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Abstract

:

X-rays produced during collisions between Highly Charged Ions (HCI) and sample surfaces can potentially be used to investigate the surface’s magnetic properties, taking advantage of the (partial) conservation of the spin of the electrons captured by the ion during the collision. We conducted studies to characterize the X-ray detection system and to determine, with a sub-degree accuracy, the incident angle between the incoming ions and the sample surfaces. A series of proof-of-principle experiments are presented involving an Ar17+ ion beam interacting with a nonmagnetic Si sample. The obtained X-ray spectra show a significant dependency in terms of X-ray yield and energy on the ion incidence angle. These findings will be used to guide future ion–magnetic surface studies.
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1. Introduction and Scientific Context


Surface properties present unexpected features in comparison with those of the bulk, and are fascinating to study, particularly with the most recent technological advancements in magnetic 2D materials. A promising method for investigating surface properties involves using highly charged ions (HCI) [1,2]. When an HCI comes close enough to the surface of a sample (a few angstroms above the surface), the Coulomb potential barrier between the ions and the surface is lowered to the Fermi level of the target, and electron capture occurs. The electrons are resonantly transferred from the surface and occupy highly excited states of the ion [3]. The process is so fast (in the order of 10 fs) that the ion is almost or entirely neutralized above the surface without refilling the innermost shells, forming a hollow atom [4]. Here, the purpose is to investigate the possibilities of probing the surface properties of magnetic samples from their interactions with HCIs.



In general, the relaxation of a hollow atom involves multiple processes, including radiative and Auger processes, as well as interatomic Coulombic decay (ICD) [5]. The non-radiative processes dominate at the earliest phases of the deexcitation cascade whereas the radiative process takes over in the last steps, where ions relax by emitting photons. Due to the selective population of states with different total spin S, information on the magnetic states of a surface can be extracted from the Auger electrons or from the energy of the emitted X-rays. The spin is mainly conserved in radiative decay due to the electric dipole selection rule. In the Auger decay, the spin is partially conserved due to the ejection of minority spin electrons visible in the calculation of matrix elements that disfavors the interaction of electrons with the same spin direction [6]. On the contrary, ICD does not conserve the total spin numbers, thereby drowning out the information on the initial electron polarization. However, its contribution can be minimized using grazing angle collisions. More precisely, the grazing angle must not exceed a critical angle to prevent the ions from penetrating the bulk and hence limiting the ion beam interaction to the surface atoms only. The value of the critical angle is given in Section 3.1 for our case study.



The ability to detect the presence of a ferromagnetic ordered phase in an ion–surface interaction was demonstrated in the past using Auger spectroscopy [7,8]. In these first attempts, only qualitative evidence was obtained, and a dispute arose in the scientific community on the general applicability of this method [9]. Our goal is to detect surface magnetism via X-ray emission. When the last steps of the decay cascade are considered, the capture by the ion of polarized or non-polarized electrons from the surface induces different populations of the L-shell, as shown in Figure 1a,b. The L-shell can thus be filled from one to eight electrons for the paramagnetic phase and only from one to four electrons for the ferromagnetic phase due to the Pauli exclusion principle in the ideal case without any loss of spin polarization. Therefore, a shift in the transition energies   K  L x  →  K 2   L  x − 1         is expected when ferromagnetic domains are present at the surface due to the lower screening effect of the partially filled L-shell. For example, for Ar17+ ions hitting a Ni sample, a maximum shift of 177 eV of the ~3 keV transition is expected between the case of single electron capture and a full ion neutralization. Considering a (uniform) population of 1–8 or 1–4 electrons of the L-shell for paramagnetic and ferromagnetic phases, respectively, the expected shift is reduced to 36 eV. For these estimations, we considered the Kα X-ray energy of neutral argon and the 1s2sp2pq–1s22sp2pq−1 transition energies and yields from Ref. [10]. Before studying HCIs interacting with magnetic surfaces, a series of proof-of-principle investigations are required. Such an investigation is the object of the present article.



The following section describes the setup and installation of our ion-surface experiment. It is followed by a section dedicated to the characterization of a new silicon drift detector for X-ray detection. In the final section, we present results obtained with a nonmagnetic Si sample.




2. Setup and Installation


2.1. Ion Source and Beamline


The SIMPA (French acronym for multicharged ion source of Paris) facility [11] is an installation that allows the production of highly charged positive ions to study ion-matter interactions. It is divided into two main parts: an Electron-Cyclotron Resonance Ion Source (ECRIS) and a beamline. The ECRIS generates highly charged ions with energies of several q keV (with q indicating the charge of the ion), such as Ne10+, Ne9+, Ar16+, and Ar17+ that are charge-over-mass selected by a magnetic dipole. The selected ion beam is transported through the beamline equipped with a series of Faraday cups, quadrupoles, and steerers to monitor and shape it before entering the collision chamber. In the present paper, we exhibit results obtained with an ion beam of Ar17+ ions at 170 keV with an intensity in the order of nA (true charge current) on the sample.




2.2. Sample Preparation and Interaction Chamber


To conduct an ion-surface experiment on a given sample, it is necessary to be aware of its chemical composition. Most importantly, we must ensure that no external contaminant atoms stick to the surface. Therefore, the sample is sputter cleaned using a low energy Ar+ ion beam to remove the surface atom, including the contaminants. After the soft ion bombardment, the sample is flash-annealed at a high temperature (~600 °C) in order to rearrange the atoms on the surface. After these treatments, Auger electron spectroscopy (AES) is performed to check the composition of the sample surface [12]. After ensuring that our surface is clean, the sample is transferred into the interaction chamber to interact with the HCI beam. To keep the sample surface clean, both chambers are under ultra-high vacuum conditions, with typical pressures of 10−9 and 10−10 mbar, for the interaction and preparation chambers, respectively.



The interaction chamber is equipped with a 6-axis goniometer that allows us to rotate and translate the sample. A heater is located beneath the sample holder, allowing the sample temperature to vary. Indeed, for specific samples, different magnetic phases are induced by varying the temperature. The rotation presents an accuracy of 0.05°, allowing an accurate setting for the grazing collision conditions. In the case of an Ar17+ beam at 170 keV impacting Ni and Si samples, this accuracy makes it possible to position the samples below the theoretical critical angles for complete specular reflection of the projectiles from such surfaces following Ref. [13]. Their values are    ∅  c r i t     = 3.23° for a Ni sample and    ∅  c r i t     = 1.56–2.06° for a Si one.




2.3. X-ray Detector Characterization


Measuring the emitted X-rays by the ions during the ion–surface collision in terms of energy and yield requires the use of a well characterized detection system. We opt for a new polymer window silicon drift detector SiriusSD, from RAYSPEC (Buckinghamshire, United Kingdom). To characterize it in terms of resolution and absolute efficiency, we compare its performance with respect to two well-characterized reference silicon drift detectors [14]. The experiment consists of bombarding various solid targets with a 10 keV electron beam, producing fluorescence X-rays of different energies [15]. The targets allow us to cover a wide energy range from a few hundred eV to approximately 9 keV. Using the X-ray peaks and the already-known efficiency of the reference detectors, SiriusSD’s efficiency and resolution have been extracted. The characterization experiment reveals that the SiriusSD has an efficiency of about 75% at 3 keV and beyond. In the low energy range, the SiriusSD surpasses the reference detectors with an efficiency of 40% for 500 eV < E < 1 keV. The extraction of the efficiency will be presented in a detailed forthcoming paper. Moreover, the SiriusSD presents a remarkable resolution that goes from 60 eV at 200 eV to 160 eV at 9 keV (see Figure 2). At 3 keV, the resolution is about 100 eV which is only three times larger than the expected shift for Ar17+ ions hitting a full polarized sample (estimated to be about 36 eV). This promising feature makes the measurement of tiny energy shifts induced by different magnetic phases of the sample surface possible.





3. Preliminary Results with a Si Target


A preliminary ion-surface investigation has been conducted using a Si one-inch wafer as a sample. We chose Si for preliminary tests since numerous teams have extensively studied it in the past.



3.1. Determination of the Incident Angles Using X-ray Yield


The difficulty in ion–surface experiments at a grazing angle lies in determining the real zero angle between the sample and the incoming ions. Our procedure is to rotate the silicon target with respect to the ion beamline reference axis from high angles (typically 45°) to low ones and to measure for each “read” angle (   θ  r e a d      ) the emitted X-ray yields at ~3 keV. To limit the area covered by the detector, a collimator (10 mm in diameter and 80 mm in length) pointing towards the target’s center was placed in front of SiriusSD. As illustrated in Figure 3, the X-ray yield decreases as the angle decreases. A biquadratic polynomial is used to fit the acquired values in this preliminary study, although a sin (  θ −  θ  r e a d      ) works better for small angles, but this does not significantly change the final results. We find that the target-beam zero angle (the real angle) is at    θ  r e a d     = − 8.0   ±   0.5 °  . Consequently,    θ  r e a d     = − 8 °   corresponds to    θ  r e a l     = 0 °  , and    θ  r e a d     = 45 °   to    θ  r e a l     = 53 °  . This curve and, consequently, the real angle deduced from it strongly depends on the ion beam characteristics (emittance, and main propagation axis of the ion beam). These characteristics are defined by the ion beam preparation. It is then essential to repeat this scan as soon as the ion beam conditions change.




3.2. X-ray Spectra Dependency on the Incidence Angle


In Figure 4a, we present two X-ray spectra recorded when an Ar17+ beam hits the Si sample at two different real angles. As we can see, when the angle decreases, the dominant peak (transitions from n ≥ 2 → n = 1) shifts to higher energy while the remaining portion of the spectrum changes drastically. These features indicate the ion’s excited levels’ populations that differ in ion–solid and ion–surface conditions. This results in a varied screening effect and a different energy of the emitted X-rays. For high angles, such as 53°, the ion captures many electrons which gives rise to the fact that the L-shell is quickly filled up, resulting in a high screening effect while decaying the K-shell. Consequently, a “low” photon energy is measured. On the other hand, for grazing incidence reached at 2°, much fewer electrons are captured, the L-shell is less filled up, and hence the emitted X-ray photon energy is higher. This behavior is in agreement with previous works [16].



More quantitatively, the barycenter position of the Kα transition (n = 2 → n = 1) is measured with respect to the real angle. The resulting shift between 53° and 2° is evaluated to be 46 ± 1 eV, illustrating that we are very sensitive to a tiny variation of the photon energy and subsequently to the L-shell population. For future experiments, we plan on measuring changes in the X-ray spectra and the barycenter positions at a fixed incidence angle (less than the critical angle) while varying a sample’s temperature, thus altering their magnetic phase and consequently the filling of the L shell (see Section 1).





4. Conclusions


To summarize, we present our setup for investigating the first atomic layers of magnetic samples in ion-surface experiments using low-resolution X-ray spectroscopy. For this purpose, the characterization of a new solid-state detector equipped with a polymer window and the first proof-of-principle experiments with a nonmagnetic sample are reported. The resolution of the silicon drift detector is remarkable: a value of 100 eV at 3 keV is found, enabling the measurement of a shift in the energy of the X-ray transition emitted by the ion when ferro/para magnetic phases are present. Furthermore, we demonstrate the possibility of determining the real angle between the sample and the ion beam by measuring the emitted X-ray yield under various angles of our goniometer. With an accuracy of about 0.5°, this is enough to set the grazing angle below the predicted critical angle. In addition, we carry out a series of preliminary experiments with a nonmagnetic Si sample bombarded by a 170 keV Ar17+ beam to visualize the change of the ~3 keV transition position when varying the collision conditions from an ion-bulk interaction to an ion-surface one. A shift of 46 eV is found with a sensitivity of about 1 eV or better. This finding will be utilized as a reference for forthcoming ion-magnetic surface experiments.
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Figure 1. Radiative Deexcitation (a) in the absence of magnetic domains with a fully occupied L-shell and (b) in the presence of magnetic domains with a half occupied L-shell. 
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Figure 2. Experimental Determination of the SiriusSD Detector Resolution as a Function of the Photon Energy. The Dispersion of the Data is Mainly Caused by the Use of Different Targets that Induce Different Level of Background and the Possible Presence of Partially Resolved Lines. 
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Figure 3. Detected counts per second for Ar17+ at 170 keV colliding with a Si sample at various incidence angles. 
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Figure 4. (a) X-ray spectra of Ar17+ at 170 keV hitting a Si sample at real angles of 53° and 2°; (b) Kα barycenter shift with respect to the angle. 
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