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Abstract

:

With their outstanding mechanical and magnetic characteristics, two-dimensional magnetic materials have attracted wide attentions in the field of nanoelectromechanics and spintronics. By tuning the mechanical resonance with external knobs, such as strain, electric and magnetic control, nanoelectromechanical sensors with novel functionalities have been successfully demonstrated. Here, we investigate the mechanical properties of the suspended membranes with few-layered antiferromagnetic material CrOCl. The results show that the Young’s modulus of CrOCl resonators is ~137.29 GPa by using a static detection method. Below the transition temperature TN, the mechanical resonance is found to strongly depend on the magnetic fields with an enormous blueshift of ~3.1% in the magnetic-field-induced phase transition. In addition, we also found that the variation of strain of system   ∆ ϵ   was about 1.5 × 10−3 during the transition. Our study shows the great potential of two-dimensional magnetic materials in future nanoelectronic applications.
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1. Introduction


Since 2017, the family of two-dimensional magnetic materials (2DMMs) with intrinsic long-range magnetic order have been constantly expanding benefits from their prospects in spintronics. Among the numerous 2DMMs, such as CrI3 [1], Fe3GeTe2 [2,3], Cr2Ge2Te6 [4,5,6], V5S8 [7], in-plane rectangular structural magnets have increasingly attracted attention due to their air stability and large interfacial interactions [8,9,10]. As one kind, Chromium Oxychloride (CrOCl) [11,12,13,14] is an air-stable antiferromagnetic (AF) insulator, with a Neel temperature TN of about 13.5 K, accompanied by a structural phase transition from the orthorhombic to monoclinic group. As temperature increases, a second magnetic phase transition in CrOCl is observed at 27 K [12], which exhibits similar phase transitions with the isostructural compound CrSBr [15]. Phase-transition behaviours with temperature and magnetic fields and spin-phonon coupling effects in the exfoliated CrOCl have been extensively reported [16,17,18]. Furthermore, a series of novel quantum physics are successively shown in other atomically thin van der Waals flakes interfaced with few-layered CrOCl, such as in-plane polarization in monolayer MoS2 [19], interfacial-charge-coupled quantum Hall effect (QHE) in graphene and correlated insulator behaviours in Bernal-stacked bilayer graphene [20,21], indicating 2D CrOCl to be a fascinating platform for the investigation of exotic quantum electronic states.



Nanomechanical resonators based on 2DMMs offer an effective way to detect the phase transition and even control the magnetic states of the 2DMMs conversely. The mechanical resonance dependent on temperature, magnetic field, and strain has been investigated in many magnetic semiconductors and insulators over the past few years [22,23,24,25,26,27]. One recent example is that the spin-flip phase transition from AF to ferromagnetic (FM) phase in CrI3 was found to be driven by the magnetostriction effect [22]. In addition, the Young’s modulus and magnetic properties of a Cr2Ge2Te6 system were studied in detail [27]. Furthermore, we established a suspended CrOCl/graphene vdW nanomechanical resonator recently and demonstrated the electric and magnetic field tuning of mechanical resonance [23]. However, the mechanical properties, such as Young’s modulus, as well as their changes during phase transitions, of few-layered CrOCl flakes are still unclear.



In this work, the CrOCl/graphene heterostructure suspended on drummed holed h-BN (~300 nm) was fabricated using the dry-transfer method. We first studied the Young’s modulus of the CrOCl resonators (~137.29 GPa) with the nano-indention method using an Atomic Force Microscope (AFM). At temperatures below the Néel temperature of CrOCl, an enormous blueshift of ~3.1% of the mechanical resonant frequency appears by tuning the magnetic fields. Moreover, the variation of strain of system   ∆ ϵ   ~1.5 × 10−3 is evaluated, confirming that the blueshift of resonant frequency is caused by the shrink of CrOCl membrane along with the magnetostriction effect.




2. Materials and Fabrications


In this paper, atomically thin flakes of graphene (Gr), CrOCl, h-BN were directly mechanically exfoliated onto a SiO2/Si substrate from the high-quality single crystal. CrOCl/graphene heterostructures are fabricated in ambient conditions using the dry-transfer method [28]. For extracting the elastic properties, circular drum-like structures with radius R = 1.5 μm were patterned in the support layer h-BN (~300 nm in thickness) by reactive ion etching (RIE). Drummed h-BN was transferred onto the surface of Au/Ti (30/15 nm) electrostatic modulating electrode using PPC (Propylene–Carbonate), then the CrOCl/Gr heterostructures were deposited onto the drummed h-BN/Au. The final stacks on SiO2/Si substrates were annealed at 400 °C for 60 min in a high-vacuum environment to completely remove the residual polymer. Metal electrodes (Ti/Au = 5/250 nm) were fabricated by standard electron beam lithography (EBL) using a Zeiss Sigma 300 SEM with a Raith Elphy Quantum graphic writer, RIE and electron beam evaporation (EBV). The schematics cross-section of the final drumhead CrOCl resonators can be seen in Figure 1a. As shown in Figure 1b, typical CrOCl/graphene heterostructures were suspended on the surface of a drummed h-BN array well to form a series of free-standing nano-resonators. The SEM image of CrOCl resonators (Figure 1c) captured from Zeiss Sigma 300 SEM further confirms that no collapse or wrinkles occurred in the device.




3. Results and Discussion


After the device fabrication, we then characterized the deflection response of the CrOCl resonators with a Bruker Dimension Icon AFM using the force nano-indention method with the probe of TESPA-V2. Before nano-indenting, we confirmed the location of suspension of the drumhead resonator using AFM Tapping mode, as seen in the white solid circle in Figure 2a. Then, the tip of the AFM cantilever was positioned in the center of the drummed hole to induce out-of-plane deflection (Figure 2b), and a typical force-deflection curve can be detected using the nano-indention method after alignment, as shown in Figure 2c.



For a suspended, circular, linear elastic membrane under a central load, ignoring the effect of tip radius and the adhesive force between the AFM tip and sample, the force we applied on the surface of CrOCl resonators can be simplified as [29,30,31]:


  F = π  σ 0  h δ +   E h    q 3   a 2     δ 3  ,  



(1)




where F is the applied force,    σ 0    is the pre-stress in the suspended CrOCl, δ is the deformation depth, h is the effective thickness of the suspended CrOCl/graphene (taken as 30 nm), E is the Young’s modulus of sample,   q = 1 /   1.05 − 0.15 ν − 0.16  ν 2     , where  ν  is Poisson’s ratio and set to 0.3 as an estimation, and a = 1.5 μm is the radius of the holed h-BN. Therefore, the Young’s modulus of CrOCl resonators can be calculated based on Equation (1). 9 points around the center in each hole (white crosshair in Figure 2a) are chosen every time and three holes have been tested to improve the data reliability, the histogram statistics is shown in the inset of Figure 2c. The Young’s modulus of the sample was about 137.29 GPa, revealed by a normal fit of the histogram.



We investigated the mechanical resonance of the CrOCl resonators in a cryostat (AttoDRY 1000) under a vacuum below 10−2 mbar. A DC static voltage (Vg = −20~20 V) and AC perturbation voltage (lower than ~4 mV) were combined by a bias tee to supply between the graphene and Au gate, and the eigenfrequency of the CrOCl/graphene heterostructure was detected using optical interferometric detection. In our experiments, a beam of the input laser (λ = 655 nm) with controllable power density (~10 μWμm−2) was focused on the sample with a spot radius of ~1.5 μm, while the reflected laser was detected by using a fast photoreceiver. The out-of-plane displacement as a function of driven frequency was measured by a vector network analyzer.



At the base temperature of 5 K, the mechanical resonance of a CrOCl resonator is shown in Figure 3a, with the perpendicular magnetic field sweeping from 3 T to 4.7 T at a DC static voltage Vg = 10 V. The resonant frequency of CrOCl resonator f0 was around ~63.7 MHz under low magnetic field. When magnetic field B reached ~3.7 T to 4.1 T, a quite large blueshift of ~3.1% was observed, which is significantly higher than other reported AF resonator systems [22]. For comparison, we reverse-scanned the magnetic field from 4.7 T to 3 T and recorded the dependence of actuation frequency f on vibration amplitude (Figure 3b). The resonance data in Figure 3a,b can be fitted by a Lorentzian model, with the resonant frequency f0 versus magnetic field plotted in Figure 3c. A hysteresis type of f0 is clearly observed when the magnetic field is scanned back and forth, being consistent with the magnetic phase transition of bulk CrOCl reported in earlier works [17] and of ultra-thin CrOCl layer in our recent publication [23].



The obvious blueshift of mechanical resonance we observed may result from the strain change during the magnetic phase transition because of the magnetostriction effect. Therefore, we focused on the strain-tuning performance of the CrOCl resonators. Figure 4a illustrates the colour map of resonant frequency f0 versus DC static gate voltage Vg at various magnetic fields B, ranging from 3 T to 4.7 T at the temperature of 5 K. A noticeable step of resonant frequency in the blue and red region can further demonstrate the change of resonant frequency. For the circular drum-like structures in our CrOCl resonators, the initial strain  ϵ  can be estimated using the equation as follows [32,33]:


  4 π  f 0 2  = 4.92  Y  e f f   ϵ  m  e f f   − 1   − 0.271  ε 0  π  R 2   V g 2       m  e f f    z 0 3      − 1    



(2)




where Yeff = E·h ~137.29 × 30 = 4.1 × 104 N/m is the effective 2D Young’s modulus according to the AFM measurement, R = 1.5 μm is the radius of the drum, z0 = ~300 nm is the distance from Au gate to the CrOCl/graphene heterostructure, meff is the effective mass of CrOCl/graphene heterostructure, and h is the thickness of the suspended membrane. Here, we suppose the Young’s modulus of our studied system is still reliable at cryogenic temperatures, which is reasonable as suggested by theoretical calculations [34]. The linear relation between f02 and Vg2 with different magnetic fields extracted from Figure 4a is plotted in Figure 4b. Therefore, according to Equation (2), initial strain  ϵ , as the intercept of curves, can be calculated readily. As shown in Figure 4c, there is an obvious strain change (  ∆ ϵ   ~1.5 × 10−3) at the point of phase transition in CrOCl resonators during the process of sweeping the magnetic fields. This indicates that the blueshift of the resonate frequency in our devices is caused by the enlargement of built-in strain of the magnetostriction effect.



It is worth noting that the value of Young’s modulus is measured in a CrOCl/graphene sample, so the contribution of graphene may dominate the Young’s modulus of the heterostructure. However, in such an AF/graphene type heterostructure, graphene itself does not devote to the magnetoelastic process which is related to a perpendicular magnetic field. Additionally, the geometry of the drum-like graphene prevents the local interferometry detection from sensing the chemical-oscillation-induced mechanical resonance shift in the quantum Hall regime. Therefore, the remarkable resonance frequency shift mainly stems from the magnetic phase transition of the ultrathin CrOCl layer. From the mechanical hysteresis loop uncovered from resonant frequency and strain in Figure 3c and Figure 4c, only one transition process can be found when increasing the magnetic field, which is different from the two distinct transitions discovered by magnetic moment measurement or tunnelling magnetoresistance. From a macroscopic view, the probe of mechanical resonance directly relates to the effective elastic coefficient and the effective mass of the resonator. Hence, resonance detection may be insensitive to the phase transitions and weakly related to thermal expansion coefficient and compressibility coefficient. The spin-flop transition of the CrOCl membrane thus may not be efficiently separated from magnetic state transition by the resonance probe.




4. Conclusions


Fabricating suspended few-layered CrOCl resonators offers more opportunities to explore the mechanical properties of CrOCl flakes. The nanoindentation technique gives the value of Young’s modulus of CrOCl/graphene heterostructures of about 137.29 GPa, which provides an exact data support for the calculation of strain during phase transition below TN. Mechanical resonance was successfully measured and shows an enormous blueshift with the variation of magnetic fields. In addition, we also found that the strain change is ~1.5 × 10−3 through calculation in the magnetic phase transition of CrOCl. Our study offers an experimental foundation for the potential applications of two-dimensional magnetic materials on ultra-sensitive detection and micro-nano sensors.
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Figure 1. The suspended CrOCl/graphene heterostructure resonators. (a) Schematic diagram of the fabricated CrOCl drum resonators (cross-section view). (b) Optical image of CrOCl resonators. (c) SEM image of the device in (b), which confirms that the CrOCl/graphene drums are suspended well. Suspended CrOCl/graphene heterostructure and holed h-BN were marked in purple and green boxes, respectively. 






Figure 1. The suspended CrOCl/graphene heterostructure resonators. (a) Schematic diagram of the fabricated CrOCl drum resonators (cross-section view). (b) Optical image of CrOCl resonators. (c) SEM image of the device in (b), which confirms that the CrOCl/graphene drums are suspended well. Suspended CrOCl/graphene heterostructure and holed h-BN were marked in purple and green boxes, respectively.



[image: Magnetochemistry 08 00170 g001]







[image: Magnetochemistry 08 00170 g002 550] 





Figure 2. Young’s modulus of the CrOCl resonators. (a) Morphology image of a typical CrOCl resonator of dashed blue-boxed area in Figure 1b. Suspended area is depicted by the white solid circle, and the white crosshair represents the position that we applied nano-indention measurement. (b) Schematic diagram of force detection of CrOCl resonators. (c) Typical force versus indention curve of our device. The inset shows a histogram of the Young’s modulus extracted from 27 points in (a). The solid line is a normal fit of the histogram. 
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Figure 3. Mechanical resonance of the CrOCl resonators versus perpendicular magnetic field. (a) Mechanical resonance curves with the external magnetic field sweeping from 3 T to 4.7 T, and a reversed scan from 4.7 T to 3 T shown in (b). (c) Resonant frequency f0 of CrOCl resonators as a function of perpendicular magnetic field revealed from the fittings of (a,b). The curves with yellow and red color represent forward and reverse sweeping respectively. 
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Figure 4. Strain-tuning of the phase transition in CrOCl resonators. (a) Colour map of the resonant frequency as a function of gate voltage Vg and magnetic fields for CrOCl resonators at a temperature of 5 K. (b) Linear relation between f02 and Vg2 with various magnetic fields sweeping from 3 T to 4.7 T. The solid line is a linear fit of data (dots). The curves from blue to red color represent different magnetic fields from 3.2 T to 4.5 T. (c) The stain hysteresis of CrOCl resonators versus magnetic fields. The curves with yellow and red color represent forward and reverse sweeping respectively. 
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