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MAGNON LASER

We experimentally demonstrate a magnon laser based on the coherent Bose—FEinstein con-
densate of magnons brought into motion by using a time-dependent spatially inhomogeneous
magnetic field. We show that the application of a short field pulse results in the formation of a
condensate cloud moving with the constant velocity of 930 m/s for the used parameters of the
experiment. The number of magnons building the cloud is not changed during the propagation,
which is reminiscent of the magnon superfluidity.
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Bose-Einstein condensate of magnons (mBEC) dis-
covered in 2006 [1] in Yttrium Iron Garnet (YIG)
films at room temperature describes a state of the
magnon gas characterized by the macroscopic num-
ber of magnons occupying the minimum-frequency
spectral state. Since the group velocity of magnons
at the minimum frequency is zero, the mBEC does
not move in space, although the phase velocity of the
condensed magnons can be as large, as several kilo-
meters per second. In this paper, we present an ap-
proach, which allows one to put a coherent conden-
sate into the constant-velocity motion. In this way,
we implement a magnetic analog of an optical [2] or
atom laser [3-5]. Although there are different more
or less restrictive definitions of atom lasers, we fol-
low that proposed by Robins et al. [6]: “a device
that produces a guided or freely propagating beam
of bosons that have been out-coupled from one or
more macroscopically-occupied trapped modes”. In
fact, atomic and magnon condensates possess a lot of
similarities: in both cases, a quasiequilibrium bosonic
gas is formed either by the cooling and thermalization
of atoms [3] or by injection of additional magnons
and their thermalization [7, 8]. An atom laser uti-
lizes the transfer of trapped atoms into an untrapped
state by RF radiation [9, 10]. In a magnon system,
the condensate can be brought into motion by shift-
ing it away from the state with zero group veloc-
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ity, by using a time-dependent locally inhomogeneous
magnetic field. It is important to note that atom and
magnon lasers differ dramatically from optical lasers,
as the dispersion is concerned. The dispersion of op-
tical laser pulses is very weak, since, for light, the
dependence of the frequency on the wavevector is al-
most linear. On the contrary, the dispersion of atom
and magnon laser pulses is significant, since the cor-
responding dependence is parabolic.

Figure 1 shows the schematics of the experiment.
As the magnetic medium, we use a 6 pm-thick film of
YIG epitaxially grown on a Gadolinium Gallium Gar-
net (GGG) substrate. The mBEC is created by the
injection and the following thermalization of subther-
mal magnons and is detected by using the Brillouin
light scattering (BLS) spectroscopy [1,7,11]. A strong
microwave pumping field necessary for the magnon
injection is created by a dielectric resonator with the
resonant frequency fres = 9.065 GHz and the qual-
ity factor of about 100. A pumping power of about 1
Watt was continuously applied to the resonator. The
device is placed into a uniform static magnetic field
By = 66 mT. Due to the spatial non-uniformity of
the microwave field of the resonator, the condensate
is confined in a region in the middle of the resonator
with a lateral size of about 200 pm, where the pump-
ing field is strong enough to inject a critical number
of magnons necessary for the formation of mBEC.

To create an additional time-dependent spatially
inhomogeneous magnetic field, we use a gold conduc-
tor (width d = 10 pm, thickness h = 400 nm, and
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length I = 8 mm) fabricated on a sapphire plate,
which is placed between the resonator and the YIG
sample (Fig. 1). A short pulse of the electrical current
in the conductor creates a local Oersted field. The z-
component of the Oersted field locally increases or
decreases the total magnetic field depending on the
direction of the current flow.

In the first step, we examine the effects of the in-
homogeneous field on the condensate above the con-
ductor, as illustrated by Fig. 2 showing the BLS in-
tensity proportional to the density of the conden-
sate. First, the field is lowered by AB = 6.25 mT
by applying a current pulse at ¢t ~ 0 with a rise/fall
time 7 = 500 ns and the duration at maximum of
T = 500 ns (white dashed line in Fig. 2, a). As seen
in Fig. 2, a, the condensate experiences the frequency
shift Af = 160 & 30 MHz. This value is in good
agreement with that expected from the variation of
the total field: Afy, = YAB = 175 MHz, where ~
is the gyromagnetic ratio of an electron. After the
end of the current pulse, the frequency of the con-
densate returns to its initial value. A similar pro-
cess was studied by Rezende et al. [12] for travel-
ling backward volume spin waves. As illustrated in
Fig. 2, b, the behaviors change drastically, when the
local field is increased. Although the frequency of
the condensate first follows the variation of the field,
its density strongly decreases with time. At the mo-
ment, when the field reaches its maximum value, the
condensate completely disappears. Only after the
end of the field pulse, the condensate can be ob-
served again. Additional measurements described be-
low show that, in reality, the condensate does not
disappear. Instead, it is pushed away from the con-
ductor by the hill-like inhomogeneous magnetic field.

We study the spatio-temporal dynamics of the con-
densate, by using time- and space-resolved BLS. We
map the condensate density as a function of the
time and the distance from the center of the con-
ductor. To emphasize the spatio-temporal dynamics
of the condensate, we use a smaller duration of the
field pulse and the rise/fall times 7' = 30 ns and
7 = 10 ns. Figure 3, a shows snapshots of the space-
resolved one-dimensional normalized profiles of the
condensate density recorded at different delay times
with respect to the start of the field pulse, as la-
belled. These data clearly show that the condensate
cloud is pushed away from the area of the inhomo-
geneous magnetic field. The cloud keeps moving even
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Fig. 1. Schematics of the experiment. Pumping field is pro-
duced by a dielectric resonator excited by a microwave source
(not shown). The pumping injects magnons into the YIG film
placed on the top of the resonator. After the thermalization,
the magnons form mBEC. A gold conductor on a sapphire
plate is placed between the resonator and the YIG film in or-
der to create a time-dependent inhomogeneous magnetic field
AB locally modifying the uniform magnetic field Bp = 66 mT.
The condensate is detected using BLS. The spatial dependence
of the condensate density is recorded by scanning the probing
laser spot along the z direction
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Fig. 2. Color-coded dependences of the condensate density in
the time-frequency coordinates recorded above the conductor.
Case of the locally decreased field. Case of the locally increased
field (a). The data were obtained at AB = 6.25 mT. The
temporal traces of the field pulse are shown by white dashed
curves (b)

after the end of the field pulse. During the motion,
the spatial width of the cloud increases due to the
magnon dispersion. Figure 3, b shows the temporal
dependences of the position of the center of the cloud
and of its spatial halfwidth at the half maximum
determined from the Gaussian fit of the measured
profiles. The data clearly show that the cloud propa-
gates with a constant velocity, as emphasized by the
straight dashed line. From the slope of the line, we
obtain the condensate velocity of 930 m/s. Additio-
nal experiments show that this velocity monotonically
increases with AB. It is important to note that the
integral magnon density shows almost no variation
during the propagation, as illustrated in Fig. 3, ¢). In
other words, the total number of magnons in the
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Fig. 3. Spatial profiles of the condensate density measured
at Bp = 66 mT and AB = 6.25 mT at different delays with
respect to the start of the field pulse, as labelled (a). Position
of the center of the magnon cloud and its spatial width as a
function of the propagation time. The straight line halfwidth
shows the linear fit of the experimental data, emphasizing the
constant-velocity movement of the cloud (b). Temporal depen-
dence of the total number of magnons in the cloud obtained
from the integration of the condensate density. Dashed hori-
zontal line is a guide for the eye (c¢)
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Fig. 4. Calculated magnon dispersion curves for three differ-
ent values of the magnetic field. Middle curve: dispersion at
the field By without additional inhomogeneous field. Upper
curve: dispersion at the field B = By + AB. Lower curve: dis-
persion at B = Bog—AB. The circles mark the lowest-frequency
spectral states corresponding to the equilibrium condensate at
the corresponding field values. Arrows illustrate the transi-
tion of the condensate into states with non-zero group velocity
resulting in its motion

cloud remains constant within the experimental accu-
racy. The observed behaviors (constant velocity and
constant number of magnons in the cloud) might be
interpreted as an indication of magnon superfluid-
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ity. However, one should take into account that the
moving condensate cloud is not isolated. In fact, it
receives additional magnons due to the continuous
pumping by the microwave field and the following
condensation of the pumped magnons, which com-
pensates the magnon decay due to the damping. Ne-
vertheless, it is obvious from the experimental data
that the moving cloud remains in a certain quasiequi-
librium state described by a constant number of
magnons.

To gain a further insight into the physical processes
underlying the creation of a moving condensate cloud
and determining the operation of a magnon laser,
we consider the magnon dispersion spectrum in a
vicinity of the minimum-frequency state (Fig. 4). The
middle curve in Fig. 4 shows the dispersion curve
for magnons at By, which describes magnons in the
absence of an inhomogeneous field AB created by
the current in the conductor. It is also applicable
at all times for magnons outside of the conductor
area. The corresponding circle indicates the spectral
state with the wavevector kggc, at which the conden-
sate is formed before the current pulse is applied. The
lower curve is the dispersion curve at By — AB. It
describes magnons close to the center of the con-
ductor, when the field is lowered, whereas the cor-
responding circle marks the spectral state of the con-
densate at this field. Note that this state corresponds
to the global minimum of the condensate frequency
in all spatial positions. Therefore, a local decrease of
the field creates a potential well trapping the con-
densate. Moreover, due to the gradient of the po-
tential, one expects a flow of the condensate toward
the center of the conductor resulting in an increase
of the condensate density directly above the conduc-
tor, in agreement with the experimental data shown
in Fig. 2, a). The upper curve in Fig. 4 is the dis-
persion curve at By + AB. It characterizes magnons
close to the center of the conductor, when the field
is increased, whereas the corresponding circle marks
the spectral state of the condensate at this field. Ap-
parently, the situation in the case differs dramati-
cally from that in the case of the local field reduc-
tion. The frequency of the condensate above the con-
ductor is higher than that in the surrounding film. As
a result, the condensate can evolve into states with
the wavevectors which are larger and/or smaller than
kprc possessing a non-zero group velocity (lower ar-
rows in Fig. 4). It is important to note that this
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evolution does not require changes in the energy of
magnons building the condensate. In other words, a
local increase of the magnetic field results in an out-
coupling of magnons from the condensate and cre-
ation of a moving cloud of condensed magnons, i.e.,
the realization of a magnon laser.

In conclusion, we have experimentally demon-
strated an approach, which allows one to bring a
magnon Bose—Einstein condensate into the motion,
by using a local variation of the magnetic field. We
show that the generated condensate cloud moves with
a constant velocity, and the number of magnons in the
cloud remains constant during the propagation. The
observed phenomenon has a striking analogy with an
atom laser. This finding demonstrates the fact that
ensembles of bosons can behave in a similar way irre-
spectively of whether they are built by matter parti-
cles (atoms [3,9,10], molecules [13]), elementary par-
ticles (photons [2,14]), or quasiparticles in solids (ex-
citons [15, 16], polaritons [17], and magnons [18,19]).
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MATHOHHN JIABEP

Pesmowme

ExcrniepuMeHTaIbHO IIPOJEMOHCTPOBAHO MOXKJIMBICTH  CTBO-
pEHHsI MArHOHHOIO Ja3epa Ha 06a3l KorepeHTHOrO 603€-
efHINTERHIBCBKOIO KOHJIEHCATy MAarHOHIB, pyX sIKHUX OyB 3y-
MOBJIEHUY BHKOPHCTAHHSIM 3MIiHHOIO B 9acl MOIEPEYHO HEo-

aHOPigHOrO MaruiTHoro noJss. [lokaszano, 1o 3acTocyBaHHS iM-
IIyJIBCIB MOJISI IPU3BOAUTE 40 POPMYBaHHSI XMapy KOHIEHCATY,
IO PYXa€ThCs 31 cTaston mBuaKicTio 930 M/C 38 BAKOPUCTAHUX
B ekcriepuMeHTi napamerpiB. KijbKicTh Marsosis, 1[0 yTBO-
PIOIOTH XMapy, He 3MIHIOETbCA 3 11 IOUIMPEHHSM, IO HAramiye
eeKT HaIJIMHHOCTI MarHoHiB.
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