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Accurate heat capacities of the single-molecule magnet; ®n(O,CEt)¢(H-0)s] were measured from 0.3 to

311 K by adiabatic calorimetry without an external magnetic field. Heat-capacity anomalies were separated by
assuming several contributions including lattice vibration, magnetic anisotropy, and hyperfine splitting. Among
them, a tiny thermal anomaly between &K is attributable to the presence of Jatifeller isomers. The heat
capacities of the polycrystalline sample were also measured with applied magnetic fields foohT0in the

2—20 K temperature region by the relaxation method. With an applied magnetic field of up to 2 T, a steplike
heat-capacity anomaly was observed around the blocking tempeTater®.5 K. The magnitude of the anomaly
reached a maximum at 0.7 T. With a further increase in the magnetic field, the step was decreasing, and finally
it disappeared above 3 T. The stepratunder 0.7 T can be roughly accounted for by assuming that a conversion
between the up-spin and down-spin states is allowed abgby phonon-assisted quantum tunneling, while it is

less effective belows. Excess heat capacity under a magnetic field revealed a large heat-capacity hump around
14 K and 2 T, which would be attributed to a thermal excitation from3ke9 ground state to the spin manifold

with different S values, whereis the total spin quantum number.

Introduction The Mny cluster complex [MpO;12(O.CMe)6(H20)4]-
. . . 2MeCQH-H0 (hereafter MpAc), which was first synthesized
Magnetic clusters having a large-spin ground state, such asy, | i jn 19808 is a representative single-molecule magnet.

Mna, and F@' have currently begn attracting many phy5|c|st The Mny; cluster comprises an inner cuban cluster containing
and chemists as a result of their unusual magnetic properties.¢,, - Mn(IV) ions (spin quantum numbed = %), which are
They are called smg!e-molecule magnets because they showjnieracted ferromagnetically, and an outer ring consisting of
hyst_e_reS|s of magnetization even in a S'“g"? cluster._ Th_ey aISOeight ferromagnetically interacted Mn(lll) ionS€ 2). Because
e|>|<h|b|t characte(jrlstlcs off.superpararlnagne.nlsm ’ Vr\]’h'Ch.'S USU~ the magnetic interaction between the inner cluster and the outer
a yencou_ntere in very fine magnetic part|c es. T €y give rise ring is antiferromagnetic, the resultant ferrimagnetic state is
to magnetic relaxation because of the interconversion betweeng;pii-ad at low temperatures, and the ground spin state
up- anpl down-spin states governed by a therma}lly activated pocomess = 109 This cluster is characterized by a strong
Arrhenius type OI r7elaxat|on and quantum tunneling of Mag- 1, netic anisotropy because of the Jameller distortions
netization (QTMY: arising from the eight Mn(lll) ions. Consequently, each Mn-
S — (In ion exhibits a single-ion zero-field splitting. However,
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perturbation including hyperfine, quartic, and rhombic zero- ment$§° showed that this complex has & 9 ground state
field splitting. WhenH' may be neglected, the spin energy levels with D/kg = —0.86 K andg = 1.95 and that it exhibits a well-

are derived as follows: defined hysteresis loop. The ac magnetic susceptibility of the
powder samp has two peaks in the imaginary component;
E =Dm2— qu.B =-S5 -S+1,...5—1, thus, two different relaxation processes are likely to exist,
™ M~ GueBM, (M, 9 @) corresponding to JahtTeller isomerg?8.30.32,33

Heat-capacity calorimetry is one of the powerful experimental
wherems is the spin magnetic quantum number. Under a zero methods to elucidate temperature-dependent magnetic behaviors

magnetic field, the 21-fold degenerated energy levels of the Of Single-molecule magnets. In this study, we measured heat
groundS = 10 spin state split into 10 doublets and 1 singlet. c@pacities of MmPr with a magnetic field of upot9 T to

WhenD is negative, thens = +£10 levels become the lowest-  confirm the anomalous spin ground state = 9 and the
energy state. This brings about an Ising-type anisotropy. Présence of JahfTeller isomers. We also obtained an interest-

Whenever the magnetic field fulfills the condition Bf= nD/ ing temperature and magnetic-field dependence of the heat

qus (n being an integer), two Zeeman splitting energy levels CaPacity.
belonging to differenims states coincide, and the QTM may
occurls14

Calorimetrid>=23 and magnet.14.17.18.2429 g dies hitherto The present complex was synthesized according to the method
done for S|ng|e_m0|ecu|e magnets fundamenta”y Support the reported elSeWher@.The elemental analytical result of the desolvated
validity of the QTM mechanism. However, such studies have ;?”;S'IEH'S4ai8f°|'\'/|°r:’V53;1A7’:3a'-F§§r']%q fcor gwﬁ;;.(ﬁskfslofm]@é 1%
mostly addressed MpAc and [FeO2(OH)ix(tacny]Brg-9H,0O ST L e T T P Ty SR L ey T oo
(tacnl triazacyclononane). TO[throvfl(mor)ézl(ight o)sr]1 thse mazlgnetic Accurate heat-capacity measurements of the sample without an

. f sinal | | furth dies deali external magnetic field were performed by the use of two adiabatic
properties of single-molecule magnets, further studies dealing cgorimeters: a very-low-temperature adiabatic calorimeter workable

Experimental Section

with other single-molecule magnets are desired. with a3He/He dilution refrigeratdt*in the 0.3-19 K temperature range

In the present work, we studied an analogous;Mituster and a low-temperature adiabatic calorimeter for small samples in the
complex [Mn2015(O.CEt)6(H20)s] (abbreviated as MnPr), 7—311 K temperature rangé For the former calorimeter, 1.046 60 g
which is obtained by treating MpAc with an excess of EtC(A of the polycrystalline sample was pressed to form a disk &i2 cm
in toluene3® X-ray structure analysi®of a solvated crystal Mix diameter and loaded into a gold-plated copper cell without any heat

Pr-4H,0 revealed that this complex crystallizes in the triclinic exchange medium. For the latter calorimeter, 0.808 65 g of the sample

space grourPi, which has lower symmetry than the tetragonal was put into a gold-plated copper cell and sealed with indium wire in
space groupzl of MnpAc® Only three HO molecules are 1 atm of a*He gas atmosphere to aid thermal equilibration. Buoyancy

ligated to peripheral Mn(lll) ions in the present Mrcluster, correction for the sample weights was made by assuming the density

diff ; h dinati £ f lecules | of 1.217 g cm3.%°
ifferent from the coordination of four 40 molecules in most The heat capacities of the complex under a magnetic field were

of the Mm, complexed:?.29.333 Magnetization measure-  measured with a commercial calorimeter based on the relaxation method
(Quantum Design, model PPMS 6000). A small part (1.7461 mg after
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1) ghﬁr;wtisréliéé_éoggéFI4%§IIou, R.; Gatteschi, D.; Sessoli, R.; Barbara, glued onto the calorimetric platform with a small amount of Apiezon
(15) Novak, M. A.; Sessoli, R.; Caneschi, A.; GatteschijDMagn. Magn. N grease. The heat-capacity measurements were carried out in the

Mater. 1995 146, 211. temperature region from 2 to 20 K and with applied magnetic fields
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(18) Nbvali/,sivl.i.; Gomaes, A M.: 'Rapp, R. B. Appl. Phys1998 83, the addenda were examin_ed_ by measuring the heat Capaci_ty of the

6943. addenda at various magnetic fields. However, no remarkable difference
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5659.
(20) Fominaya, F.; Villain, J.; Fournier, T.; Gandit, P.; Chaussy, J.; Fort, Results and Discussion
A.; Caneschi, APhys. Re. B 1999 59, 519.
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Figure 1. Molar heat capacities of MgPr obtained by adiabatic Figure 3. Molar heat capacities of MgPr at higher magnetic fields
calorimetry on (a) logarithmic and (b) linear scales. in (a) whole and (b) low-temperature regions. For the sake of clarity,
the origin of each isofield plot is located at intervals of (a) 203 K
T/ K mol~* and (b) 3 J K* mol2.
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\Q Figure 4. Heat-capacity difference between the data obtained under
O magnetic fieldCy(B) and those under a zero field,(0) at (<Tg, ®)
2.5 Kand ¢Tg, O) 5 K. The broken curve stands for the simulated
Schottky anomalyCsin at 5 K.
0
2

) . L . T. As the magnetic field is further increased, the heat-capacity
Figure 2. Molar heat capacities of MgPr at lower magnetic fields in ; .
(a) whole and (b) low-temperature regions. For the sake of clarity, the difference, and thus the steplike anomaly, becomes smaller, and
origin of each isofield plot is located at intervals of (a) 20 Knol~* it disappears above 3 T. The heat-capacity stéfzat 3.5 K
and (b) 3 J K* mol™. is attributable to a glass transition. Beldws, the conversion

3.5 K, corresponding to the blocking temperature. The blocking Petween up-spimgs = +S) and down-spinrfs = —9) states is
temperaturdz ~ 3.5 K is very close tds ~ 3 K reported for effectively blocked, and the heat capacity from equilibration
Mn1,Ac.132536To see a magnetic-field dependence of the heat between these Zeeman splitting leveis= +Sis diminished.
capacity, we plotted, in Figure 4, the heat-capacity difference In the case of MpAc single crystals, the thermal anomaly at
between the data obtained under magnetic fi&gl€y(B), and Tgs appeared explicitly at parallel magnetic fields= nD/gus
those under zero field>;(0), at 2.5 K (<Tg) and 5 K (> Tg). ~ 0.4n T, where the spin energy levels make crossing (which
The magnitude of the difference shows a maximum around 0.7 i5 called “phonon-assisted quantum tunnelirf§2221in the case
— — . of Mn1,Pr, we evaluated the level-crossing field toBbes 0.6
(36) 386e5sslozllli.R., Gatteschi, D.; Caneschi, A.; Novak, MNature 1993 T, assuming parameteBs= 9, Diks = —0.86 K, andy = 19530
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T 1 ‘ ' ' species seem to be too small in comparison to those estimated
— Gy from the ac magnetic susceptibility d&faThis might arise from
1] Copin(D)) . ; ; ;
R Co(Dy) & a crystal deformation because of a slight difference in the

synthesis condition or a slight dehydration from the cry&tal,
which would orient some Mn(lll) JaknTeller elongated axes
to diminish the moleculab value.

Generally, the heat capacity due to a hyperfine interaction
appears at very low temperatures, and their high-temperature
tails are well approximated By

 NNGKg() + 1) unttnBer)? 1
hf ™~ 3 \ | kB -I—2

(4)

- wheren is the total number of nuclei having the nuclear spin
o1 0.5 1 ’ N quantum numbel, N4 Avogadro’s numberkg the Boltzmann

T/K constant,u, the nuclear magneton number in the unit of a
Figure 5. Fitting results of molar heat capacities of MPr at a zero nuclear Bohr magnetonuf), and Bey the mean effective
magnetic field below 5 K. Thick-solid, dashed, dotted, dadbtted, magpnetic field acting on the nucleus. In the manganese nucleus,
and thin-solid curves indicate the Debye heat capacity, the spin level | — 5/, for 55Mn and the natural abundance ¥Mn is 100%.

heat capacities witld; and D,, the contribution from the hyperfine - - &

interaction, and the resultant heat capacity, respectively. Equation 4 can be rewritten by use of the zero-field resonance
frequencyv, of the nucleus as follows:

Actually, we observed the largest heat-capacity increase around

0.7 T (see Figure 4). _NNakg hv\21

C, may involve three different contributions: a lattice Cht ~ 3 I+ 1) E T2 ()

vibration Cia), @ Schottky anomaly arising from spin energy
where h is the Planck constant. By using the resonance

frequencies of thé5Mn nucleus (229.8 MHz for four Mn(IV)

levels Cspin), and a hyperfine interaction of Mn nucleCyj),
that is,
+ G (3) ions and 285.0 and 365.0 MHz for the respective four Mn(lll)

ions) observed in nuclear magnetic resonance spectro¥copy
At low temperaturesCis can be well approximated by the Of MniAc powder crystals at a zero magnetic I'f'd: we
Debye heat capacity with 3 degrees of freedom. The electron- €stimated the hyperfine contribution to 6g ~ 0.060T*J K
spin heat capacityCspin can be calculated from the energy mol~1. This estimation is a little bit larger than the experimental
scheme deduced by eq 1. The heat capacity due to the hyperfin&/alue of 0.042T2 J K mol. The slight difference would be

C,=Cw+C

spin

interaction of the Mn nucleCy; was actually observed in Mg attributed to the difference between the resonance frequencies
Ac.18231n the case of MiPr, Ciy is remarkably below 0.5 K. Of the ®Mn nucleus in MiazPr and in MnzAc.
In the analysis of the results b&t® K in azero magnetic field The remarkable step behavior aroufiglwas analyzed by

using eq 3, it was revealed that two kinds of spin clusters using the parameter set optimized for the zero-field results. As
characterized by differem values should be incorporated into ~ seen from eq 1, aboves, the Cspin term was easily evaluated
the model. This just corresponds to the Jafieller isomers by a thermal population over £+ 1)-fold spin energy levels
mentioned previously. A previous magnetic study o M0 under magnetic fields. On the other hand, a trick is required to
also revealed the existence of two different magnetic relaxations,evaluate nonequilibriunCspin values belowTs. We assumed
corresponding to two JahiTeller isomers. A similar observa-  that the conversion between up-spin and down-spin states is
tion was reported by Novak et #l.The best-fitting result is as completely forbidden so that it is allowed to make Boltzmann

follows: a Debye temperature for 3 degrees of freeddp= averaging separately for the up-spin and down-spin species,
30 K, two zero-field splitting parameters corresponding to 3Jahn ~ which have their owig-fold energy level schemes. In both cases,
Teller isomersDi/kg = —0.96 K andDa/ks = —0.19 K, the above and belovlg, the spin-level schemes were calculated

fraction of the second componept= 0.069, and a contribution by diagonalizing the spin Hamiltonian (eq 1) without the
from a hyperfine interaction 0.0422J K mol-L. These results ~ perturbation term, and the powder-average procedure was
are summarized graphically in Figure 5. We performed a similar adopted for the magnetic-field directi8hpecause the heat-
analysis assumin§= 10, but we obtained poorer results. This capacity data were obtained for the powder crystalline sample.
fact confirms that MpPr has indeed th& = 9 ground state.  In Figure 6,Cy(0 T) andC,(0.7 T) are plotted together with the
By applying the optimized parameteiS< 9, g = 1.95,Dy/ equilibrium Cspin (dashed curve) and nonequilibriu®gyin (dotted
ks = —0.96 K, Do/kg = —0.19 K, andf, = 0.069) to eq 1 curve). The difference between these two theoretical curves is
neglecting the perturbation term and also by adopting a powderShOWI’] by a thin solid curve. The sum of this difference and
average concerning the magnetic-field direction, we calculated Cp(0 T) is shown in Figure 6 by a thick solid curve for a
the Cspin(B) — Cspin(0) values &5 K as afunction of magnetic comparison withCy(0.7 T). A small disagreement betwe€p-
field and showed them in Figure 4 by a broken curve. The (0.7 T) aboveTg and the thick solid curve may be caused by
tendency of the magnetic-field dependence is quite similar the imperfect powder averaging for the pressed-pellet sample.
between the experimental and calculated values. This fact also

supports the validity of the present model. (37) Affronte, M.; Lasjaunias, J. C.; Cornia, A.; Caneschi,Phys. Re.
i = i B 1999 60, 1161.
The estimated Debye temperatui@ 3(1)5K 1S Vf;ry close (38) Goto, T.; Kubo, T.; Koshiba, T.; Fujii, Y.; Oyamada, A.; Arai, J.;
to the values reported previoustyp, = 36 K,1°38 K,!”and 41 Takeda, K.; Awaga, KPhysica B200Q 284—288, 1227.

K20 for Mni.Ac. The D value and the fraction of the minor  (39) Eden, M.; Levitt, M. HJ. Magn. Reson1998 132, 220.
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Dotted and dashed curves stand for the Schottky heat capacities

calculated from the energy scheme deduced by eq 1 B/i#h 0.7 T

when conversion between the up-spin and down-spin states may be

forbidden or allowed, respectively. The thin-solid curve implies the
difference between these two Schottky heat capacities. The thick-solid
curve is the sum of the heat capacity measutéiaand the Schottky
difference.

[Copin(B) ~ Cypin(0)] / TK ™ mol™

Figure 7. Three-dimensional plot of the difference between the
Schottky heat capacities arising from spin energy levels oStke9
ground state in MpPr with and without magnetic fields against
temperature and a magnetic field.

Finally, we shall discuss the temperature and magnetic-field
dependence of the heat capacity of R over wide temper-
ature and magnetic-field ranges. Figure 7 shows a three-

dimensional plot of the difference between the heat capacities

with and without a magnetic field, which are simulated by using
the parameters optimized for the zero-field data. The theoretical
value belowTg ~ 3.5 K is inappropriate, because conversion
between up-spin and down-spin states is blocked balgw o
compare the experimental heat capacities with the theoretica

ones, we simultaneously plotted the experimental and theoretica

heat-capacity differencesBt= 0.3, 0.7, 1, 2, ath 3 T in Figure

Miyazaki et al.
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Figure 8. Temperature dependence of the differences between the heat
capacities of MppPr with and without a magnetic field & = 0.3,

0.7, 1, 2, and 3 T. The solid curves show the simulated values at the
respective magnetic fields.

maximum at 2 T. Because the lattice heat capacity of magnetic
materials is scarcely affected by a magnetic field, the present
magnetic-field dependence of the heat capacity would be caused
by the magnetic-field effect on the spin-level heat capaCip
deduced from eq 1. The temperature dependence of the
experimental heat-capacity difference between 5 and 10 K is
similar to that of the theoretical one. This suggests that the heat-
capacity difference between 5 and 10 K should arise only from
the Schottky contribution of th8 = 9 ground state. However,
the observed thermal anomaly centered around 14 K does not
coincide with the theoretical value. This thermal anomaly would
be attributed to a thermal excitation from tie= 9 ground
state to the spin manifold with differe®values, presumably
S=100rS=8.

In summary, we measured heat capacities of polycrystalline
Mn12Pr not only with a zero magnetic field but also with an
applied magnetic field. Analysis of the very-low-temperature
heat capacities under a zero magnetic field confirmed the
presence of JahfTeller isomers. The heat capacities under a
magnetic field revealed that a steplike heat-capacity anomaly
appears arounts ~ 3.5 K. This steplike anomaly was explained
by assuming that the conversion between up-spin and down-
spin states is allowed abovis by phonon-assisted quantum
tunneling, while it is not allowed belowsg.
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anomaly is found arounds ~ 3.5 K, when the magnetic field
is less than 3 T. This anomaly has a maximum at 0.7 T, where

the level crossing takes place in the crystallites where the easy

axis is aligned parallel to the magnetic field. Interestingly, a
large heat-capacity hump was detected around 14 K with a
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