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Coherent Spin Manipulation and ESR on Superfluid Helium Nanodroplets

Markus Koch, Gerald Aubdck, Carlo Callegari,™ and Wolfgang E. Ernst

Institute of Experimental Physics, TU Graz, Petersgasse 16, A-8010 Graz, Austria, European Union
(Received 8 May 2009; revised manuscript received 13 June 2009; published 15 July 2009)

Superfluid helium nanodroplets provide a versatile substrate to cool atoms and molecules, and to
assemble weakly bound complexes. Absence of spin-relaxation mechanisms makes He nanodroplets ideal
to isolate open-shell atoms and create a spin-polarized system. Here, we show the first coherent
manipulation of such a system by resonant excitation of a magnetic-dipole transition. Observation of
=50 Rabi oscillations demonstrates coherent population transfer with minimal dephasing. Ours is also the
first application of ESR spectroscopy to doped He nanodroplets. This unique environment results in
extremely sharp lines and hyperfine-resolved spectra: those of single >°K and 83Rb dopant atoms presented
here denote an increase of the Fermi contact interaction, which we can follow as a function of droplet size,
reflecting the distortion of the valence-electron wave function due to the surrounding He.
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Chemical shifts in nuclear magnetic resonance (NMR)
are a source of fundamental structural, electronic, and
magnetic information on atoms and complexes [1]. Their
analogue in electron-spin resonance (ESR) are shifts in-
duced by distortion of the electronic wave function [2]. For
the detailed investigation of intermolecular interactions, it
is desirable to cool and trap a single species of interest in a
nonperturbing environment. Superfluid helium nanodrop-
lets of temperature 7, = 0.38 K [3] provide such soft
matrix and allow the assembly and trapping of very weakly
bound complexes [4,5]. Here, we report the first observa-
tion of electron-spin transitions in single potassium and
rubidium atoms sitting on the surface of helium nanodrop-
lets. The resolution is so high that the influence of the
droplet size on the Fermi contact interaction at the alkali-
metal-atom nucleus is quantitatively identified.

Electron- and nuclear-spin spectroscopy has been per-
formed for impurity atoms in bulk superfluid and solid
helium matrices [6—8], confirming the hopes that this ex-
ceptional, weakly interacting, and nonmagnetic medium
does result in long-lived spin states and correspondingly
sharp lines. The bulk experiments are, however, limited to
few atomic species and an extension to complexes is not
foreseeable, due to difficulties of injecting low energy
dopants into the matrix and to nonsteady-state dopant
distributions; a convenient handle to control the localiza-
tion of dopants on the atomic scale is also lacking.
Furthermore, the difficulty of calibrating the magnetic field
at low temperature turns out to be limiting the experimental
accuracy to ~107* [7] so that small shifts of the reso-
nances cannot be observed.

Helium droplets obviate these necessities in that each
droplet is a secluded space, a few nanometers across, into
which any captured atom or molecule moves freely. As far
as choice of dopants, droplets are very versatile. Dopants
may end up on the same droplet with significant probabil-
ity, in which case they come together and form complexes,
often rather exotic [4,5]. The droplet further acts as a
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thermostat, cooling most degrees of freedom (spin ex-
cepted) to 7; = 0.38 K in a matter of nanoseconds. High
precision measurement of the magnetic field is possible
(see below). We measure the shift of ESR lines with respect
to the free-atom transitions with ppm precision for *°K and
85Rb atoms isolated on helium nanodroplets, as a function
of the droplet size, and therewith gain information about
their valence-electron structure.

We previously investigated the valence-electron spin of
alkali-metal atoms [9,10], dimers [9], and trimers [11] on
He droplets in a strong magnetic field: By ~ 0.3 T, corre-
sponding to a Zeeman level splitting of ~8 GHz, and a
Boltzmann  factor exp(—2ugBy/kgT,;) = 0.35. We
learned that spin relaxation is slow for atoms (ms or
slower) and fast for dimers and trimers (us or faster). We
now know that by use of circularly polarized light, it is
possible to create (by photo-stimulated desorption of atoms
in a given spin state), probe, and manipulate a spin-
polarized ensemble [9,10]. With careful choice of the
photon energy, Rb atoms even can be prevented from
desorbing from their host droplet upon electronic excita-
tion. One thus has the option to perform optical pumping
instead of photo-stimulated desorption [10]. In all cases, an
optically detected magnetic resonance (ODMR) experi-
ment is possible by addressing electron- and nuclear-spin
transitions with a resonant microwave field (C field, in
standard terminology [12]) between a spin-preparation
(pump) laser beam (A field) and a spin-probe laser beam
(B field).

The experimental setup (Fig. 1) is conceptually similar
to that used so far, but has been built anew and will be
described in detail elsewhere. In brief, He droplets are
produced via supersonic expansion in vacuum of grade-6
He gas through a cold nozzle (diam 5 um, 7 = 13-22 K,
stagnation pressure 50 bar, for an average size (N) in the
range 1000-20 000 atoms). The droplet beam is doped in a
heatable pickup cell loaded with K or Rb metal, then enters
the region between the pole pieces of a large electromagnet

© 2009 The American Physical Society


http://dx.doi.org/10.1103/PhysRevLett.103.035302

PRL 103, 035302 (2009)

PHYSICAL REVIEW LETTERS

week ending
17 JULY 2009

= =
CCA “fn “F'u

N

S lm | |
. lTT A A S ]
source .Tli 7 %
pickup é magriet é
FIG. 1. Schematic diagram of ODMR on doped He nanodrop-

lets. The pump laser beam (A field) exciting an unpolarized
ensemble creates a net spin polarization, which is coherently
manipulated with a resonant microwave C field. Because the
probe beam (B field) only excites spin-up atoms, a correlated
change of fluorescence is observed.

(300 X 100 mm?, 25.4 mm gap). The pump laser beam,
creating a net spin polarization, has a power of about 1 W,
the probe beam of about 0.1 W. The beams originate from
the same cw Ti : Al,Oj5 ring laser, they run parallel to the
magnetic field (separated by 230 mm), and are circularly
polarized, with same helicity. The direction of the droplet
beam, the axis of fluorescence detection, and the direction
of the static magnetic field B define, respectively, the x, y,
z axes of the laboratory frame of reference. Laser-induced
fluorescence (LIF) is excited spin selectively at the probe
beam location and detected with a photomultiplier tube.
Fluorescence is collected with a high numerical aperture
two-mirror arrangement and funneled into a glass rod to
the photomultiplier (not shown in Fig. 1). The laser is tuned
to the D, line of the target atom (n°P, , < n>S, , tran-
sition, the principal quantum number 7 is 4 for K and 5 for
RD), the exact photon energy within the droplet-broadened
peak being chosen where the spin-polarization action of
the pump beam is most efficient [9,10]. The beam of a laser
diode (Toptica TA100) tuned to the D; line of the gas-
phase atom (K: 12985.170 cm™!, Rb: 12578.950 cm™!
[13]) is split and polarized in the same fashion, and serves
to generate a reference ODMR signal from gas-phase
atoms for magnetic field calibration purposes (see below).

The microwave C field from a synthesizer/amplifier
combination (HP83620A/HP8348A) is confined inside a
homemade X-band cavity (TE;j; mode, resonant fre-
quency vy = 9.442 GHz, Q-factor: ~5000) with entrance
and exit holes for the droplet beam at a nodal plane of the
electric field. The magnetic component B, of the C field, at
fixed frequency vy, is linearly polarized along x. The C
field is modulated on and off, and recording the differential
LIF counts as a function of B yields the ESR spectrum. A
marked increase of the LIF signal is observed when the C
field is resonant with a spin transition of the alkali-metal

atom on the droplet. B is measured with a NMR magne-
tometer (Drusch RMN2) a few cm upstream of the cavity
location and above the cluster beam, with an accuracy of
*0.4 mT; this limit essentially originates from slight mag-
netic field gradients which also appear to set the limit for
the observed linewidth. Let us note that this leaves room
for further improvement of the resolution via a two-cavities
“Ramsey-type”” scheme [14]. The magnetometer reading
is sufficient to set the scanning range and to make differ-
ential measurements within it. For the ultimate accuracy,
we concurrently measure the magnetic resonance signal of
gas-phase atoms effusing from the pickup cell, which
appear in each scan as a second line (Fig. 2). The corre-
sponding position of the free-atom ESR transition is en-
tered into the Breit-Rabi formula [15] with the known
values [16] of the electron Landé factor g, of the nuclear
factor g; (K g;,), and of the hyperfine constant aygg (a for
brevity) to obtain the value of the magnetic field at the
location of the microwave cavity. Note that the line width
and shape of this reference signal is essentially the same as
that of the atoms on a droplet, indicating that the linewidths
of the latter are instrument limited, rather than determined
by interaction with the droplet. We observe no power
broadening for estimated values of the circulating power
inside the cavity Pyw between 38 mW and 1300 W. We do
not expect the linewidths to be limited by transit-time
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FIG. 2 (color online). Top: Stick spectrum of the six ESR
transitions |Amy;| =1, Am; =0 (m; = +5/2, +3/2, +1/2,
—1/2, —3/2, —5/2, from left to right) in free 3>Rb atoms.
Bottom: Shift of the ESR transitions due to the helium droplet
(same colors as top panel, the traces are vertically offset by
3000 counts/s each; droplet size ~8000 He atoms; v, =
9.44247 GHz). The reference line from free atoms appears by
definition at zero shift; the corresponding value of By, is indicated
beside. Each trace is fitted (solid lines) with two Gauss functions,
whose separation is used to calculate the absolute position of the
transitions on the He droplet.
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broadening either (7, = 60 us = 20 kHz); we do know
that the spin-population relaxation time (77;) in He droplets
is >2 ms [9,10]; the long coherence time results in a long
progression of Rabi oscillations (see below). Already at the
instrument-limited level, these are by far the sharpest lines
ever observed in a He droplet (~30 mG = 85 kHz full
width at half maximum; relative linewidth ~1 X 1072).
The observed pattern of ESR lines is fully consistent
with the hyperfine Hamiltonian of the free atom with
propensity rules Am; =0, |Am;| =1 (m;, m; are the
electron and nuclear magnetic quantum numbers, respec-
tively). Although we use the exact but elaborate Breit-Rabi
formula in our calculations, the high-field limit of the
hyperfine energy levels is enlightening, and we report it
here: (g;my; + gym;)upBo + amym;. The shifts of the
ESR lines on a droplet relative to those of a free atom
are modest and reflect the weak influence of the helium on
the dopant; they can be accurately reproduced by allowing
gy and a to differ, by 6g and da, respectively, from their
free-atom values (g; is kept unchanged). The positions of
all lines are fitted at once, with g, da as free parameters of
the fit. Within experimental error, few ppm, dg is zero, and
da is positive, small (+433 + 6 ppm at most for 3Rb,
+325 = 40 ppm for *°K), and droplet-size dependent
(Fig. 3). For comparison, measurements accurate within
~2% show no change of either g; or a for Rb and Cs in
bulk superfluid He [6], except for the more accurate a of Cs
(+0.63% change). In solid He, g; is found unchanged
within 2 X 10™* [7]. The positive value of Sa can be
immediately rationalized as an increased Fermi-contact
interaction |W(0)|> (¥(0) being the dopant valence-
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FIG. 3 (color online). Relative change Sa/a versus droplet
size N of the hyperfine constant for 35Rb atoms. Values of N
for the experimental data (circles) are deduced from the nozzle
temperatures reported on the top axis [24]. The solid line
represents a 1/N dependence and is intended merely as a guide
to the eye. The computed values (triangles) have been divided by
a factor 4 to visually match the experimental points.

electron wave function at the nucleus) due to the compres-
sion of the wave function by the helium. Note that in our
case, the surface location of the dopants implies a smaller
shift; also note that a larger droplet (which incidentally has
a less diffuse surface) implies a greater interaction between
dopant and droplet, thus a deeper deformation of the
droplet surface and ultimately a greater compression of
the wave function, as indeed observed experimentally. We
developed a model, to be presented separately, to calculate,
as a function of the dopant-droplet distance R measured
from the center of the droplet, the mixing of the bare alkali-
metal atom wave functions brought about by the presence
of the droplet, thus the relative increase of | W(0)|? to which
Sa/a is known to be proportional [17]. Knowing that the
frequency of the vibrational motion along R is an order of
magnitude larger than the microwave frequency, we as-
sume motional narrowing [18] and average the calculated
Sa/a over the probability distribution for R. Calculated
values of 8a/a for N = 500, 1000, 2000 (the largest
droplet we can simulate) well reproduce the observed
trend, but are overestimated: they overlap very well with
experimental results if scaled down by a factor of 4. We
accept this discrepancy as reasonable within the limitations
of the model, and most likely related to the empirical
treatment of the dopant-droplet interaction.

We note that da is an important quantity in metrology
because of the use of the hyperfine transitions of Cs and Rb
as primary and secondary standards, respectively. Some of
the technically relevant measurement schemes are based
on the use of helium buffer gas [19]: collision-induced
hyperfine shifts are clearly of great importance, but not
always accurately known. By providing a controlled envi-
ronment where in addition this effect is amplified by the
presence of many atoms, our measurements offer the pos-
sibility of testing accurate calculations.

Up to 50 Rabi oscillations are observed upon scanning
the microwave amplitude B; « /Pyyw; dephasing due to
the velocity spread of the droplet beam is likely the limit-
ing cause for this value, which is consistent with the typical
velocity spread, few %, of a supersonic beam. The first
oscillations can be nicely fit (Fig. 4) with the standard two-
level system model if small gradients of B, are accounted
for.

Electrons on the surface of superfluid He have been
proposed as potential candidates as qubits for quantum
computing [20,21]. Alkali-metal atoms residing on the
surface of He droplets are a prototype system to study
the interaction of a single electron spin with this environ-
ment, in particular, as related to coherence properties.

We envision the extension of our method to spin-
polarized alkali-metal oligomers, to magnetically active
materials of great technological importance, such as Cr
and small clusters thereof, to ESR and NMR of complex
molecules, and to the study of spin exchange between
optically pumped Rb spins and atoms such as '*’Xe and
*He to produce hyperpolarized nuclei [22].
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FIG. 4. Rabi oscillations of 3K atoms (m; = +3/2, B, =
0.3404 T, vy = 9.442 GHz) on helium droplets and their fit;
the slow start at low B; can only be reproduced if a gradient of
the static field B, is assumed. In order to limit the amount of fit
parameters, we use B = [B, + %(x — x0)]2. The choice is
based on the fact that the portion of droplet beam irradiated in
the cavity is a thin long cylinder; x, accounts for the possibility
that the position where the field is resonant is offset from the
center of the cavity.

ESR can nicely complement infrared spectroscopy as a
successful diagnostic method of molecules and adducts in
He nanodroplets, and is immune to many of the line-
broadening mechanisms of infrared transitions. We believe
that alkali-metal atoms can act as a spin-label of ESR-
silent complexes formed in He droplets; the formation of
“molecular buoys”—solvated close-shell molecules
weakly attached to surface-bound alkali-metal atoms—
has already been demonstrated [23] and their ODMR
spectrum should be both measurable and very informative.
Line shifts will occur as a consequence both of the direct
van der Waals interaction between the alkali-metal atom
and the molecule, and of the greater penetration of the
atom into the droplet. Line splittings may be observed if
the molecule has nuclear spins with which the alkali-metal-
atom electron spin can interact. Shorter dephasing times
will be directly observable as a reduced number of Rabi
oscillations. The value of all of the above observables can
be tuned via the droplet size, which is a convenient handle
to control the distance between the probe and the complex.

In summary, we have shown the feasibility of electron-
spin resonance measurements of dopant atoms on He nano-
droplets. We observe sharp lines, small shifts induced by
distortion of the valence electron wave function, and long
relaxation times. Up to 50 coherent cycles of population
transfer (Rabi oscillations) are observed. Feasibility of
ESR, and coherent spin manipulation opens a broad series
of interesting experiments.
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