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Nanopyramid With High Purity And Their Local Plasmonic Properties
[bookmark: _Hlk65800992]Au nanopyramid particles (Au NBPs) are highly desirable for its remarkable optical properties such as long-range tunable resonance. It has wide applications in room-temperature bioimaging probes and bioanalytical sensors. In this paper, we synthesize Au NBPs with a purity of 95%, and obtain the optical response of Au NBP in near infrared regime. We find that Au NBPs have small mode volume of electric field which can lead to the strong coupling with quantum dots at room temperature. It provides novel applications for Au NBPs in fields of materials, biomedical science, and quantum information.
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1. Introduction
[bookmark: _Hlk65707463]Gold nanocrystals (Au NRs) are known for their outstanding plasmonic and physicochemical performances and thus have been widely applied in various fields, including spectroscopy[1], sensing[2], diagnostics[3], biotechnology[4], and catalytic reactions[5]. They are especially preferred in preparing chemical samples and biosensors, because their shapes are well controllable and their localized surface plasmon resonance (LSPR) peaks are tunable [6]. However, longitudinal plasmon resonance may be difficult to assemble and unevenly broadened because of the huge size and shape distribution of Au NRs. Moreover, the electric field localization of Au NRs is not strong enough which restricts its applications such as plasmon-enhanced spectroscopy. Au nanopyramid particle (Au NBP), a symmetric structure with two sharp tips, can provide stronger confinement in the electric field and less dissipation in LSPR mode [7]. In addition, it is feasible to change the LSPR of Au NBPs from the visible light region (VLR) to the near-infrared region (NIR) by tuning the tip angle of Au NBPs, which makes Au NBP a promising nanomaterial that can be used in bioimaging probes, bioanalytical sensors, and spectroscopy. 
[bookmark: _Hlk65707565]Strong light-matter interaction has been widely studied due to its application in quantum computation[8], biosensing[9], nanolasing[10], and active plasmonic devices[11]. When the energy exchange between plasmon and emitters becomes larger than the dissipation, Rabi splitting occurs in the frequency domain because of the intensive coupling[12,13]. Unfortunately, it is still a great challenge to achieve such intensive coupling in a single metal nanoparticle under the ambient temperature, which, though, has been greatly reported in complex assembled structures such as dimers and gap structures [14,15]. It is difficult to synthesize a suitable single nanoparticle with the strong confined electric field and low dissipation in the experiment. Besides, the seeds are structurally unstable, which hinders their applications in manufacturing high-end products. Au NBPs is a good choice to realize strong coupling at room temperature with better chemical stability and higher local electric field enhancement at the tip comparing to other nanoparticles [16-18]. The wide tunable range from VLR to NIR in the situation of strong coupling can provide important applications in the biological and medical fields [19]. To our knowledge, there were few reports of the strong interaction between Au NBPs and quantum emitters in the near-infrared region.
[bookmark: _Hlk65708140]In this paper, we used a seed-mediated method to synthesize Au NBPs with homogeneous shape and size in the experiment, which has a purity of 95%. By utilizing the finite-difference time-domain (FDTD) method to tune the LSPR of Au NBPs, we realized the strong coupling between few quantum dots (QDs) and Au NBP with a mode volume of ~1178nm3 in the visible light region and near-infrared region. The simulation results show an obvious Rabi splitting of 70 meV in scattering spectra in a single Au NBP. Furthermore, we compared the optical response of Au NBPs with Au NRs in realizing strong coupling and find that Au NBPs outweighed Au NRs in reducing dissipation and locally enhancing the electric field. Our results prove that Au NBPs have wide applications in the fields of materials, biomedical science, and quantum information.

1. [bookmark: _Hlk65708189]Result and Discussion
In order to prepare Au NBPs, common seeds were first mildly grown under the environment with sodium citrate and cationic surfactant (cetyl-trimethylammonium bromide, CTAB). The growth solution was synthesized by serially adding HAuCl4, AgNO3, HCl, and ascorbic acid into (AA) into CTAB aqueous solution. In the process of purification, the corresponding aqueous dispersion of sample which prepared a large number of gold nanospheres, excess silver were added and Au NBP samples with a purity of 95% shown in Figure1a, c, e. Figure 1b, d, f shows the SEM image of the purification process, and the corresponding TEM image is embedded in the upper right corner. Figure 1b shows the unpurified samples show that more than 70% of the total sample is similar to gold nanoparticles. In order to separate Au NBPs from the sample which involved a large amount of roughly Au spherical nanoparticles, we add overgrowing Ag to the direct grown products. Bimetallic Au/Ag core/shell nanostructure is obtained by adding AgNO3 in cetyltrimethylammonium chloride (CTAC) solution[21]. Figure 1d shows the preparation process of the size-controlled Au/Ag (core/shell) nanostructure through the overgrowth of anisotropic Ag over Au NBPs. Then, Au NBPs were restituted by etching Ag shell with a mixed solution of NH3·H2O and H2O2. H2O2 was regarded as the oxidant, NH3 · H2O increases the solubility of Ag+ mainly by forming [Ag (NH3) 2] + complexion. H2O2 and NH3 · H2O were added to control the separation strength to ensure that the Ag segment was completely corroded, while Au NBP remained intact. Through TEM (shown in figure 1f), we can observe that AuNBPs are the main substance of the purified sample after purification. Figure 1g shows the absorption spectrum of AuNBP sample before and after purification. The brown line represents AuNBPs before purification, the black line represents Ag/Au structure, and the red line represents the AuNBP after purification. We find that the AuNBPs have a purity of almost 95% through our method and the peak of Au spherical nanopareticle at 700 nm gradually disappeared with continuous purification in absorption spectrum, which indicates a successful purification of the AuNBPs.
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Fig. 1. The Au NBP purification process. (a, b) Aqueous dispersion as well as TEM and SEM micrographs of the unpurified sample. (c, d) Aqueous dispersion as well as TEM and SEM micrographs of the sample with overgrown Ag. (e, f) Aqueous dispersion as well as TEM and SEM micrographs of the purified sample. Heteronanorods have lengths of 820 nm and diameters of 68 nm. (g) Extinction spectra of  the unpurified sample, the sample with overgrown Ag, and the purified sample.
[bookmark: _Hlk65708223]Au rods (AuNRs) are widely studied in plasmonic nanocavity due to their tunable LSPR and simple synthesization[21,22,7]. We compare the electromagnetic field enhancement and the optical extinction cross-section of AuNBP and AuNR, both of which were prepared for evaluations in the solutions (Figure 2a, b). Au NBP with an average length of 86nm, a diameter of 49nm, a tip radius of 3.5nm, a cone angle of 25, and Au NR with an average length of 82nm and a radius of 10nm are observed. Their absorption spectra are displayed in Figure 3c, d. We find that the peak of Au NR has a much larger full width at half maxima (FWHM) than that of Au NBPs, which indicates that the dissipation of Au NBPs is much smaller than that of Au NR. Moreover, Au NBPs are able to significantly enhance the local electric field (EF) because of the two sharp tips. The electric distribution and enhancement of Au NBPs and Au NRs are shown in Figure 2e, by using the FDTD method. The local EF enhancement of AuNBPs is larger than those of Au NRs in simulation. We calculate the mode volume of AuNBPs with ~1178nm3 which is much smaller than Au NRs. Furthermore, in order to study the relation between EF enhancement and LSPR, we change the corner radius of Au NBPs. When the corners of AuNBP become sharper, it results in the increase of EF and also the red-shifted of LSPR.
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Fig. 2. (a, b) TEM images of AuNR and AuNBP. (c, d) AuNR and AuNBP with resonance peaks of 760 nm and 700 nm, respectively. (e, f) EF distribution of Au NR and Au NBP by FDTD simulations.

The unique geometric structure of Au NBPs leads to desired plasma characteristics in the plasmonic field, which contributes to their potential application as nonlinear optics and surface-enhanced spectroscopies. One of the particularly noteworthy applications is the light-matter interaction. They are preferred in the research on nanoscale optical coupling due to the lengthened excitations of semiconductor quantum dots (QDs) and the adscititious optical performances of surface plasmon excitations of metal nanostructures [23,24]. Moreover, QDs are greatly helpful in the research that is as microscopic as the single-particle level due to their outstanding photostability and huge oscillator strengths [25]. Quantum mechanics can theoretically describe the interaction between light and matter[26]. Equation (1) illustrates how two coupled harmonic oscillators would scatter [27]:
                         (1)
where ωc and ωd are the resonance frequencies of plasmon and quantum dot respectively. γc and γd are the linewidths (FWHM). At resonance, the actual Rabbi splitting will be clearly visible while the Rabi splitting is larger than the FWHM of both the cavity phton decay rate and the molecular nonresonant decay rate (γc+γd)/2[28-30]. For the sake of improving the coupling strength to suppress the dissipation of γc and γd, we need to reduce the mode volume of the corresponding nanoparticle [31,32].
FDTD method has been employed to predict the strong coupling between Au NBPs and PbS QDs. As shown in Fig. 3a, we can tune the LSPR of Au NBPs from 750nm to 960 nm by changing its tips in a controllable way, because the extinction cross-section and electromagnetic field enhancement of metal nanoparticles are sensitive with different morphologies. In Fig. 4c, by changing the detuning δ between LSPR and QDs’ resonance, we show an obvious anti-cross curve. The Rabi splittingΩ (Ω = 2g) of ~70meV is also observed at resonance in Fig. 4g, which satisfies the strong coupling criterion of g>(γc + γd)/2[33]. The anticrossing curve and obvious Rabi splitting clearly proves that the plasmon–exciton strong coupling is achieved in our hybrid system. In Figure 3e, PbS QDs remain unchanged, the longitudinal plasma peak changes by adjusting the aspect ratio of AuNR. However, no obvious strong coupling phenomenon is observed because the EF localization of AuNR is relatively weak which can’t satisfy strong coupling conditions. In Figure 3g, the blue line represents the strong coupling between a single quantum dot and Au NBPs, and the orange line represents that two quantum dots are placed at the two tips of Au NBPs. The Rabi splitting is ~70 meV and we observed the resonance of the orange line has a significant red shift compared with the blue line due to the changing of the adjacent medium environment around strong electric field after adding a quantum dot.b
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Fig. 3. (a) FDTD simulated extinction spectra with tunablility of Au NBP's plasmon resonance mode from 750 to 960 nm, which are standardized against the maxima of the peak of the longitudinal plasmon. (b, d, f) show the schematic views of the nano structure. (c, e) Dispersions of the Au NR's and Au NBP's-single PbS QD hybrid states extracted from the sumilation data. (g) Extinction spectra of Au NBP-single PbS QD and two PbS QDs hybrid system.

3. Experimental Section
3.1 Simulation Method
[bookmark: _Hlk46686629]We utilize the FDTD method to study the hybrid optical characteristics of QDs and Au NBPs. In simulation, a light source with a wavelength of 400nm-1000nm is used as the incident light. The numerical model of Au NBPs consists of two symmetrical pyramids. The radius of the bottom of the two pyramids is 24.5 nm. To approach our experimental sample, we set the sharp corner of the pyramid as a sphere, and the radius of tips is 2.5nm. The length of the pyramid is 86 nm and we have to set a quite small meshing in the calculation because the radius of tips and quantum dot are both very small. The Au NR is modeled as an ellipsoid, and its size is obtained by TEM. The surrounding medium (water) has a refractive index of 1.33.
[image: ]To model the PbS quantum dots, the dielectric constant is described using the classic single-oscillator Lorentz model[34]:


where ε (∞) stands for the background dielectric constant (set to 17, commonly used for a loose molecular layer); fL represents the strength of the Lorentz oscillator (set to 0.8), which is dimensionless; ω0 is the maximum of the absorption (1.243 eV); and γ is the width of the spectra (15 meV).
3.2 Chemical method
Chemicals: CTAB (99%) was obtained from Sigma. Ascorbic acid (99%), silver nitrate (AgNO3, 99%), sodium borohydride (NaBH4, 98%), gold chloride trihydrate (HAuCl4·3H2O, 99%), cetyltrimethylammonium chloride(CTAC 25 wt%), and trisodium citrate (99%) were purchased from Sigma-Aldrich. Hydrogen peroxide solution (30 wt%) and ammonia solution (25 wt%) were purchased from Aladdin Chemical (China).
Au NBP Growth and purification: freshly prepared HAuCl4 (0.01 M, 0.25 ml) solution was added into the aqueous solution consisting of trisodium citrate (0.01 M, 0.5 ml) and NaBH4 (0.01 M, 0.3 ml) to form the citrate-stabilized seed solution, the process of which was accompanied by the formation of a high-intensity stirring (19.25 ml). The seed solution was stored under the ambient temperature for 1 hour prior to use. Meanwhile, the CTAB growth solution was obtained by adding ascorbic acid (0.1 M, 1.11 ml), HCl (1 M, 2 ml), AgNO3 (0.01 M, 1.6 ml), and HAuCl4 (0.01 M, 4 ml) into the CTAB aqueous solution (0.1 M, 80 ml), which is followed by the introduction of seed solution (1.2-4 ml). The mixture was subsequently gently reversed and mixed for 5 min, and it was placed in the ambient-temperature environment for the whole night. Grown Au NBPs in CTAB solution presented an LSPR range of 700-800 nm.

The overnight-grown Au NBP sample (20 mL) was then implemented with centrifugation at a rate of 5000 rpm for 10 min, the precipitate of which was redispersed in the CTAC solution (0.08 M, 15 mL). Subsequently, ascorbic acid (0.1 M, 2 mL) and AgNO3 (0.01 M, 4 mL) were introduced into the CTAC solution and kept undisturbed in a water bath under the temperature of 65°C for 4h. During this process, bimetallic Au/Ag products were generated due to the overgrowth of Ag over Au nanocrystals, and they were then implemented with centrifugation at a rate of 5000 rpm for 10 min, followed by redispersion of the precipitates in CTAB (0.05 m, 15 ml), which was kept still in the ambient-temperature environment for 4h. This process was accompanied by the agglomeration and precipitation of the Au/Ag heterorods, which gradually settled down at the container bottom. In contrast, (Ag shell)/(Au core) nanoparticles with spherical morphologies were still in the supernatant. Subsequently, H2O2 (30 wt%, 0.6 mL) and NH3 ·H2O (25 wt%, 0.8 mL) were introduced gently into the solution that was made by redispersion of the remanant Au/Ag heteronanorods in water (20 mL). The mixture was kept stillfor 4h, during which silver fragments were gradually eroded, which was accompanied by the formation of AgCl precipitate at the container base. Eventually, the supernatant was removed and centrifuged at a rate of 5000 rpm for 10 minutes, followed by its redispersion in the water or the CTAB solution (0.05 M, 20 ml) that can be used later.
4. [bookmark: _Hlk52912563]Conclusions
In this study, the synthesized AuNBPs with 95% purity are featured by their sharp tips that contribute to the strongly localized electric field. FDTD method has been employed to realize strong coupling in NIR between few quantum dots and AuNBP which has a small mode volume. In addition, Au NBPs are demonstrated to have shorter widths of the peaks, less plasmonic dissipation, and larger coupling strength than the single-crystalline Au NRs. Therefore, Au NBPs are expected to be widely used in a variety of plasmonic fields, including plasmon-enhanced spectroscopies, biomedicine, and sensing.
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