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Excited-state X-band EPR in a molecular cluster nanomagnet
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The X-band excited-state electron paramagnetic resondRB) spectra of Mp,-acetate nanomagnet crys-
tals has been measured. Three lines belonging tontke- 10 transition atH-=600G and to them
=0+ —1 andm= -2+ —1 high-field transitions at 7800 and 9200 G, respectively, were detected below 50
K in agreement with the energy level scheme obtained from high-field EPR. The lines are rathefTbrisad.
shorter than 30 ns arif, T,<10 152 Similarly broad excited-state EPR spectra were also observed if8a Fe
single crystal.
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It is by now well establishelef that the Mn-acetatéspin  nary parts of the ac magnetic susceptibifithetween 8 and
cluster nanomagne{the complete chemical formula is 20 K showed a much higher activation energy= 160K
[ Mn;,0;(CHsCO0);4(H,0),4] - 2CH,COOH-4H,0) offers  and a much smaller prefacteg=10"°s.
the possibility to study the transition from simple molecular The most direct way of testing the spin dynamics of
paramagnetism to bulk ferromagnetism. The magnetic propMn;-acetate is the measurement of the electron spin-spin
erties of the cluster can be described by a single microscopicl,) and spin-lattice T;) relaxation times or the electron
degree of freedom, i.e., its total spg* 10. At low tempera- paramagnetic resonance linewidth using pulsed or cw EPR.
tures the molecular spin magnetization can coherently tunnddue to experimental limitationge.g., serious phase distor-
through the Ising-type magnetic anisotropy barrier betweetions of the signa| the determination of the relaxation times
the two opposite directions corresponding to two equivalenvia the measurement of the EPR linewidths in recent high-
potential wells. The spin energy levels of Mracetate have field cw EPR experiment$ was found to be rather unreli-
been extensively studied in recent years by ac magnetiZatiomble. These phase distortions are absent inxend EPR
studies, high-field electron paramagnetic resonaf®®RR  (~10 GH2. But so far it has been considered that because of
(Refs. 5 and § and inelastic neutron diffractiérmeasure- its large magnetic anisotropy Mpacetate is EPR silent in
ments. the X band®® This is so as the first EPR experiments in

However, to the best of our knowledge, there has been shln;,-acetate failed to yield arX-band EPR spectrum at
far no report of any data on the direct measurements of theoom temperature. We show in this paper that,Mmcetate
electronic spin relaxation behavior. The study of spin dy-is not EPR silent in th& band and that valuable information
namics in Mn,-acetate has so far almost exclusively beenabout the spin dynamics of Mpacetate can be obtained
conducted with ac-susceptibility measureméritswhich ~ from the excited-statX-band EPR at low temperatures.
probe the overall dynamics of the entire magnetic cluster We studied theX-band EPR of Mg,-acetate single crys-
magnetization and not any particular spin state. In these adals in the excited states close to the top of the energy barrier.
susceptibility measurements, it has been found that the cofFhe range of temperatures covered was between 50 and 4 K.
relation time for reorientation of the cluster magnetization isThe splitting of the Mr,-acetate spin cluster excited states in
surprisingly long at low temperatures obeying the Arheniusan external magnetic field is shown in Fig. 1. It can be seen
law 7= 75 expEa/KkT) with an activation energf,=64K  that in theX band (¥, =9.7 GHz) at around 600 G there
and 7,~10 ’s. At low temperatures the magnetization of should be a low-field allowedm= *1 transition between
the entire spin cluster tunnels through the magnetic anisothe thermally populateth=—1 andm=0 levels[we assign
ropy barrier instead of climbing over the barrier as evidencedhis as the low-fieldLF) transition. The same two levels are
from the magnetic field dependence of the relaxation timeagain split by the same amount at a magnetic field of about
7(H), which shows narrow minima whenever the spin en-7900 G, but this time with then=—1 level being higher in
ergy levelsg,, and E, in the two nonequivalent potential energy(HF1 transition. Still another transition, which also
wells match. Hernandeet all° assumed that tunneling is falls into ourX-band EPR observation window, is the lower
driven by a transverse field alone, while Fettal!! sug- transition betweerm=-1 and m=-2 (HF2 transition,
gested that a fourth-order terh, pianeiS NECESSary to repro- which is predicted to occur around 9000 G. We have ob-
duce the experimental temperature dependence of the relagerved all three transitions and studied their linewidths as a
ation time 7. While the overall behavior of the cluster function of temperature and crystal orientation.
dynamics at low temperatures is by now relatively well un-  Black needlelike Mp,-acetate single crystals prepared by
derstood, the details of the electronic spin relaxation are fathe standard procedifravere selected and glued together
from being completely clear. For instance, in Mhacetate a  with their long (c axeg parallel to each other, simulating a
recent measurement of the dispersion of the real and imagguasisingle crystal. The axis is the four-fold axis of this
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FIG. 1. Part of the energy level diagram of a hacetate §
=10) cluster as a function of the external magnetic f{&d. (1)].
The arrows indicate thAm= *1 transitions that could be observed FIG. 2. (a) X-band excited-state ESR spectra of Macetate for
already in theX-band ESR experiment fdilic. For the calculation  Hjic at T=16 K. (b) X-band excited-state ESR spectra of &8Fe
of the energy level scheme, we have used the parameters of Barghgle crystal atT=50K. A weak peak at 1.8 kG seen in
et al. (Ref. 6. Mn,-acetate comes from the €rsignal of our dielectric resonator.

material, which has an overall tetragonal symmétAbout  gptainedD =0.397 cm® andB=4.2x 10~ * cm~L, which is

30 ;ingle crystals were needed in order to detect the.weailﬁ good agreement with previously published restifithe
excited-state EPR signals at low temperatures. The estimatefrier evaluated from

error in the misorientation of the crystals within the bunch
was smaller than 10°. After the single crystals were glued Ho=—DS2—BS,—gugH cosdS, (1)
together, they were sealed under vacuum in order to avoid
further degradation of the sample with aging. All the EPRis here about 64 K. Heré s the angle between the magnetic
measurements were made with a Bruker E 580 spectrometéield and the direction of the easy axis.
(which could be run in the pulsed as well as in the cw re- The center of the LF line is at 582 G &t=30K, while
gime) equipped with an Oxford cryogenics liquid-helium the those of the HF1 and HF2 transition lines were found at
cryostat. Temperature stability was better thad.1 K. 7807 and 9360 G, respectively. Ascribing the lines LF1,

At room temperature Mp-acetate exhibits only a weak
broad peak around~2, which we ascribe to the degraded 6 — T T T
part of the sample. The same line was observed also in high E
field EPR experiment$ and will not be discussed further. E i i
The glue had no EPR signal as checked in an independer
measurement. On cooling the sample below 50 K, three new E
lines emerged foHIIc at about 600, 7500, and 9200[6ig. —~o04
2(a)]. These three lines were assigned as the LF, HF1, HFZ& i
lines, respectively, as shown in Fig. 1. Itis interesting to note S
that similar excited-state single-crystélband EPR spectra £
were also observed at 50 K in tt&=10 octanuclear iron &
molecular cluster R®) [Fig. 2(b)], which also has a spin  §o2
ground stateS=10 and an Ising-type magnetic anisotropy
similar to the one in Mp-acetate-**°

A strong argument for assigning the observed signals ta
excited-stateX-band EPR transitions is the temperature de-
pendence of their intensities. For all three lines we observe ¢ 0-00
broad intensity maximum around 22 K. Below this tempera-
ture the signal rapidly decreases with decreasing tempera-
ture. Such a behavior is characteristic for signals from an g 3. Temperature dependence of the intensity of the LF
excited state. The intensity of te= — 10 transition fol-  eycited-state ESR line in thé band in a Mn,-acetate quasisingle
lows the 1T temperature dependence of the electronic SUScrystal showing a broad maximum around 22 K. The solid line
ceptibility at high temperatures, but at low temperatures itepresents the calculated temperature dependence of the ESR inten-
obeys a thermally activated behavior. Fitting the temperatureity of the m=—1-0 transition usingD=0.397 cm* and B
dependence of the intensity of the LF linetdtc (Fig. 3), we  =4.2x10 *cm %
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FIG. 4. (a) HF1 and HF2X-band ESR spectra as a function of Temperature (K)

the orientatiornd of the pseudocrystal in the external magnetic field
and(b) the angular ) dependence of the positions of the HF1 and
HF2 ESR lines.

HF1, and HF2 to the transition@ig. 1) betweenm=—1 measurements However, no free induction decd¥ID) or
andm=0, m=0, andm=—1 andm=—2 andm=—1, re- SPin echo was observed on a Bruker pulsed E B&fand
spectively, we calculateB from the position of the line, i.e., EPR spectrometer operating at 9.7 GHz. This means that the
hv=Ey,—E_,. The calculated values @=0.39cm* and  UPper limit for theT, as well as for the spin memory time
B=5.5x10"4cm ! provide additional support to the assign- Tw iS about 30-50 ns, i.e., so short that the free induction
ment of the observed lines to the excited-state EPR signafiecay and spin echo decay are already within the dead time
The calculated parameters are in satisfactory agreement wiff Our spectrometer. _ _ _
the ones obtained from the temperature dependence of the We also attempted to measure the spin-lattice relaxation
intensity. time T, using the cw signal saturation method. It was found

The assignment of the observed spectra to excited-statBat even with microwave powers up Bo=200 mW the sig-
ESR lines is fully consistent with the strong angular depenhals still increased a®'? and thus spin-lattice relaxation
dence of the peak positions. Figuré@yshows a part of the times could not be determined. Since the intensity maximum
observed angular dependence. The signals are clearly presésitexpected aty’HiT,T,=1, this demonstrates that,T,
when the external magnetic field is parallel to the crystal <10 <A
axis, i.e., the axis of the uniaxial magnetic anisotropy, but are There are several possible origins for the rather large
not found in our observation window when the magneticwidth of the observed excited-state ESR lines: homogeneous
field is applied perpendicularly to theaxis. As can be seen broadening due to electron dipole-dipole interactions or spin-
from Fig. 4a), the high-field lines, present &=0, quickly ~ phonon interactions and inhomogeneous broadening due to
disappear from thé&-band observation window agis in-  anisotropic hyperfine interactions with the Mn nuclei,
creased. The observed angular dependence of the positiogigactor anisotropy broadening, misorientation of the crys-
of two high-field lines agreegig. 4(b)] rather well with the  tals, or distribution of demagnetizing fields. Let us now
angular dependence predicted on the basis of the previousfualitatively discuss these possibilities point by point.
determined magnetic anisotropy parametés: 0.39 cml If the observed lines would be homogeneously broadened
andB=7.6x10 4cm™ L. due to electron-electron dipolar interactions, thdnp

The temperature dependence of the peak-to-peak width of 1/myAH ;. If the total linewidth were due to dipolar
the LF and HF2 lines is shown in Fig. 5. For the HF2 line thebroadening then the linewidth gives ug aof 0.1 ns and the
width increases from-0.5 kG at 4 K tomore than 0.9 kG at bound onT;T,<10 '°s’> would give aT,; shorter than
55 K. The temperature dependence is not smooth, and a ned® ° s consistent with the NMR results. If on the other hand
saturation is seen around 25 K which is followed by a secondhe homogeneous broadening were due to spin-phonon inter-
increase of the width at higher temperatures. The width ofctions, theriT,~T,;~0.1ns. This is much shorter than the
the LF line, on the other hand, rapidly increases with increasvalue of the electronic spin-lattice relaxation tinig,
ing temperature from 0.38 kG between 4 and 20 K and ther= 10" ’'s derived from the proton NMR, datal® To check
saturates at a value0.5 kG. on that we performed an estimate of the maximum dipolar

Spin dynamics could be in principle most directly probedlinewidths from the known crystal and electronic structure of
by measuring the spin-spiril§) or spin-lattice ;) relax-  Mnj,-acetate. It should be remembered that the Mitetate
ation times. We have tried to measure the relaxation timespin cluster contains four Mh (S=3/2) and eight MH (S
using pulsed EPR techniqud$wo-pulse-echo decay se- =2) paramagnetic ions and that tBe=10 ground state is

quence forT, and inversion recovery pulse sequenceTor the result of competing antiferromagnetic Mvn'',

FIG. 5. Temperature dependence of the peak-to-peak ESR line-
widths (a) LF line and(b) HF line.
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Mn"V-Mn", and MA"-Mn'"" pair interactions between these F&8) hyperfine interactions are abséRtg. 2). This is due to

12 ions. The resulting width is of the order of?I® and is  the fact that neither Fe nor oxygen nuclei have a sufficiently
somewhat smaller than the observed width. We can therefol@rge fraction of magnetic isotopes in natural abundance.
conclude that a rather significant contribution to the line- In summary, we have detected and analyzed the excited-
width is of electronic dipolar origin, i.e., of homogeneous stateX-band EPR spectra in Mpacetate. In the range be-
nature. This agrees with the fact that no spin-echo signalween 60 and 4 K, three lines Hi-~ 600, 7800, and 9200 G
could be observed and that the lines could not be saturateglere observed, with center positions in accordance with the
even at rather high microwave powers. This contributionenergy scheme obtained in high-field EPR experiments. The
should be exchange narrowed at low temperatures, thus egngular variation of the line positions and the temperature
plaining a part of the observed temperature dependence @pendence of the line intensities confirm their assignments
the linewidth. _ to the respective transitions. The cw linewidths vary between
. Anothgr contribution is due to mhomogenepus broadenzog and 1000 G, and are strongly temperature dependent.
ing. The inhomogeneous part of the broadening should bgrom the saturation behavior and the absence of the electron
responsible for the fact that the high-field lines are broadegpin echo or FID, one finds that the electrofigis shorter
than the low-field lines. This can be due defactor anisot- 1214 30 ns and thal,T,<10 15 A significant source of
ropy or distribution of demag_netizing fields QUe toa distri- jine broadening is of homogeneous nature and due to
bution of crystal shapes. This last contribution is not onlygjectron-electron dipolar interactions. The inhomogeneous
field, but also temperature dependent, as it is proportional t@qntribution to the line broadening seems to be due to the

the sample magnetization. Each of this contributions can bisyipution of demagnetizing fields as a result of the distri-
estimated to be of the order of at least 100 G. Additionaly tion of crystal shapes as well gdactor anisotropy.

support for the absence of the hyperfine interactions as a

source of line broadening in Mpacetate is obtained from

the fact that in this temperature range the EPR linewidths of The authors would like to thank the Ministry of Science
Mn;,-acetate and K8) are almost identical even though in and Technology of Slovenia for financial support.
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