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We used a Josephson junction as a radiation detector to look for evidence of the emission of electromagnetic
radiation during magnetization avalanches in a crystal assembly of &detate. The crystal assembly exhibits
avalanches at several magnetic fields in the temperature range from 1.8 to 2.6 K with durations of the order
of 1 ms. Although a recent study shows evidence of electromagnetic radiation bursts during these avalanches
[J. Tejadaet al, Appl. Phys. Lett.84, 2373(2004], we were unable to detect any significant radiation at
well-defined frequencies. A control experiment with external radiation pulses allows us to determine that the
energy released as radiation during an avalanche is less than one pattahttié total energy released. In
addition, our avalanche data indicates that the magnetization reversal process does not occur uniformly
throughout the sample.
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Single-molecule magnets have been the subject to inteng®n of the magnetization. Since tunneling increases the
experimental and theoretical investigations during the pastate at which spins flip, avalanches tend to occur at the
decade. At low temperatures, they are bistable and exhibihagnetic fields where resonant tunneling occurs. Avalanches
hysteresis similar to classical magn&tdin addition, they are seen in samples that are thermally well isolated from
exhibit fascinating quantum-mechanical properties, such asheir environment: the reduced heat flow out of the sample
tunneling between “up” and “down” orientatiofis) and in-  allows it to reach a temperature high enough to induce an
terference between tunneling pathBurthermore, their po- avalanche. Thus avalanches have been seen at very low
tential use in quantum computation has been propdsed, temperature$’ where heat capacities and thermal conduc-
experiments with millimeter-wave radiation have been cardivities are low, and in large crystal assemblies, in which the
ried out showing that the relaxation rate for magnetizationrsample’s surface-to-volume ratiand hence the thermal con-
reversal®'! and the energy-level populations can beductivity) is small.
controlled!>'4 Chudnovsky and Gararlin have proposed The proposed mechanism of superradiance in,Ma
theoretically that single-molecule magnets could be used toepresented in Fig. 3 of Ref. 16. The avalanche heats up the
generate superradiance. In a recent experiment, Tejada  sample, creating a transient increase in the population of
reported that during magnetization avalanches of the molecuiigh-lying levels. This population can decay either by the
lar magnet Mp, acetate millimeter-wave radiation was emission of phonons or of photons. Normally, the former is
released® They interpreted the results as evidence of superfavored. However, under the proposed superradiance mecha-
radiance in the system, in which coherent radiation is pronism, if the wavelength of the radiation is large compared
duced at frequencies corresponding to transitions betweeo the size of the sample, then the excited spins can decay
spin states of the molecule. The bolometer used in that studgoherently, leading to a substantial enhancement in the radia-
however, was not sensitive to radiation frequency and so nton emitted, with the radiation power being proportional
information about the spectrum of the radiation was availto N2, where N, is the number of spins in the radiating
able. Here, we report on a study of the fast dynamics oftate [m). The transitions that favor superradiance are
magnetization reversal during avalanches in a crystal asserbetween higher-lying levels, where the associated wave-
bly of Mn,, acetate. We used a Josephson junction as a rdength is large. Tejada&t al. measured a radiation burst
diation detector, exploiting the ac Josephson effect to createsimultaneous with an avalanche. In accordance with the pro-
frequency sensitive detector. We were unable to detect anyosed model, if the radiation is due to superradiance, it
radiation at the predicted superradiance frequencies duringhould primarily comprise a few frequencies corresponding
magnetization avalanches. Using external radiation, we wer® transitions between high-lying levels. In addition, since
able to set limits on the power and duration of radiation thasuperradiance requires coherent transitions between spin
might be emitted during an avalanche. states, a substantial fraction of the spins need to reverse

Magnetization avalanches in Mnwere found at low simultaneously.
temperature’ even before resonant magnetization tunneling  Josephson junctions can be used as sensitive detectors of
was discovered in this materilin brief, the avalanches electromagnetic radiation and can provide spectral informa-
are thermal runaway events in which the heat releasetion. When monochromatic electromagnetic radiation is inci-
by the reversal of a metastable spin in an external fieldlent on a Josephson junction, the current-voltage curve ex-
induces other spins to flip, rapidly producing a total saturahibits steps, known as Shapiro stépsThe steps occur at
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FIG. 1. (Color onling Selected hysteresis loops for a Mrerys-
tal assembly exhibiting avalanches at various temperatures, as
indicated.
1 1.4 1.2
voltages that are integer multiples lof/2e, wherev is the Time (ms)

frequency of the radiation. The Josephson junction is a _ _
nonlinear device so that if it is exposed to more than one FIG. 2. Voltage drop as a function of time across a Josephson
frequency, it will also show Steps at V0|tages Corresponding}lnctlon while a smgle 0.2-ms millimeter-wave pulse of 82.52 GHz
to the sums and d|fferences Of the app“ed frequenc|es wa.d|at|0n is applled The jUnCtiOn is current biased with a triangular
broadband radiation is applied, the steps will be washed/aveform. The temperature and the magnetic field at the,lys-
out; however, the junction’s critical current will still be tal assembly location are kept at 1.9 K and 1.73 T, respectively.
suppressed The radiation power is 1.259 mW i@ and 0.346 mW in(b). The
Several single crystals of Mp with a total weight of relative horizontal displacement between the data sd@® iand(b)
~20 mg (~6X 10 molecule$, were assembled together is an artifact produced by the triggering of the oscilloscope.

into an approximate cube of side3 mm. The crystals’ an- haves very much like a single crystal of Mrin terms of the
isotropy axes were aligned along the direction of the appliegositions and widths of the observed steps.
magnetic field to within a few degrees. The magnetization of We use a triangular waveform to current bias the Joseph-
the crystal assembly was measured by &50 um? Hall-  son junction. The frequency of the current drive is set be-
bar detector. A Nb/AIQ/Nb Josephson junction was placed tween 2 and 5 kHz with an amplitude ef1 mA. We char-
several inches away from the sample where the magnetiacterized our junction under identical conditions as those in
field strength is roughly one-tenth of the field that the samplavhich we observe avalanches. For example, at a temperature
is experiencing. In order to measure the efficiency of theof 1.9 K, the junction’s V-I curve was measured with an
junction as a radiation detector, externally controlled radiaapplied field of 1.73 T(at the sample locatign A single
tion was applied via a rectangular waveguide, ending in @.2-ms pulse of electromagnetic radiation at a frequency of
widening waveguide transition that effectively acts as a ra82.52 GHz was applied while the junction voltage was mea-
diation horn. The distance from the end of the waveguide tsured with a fast digitizing oscilloscope. This frequency is
the junction was nearly equal to the distance from the samplelose to one of the predicted superradiance frequencies. The
to the junctiont® data are shown in Fig. 2. Because of the triangular current
Hysteresis curves of the crystal assembly were measurdulas, each leg of the quasitriangular waveform in the figure
at several temperatures, as shown in Fig. 1. Conventionakpresents a V-I curve. In Fig(&, where the external radia-
lock-in techniques were used for magnetization measuretion power was 1.259 mWmeasured at the end of the
ments while the field was swept at a rate of 5.5 mT/s. Thevaveguidg, during the radiation pulse the induced Shapiro
crystal assembly exhibits avalanches at several magnetsteps(marked with arrowgare clearly visible in the voltage-
fields, which coincide with the fields at which resonant tun-drop across the Josephson junction. An abrupt spike in the
neling of magnetization occur, in the temperature range fronjunction voltage marks the turn-on time of the pulse. In
1.8 to 2.6 K. The temperature, which is measured with aaddition, the critical current is markedly suppressed during
thermistor mounted near the crystal assembly, rises rapidlyradiation. In Fig. 2b), the radiation power was reduced
up to ~3.7 K during these avalanches, in agreement withto 0.346 mW. Here, some of the Shapiro steps are just
previous resultd® Except for the avalanches, the sample be-barely visible, but the critical current is still noticeably
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06 raibar ' ﬁ T 1 avalanche, as would be expected with broadband radiation.
04 |°% |« . @ Following Ref. 16, we can estimate the amount of radiation
hY K \ power expected from just one superradiance transition,
@ 02 I 05 £ the m=1 to 2 transition, to beP=N;hv['s5 where
< . Mn_ crystal \ 2 N;=N exp(-Ug/T) is the number of spins in state=1
g assembly s \ | S (given a total ofN sping andI'sg=N;I"; is the superradiance
S gof M H ‘ *\ H ‘ fJ S ~l o B decay rate, withl’; being the radiative spontaneous decay
= / 3 F | | / 8 rate of them=1 state. Using an effective activation barrier
2 o4 | ‘ / | | \ J @ Ugs Of 46 K, N~6x 108, T=3.7 K, andl';~1x 107 s,
3 oc | \ / \ \ | \ ) | os 3 we obtainP ~3 mW, which should be easily detected by our
+ ‘ ‘ ‘ / || = junction. Assuming the sample reverses coherently, this rep-
0.8 I \ |/ resents a lower bound on the expected superradiance power
\ {\/ | | | since we have taken the temperature to be the maximum
' ; e 5 B measured by our thermometer, located outside the sample.
T ‘ : T_he temperature.|n3|de the sample probably rgaches a much
0.2 |detector (b)| higher value during the avalanche. The predicted radiation
A power depends exponentially on temperature and so may be
= 01 % i much larger than 3 mW. For example, if we take, e.g.,
T o " T=4.5 K, which would yield a magnetic relaxation time on
= n12<:rystal .
a assembly the order of the measured 1 ms, the above calculation would
S 005 ] yield a power of~200 mW.
R | From our experiment we can estimate an upper limit for
2 the fraction of energy that would be emitted as radiation due
= -0.05 8 to superradiance. The total energy releagedAM) for the
L o4 | crystal assembly during the avalanche at 1.9 K and 1.73 T is
' ~3.7 mJ. This translates into an average power-8f7 W
-0.15 . ‘ . i during an avalanche with a typical duration efL ms.(Su-

0 0.95 05 075 1 perradiance is expected to last about as long as the avalanche
rather than 1I'sy because heating from the avalanche re-
populates the radiating levielConsidering that our Joseph-
FIG. 3. (Color online (a) Simultaneously measured magnetiza- SON junctions are sensitive to radiation power levels of at
tion reversal and Josephson junction voltage as a function of timéeast 0.346 mW, we conclude that less than one part4of.0
during an avalanche at 2.1 K and at the3 tunneling resonance. the total energy released is emitted as photons due to super-
(b) Magnetization reversal as a function of time during an ava-radiance. Put another way, we cannot detect the minimum
lanche at 1.9 K. The relative positions of the crystal assembly anguperradiance power predicted from just one transition even
Hall sensor are depicted schematically in the insets. though we have an order of magnitude more sensitivity than
necessary to do so. The power levels detected during an ava-
suppressed. Our junctions can detect pulses as short &sche by the InSb bolometer used in Ref. 16were less than
20 us, but a pulse of at least 5@s is needed to extract 1 uW,?° also much less than expected.
frequency information. In the foregoing discussion, we assumed that the entire
We have found that the magnetization reversal duringsample reverses its magnetization simultaneously. However,
avalanches occur on millisecond time scales. Therefore, weur data indicate that the magnetization reversal process dur-
used a differential amplifier with a settling time of a fey¢  ing an avalanche does not occur uniformly throughout the
to measure the magnetization avalanches. The Hall bar wasample. When the magnetization is measured from the edge
driven with a dc current and the oscilloscope was triggereaf the crystal assembly, the measured magnetization changes
by the magnetization avalanche signal, allowing us to simulin a mostly monotonic fashion, although there is noticeable
taneously capture the magnetization of the crystal assembhtructure[Fig. 3@)]. However, when the sample is positioned
and the Josephson junction voltage during an avalanche, an top of the Hall bar, the signal shows an oscillatory
shown in Fig. 8a). The duration of these avalanches in- structure that is completely reproducibj€ig. 3(b)]. This
creases with temperature. For instance, at 2.5 K the magn@édicates that different regions of the samplperhaps
tization switches in 3.7 ms, whereas it takes only 1 ms atndividual crystal$ reverse their magnetization sequentially.
1.9 K. These switching times are significantly faster than thdn fact, similar results have been obtained in the reversal of
0.1 s reported in Ref. 1§More recent experiments by the single Mn, crystals in the absence of avalancheghe
same group give avalanche times consistent with ounonmonotonic behavior in Fig.(B)is due to the fact that
results?®) regions on one side of the detector produce a Hall voltage of
Despite numerous measurements on avalanches at diffespposite sign to that produced by regions on the other side so
ent temperaturegand therefore different fields, Fig),dlwe  that when a region of the sample reverses, it can either
did not observe any indications of a radiation burst in theincrease or decrease the Hall signal, depending on its
Josephson junction voltage. In fact, we cannot detect angosition. Thus, it appears that if superradiance is occurring in
suppression of the junction's critical current during theMny,, it does not involve the coherent reversal of the whole

Time (ms)
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assembly. Since the superradiance power is proportional to Our results do not rule out the possibility that superradi-
N2, the fact that magnetization reversal occurs sequentiallgnce takes place in Mpavalanches. However, if it is occur-
throughout the sample, reducing the effective valueNof ring, less than 10 of the total energy released goes into
may drastically reduce the amount of radiation power emityagiation at the predicted superradiance frequencies or the

tfg' Tc\}s ¥vou|d explgin r\]Nh);] we do n;)t S‘ze. ths ?rggiaedradiation pulse is faster thar50 us. We have found that
mW of power and why the power found in Ret. 20was ,oq0 ayalanches take place~l ms, much faster than pre-

so small. i :
viously reported? and the avalanches show a structure in-

Another reason why the emitted power would be sup-,. . N .
pressed is that superradiance requires that all of the Spir{gcatlve of nonuniform magnetization reversal in the crystal

involved have the same transition frequencies to within Ssembly. Experiments using frequency sensitive detectors
natural linewidth. However, because of dipole interactiongWith greater sensitivity should be done to understand the
between molecules, each spin has a different local magnetiigin of the radiation emitted during avalanches in this sys-

field, which in turn leads to a distribution of transition fre- tem.

uencies. In addition, anisotro arameters for,Mare . .
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