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Nonlinear magnetic susceptibility of molecular magnets: Tunneling of high-spin molecules
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The magnetic susceptibility of high-spin molecules Gr{#=15/2) and CrMg (S=27/2) has been mea-
sured at high frequend80 MH2), in a magnetic fieldup to 5 T), and at low temperatur@own to 18 mK.
A large decrease of the imaginary part of the susceptibility with increasing electromagnetic power is observed.
This nonlinear effect is attributed to tunneling of the high-spin molecules between the two| st&jesf the
ground doublet across the anisotropy-energy barrier.
[S0163-18297)04626-3

Tunneling of large spins has been treated theoretically foshift of the resonance frequency and the imaginary part
a long time. It has been shown that such spins, if they have @y”) is proportional to the line broadening. The relative
strong anisotropy energy, can be reversed along their anisotariations ofy’andx” are determined with a good precision,
ropy axis' Symmetry conditions other than the axial one but because of the difficulty to evaluate the filling factor of
have been also consider%d\ccording to all these results, the resonator, there is an uncertainty on the absolute value of
the tunneling rate decreases quite quickly with the magnitudg’ and x” of about 20%. To ensure a good thermalization
of the quantum numbe8. Experimentally, some measure- and to avoid any motion of the powder grains, these ones are
ments of magnetic susceptibility and relaxation times at lonembedded in a nonmagnetic grease. The orientation of each
temperature have been explained by macroscopic tunnelingf the different powder grains is random. The low tempera-
of magnetizatior’:* Tunneling of large spins has been ob- ture is obtained with a HeHe* dilution refrigerator. A su-
served in glasses doped with rare-earth ibhdvlore re-  perconducting coil provides the static magnetic figdelled
cently, steps have been observed in the hysteresis loop of thg, in the following), up to 5 T and orthogonal to the ac
magnetization of materials containing high-spin molectfés, magnetic fieldB,. To avoid sample heating, measurements
and tunneling of these high spin§+£10) can explain this are performed with short electromagnetic pulses. The repeti-
effect. In this paper, we report on the observation of a nontion rate of these pulses is chosen in the range 0.001-10 Hz,
linear magnetic susceptibility of materials containing high-depending on the power of the pulses. The duration of the
spin molecules: A large decrease of the imaginary part of theulses is long enough to reach the steady state of the system.
magnetic susceptibility with increasing amplitude of the os- Figure 1 shows the real and imaginary parts of the mag-
cillating magnetic field at high frequency and very low tem- netic susceptibility of CrNj measured at 18 mK as a func-
perature is observed. This is a direct evidence for the exision of the external magnetic fiel8, (the resonator fre-
tence of tunneling. guency is around 680 MHzThe real part of the magnetic

With intent to make molecular magnets, chemists can obsusceptibility ') increases withB,, up to By=B
tain magnetic molecules which behave like high sgifar
example, Mp,Ac is a manganese cluster of sy 10. The 0.07
steps in the hysteresis loop above-mentidiiedave been :
obtained in such molecules. Here we are interested in anothe 2'0.06f g% = =
kind of molecules: GRg (where R holds for Mn or Nj. ) ;
These molecules have been very recently synthesfzEd.
From static-magnetization measurements at low temperature
it has been shown that the fundamental states \Beré&5/2
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for CrNig and S=27/2 for CrMn.*%! We have measured 0.03r ¢,

the magnetic susceptibility of these compounds at high fre- &, o> i b .

guency (¥~680 MH2) and low temperaturé¢1l8 mK). The L o o

samples studied are powddred for CrNi and yellow for 0.01¢ °

CrMng). The oscillating field is obtained from a split-ring b e,
resonator? which provides a good separation between the ‘O%.o 01 02 03 04 05 06 07 08 09 1.0
region submitted to an ac magnetic fiéhkre called;) and B (Tesla)

the one submitted to an ac electric field. The powder is

placed at the center of the ring, where the ac magnetic field FiG. 1. Real and imaginary parts of the magnetic susceptibility
B, is the most homogeneous. The magnetic susceptibility i8f CrNig (in mks unit at 680 MHz and 18 mK as a function of
obtained as follows: The real part/() is proportional to the  magnetic field.
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FIG. 2. Real and imaginary parts of the magnetic susceptibility ~FIG. 3. Imaginary part of the magnetic susceptibility of GyNi
of CrMng (in mks unit3 at 680 MHz and 18 mK as a function of (in mks unitg at 680 MHz and 18 mK in zero magnetic field as a

magnetic field. function of electromagnetic powéd dB corresponds to 810 2
T).

=0.23 T. Then it decreases slowly with increasing field. The

behavior ofy” is similar, except the peak is much sharper y X0 1

and is located at a slightly different fieldf,,,=0.15 7). X = 1+ 7,2B§-|-1T2’ @

Figure 2 shows the results of the same experiment per-
formed in CrMny at the same temperature. Again, there are
peaks in the two parts of the susceptibility as a function ofwhere xg is the imaginary part of the low-power magnetic
magnetic field, now located atB/,~=0.15 T and susceptibility. The solid line in Fig. 3 is the theoretical curve

Bla=0.10 T forx' andy”, respectively. These peaks look obtain_ed from the above equgtio_n, giv_ir_lg the best fit with the
very much like the ones obtained in dysprosium-doped an@xpcgrlmental results. From this fit a critical povﬂm which
gadolinium-doped glasséshe shape of(B,) and the ratio ¥"BiT1T2=1) equal to—30 dB and corresponding 18,
B.../B".. are the same in every case. Their existence seems 3> 10°° T is obtained. Henc_ey2T1T2= 1.1x10°. The

to be a general property of high-spin systems having a Iarggalue of y is unknown, but taking the value for the free

— — 14 "
anisotropy energy as compared to the temperature. At thegduster, we gefl; T,=3x10 s’. The fact thaty” satu-

low temperatures the activated processes are quer(seed rates completely at high power means that the measyfed

below), and any motion of the high spins can only result'S only due to a resonant effect. So the excitations respon-

from tunneling. However, there is not yet any accounting forfSlble for x" must have a splitting equal fov (»=680 MHz

. L is the resonator frequengc
these peaks. It is easy to justify the decrease of the suscep- We can attempt ?o des)::ribe the tunneling states observed
tibility in high field by taking a density of states proportional

5 g " as ground doublets of the clusters. The dipolar interactions

to 1/B,,” but the magnetic field value of the peak location is penyeen clusters are quite small due to the large distances

about 30 times higher than the internal dipolar field. Hence ifyetween each othél6.45 &), and we can consider them as

is difficult to explain this peak with dipolar interactions jsp|ated. It has been shown that one Grblisster behaves as

alone. a spin 15/2 at low temperature and has an anisotropy energy
To confirm the tunneling motion of these high spins, weof 4 K.1* Hence the Hamiltonian of this system can be

have looked for a nonlinearity of” as a function of electro- writtent

magnetic power. In CrMyn x” is constant in the whole

power rangdé—92 dB, 0 dB, and no nonlinearity is detected.

It is not the same in CrNiwhere a nonlinear effect is ob- H= —DS§+ gMBé' éo, 2

served. Figure 3 shows the variationgf in this compound

as a function of power or, equivalently, as a functiorB§ﬂ0 .

dB corresponds t®8; =10 3 T), in zero external static field whereS is the magnetic moment of the clusteris the easy

and atT=18 mK. We have restricted the plot aboves0  axis,DS? is the anisotropy energy, am}, is the static mag-

dB, because the susceptibility is constant betwe@®® and netic field. This Hamiltonian means that each cluster is in a

—60 dB. Herey” decreases with increasing power to reachdouble-well potential. At 18 mKmuch smaller than the an-

zero at the highest power. We have presented here the resuisetropy energy, which is 4 K only the ground double$,

for zero static magnetic field. F&,+ 0, the results are simi- = *15/2 is populated. We are not dealing with single crys-

lar, the only change being a slight decrease of the criticatals, but with polycrystals. Hence, the orientation of the an-

power with increasind,. The data can be analyzed in the isotropy axis of each cluster is random. The resolution of Eq.

following way: Using the usual expression fgf' (Ref. 13 (2) shows that the local componeBt of the magnetic field

and integrating it over the distribution of internal magnetic perpendicular to the easy axis splits the ground doublet. This

fields, we get the usual expression term is the tunneling rate between the two states of the dou-
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blet. Due to the componef®; of the magnetic field parallel
to the easy axis, there is an additional Zeeman splitting. The ar -l
total splitting of the ground doublet is finalfy - L
- u

e=/AZ+2gusSB, 3 . . .
whereg is the Landefactor, ug is the Bohr magnetron, and E b " .
the tunneling rate\ is given by °§ - o

L = m
1F
2g9ugSB, |*°
~ 2
A~DS ( D (4) . ' .

It is important to notice that there can be tunneling inside the 10 100 T(mK) 1000

doublet only ifA does not vanish, even if the doublet split-
ting is different from zero due to the Zeeman term. We as-
sign our nonlineary” to the saturation of this ground dou-  FIG. 4. Imaginary part of the magnetic susceptibility of GyNi
blet. Since the direction of the anisotropy axis is random(in mks unit3 at 680 MHz in zero magnetic field as a function of
from cluster to cluster, only those having their axis almosttemperature.
perpendicular to the local magnetic field can tunttakir
splitting must be equal to the energy corresponding to the
resonator frequencyhr=0.032 K). With increasing mag-
netic field, the number of satisfactory clusters decreases be-
cause the angle between the local field and the anisotro
axis must be closer and closer to 90° to satisfy 8. It
must be pointed out that the tunneling rate obtained from qu
(4) with the parameters of Criiis quite small: Taking T
S=15/1§, g=2, B=0.15 T, andDS’=4 K, we obtain A
=10 K. Within this model it remains indeed very small ) ]
for B, less than 0.5 T. Another possibility is to take a tetrag-by J. L'_ Th_olen_ce at G_renobfé.The agreem_ent is very good:
onal symmetry instead of an axial one, but also in this ¢ase OUr Point is aligned with the former ones in the plot of4n
remains smalt® It has been shown that adding a second®S & function of TV. Fitting again the whole data with Eg.
constant of anisotropy in Eq2) (which means that, instead (5), We getE,=4.08 K andry=9.3X 10™*2s. Herery is a
of an anisotropy axisi there is an easy p|ane with an easy axqsuite short value which Corresponds to motions of small en-
in the latte} leads to a more satisfactory tunneling rate. tities. This agrees with the assumption of activation pro-
However, the value of this constant is lacking for GgNi cesses of single clusters. Now we can exclude a thermally
Last, the nonobservation of a nonlinear effect in the magactivated process at 18 mK. Indeed, at this temperature, Eq.
netic susceptibility of CrMg could be due to a too high (5) gives7=0.37X 10"® s. We cannot perform the same cal-
critical power unattainable with our apparatus. culation for CrMn, because the susceptibility peak has not
It is important to verify that the effects here reported canbeen measured at different frequencies. However, we have
be due only to tunneling betweérn S) and|—S) states. In  observed in this material a susceptibility peak similar to Fig.
CrNig, for example, the magnetic moment is trapped in onet in the same temperature range, and we have verified that
of the two wells we can assume to be the one correspondingelow 100 mK, x” no longer changes with temperature,
to S,>0. The ground state iS,= 15/2) and the first excited which is an evidence for quenching of the activation pro-
level is |S,=13/2), which gives according to the Hamil- cesses.
tonian of Eq.(2) a splitting of about 1 K. Hence, at 18 mK, In summary, the observation of the saturation of the mag-
only the ground state is populated, and the allowed transitionetic susceptibility as a function of electromagnetic power
|S,=15/2—|S,=13/2) needs an energy gigantic as com- which is a direct evidence of tunneling has been observed in
pared tohv (v is the resonator frequengcySo only the tran-  CrNig. In the case of CrMgthe test failed, probably because
sitions |S,= —15.2—|S,= +15/2) are energetically pos- of a too high critical power of these clusters. More generally,
sible. The last possibility other than tunneling could bethe high-frequency susceptibility measurements appears to
thermal activation between these two states above the enerfpg a good tool to look for tunneling of high-spin molecules.
barrier. In order to test this one, we have measyrédis a The existence of’ and xy” peaks as a function of magnetic
function of temperature in zero field. Figure 4 shows thefield at very low temperature seems quite general in these
results:y” decreases slightly with increasing temperature upsystems. However, the explanation of the experiments with
to 100 mK, then it increases to reach a maximum at 135@unneling set the problem of the tunneling rate. As we have
mK, and decreases quickly towards zero. As expected from shown, its smallness is unphysical, using the axial-anisotropy
double-well potential, there is a thermally activated peakmodel alone. The same problem arises in the attempt to ex-
The maximum ofy” occurs forer(T)=1, wherew is the  plain the magnetization curves of lyc.”® Probably, the
angular frequency of the resonator ands the thermally single-cluster model is too simple, and it will be necessary to
activated relaxation timer depends on the temperature ac-take into account some interactions between each other to
cording to Arrhenius law: explain fully the experiments.

T= ToquEA/kBT), (5)

R)GhereEA is the height of the energy barrier to overcome to
o from one well to the other one. From our peak, we get
(T=1350 K)=1/w=2.43x10 %% s, We can add this point
(7,w) to the ones already obtained by susceptibility measure-
ments at much lower frequendpetween 30 and 1000 Kz
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