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Quantum dynamics of crystals of molecular nanomagnets inside a resonant cavity
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It is found that crystals of molecular nanomagnets exhibit enhanced magnetic relaxation when placed inside
a resonant cavity. A strong dependence of the magnetization curve on the geometry of the cavity has been
observed, providing indirect evidence of the coherent microwave radiation by the crystals. A similar depen-
dence has been found for a crystal placed between the Fabry-Perot superconducting mirrors.
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Many fascinating magnetic effects occur at the boundary 9re
between classical and quantum physics of the angular maee Fig. 1. AtH,# H,, transitions between negative and
mentum. They have been intensively investigated, both thegositive m occur due to the thermal activation over the an-
retically and experimentally, over the past two decadBse  isotropy barrierupward arrows in Fig. 1 However, atH,
discovery of high-spin molecular nanomagnets has given aH,, ., the transitions are combinations of thermal activa-
strong boost to that field. The most carefully studied nanotion and guantum tunneliﬁg8 (horizontal arrows in Fig. J1
magnets are Mp and Fg molecular clusters. Both have spin Thus, forH,=H ., the anisotropy barrier is effectively re-
10, which is 20 times the spin of electron. Such a largeduced by tunneling and the magnetic relaxation towards the
angular momentum is almost classical. Still crystals of,Mn direction of the field is faster than &t,#H,,,, . This pic-
and Fg exhibit spectacular magnetic effects related to thewure, first established by magnetic measurem%hﬁg been
quantization and quantum tunneling of the angular momenconfirmed by the careful EPR study of spin levels in
tum. The present interest of physicists in these systems wagn, ,-acetate’~°
ignited by the discovery of the quantum stepwise magnetic The EPR experiments have demonstrated noticeable reso-
hysteresis in Mp, acetate’. Steps of quantum nature in the nant absorption of electromagnetic radiation by molecular
magnetization curve of magnetic clusters and single ionsnagnets. Most recently, it has been suggested that a crystal
have been seen in the pastiowever, in Mn, acetate the
steps are more dramatic due to the high value of spin and
long lifetimes of metastable spin states. The explanation of
the magnetization curve of Mgacetate crystals is based
upon the structure of the spin energy levels of ;Mmol-
ecules.

The Mny, cluster has a tetragonal symmetriy the mag-
netic field H,, applied along the tetragonal axis, it is de-
scribed by the Hamiltonian

H=—-DS.—AS}—gugSH,+H', (1)

where S=10, D~0.55 K, A~1.2x10 °K, g~1.94, and

H' contains small terms that do not commute v&th If one
neglects’, then, in a zero field, the ground state of the
cluster is double degenerate. The dependence of the energy
of the Mn;, cluster on the magnetic quantum numiperat
H,=0 is shown by the inverted parabola in Fig. 1. The two
energy minimam= *10 correspond to the spin looking up

or down along th& axis. They are separated by the magnetic
anisotropy barriet =65 K. At a nonzero field applied in the

positive Z direction, the negativen levels in Fig. 1 move up H =0
: " = z
while the positivem levels move down. The trivial algebra of
Eq. (1) yields that them andm’ eigenvalues 05, come to FIG. 1. Thermally assisted spin tunneling in spin-10 molecular
resonance at magnets.
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. FIG. 3. The rate of magnetic relaxation in a Miacetate crystal
. inside the cavity of diameter 1.6 mm at=2.0 K as a function
:f 6 of the cavity length at the secongolid circles and third (open
,e triangles resonance fields. The error bars are of the size of the
8 A points.
% IIl. EXPERIMENTS
< The purpose of our experiments was to test whether the
% 2 placing of the crystal inside a resonant cavity would result in
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FIG. 2. (Color) (a) Demagnetization curvesM(H), of :
Mn,,-acetate crystal af =2.0 K inside the resonant cavity of di- “~
ameter 1.6 mm for five different lengths of the cavity: -0.15
=21.0 mm (black, L=20.9 mm (red), L=20.1 mm (green, L
=19.8 mm(dark blug, andL =19.5 mm(light blue); (b) dM/dH
for the curves shown ia). -020
of magnetic molecules can also be a powerful source of ca =
herent microwave radiatiolf. The authors of Ref. 16 have 4
studied a special kind the super-radiance arising due to th vﬁ
level crossing. The effect arises from the fact that the wave \KS_/
length of photons emitted in transitions between the spir 3
levels of molecular magnets is typically large compared tc %
the size of the crystal, so that the radiation transition be: = 9
comes a collective action by a macroscopic number of mol 2
ecules. On general grounds, it is clear that the maser actic 5
may also arise from effects other than the level crossing 1
Indeed, by simply placing the crystal in the magnetic field,
one can easily create the inverted population of the spin er 0 .

ergy levels. The radiation can, then, be produced in a lase
fashion due to the electromagnetic relaxation of the crysta
towards the minimum of the magnetic energdownward

arrows in Fig. 1. Such effect, if observed, would open the
possibility of building a microwave maser pumped by the
magnetic field. In this paper we first provide an indirect ex-

0.0 05 1.0
H(T)

FIG. 4. (Color) (a) Demagnetization curvesM(H),
the Fabry-Perot setup &@t=2.0 K for five distances between super-

of

perimental support to this idea by demonstrating a strongonducting mirrors: d=4.3 mm (black, d=4.7 mm (red,

interaction between the Mpcrystal and a microwave cavity.

d=5.1 mm (green, d=5.3 mm (dark blug, and d=6.0 mm

After presenting the data we will discuss why such a demilight blue); (b) dM/dH calculated from the demagnetization

onstration may be the evidence of collective radiation
effects.

curves in (a) after subtracting the contribution of the super-
conductors.
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any change in the magnetization curve. Single crystals of T T T T T
Mn;, acetate have been grown with the average length and 08 I
diameter of about 2 mm, and 0.2 mm, respectively. The elon-
gation of the crystals was along thexis. The conventional

composition and the structure of the crystalsave been

established by chemical, infrared, and x-ray diffraction tech-
nigues. In addition, the dc and ac magnetometry of the crys-
tals have been performed. The same values of the blocking
temperature and resonance fields, as previously | | A | L
reported®®1® have been found. In constructing resonant 0.0 0 45 50 55 @6
cavities we followed the procedures described in Refs. 20 ' ' J ' ' '
and 21. Five cylindrical cavities of different diameter and (mm)
adjustable length were constructed using 99.99% purity cop- £ 5 dM/dH atH,=0 andT=2.0 K for a Mn,acetate crys-

per. Two diameters were used: 1.6mm and 3.2mm. They petween superconducting mirrors as a function of the distance
length of the cavity was controlled with the help of the same-etween the mirrors.

purity copper rod connected to the upper surface of the cav-
ity. The micrometric stepping motor control system was used
that had the spatial resolution of dm. The inner lateral and
planar surfaces of the cavity were polished to a roughness
less than 1Qum to achieve the quality factor betwedp
=10° andQ=10". The crystals were fixed in a vertical po-

04

dM/dH (arb. u.)

02 -

The experimental data clearly demonstrate the depen-
ence of the magnetic relaxation on the geometry of the cav-
. We have verified that this phenomenon appears only in
cavities of high quality factor. The temperature variation was
L S ) . found not to exceed 0.3%. Such small fluctuations of tem-
sition at the bottom of the_- cavities, ‘.N'th theaxis Qf the perature cannot account for any measurable change in the
crystal parallel to the cylindrical axis of the cavity. The \o|5yation rate. All data on the dependence of the rate on the

grease of high thermal conduc_tivity was u_sed to "’_‘tt_aCh th'f“‘ength of the cavity and the magnetic field were reproducible
crystal to the bottom of the cavity. The cavity containing the, i a 6% experimental error. Similar effects have been

crystal was immersed in a helium gas inside the MPMSyc0 e in a Mp-acetate crystal placed between supercon-
SQUID magnetometer. The upper moving surface made th L y P P

) h ic th low h h t hell Bucting mirrors, that is, when the helium gas circulated
cavity nonhermetic, thus allowing the exchange o e'umfreely around the crystal. We, therefore, concluded that the

with the outside reservoir. The temperature inside and outyp <o eq phenomenon had nothing to do with thermal effects
side the cavity was monitored by carbon thermometers. ;.4 \vas 'in fact, due to the microwave properties of the
Before placing crystals inside the cavities the magnetlccavity

signals from the crystals and from the cavities have been
measured independently. The signal from the crystal was al-

ways two orders of magnitude greater than the paramagnetic . DISCUSSION

signal from the cavity. We then proceeded to the measure- . .

ments of crystals inside the cavities. The system was first W€ shall now discuss why the detection of the above ef-
saturated by a 5 T field applied along thexis of the crystal. fec.t may congtltute thg evidence of the coherent radiation
Then the field was swept in the opposite direction at the ratdSide the cavity. Consider a crystal of Mracetate magne-
r=40 Oels. A very similar behavior has been found in all thelized in the negativeZ direction. AtH<10 T the distance
cavities. Typical demagnetization curves from Macetate E1 Petweenm=—10 andm=—9 levels in Fig. 1 is about

crystals inside a resonant cavity are shown in Fig. 2. The4 K. Thus, atT<E,, most of the molecules occupy the
dependence of the relaxation ratel'=r|M(H) M=~ 10 level. The occupation numbers of the excited states

— Meq(H)rl(d M/dH) (with Meq being equilibrium mag- scale as exp{E/T), whereE is the energy distance.from
netization, on the length of the cavity at two resonance = —10. In the absence of a very large transverse field, quan-
fields is shown in Fig. 3. tum tur_1r_1ellng fromm=—10 in My, _h_as_ a nt_aghglb_ly low _
In a separate set of experiments we placed th@robability. The thermod_ynqmlc equilibrium is achleved_ ei-
Mny-acetate crystal between two Fabry-Perot superconducfher through thermal act|vat|on or through thermally as_S|sted
ing mirrors. The mirrors were prepared using method deduantum tunneling fr_om excned_ states. The activation of
scribed in Ref. 22. The 200-nm YBaCuO layers were deposmolecul_es to the excited states is believed to be_due to the
ited by pulsed laser deposition on aun SrTiO; substrate. absorption of phonons. At<E, the rate of phonon-induced
Their superconducting properties below 90 K were verifiedifansitions fromm=—10 to m=—9 for Mn,,-acetate is
by magnetic measurements. The diamagnetic signal from th@g/Ven by?
mirrors was found to be comparable to the magnitude of the

signal from the crystal, but independent the distance between % Sw® ho
the mirrors. The demagnetization curves from the Fabry- phonor— 15 exp( - l), (3
Perot setup are shown in Fig. 4. The diamagnetic signal from 12mpcg T

the superconductors was subtracted from the total signal to
obtain the curve of Fig.®). The dependence afM/dH on  where w;=E;/A is the frequency of the phononf(
the distance between the mirrors-at=0 is shown in Fig. 5. = w,/27~300 GHz), p~1.8 g/cn? is the mass density of
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the crystal, andts~10° cm/s is the speed of the transverse Of the phase space of photons in comparison with the phase
sound. At 2 K, Eq(3) yields I phonor~5X10° s~ space of phonons is compensated by tléc)® times
In order to have any effect due to the electromagneti@reaterNsg for photons as compared to phonons.

radiation, the absorption of photons must have a rate compa- The effect of a macroscopically large number of coherent
rable to the rate of the absorption of phonons. This can b@hotons inside the cavity is equivalent to the effect of the ac
achieved, e.g., in the EPR experiment in which the sample ig1agnetic field. The reabsorption of the emitted photons in-
placed in the ac magnetic field,. oscillating at frequency creases the population of the levels witi>—10 as com-

f,. The rate of the absorption of photons in the EPR setup ifared to their thermal population. Contrary to the EPR ex-

given bf“ periment, however, in our case the photons absorbed in the
left well in Fig. 1 must be the same photons that are emitted

ng,ué in the right W_eII. Obviou_sly, the_z super-radi_ant photons cannot
thotonszchF(a}), (4)  be present in the cavity during the entire 40 Oe/s sweep

across the 400-Oe wide resonance. Many short bursts of
super-radiance, each resulting in the simultaneous spin rever-

wherek is a numerical factor of order 1 that depends on theSal in a small volume, are more likely. It has been

polarization of photons ani() is the shape f_unct?on of th? demonstratel§ that the maximal super-radiance rate can ex-
resonance. In the case Qf’ €.9., the Lorentzian line of Wldtr%eed the spin-phonon relaxation rate by a factor as large as
Aw, the shape function is given by 10, making the effect still possible in a 16 fraction of a
millimeter-size sample. To affect the magnetic relaxation,
Flw)= i Aw _ (5) one of the frequencies of the emitted photons should sat-
T (Aw)’+(0—w;)? isfy two conditions. Firstfiw must coincide with one of the
distances between levels in the metastable tled left stair-
The maximal EPR rate,thoton~gMBSH§c/ﬁAH, is case in Fig. 1 It occurs for certain values of the field
achieved atv= wq, whereAH is the field width of the line, uniquely determined by the spin Hamiltonian. Second,
hAw=gugAH. In Mn;,, AH is of order of 400 Oe. Con- must coincide with one of the resonances of the cavity. It is
sequently, the rate of the absorption of EPR photons becomeshieved by manipulating the length of the cylindrical cavity
comparable to the phonon rate of E§) atH,.~1 Oe. or the distance between the superconducting mirrors. A
In our experiments no external ac magnetic field has beeatrong support to this picture comes from the fact that the
used. The crystal of Mp acetate was simply placed inside main period of oscillations of the relaxation rate on the dis-
a resonant cavity and the magnetization curve has been met@nce between the superconducting mirrdsge Fig. % is
sured. Let us assume for the moment that only thermahbout 0.5 mm, which is one-half of the wavelength of the
photons are available for the transitions between, e.g300-GHz photons responsible for the transitions between
m= —10 andm= —9 levels. At 2 K their magnetic field is of =—10 andm=—9 levels. This is the most important reso-
order 3x 10" 80e as compared to the 1 Oe ac field needed tmance because almost all molecules initially occupy rthe
beat the phonon rate in the EPR experiment. Thus, thermat — 10 state. Exciting these molecules to tme= —9 level
photons inside the cavity excite Nihmolecules at a rate that alone changes the effective energy barrieEhy= 14 K, thus
is 15 orders of magnitude lower than the phonon rate. This ifncreasing the relaxation rate by a factor és)~10°.
mainly due to the fact that at any temperature each cubitlotice that for cavities, the length dependence of the relax-
centimeter of a solid containg/cs) >~ 10 times more ther-  ation rate is more complicated. Photons emitted in the mag-
mal phonons than thermal photons. At=2 K our cavity  netic dipole transitions should be in resonance with the TM
would have 102 average number of thermal photons of en-modes of the cavity. The latter, for a cavity of radiRand
ergy E;. Consequently, the cavity should play absolutely nolengthL, satisfy
role in the magnetic relaxation unless it occasionally ac-
quires a very large number of nonthermal photons. There is ,  Ckh,  wic?p?
only one source of such photons, it is the crystal itself. To @mnp™ R2 + L2 ©®
change the orientation of the magnetic moment, the Mn
molecule must first go up the staircase of spin levels and thewherep=1,2,3 ... andx= x,, is the nth zero of the Bessel
go down(see Fig. 1 Thus, the magnetic relaxation in the functionJ,(x). Matching the spectrum of the spin levels of
crystal creates massive inverse population of the energy lewln,, acetate with the spectrum of the cavity should be the
els. The shortest wavelength of a photon corresponds to thgay to explain the dependence of the magnetic relaxation on
transition fromm=9 tom=10. For Mn,atH=0 itis about the length of the cavity. We have not succeeded in that task
1 mm. Consequently, for a crystal of size 2 mm, the phase ofo far because of the uncertainties in the rather dense spectra
the emitted photons is the same for a macroscopically largef the cavities and the crystals.
number of moleculesNgg. In that case, the emission The coherent effects discussed in this paper favor narrow
of photons by different molecules becomes correlatedpin levels. In the absence of crystal disorder, this require a
and a burst of the super-radiance may oc€dr.This effect  uniformly magnetized sample, which can be achieved by
is much stronger for photons than for phonons becausehoosing very alongated crystals of the kind used in our
the wavelength of photons is/cs) times the wavelength experiments. Besides dipolar fields, the broadening of the
of phonons of the same energy. Thus, the/€)® smallness levels may also come from chemical disorder, various de-
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fects of the crystal structufé,and from hyperfine interac- V. CONCLUSIONS

tions 2‘73f molecular spins with randomly oriented nuclear |, concjusion, we have found that the magnetic relaxation
spins™’ These effects should be weaker ingfgan in Mnz,  of Mn,-acetate crystals inside a resonant cavity differs from
making F@ a more attractive candidate for the study of co-the magnetic relaxation outside the cavity. It seems impos-
herent electromagnetic effects. However, the temperaturgiple to understand this effect without invoking the super-
needed to discard thermal transitions iny Felower than for  radiance. Of course, the unambiguous proof of the collective
Mny, and is below the capabilities of the MPMS SQUID electromagnetic effects in crystals of molecular nanomagnets
magnetometer used in our experiments. This was the primamnay only come from direct measurements of the microwave
reason why we chose Mj Despite the fact that it appears radiation.

to be a rather disordered system, recently a few groups have
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