
Excitation of two spatially separated Bose-Einstein condensates of magnons
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We have studied experimentally the spatial properties and the dynamics of magnon Bose-Einstein conden-
sates created in ferromagnetic films by a parametric pumping with different spatial configurations. Using the
specific character of dynamic fields produced by pumping resonators of different shapes, we were able to
realize the regime, in which two spatially separated condensates of magnons are formed. Our experiments
show that while the separation between the condensates is determined by the size of the resonator, their spatial
width can be changed by varying the power of the pumping signal.
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After the experimental observation of Bose-Einstein con-
densation �BEC� of atoms1 and different quasiparticles2,3 nu-
merous investigations on manipulation of single condensates
and interaction of two or more condensates have been carried
out. In the case of atomic gases the experiments on the in-
terference of two condensate clouds allowed the investiga-
tion of the coherence properties of condensates.4 Further-
more, coherent interaction of condensates gives rise to a
large variety of interesting basic effects. In particular, Jo-
sephson oscillations were observed in the system of two
weakly interacting condensates of dilute gases.5,6 It was also
shown that, due to the strongly nonlinear character of the
interaction between atomic condensates, the effect of nonlin-
ear self-trapping can appear.6

Systems of quasiparticles enabling easy control of particle
densities through external pumping mechanisms are very
promising candidates for observation and investigation of the
above phenomena. Nevertheless, despite numerous theoreti-
cal predictions of these effects for condensates of excitons
and polaritons �see, e.g., Refs. 7 and 8�, no experimental
results have been reported yet. Along with excitons and po-
laritons, an observation of BEC in a parametrically driven
gas of magnons was recently reported.9 It was shown that
exciting a magnon gas by a microwave field, one can achieve
the critical density necessary for the Bose-Einstein transition
and observe the formation of the condensate at room tem-
perature. Recently a number of detailed experimental studies
of BEC of magnons with temporal and frequency resolution,
as well as with the resolution with respect to their wave
vectors were reported,10–12 followed by numerous theoretical
works.13–17 These investigations have proven the concept of
magnon BEC under the influence of microwave parametric
pumping and demonstrated the large potential of the magnon
system for general studies of the BEC phenomena. Neverthe-
less, the spatial properties of magnon condensates and their
spatiotemporal dynamics remain not sufficiently addressed.

Here we report on the spatially resolved experimental in-
vestigation of Bose-Einstein condensates of magnons driven
by a microwave pumping field of different spatial configura-
tions. Using the sensitivity of Brillouin light scattering �BLS�
technique with respect to the frequency of magnons in com-
bination with its high temporal and spatial resolution we

were able to map the distributions of the condensate density
and investigate its spatiotemporal dynamics. For a particular
geometry of the pumping resonator we observed a simulta-
neous excitation of two spatially separated magnon conden-
sates. Our findings open a way for further experiments on the
study of condensate interactions. They show that the spatial
characteristics of the condensates can be easily controlled by
the geometry of the resonator and the power of the pumping
signal.

A sketch of the experimental setup is shown in Fig. 1�a�.
We used a 5.1-�m-thick monocrystalline yttrium iron garnet
�YIG� film epitaxially grown on a transparent gadolinium
garnet substrate �not shown in Fig. 1 for clarity�. The sample
with lateral dimensions of 2�10 mm was placed into a uni-
form static magnetic field H0=1000 Oe applied in its plane
parallel to the long side. The excitation of magnons was
performed by means of microwave parametric pumping. For
this a half-wavelength microwave resonator was placed close
to the sample surface perpendicularly to the long side of the
sample. A microwave pumping signal with peak power P in

FIG. 1. �Color online� �a� Schematics of the experimental setup.
�b� Layout of the microwave resonators used in the experiment.
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the range from 1 to 8 W was applied to the resonator. To
avoid thermal overheating of the sample by microwaves, the
pumping was performed in a pulsed regime with a duration
of microwave pulses of 1 �s and a repetition frequency of
50 kHz. In order to examine the influence of the shape of the
pumping resonator on the spatial properties of the conden-
sate, measurements with two different types of resonators
were performed, as sketched in Fig. 1�b�. The resonators of
the first type were wires with a diameter d=25 �m, similar
to those used in the previous experiments on the magnon
BEC.9–12 The resonators of the second type were stripes with
a width w=500 �m and a thickness of 10 �m made from a
50 Ohm microstrip transmission line. The resonators of both
types were tuned to have the same resonant frequency fp
�8.1 GHz.

The spatial distribution of the condensate created in the
YIG film was probed by means of BLS spectroscopy in qua-
sibackward scattering geometry.18 The probing beam pro-
duced by a single-frequency laser operating at �=532 nm
was focused by a wide-angle objective lens with a numerical
aperture of 0.42 onto the surface of the YIG film, as shown
in Fig. 1�a�. By analyzing the spectrum of the light inelasti-
cally scattered from magnons in the YIG film, we determined
the distributions of magnons over frequencies and their tem-
poral evolution.9 The spatial resolution was realized by a
movement of the sample with respect to the focal spot and
reached down to 10 �m, being limited mainly by the size of
the spot. Note that the pumping resonator was displaced
from the surface of the YIG film by 15–100 �m, depending
on its dimensions, in order to reduce the influence of the
light reflected from its surface on the obtained spatial maps
of the BLS intensity.

In the first step, the formation of BEC was confirmed by
the observation of an enormous overpopulation of the mag-
non state corresponding to the minimum frequency of the
magnon spectrum fmin, resulting in the appearance of a pow-
erful narrow peak in the BLS spectra.9 The frequency fmin
was found to be equal to about 2.9 GHz for both used pump-
ing geometries. Then we performed spatially resolved mea-
surements of the intensity of the above peak, scanning the
probing focal spot over the surface of the sample in the prox-
imity of the resonator. In this way, two-dimensional maps of
the BLS intensity, proportional to the density of the conden-
sate, were obtained for different pumping powers and tem-
poral delays t with respect to the start of the pumping pulse.
As one would expect from the symmetry reasons, the ob-
tained maps were found to be uniform along the length of the
resonators. Therefore, we will restrict the discussion below
to the analysis of one-dimensional distributions of the con-
densate density over the spatial coordinate z perpendicular to
the axis of the resonator and their temporal dependences.

Figure 2 presents typical results of the spatially and tem-
porally resolved measurements for the wire �Fig. 2�a�� and
the microstrip �Fig. 2�b�� resonators at P=4 W. Figure 2
shows maps of the intensity of the BLS peak at fmin as a
function of the transverse coordinate z and the temporal de-
lay t �t=0 corresponds to the start of the pumping pulse�. The
spatial profiles of the BLS intensity corresponding to the end
of the pumping pulse �t=1 �s� are shown as well.

First, let us consider the results obtained using the wire

resonator �see Fig. 2�a��. The graph shows that the formation
of the condensate is slightly delayed with respect to the start
of the pumping pulse, which is associated with the finite time
needed for the thermalization of the magnon gas.10 It is also
seen in Fig. 2�a� that the condensate exhibits an initial spatial
expansion, but then its width slightly decreases and the spa-
tial distribution stabilizes. The later decrease is possibly due
to the action of a weak attractive interaction between
magnons,14 and, as will be shown below, becomes more pro-
nounced with increase in the pumping power. The main fea-
ture of the formed condensate cloud is that it is concentrated
over the resonator and has a maximum over its center.

Completely different spatial distributions were observed
as the wire resonator was replaced by a microstrip �see Fig.
2�b��. Although all the parameters of the experiment were the
same, the observed picture drastically differs from that
shown in Fig. 2�a�: instead of one condensate cloud concen-
trated over the resonator, two condensates are formed. The
condensates appear to be well separated in space and the
distance between them does not change with time. Mapping
the position of the resonator onto the graph �dashed lines�
one can clearly see that the condensates are located at the
edges of the resonator so that the spatial separation between
them is equal to the width of the microstrip w, whereas the
density of the condensate over the center of the resonator is
almost zero. Despite completely different spatial distribu-
tions, the temporal dynamics of the condensate clouds appear
to be qualitatively similar to that in the case of the wire
resonator: a slight initial expansion of the condensate is fol-
lowed by its compression and a final stabilization.

Since the spatial distributions of the condensate density
appear to be closely connected with the configuration of the
pumping resonator, let us consider the process of the para-
metric pumping of magnons in detail. According to Suhl19

and Schlömann20 two different mechanisms of parametric
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FIG. 2. �Color online� Color-coded representation of the BLS
intensity at the frequency of the lowest magnon state portraying the
density of the magnon condensate as a function of the spatial coor-
dinate z perpendicular to the axis of the resonator and the temporal
delay with respect to the start of the pumping pulse t for the case of
the �a� wire and the �b� microstrip resonators. Close to the maps the
spatial profiles of the BLS intensity are shown corresponding to the
end of the pumping pulse �t=1 �s�. Dashed lines show the geo-
metrical boundaries of the pumping resonators. Pumping power P
=4 W.
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instability of magnons exist. The first mechanism, named by
Suhl as subsidiary absorption, is the instability of certain
groups of magnons in a ferromagnet subjected to the dy-
namic magnetic field applied perpendicularly to the direction
of the static magnetization. In the second case, called parallel
pumping instability, magnons are excited by a dynamic mag-
netic field, which is parallel to the static magnetization. Since
the pumping field created by the used resonators, has com-
ponents both parallel and perpendicular to the static magne-
tization, both kinds of instabilities can occur in our experi-
ments. Such a case of an oblique pumping was addressed in
detail in Refs. 21 and 22. The main conclusion of these
works is that under given experimental conditions the insta-
bility characterized by a smaller power threshold completely
dominates over the other. Using the theory developed in Ref.
23, we calculated the threshold values of the dynamic mag-
netic field for the parallel and the perpendicular instabilities
for our experimental conditions. They were found to be
hthr

� �0.99 Oe and hthr
� �0.75 Oe; i.e., they are rather close

to each other.
Let us now analyze the structure of microwave magnetic

fields produced by the wire and the microstrip resonators
�see Fig. 3�. The magnetic field of the wire resonator �Fig.
3�a�� can be calculated in the first approximation as h��r�
= 1

2�
I��r�
r2 . For this geometry the maximum of the parallel com-

ponent of the field inside the YIG film is achieved above the
center of the wire, while the maxima of the perpendicular
component appear in two points separated from each other
by the double distance from the wire axis to the film. How-
ever, the maximum values for the two components are essen-
tially different: hmax

� =2hmax
� . Thus, the parallel pumping

mechanism should strongly dominate for the case of the wire
resonator. On the contrary, calculations of the components of
the microwave field of the microstrip resonator24 inside the
film give hmax

� �hmax
� . Taking into account that the threshold

of the perpendicular pumping is smaller than that of the par-
allel one, the former should dominate for the case of the
microstrip resonator. In accordance with these conclusions,
the spatial distributions of the corresponding components of
the dynamic magnetic field, shown in Fig. 3, appear to be

very similar to the distributions of the condensate density
presented in Fig. 2. This demonstrates that the variation in
the geometry of the resonator allows one to switch between
the two types of pumping and realize a simultaneous excita-
tion of two magnon condensates separated by a distance de-
fined by the width of the resonator.

As follows from the analysis of Fig. 2, the spatial width of
the condensate clouds also depends strongly on the experi-
mental conditions and, therefore, can be efficiently con-
trolled. Figure 4�a� presents the temporal evolution of the
width of the condensate clouds in the two-condensate regime
for different pumping powers P. As discussed above, the
curves in Fig. 4�a� show an initial expansion of the conden-
sate clouds followed by a compression, which becomes more
pronounced with the increase in P. The initial growth of the
width can be associated with the process of formation of the
condensate. Since the condensation is mediated by four-
magnon scattering processes, which depend on the magnon
density,10 the condensate is first formed at the spatial point
corresponding to the maximum of the pumping field,
whereas its formation in the other spatial points takes more
time. On the contrary, the subsequent decrease in the conden-
sate width can be caused by the nonlinear dynamics of the
already formed condensate.14

In spite of the presence of the above spatial dynamics, an
important general conclusion about the increase in the width
of the condensate cloud with increasing P can be made from
the analysis of Fig. 4�a�. This tendency is further character-
ized by Fig. 4�b�, where the experimentally determined
width of the condensates at the end of the pumping pulse is
shown as a function of P by points. Such a dependence can
be associated with the threshold character of the condensa-
tion process, which demands the density of magnons to be
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FIG. 3. �Color online� Schematic layout of the cross-section of
the experimental structures and the spatial distributions of the dy-
namic magnetic fields produced by the �a� wire and the �b� micros-
trip pumping resonators.

0 2 4 6 8
0

200

400

600
(b)

w
id
th
(µ
m
)

P (W)

0.0 0.2 0.4 0.6 0.8 1.0
0

200

400

600

800

P=1 W

P=2 W

P=4 W

w
id
th
(µ
m
)

t (µs)

P=8 W
(a)

FIG. 4. �Color online� �a� Temporal dependences of the spatial
width of the condensate clouds for the case of the two-condensate
regime for different pumping powers P, as indicated. �b� Width of
the condensate clouds corresponding to the end of the pumping
pulse as a function of the pumping power. Points: experiment; line:
theory.
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larger than a certain critical value n�ncr. It is obvious that
with the increase in the pumping power the width of the
spatial region, where the threshold of the condensation is
reached increases as well. This width can be estimated based
on the distribution of the pumping field, shown in Fig. 3�b�,
and the theory of the spatially homogeneous magnon
condensation,17 predicting that the density of magnons in the
condensate is proportional to �h2−hcr

2 , where h is the micro-
wave pumping field applied to the sample and hcr is its
threshold value corresponding to the onset of BEC. The re-
sults of these calculations are shown in Fig. 4�b� by the line.
Comparing the experimental and the theoretical data one can
see their good qualitative agreement. Note that the experi-
mentally determined width of the condensate appears to be
slightly larger than the theoretical one. This result is ex-
pected since the spatially homogenous theory does not take
into account an additional spreading of the condensate cloud
due to the nonzero velocities of the magnons, existing at the

intermediate stage between the pumping and the condensate.
The same effect leads to the absence in Fig. 2 of an abrupt
decrease in the condensate intensity at the spatial point,
where the pumping field becomes smaller than the threshold
field.

In conclusion, we have experimentally demonstrated that
by simply varying the geometry of the pumping resonator
one can efficiently control the spatial distributions of mag-
non condensates and realize the case, when two spatially
separated condensate clouds are simultaneously created in a
magnetic film. We show that the distance between the clouds
and their spatial width can be varied in a controllable way.
These findings create a base for further investigations of in-
teraction between magnon condensates.

This work was supported in part by the Deutsche
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