely fit our
experimental results for both the fc and zfc states by usin
the expressions for the transmission coefficient of a plan
parallel layef® and a Gaussian lineshape enteringRar( v)
in x, (v). The main parameters, the CF resonance frequen

V20_=110.002 cm?, the Gaussian linewidtho;p=0.095  gigy rhecf! Qualitatively the findings can be understood in
cm™ = [corresponding full W'dt? at half maximutFWHM)  he following manner. An inhomogeneously broadened line
Aviy=2y2In207;~0.224 cm 7], and the contribution 10  ¢can pe represented as a superposition @fnite or infinite)

the permeabilityA 110=47x10=0.076, were found by fit- number of homogeneous, i.e., Lorentzian, narrow lines
ting only the zfc daté” The calculated spectra reproduce (modes. For the zfc state they can be considered as indepen-
both, the upward shift of the resonance frequency and thgent, while in the fc state the modes are coupled via the
asymmetry of the lineshape in the fc state. The increase Cﬁondiagonal,uxyyyx components resulting in a shift of the
the resonant frequency from the valug, in zfc state ©0  superposing modes, which is not carried out uniformly: the
approximatelyv,ov(1+ Aug) in the fc state is mainly due low-frequency part of the superposed lifleft side shifts

to the change of the effective permeability since the off-less than the high-frequency pérght side. A redistribution
diagonal term of the susceptibility becomes significant. Aof the spectral weight is directly coupled to the shift of the
slight renormalization of the resonance frequertty;, modes. .It can be cor}sidered as a dynamic. interaction of the
=hvyo+gush|M, in the fc state is caused by the weak COMPOSing modes via a magnetized media which changes
internal dipolar magnetic field; from our fit we obtain their frequency positions and intensities which cause the
\|M o~ 265 Oe(i.e., guph|Mo~0.024 cm ), whereM,, is gsymm(—;-tncal .Shlft gf the spectral _welght o_f Fhe integrated
the magnetization. Strictly speaking, also the transverse irline. Ad.lrect smulauon of the to'gal line by af_|n|te number of
ternal dipolar fields~\ , AM, may become important when Lorentzian oscillations has g:onflrmed this plcf[un'a.

the magnetization deviates from the easy axis during oscilla- Our approach also explains the asymmetric lineshape for
tions; in general, this effect could lead to a renormalizationfinite magnetic fields, as demonstrated in Fig. 2 where the
of wer(v). However, our simulations show that this effect is solid Imes_correspond to calculations usigg 1.93 and.th.e

not relevant in our case. The above statement concerning trforementioned parameters. The less perfect description of
shift of the resonance frequency in the fc state is true both fofh€ line atH=1.8 T as compare to the oneldt=0.9 T can
Lorentzian and Gaussian lineshape. For the change of tHee explained by distortions of the spectrum due to standing
shape, however, it is essential that the lines are inhomogeévaves in the cryostat. The high-field spectra are more sus-
neous by broadened and have to be described by GaussigfPtible to the alignment.

lines.

In Fig. 3 the imaginary part of the permeability spectrum
rei(v) (which describes the magnetic absorpyiam the fc
state is calculated assuming a Gaussian and a Lorentzian There are several contributions to the inhomogeneous
lineshapeR,,(v). It is clearly seen that the line becomes broadening of the CF transitions related to the random dis-
asymmetric only in the case of the Gaussian lineshape whilgibution of magnetodipolar fieldsH®?),*4-1622hyperfine
for the Lorentzian case it remains symmetric. This importanfields (H™P),*1%??tilting of the easy axis of a single Mp
result is connected to the fact that for a Lorentzian lineshapacetate molecule from theaxis!’ local variations of the CF
Rm(?) in Eq. (7) only the resonant frequency and the contri- parameters[ straing,*>*¢18etc. By adding the correspond-
bution (“strength”) are renormalized, while the overall fre- ing amendments into the Hamiltonidh), the frequency of

%uency dependence ofe(v) remains unchanged, i.e.,
€l orentzian. It can be easily checked by a direct substitution
of x, (v)=x+10R+10(¥) in EQ. (7). In the case of inhomo-
Cé’eneously broadenedGaussian lines, their shape is

IV. DISCUSSION
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the| +m)—|+(m—1)) CF transitions (=1, ...,9,10) can was showA’ that a disorder of the acetic acids during the
be expressed as.n,=v.m+Av2) . Herehv.,=—(2m crystallization induces different CF distortions at the ¥In
—1)[D+Dy(m?+ (m— 1)72)]tg,z[BH§ﬁcose correspond to  10Ns positions; as a result six different isomers can be found.
the unperturbed frequencies determined by the CF splitting "€ €stimated CF parameteli¥n) for the most populated
and projection of the effective fie|d19ﬁ=H+Hdip+ thp, Isomers are—0.769 K, —0.778 K and —0.788 K for n
which is parallel to the crystallographicaxis, onto the local =12, and 3, respectivefy. The relative differencefD(2)
easy axigz) of a molecule which is weakly tilted from the ~ —D(1)|/D(2)=0.0115 and|D(3)—D(2)|/D(2)=0.0128
axis by the angled. The termsA 2« (HSsing)? are the ~ agree very well with the width of the CF distribution ob-
second-order perturbation-theory contributions due to comtained from the linewidth. - o

energy shifts by hAv(f{O:[g,uBHEffsin g1[10/(h v, 1) lation of the observed fc and zfc spectra by three narrower
Cc

—19/(2hv.4)]. G_aussians Iines,.corresponding to the three isomers With. the
An asymmetrical EPR lineshape of Mracetate magne- 9IVen concentrations. The results shown by 'ghe dashed lines

todipolar transitions was reported by Hgt al'® and was " Fig- 1 demonstrate an excellent description of the total

explained subsequentfby random distributions not only of lineshape and its weak sensitivity to details of the distribu-

the D parameter of the crystal field but also of the easy-axiéion' The 7r1esonance frequencies  9.9014, 9'99,88’ and
orientation. In this case, however, the asymmetry shouldt0-0954 cm ™ of the superposed modes were taken in accor-

practically vanish in zero external magnetic field and ford@nce to the variations of the axial CF parameters in the
typical internal dipolar fieldHP~300-500 Oe and stan- Corfesponding isomerS; their linewidths o1o(n)~0.045
dard deviationo,=6°—10° which obviously is in contrast CM ~ Were taken equal. The broadening of the contributing
to our present observatioA%Hence, the observed asymme- Modes could be due to additional CF distributions caused by
try of the lineshape cannot be connected with the distributioffislocations,” hyperfine fields;" or inhomogeneous magne-
of the easy axis but rather is determined by a distribution ofodipolar f|elds. ) 27 , , )

the zero-field resonance frequencies combined with a contri- According to Comiaet al™ the CF distortions in the
bution of off-diagonal components of the magnetic susceptiViN12 acetate isomers are accompamgd b%’ the appearance of
bility to the effective magnetic permeability. It should be & Second-order transverse CF teE(S, —S)) which is re-
noted that the experimental measurement geom@fojgt spon_slble for the tunnel s_phttlng and the increase of the re-
configuration is of crucial importancé! Since regular EPR laxation rate. The correlation betweBrandE terms opens a
experiments are performed at fixed frequencies as a functiopSsibility to observe an inhomogeneous relaxation of the
of applied magnetic field—in contrast to our experimentsSPectra inside the !lne_ in a Iong_—llvmg nonequilibrium state
which are conducted at fixeinite or zerg magnetic field as ~ created by magnetic-field inversidh.

a function of frequency—the smaller slope is found on the

right (high-field side relative to the resonance field as

reportedt® V. CONCLUSION

Assuming that the random magnetodipolar, hyperfine, and In summary. using hiah-frequency maanetic spectrosco
CF fields are independent and Gaussian distributed with a Y, ghg d y mag P Py

. . i h we discovered a dependence of the frequency and lineshape
standard deylatlon§, res pect|vetydp, o, andop, the of the magnetodipolar transitions in Nnacetate on the
totazl zGaudsisgin ILneVZ‘”dth can bze expressed a%, magnetic history of the sample. Zero-field-cooled samples
=9°ug[ (0" "+ (o) °+ (2m—1) o ]. According to cal-  ghoy a symmetrical Gaussian lineshape of$kel0 ground
culations of Parket al** o{{"~220 Oe(the corresponding muitiplet transition| = 10)—|+9). If the sample was previ-
FWHM is of 520 Og¢ in the demagnetized state of the Mn  ously cooled in magnetic field, the line becomes asymmetric
acetate. The hyperfine standard deviation is of the same ognd shifts up in frequency by about 0.1 theven forH
der, o[}P=50-70 Oe(the FWHM is of 120-160 O€"'® 0. The linewidth in the both cases remains, practically, the
However, their total contribution to the linewidth, same. These observations are explained by an inhomoge-
~0.02 cm*, is much less then the observed valug,  neous(Gaussian distribution of the resonant frequencies
~0.1 cm ! which basically does not depend on the mag-with equal fc and zfc widths, taking into account the effec-
netic state(fc or zfc), too. This implies that the main contri- tive susceptibility of the transversely magnetized medium
bution to the observed linewidth comes from the dispersiorwhich includes off-diagonal components and the internal
of the crystal fieldop with the dependence on the state num-magnetic field. The both factors play a key role and allow us
ber m observed in Ref. 16. Taking into account thal/v,,  to explain the observations qualitatively as a result of a re-
=o0p/(D+181D,)~0p /D, we obtainop~0.01D which is  distribution of the interacting modes superposed in the total
half the value estimated by Hiét al® inhomogeneously broadened line which occurs dynamically

Above we have considered the simplest Gaussian type ofia magnetic medid.e., via different components of its sus-
inhomogeneous broadening. In real crystals the character akptibility depending on the magnetic statéVe quantita-
the broadening can be more complicated due to existence ti’ely describe the absorption seen in the transmission spec-
various defects, such as dislocatithas well as different tra for both H=0 and H#0 and determined the main
isomer forms within the same single crystaf® Recently it ~ characteristics of interactions in the system.
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