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Helium (He) nanodroplets provide a cold and virtually unperturbing environment for the study of weakly bound molecules and van der Waals aggregates. High resolution microwave spectroscopy and the detection of electron spin transitions in doped He droplets have recently become possible. Measurements of hyperfine-resolved electron spin resonance in potassium ( 39 K) and rubidium ( 85 Rb) atoms on the surface of He droplets show small line shifts relative to the bare atoms. These shifts were recorded for all 2I + 1 components (I is the nuclear spin) of a transition at high accuracy for He droplets ranging in size from 1000 to 15000 He atoms. Evaluation of the spectra yields the influence of the He environment on the electron spin density at the alkali-metal nucleus. A semiempirical model is presented that shows good qualitative agreement with the measured droplet size dependent increase of Fermi contact interaction at the nuclei of dopant K and Rb.

Introduction

Spectroscopy of doped helium (He) droplets [1] is a well established field of research [2], possibly combining the best aspects of high-resolution spectroscopy and matrix isolation. The latter accounts for the great flexibility of He droplets to cool down almost any conceivable species to 0.38 K, with the ability to synthesize highly unstable atomic and molecular adducts [3,4]. High resolution-directly reflecting the minimal spectroscopic perturbation due to the He environment-means that those perturbations carry a wealth of information, which remains relatively easy to interpret. Indeed, some of the most exciting findings, such as those related to atomic-scale superfluidity [5][6][7], physical chemistry studies [8], and synthetic applications [9,10] are intimately connected to the interpretation of some minute spectral shifts. Due to their ability to act as a thermostat at very low temperature, He nanodroplets naturally facilitate the alignment of an electric [11] or magnetic [12] dipole carried by the dopant, by means of an external field.

In the gas phase, the use of polarized light to detect the alignment and orientation of molecules has been poineered and thoroughly investigated by Zare and coworkers [13,14], as have been level crossing spectroscopy [15,16], and optical pumping [17,18]. High resolution spectroscopy and detailed hyperfine studies [ provided the basis for the state selective detection in crossed molecular beam studies [20] and the interpretation of the corresponding reaction dynamics [21,22]. Many of the classic schemes of high resolution spectroscopy have been successfully applied to doped He nanodroplets, including double-resonance [23][24][25][26], and the use of selection rules for polarized light in combination with external electric [4] and magnetic [27] fields.

We have previously performed a whole series of experiments on the valenceelectron spin of potassium (K) and rubidium (Rb) atoms [27,28], dimers [27], and trimers [29] on He droplets in a strong magnetic field. These have culminated in the successful implementation of optically detected magnetic resonance (ODMR), and we have been able to recently report the first observation of hyperfine-resolved electron spin resonance (ESR) spectra of K and Rb on the surface of He nanodroplets [30,31], with such high resolution that shifts could be followed as a function of droplet size for 85 Rb atoms, despite the fact that they amount to few parts per million only. Previously electron-and nuclear-spin spectroscopy of alkalimetal atoms were performed in bulk superfluid and solid He matrices [32][33][34] at lower experimental accuracy, so that the effect of the He, although larger, was hardly quantifiable.

In this manuscript we present a detailed set of hyperfine-resolved ESR spectra of 85 Rb atoms on He nanodroplets, investigated as a function of the mean droplet size N . The positions of the 2I + 1 lines of the multiplet (I being the nuclear spin quantum number of the atom) can be reproduced with the standard Breit-Rabi formula [35], provided that its two main parameters (g J , a HFS , see below) are allowed to slightly differ from the well known values [36] of the bare atom. A posteriori it is the change of a HFS which is responsible for the observed spectral shifts; this can be rationalized by invoking a slight compression of the valence-electron wavefunction of the atom, hence an increase of the Fermi contact interaction. We support this conclusion with a simple model where the effect is semiempirically estimated based on computed He densities and electron wavefunctions; the model correctly predicts the magnitude of the minute change of a HFS , as well as the trend versus N . The manuscript is organized as follows: Section 2 presents the experimental apparatus and Section 3 the experimental spectra and their fit to the Breit-Rabi formula. The extracted hyperfine parameters as a function of N and the semiempirical model for δa HFS are explained in Section 4. Section 5 presents the conclusions and a summary.

Experiment

A complete description of the experimental setup is given elsewhere [31]. In brief, He droplets are produced via supersonic expansion of grade-6 He gas through a cold nozzle into vacuum (nozzle diameter 5 µm, T = 12.5-23 K, stagnation pressure 50 bar, mean droplet size N ≈ 1000-15000 He atoms). Figure 1 shows a schematic diagram of the setup. The droplet beam is doped with, on average, one Rb atom per droplet in a heatable pickup cell, which is loaded with Rb metal. Inside the homogeneous magnetic field region (B 0 ) of an electromagnet the droplet beam is crossed by the pump and the probe laser beams. A microwave (MW) cavity, with entrance and exit holes for the droplet beam, is located between the two laser beams. The pump laser beam creates a net polarization in the orientation of the Rb valence-electron spin which is then coherently manipulated with the resonant microwave field. Laser-induced fluorescence (LIF) is collected at the intersection of the droplet beam with the probe laser beam, and detected by a photomultiplier tube. Electron spin resonance (ESR) transitions are detected indirectly as an in- crease of LIF signal when B 0 is scanned into resonance at fixed MW frequency ν 0 .

A direct detection of spin transitions is impossible due to the low optical density of the droplet beam. This ODMR scheme is the key that makes ESR spectra of doped He droplets possible. Selective addressing of different hyperfine states [37] by single-frequency lasers, as ODMR is usually achieved, is not possible on He droplets because of a significant line broadening of electronic transitions due to perturbation of the droplet [38,39]. However, Zeeman sublevels can still be individually addressed by means of selection rules for circularly polarized light. The differential absorption of left-and rightcircularly polarized light (magnetic circular dichroism, MCD) is used to create a net spin polarization as well as to quantify it.

The pump and the probe laser beams are obtained from the same cw Ti:Al 2 O 3 ring laser; they are both circularly polarized, with same helicity. The laser is tuned to the wavelength with the most efficient spin polarization and spin probe action (12601 cm -1 for Rb, 12993 cm -1 for K) [31]. For Rb this is roughly the maximum of the droplet broadened line of the D 1 transition (5 2 P 1/2 ←5 2 S 1/2 ), whereas for K the optimum spin polarization/probe action is at lower excitation energy than the center of the droplet broadened D 1 line (4 2 P 1/2 ←4 2 S 1/2 ) [31].

Rb atoms stay on the droplet upon excitation [28], so the pump laser creates a net spin polarization through spin pumping. K atoms, in contrast, detach from the droplet upon excitation [27] so the net spin polarization is obtained through depleting the undesired spin state.

The magnetic field is measured with a commercial nuclear magnetic resonance magnetometer a few centimeters away from the MW cavity. An unwanted gradient of B 0 makes this value differ from the field value inside the cavity; this means that we do not know B 0 exactly in the region where the spin manipulation takes place. We use, therefore, a second laser to create an ODMR reference signal from gas phase Rb atoms, which are effusing from the pickup cell in addition to the doped droplets (see Figure 1). A grating-stabilized, single-mode diode laser is tuned to the Rb gas-phase D 1 transition (12578.950 cm -1 [40]), split and polarized in the same fashion as the Ti:Al 2 O 3 laser beams, and collinear to them. Since the two lasers are used simultaneously, a magnetic field scan results in two ESR peaks, one due to the gas-phase Rb atoms (the free-atom peak) and one due to the Rb atoms attached to a droplet (the on-droplet peak, see Section 3, Figure 3). The data points, depicting the observed change of LIF signal, are fitted with a Gaussian function: the shift 
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Energy diagram of the hyperfine levels of 85 Rb (nuclear spin I = 5/2) in its electronic ground state ( 2 S 1/2 ) versus the magnetic field B 0 , as calculated with the Breit-Rabi formula [35]. The vertical lines indicate the six possible ESR transitions (∆m J = ±1, ∆m I = 0) for a fixed microwave frequency of ν 0 = 9.44229 GHz.

of the on-droplet peak with respect to the free-atom peak is immediately apparent for all ESR transitions. These line shifts are induced by the He environment of the droplet and are accurately reproducible.

The actual free-atom ESR positions (the values of B 0 at which the free-atom ESR transitions occur for a given ν 0 ) are calculated with the Breit-Rabi formula [35] using the known values of the hyperfine constant a HFS , the Landé factor g J , and the nuclear factor g I [36].

Adding the observed line shifts to these free-atom ESR positions gives the exact on-droplet ESR line positions. All on-droplet line positions are then fitted at once using the Breit-Rabi formula again, this time allowing a HFS and g J to differ by δa HFS (= a HFS, droplet -a HFS, free ) and δg J (= g J, droplet -g J, free ) respectively; g I is kept unchanged.

For K, in contrast, the shifts are not large enough that a free-atom peak and the related on-droplet peak can be resolved. In this case, the two lasers are alternately blocked, and the two ESR peaks are measured in sequence. This relies on the reproducibility of a B 0 scan as a function of the voltage supplied to the scanning coils. We tested very thoroughly the reproducibility to hold for the small scanning ranges involved.

Results

In this work, the droplet size dependence of the hyperfine resolved ESR spectrum of 85 Rb atoms on He droplets has been investigated in detail. 85 Rb has a nuclear spin of I = 5/2, and the six possible magnetic quantum numbers (the projection of the nuclear spin along the quantization axis given by B 0 ) are m I = ±5/2, ± 3/2, and ±1/2, as indicated in Figure 2. The six possible ESR transitions are given by the selection rules ∆m I = 0 and ∆m J = ±1. A full ESR spectrum of 85 Rb atoms on He N ( N ≈ 8000) was presented recently [30]. The hyperfine constant was found to be increased by δa HFS ≈ 400 ppm, while the Landé factor g J remained unchanged within the experimental uncertainties, a few ppm.

Figure 3 different droplet sizes. The free-atom peak occurs at B 0 = 0.241544 T (ν 0 = 9.44229 GHz) and individual line shifts are given in the figure caption. The different droplet sizes, ranging from ∼ 1000 to ∼ 15000 He atoms per droplet, are obtained with nozzle temperatures in the range of 23 to 12.5 K. All droplet sizes stated here are assigned using data from the literature [41]. Since no droplet sizes are reported for the nozzle pressure we used (50 bar), the closest available data are taken (40 bar). The values of N are mean values; the spread of the distribution (N 1/2 , width at half maximum) is comparable to the mean droplet size: Harms, Toennies, and Dalfovo [41] give, e.g., N 1/2 = 4160 for N = 4700. Figure ?? shows the relative line position of all six hyperfine transitions obtained with small (orange) and large (blue) droplets (only the fit curves are shown, for clarity); a free atom peak (red), which appears per definition at zero line shift, is also shown. The relative line position of all six hyperfine transitions obtained with small ( N ≈ 1510, T 0 = 22 K) and large ( N ≈ 13200, T 0 = 13 K) droplets are listed in Table 1. The influence of smaller droplets ( N ≈ 1510, T 0 = 22 K) is clearly less than the influence of bigger droplets. ( N ≈ 13200, T 0 = 13 K). The corresponding values for B 0 and ∆B are listed in Table 1. Note that the line positions for 87 Rb atoms (I = 3/2, ν 0 = 9.442 GHz) are 0.1136, 0.1816, 0.3076, and 0.4918 T so that there is no interference between the two isotopes in the detected signal.

Full The solid line represents a dependence of the hyperfine constant on the droplet size of the form ∆a HFS /a HFS = 426(17) -6(5) • 10 4 N -1 (standard error given in parentheses). The limit for N → ∞ corresponds to a single Rb atom on a flat liquid helium surface.

Interpretation

A new perturbational approach has recently been taken for the calculation of potential energy curves of an alkali-metal atom A on a He nanodroplet as a function of the distance R A between the atom and the center of the droplet [START_REF] Callegari | Ancilotto in preparation[END_REF]. With their method, Callegari and Ancilotto computed for droplet sizes N = 500, 1000, and 2000 He atoms:

(1) the potential energy curve V 0 (R A ) of the ground electronic state of A as a function of the distance R A , and the corresponding wavefunction φ 0 (R A ) in the ground vibrational state supported by this potential energy curve; |φ 0 (R A )| 2 describes the probability of finding A at distance R A from the droplet in the simplifying assumption that the droplet has no internal degrees of freedom.

(2) the He density ρ 0 (R, Θ) at equilibrium in the external potential of an alkalimetal atom A. The latter is taken to be the He-A pair potential calculated by Patil [START_REF] Patil | [END_REF]. R, Θ are radial and polar spherical coordinates centered on the droplet. (3) the perturbed wavefunction of the electronic ground state of the alkali-metal atom Ψ ′ n ′ 00 (R A , r, θ) = n,l c nl0 (R A )Ψ nl0 (r, θ) expressed in a basis of "exact" (for a chosen effective potential) valence-electron wavefunctions Ψ nlm (r, θ) for the bare atom A; r and θ are radial and polar spherical coordinates centered on A; n, l, m are the standard principal, azimuthal, and magnetic quantum numbers. While n, l no longer are good quantum numbers, the label Ψ ′ n ′ 00 is meant to reflect the fact that c n ′ 00 (n ′ = 4, 5 respectively for K, Rb) is by far the leading coefficient for all R of interest; because of cylindrical symmetry, m remains strictly conserved.

Following Adrian [44], the relative change δa HFS /a HFS is calculated for every given value of R A as the change of valence-electron density at the nucleus (r = 0; note that θ is redundant for r = 0)

δa HFS a HFS Pauli = |Ψ ′ n ′ 00 (R A , 0, θ)| 2 |Ψ n00 (0, θ)| 2 -1 (1) 
For the values of R A of interest, Equation 1 is positive and expresses the slight compression of the valence-electron wavefunction, as expected. The subscript | Pauli reflects the fact that in the derivation of the valence-electron wavefunction, the model of Callegari and Ancilotto [START_REF] Callegari | Ancilotto in preparation[END_REF] properly accounts for repulsive forces (Pauli forces between He and A), but neglects the effect of van der Waals forces on the wave function. To account for the van der Waals contribution to δa HFS /a HFS , we apply an empirical correction in the spirit of the one proposed by Adrian [44]. Our correction is: Compared to Adrian's Equation (10) we have to replace his parameter E V by a term integrating over the helium density distribution. Thus we obtain:

δa HFS a HFS vdW = - 2 E A + 1 E A + E He V f 6 (| R A -R|)C 6 ρ 0 ( R) | R A -R| 6 d R (2) 
where the integration domain V is the whole space (computationally, the grid over which ρ 0 is defined), f 6 and C 6 are as defined by Patil [START_REF] Patil | [END_REF]. E A , E He are the average excitation energies of the bare alkali-metal atom and the bare He atom, respectively, are expressed in atomic units, and are positive in this context, so that the correction is negative.

Values for E A and E He are average excitation energies, calculated as the average of the energy of the first excited state and the ionization energy [40]. In this way, we arrive at E He = 179083 cm -1 , E K = 24017 cm -1 , and E Rb = 23214 cm -1 for He, K, and Rb, respectively.

Note that this acts to compensate the positive change due to Pauli forces which alone is much larger than the experimentally measured value. The total calculated change is:

δa HFS a HFS = δa HFS a HFS Pauli + δa HFS a HFS vdW (3) 
Note that over the range of R A where the probability of finding A is still significant, δa HFS /a HFS varies much more than the linewidth we experimentally observe; if |φ 0 (R A )| 2 were a static distribution, this would result in a broad ESR line. From this we deduce that we ought to apply motional narrowing [45], which is reasonable considering that the frequency of the vibrational motion along R A is an order of magnitude larger than the microwave frequency. We thus calculate an average value

δa HFS a HFS = δa HFS a HFS |φ 0 (R A )| 2 dR A (4) 
which corresponds to the values tabulated, in parts per million, in Table 2. The values for Rb are indicated by triangles in Figure 4. In Ref. [30] we have reported preliminary calculations for Rb where we have inadvertently swapped the roles of E A and E He in Equation 2 with the result that the prefactor in front of the integral in Equation 2 appears to be an order of magnitude smaller than it actually is, and the van der Waals contribution has almost no influence. Therefore, the values of δa HFS /a HFS were larger by a factor of 4, almost the size of the value of the Pauli column in Table 2.

Conclusions and summary

Applying ODMR spectroscopy to alkali-metal atoms on the surface of He nanodroplets, we were able to record hyperfine-resolved electron spin resonance transitions at a high enough precision to determine the droplet size dependent Fermi contact interaction of the valence electron at the alkali-metal nucleus. In order to account for the physics behind the electron spin density shift induced by the He environment, we developed a model in the spirit of the work by Adrian [44]. Using the results of Callegari and Ancilotto [START_REF] Callegari | Ancilotto in preparation[END_REF] for the potential energy curves of the ground and excited states of alkali-metal atoms as a function of their distance to the droplet center and the corresponding He density, the value of the perturbed valence-electron wavefunction at the nucleus in the alkali-metal ground state was computed. The influences both of the repulsive Pauli forces and the attractive van der Waals interactions were taken into account yielding relative shifts in reasonable agreement with the measurements. The interaction of the alkali-metal atom with the He increases with droplet size and the change of hyperfine shift correspondingly increases. The most obvious manifestation of this is an increasingly deeper dimple in the surface of the He droplet. Let us note that the maximum shift would be expected with the alkali-metal atom located in the center of the droplet; this energetically unstable configuration would give results similar to those of experiments in bulk He, where much larger shifts are indeed observed. At the moment we are not in the position to separately quantify the role of an increased local density in the vicinity of the atom, of a flatter radius of curvature of the droplet, and of a larger depth of the dimple, all three of which can be expected to contribute a larger shift. Of course semiempirical models have to be tested carefully and should be applied to more data sets than currently available. With corrective terms of similar size and opposite signs, there is a danger that the final result depends strongly on the input data for one or the other term. Here, we consistently used the adiabatic potentials for alkali-metal-inert gas systems in the ground state by Patil [START_REF] Patil | [END_REF]. Kleinekathöfer, Lewerenz, and Mladenovic [46] apply a slightly different form of potential for alkali-metal-He pairs and list corresponding parameters. Their values for f 6 and C 6 differ from those of Patil but should only be used in our Equation 2if the droplet-alkali-metal potential and the wavefunctions were also modelled with these data. Considering these uncertainties, one of the strong points of our model lies in the fact that it shows the correct relative trend for the spin densities as function of the droplet size.

In the near future, we will extend our measurements of alkali-metal spin densities to He droplets loaded with different dopants that reside in the center of the droplet, testing the interaction between the nuclear spin of a "center dopant" with the valence electron of the "surface dopant". 

3 Figure 1 .

 31 Figure 1. Schematic diagram of optically detected magnetic resonance (ODMR) of Rb atoms on He droplets. The circularly polarized pump laser beam, tuned to the 5 2 P 1/2 ← 5 2 S 1/2 transition, only excites spin-up atoms, which relax back to 5 2 S 1/2 without desorbing and in a random spin state. Thus optical pumping is established and a net spin-down polarization is established in an initially unpolarized ensemble. Electron spin resonance (ESR), induced with resonant microwave radiation, is detected indirectly with the circularly polarized probe laser beam, based on the fact that laser-induced fluorescence (LIF) is only obtained from spin-up atoms.
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 3 Figure 3. Shift of the lowest-field on-droplet ESR transition of 85 Rb atoms (I = 5/2, ∆m J = ±1, m I = +5/2) on He droplets with different droplet sizes. The data points are fitted with Gaussian functions. The droplet sizes and the corresponding nozzle temperatures (in brackets) are given in the legend. The freeatom peak occurs at B 0 = 0.241544 T (ν 0 = 9.44229 GHz) and the individual line shifts are (from smaller to larger droplets): ∆B = -41.0(5), -41.5(3), -41.9(3), -42.9(3), -43.4(3), -44.1(2), -44.9(2), -46.3(3) µT (experimental error given in parentheses).

Figure 4 .

 4 Figure 4. Relative change of the hyperfine constant δa HFS /a HFS (δa HFS = a HFS, droplet -a HFS, free ) as a function of the droplet size N for 85 Rb atoms on He droplets. The corresponding nozzle temperatures are reported on the top axis. The solid line represents a 1/N dependence of the form ∆a HFS /a HFS = 426(17) -6(5) • 10 4 N -1 (standard error given in parentheses), which serves as a guide to the eye. Computed values (see Table2) are indicated by triangles.

  

  

  

  

Table 1 .

 1 Free-atom absolute line position B0, and on-droplet line shift ∆B22 for a nozzle temperature of T0 = 22 K, and ∆B13 for T0 = 13 K according to Figure ?? (for T0 = 13 K and 22 K,.The microwave frequency was ν0 = 9.44212 GHz. The experimental error in the last digit of the line shift is given in parentheses.

	m I	+5/2	+3/2	+1/2	-1/2	-3/2	-5/2
	B 0 /T	0.241538	0.269756	0.301897	0.338108	0.378391	0.422594
	∆B 22 /µT	-40.8(9)	-33.3(7)	-22.8(7)	-8.1(6)	+8.5(5)	+29.4(4)
	∆B 13 /µT	-44.7(5)	-36.5(7)	-24.7(6)	-9.5(6)	+9.6(8)	+33.1(3)

  ESR spectra are recorded for the five different nozzle temperatures
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