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Gd-doped diamond synthesized by Gd@C82 under high pressure 
and high temperature 
Shuhang Liu, ‡a,b Jun Han, ‡b,d Rongli Cui,c Xin Yang,b Yunfan Fei,b Xingyu Tang,b Yida Wang,b Yajie 
Wang,b Yongjin Chen,b Jiajia Feng,b Haiyan Zheng,b Kuo Li,*b Xiaoyang Liu*a

Diamond is an important industrial material with excellent physical properties. Transition-metal-doped diamond materials 
would have unexpected unique optical and magnetic properties, but they are difficult to synthesize. In this work, we 
synthesized Gd-doped diamond from endohedral metallofullerene (EMF) under high pressure and high temperatures up to 
22 GPa and 2100 ℃. During room temperature compression up to 30 GPa, our Raman and IR results show that the carbon 
cage of Gd@C82 amorphized, while in situ X-ray diffraction (XRD) data still show clear 100 and 110 peaks, suggesting that the 
metal is still ordered. At 22 GPa and 2100 ℃, carbon transforms into diamond with larger lattice parameters as determined 
by XRD and High-Resolution Transmission microscopy (HRTEM). Gd distributes uniformly in the diamond matrix, which 
shows dilute paramagnetic properties and likely has charge transfer as indicated by Energy-dispersive spectra (EDS) 
mapping, Magnetic property measurement system (MPMS), and X-ray photoelectron spectroscopy (XPS). Our work 
synthesizes a rare-earth metal-doped diamond under high pressure and high temperature and sheds light on the synthesis 
of other metal-doped diamond materials.

Introduction
Doped diamond is a third-generation wide bandgap 
semiconductor material, with diverse electrical and magnetic 
properties depending on the different elements used for 
doping.  Consequently, doped diamond has huge potential for 
various applications in electronic and electrochemistry devices, 
including electrodes, biosensors, and transistors.1-5 Two 
common strategies for producing doped diamond are ion 
implantation and direct synthesis. Ion implantation is usually 
used to dope non-metallic elements into diamond.6-9 Direct 
synthesis produces higher quality and more stable products 
than ion implantation, including high-pressure high-
temperature synthesis and chemical vapor deposition.10-13 
Transition-metal-doped diamonds can only be prepared by 
direct synthesis. For example, Co and Ni-doped diamonds are 
synthesized in metal-carbon solvent catalysis systems.14-16 The 
transition metal ion moves to the vacancy and sits at the center 
of the double semi-vacancy, forming a pseudo-octahedral 
environment. Density functional theory (DFT) calculations show 
that a Co-doped diamond is a ferromagnetically-ordered 

semiconductor with a small magnetic moment of 0.4 μB per 
supercell. Recently, a W-doped diamond has been reported and 
shows stable ferromagnetism, which originated from p-d 
hybridization between W-5d and C-2p state.17 As shown in Fig. 
(1), we summarized different types of doped diamonds that 
have been reported to date1-5,14-17. However, until now, there 
has been no reported study of a rare-earth metal-doped 
diamond.

The main reason for this absence in the literature is that rare-
earth metals are difficult to miscible with diamond. Therefore, 
we propose a bottom-up route to synthesize rare-earth-metal-
doped diamond from endohedral metallofullerene (EMF) to 
overcome this.18-21 Endohedral metallofullerenes form by 
encapsulating metal atoms, ions, or clusters inside carbon 
cages. In this work, we successfully doped representative rare-
earth element Gd which has excellent magnetic properties and 
the largest spin quantum number into diamond using Gd@C82’s 
unique metal-carbon cage structure as a precursor. We used 
both diamond anvil cell (DAC) and large-volume multi-anvil 
press (MAP),22 achieving Gd-doped into diamond uniformly, 
which is beneficial for magnetic properties testing and 
structural analysis. It is efficient and unprecedented that 
synthesize rare-earth metal doped diamond by small molecule 
EMF under high pressure and high temperature. We first 
investigated the structure change of polycrystal Gd@C82 under 
high pressure with in situ X-ray diffraction (XRD), Raman, and 
Infrared spectra. The results show that Gd remains ordered in 
an amorphous carbon structure under high pressure. Then we 
synthesize Gd-doped diamond under high pressure and high 
temperature environment (HPHT) and confirmed it by XRD, 
high-angle annular dark-field scanning transmission electron 
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Figure 1. Reported doped diamond. Metal-doped diamond in red region, non-metal-doped diamond in blue region.1-5,14-17

microscopy (HAADF), Energy-dispersive spectra (EDS) and X-
ray photoelectron spectroscopy (XPS). MPMS-3 (Quantum 
Design) measured the moment of the Gd-doped diamond, 
revealing its paramagnetic properties.

Experimental Methods
Sample preparation and Characterization

Gd@C82 polycrystals were synthesized by the continuous 
metallofullerene macro-scale preparation platform of the 
Institute of High Energy Physics, Chinese Academy of 
Sciences.23-24 Amorphous Gd@C82 (99.157% in purity) was 
purchased from the Funano company. The purity was 
determined by high-performance liquid chromatography 
(HPLC). X-ray polycrystalline diffraction at atmospheric pressure 
was performed at the Pohang Accelerator Laboratory (PAL) 
synchrotron radiation station (λ = 0.69265 Å), as shown in Fig. 
S(1). A DAC equipped with diamonds with a culet size of 300 μm 
in diameter was used to generate high pressure. T-301 stainless 
steel gaskets were pre-compressed to about 35 μm in thickness, 
and a d = 120 μm hole was drilled as a sample chamber in the 
center of the gasket. Crystal samples were loaded into the 
sample chamber without a transmitting medium. A ruby ball 
was used to calibrate the pressure.25

The HP-HT experiment was performed using LP 1000-ton 
Walker equipment produced by the Max Voggenreiter 
company, the raw material was pressed into a pellet (1.3 mm in 
diameter and 1.4 mm in height) using hydrostatic pressing and 
then loaded into the Al2O3 capsules. The temperature range was 
1800 ℃ -2100 ℃ , generated by a Re heater and the 
temperature was retained by LaCrO3. The sample was 

assembled using tungsten carbide anvils with 3-mm, 5-mm 
truncation and 8-mm, 10-mm MgO octahedron. The 
temperature was monitored using a W5%Re-W26%Re type 
thermocouple, and the pressure was calibrated in the same way 
as reference.26 The samples were compressed to 12, 14, 16, 20, 
and 22 GPa, respectively, with an 8/3 assembly and 15 GPa with 
a 10/5 assembly, then heated to the target temperature within 
30 minutes. After quenching to room temperature and 
releasing pressure, the products were polished.

Measurement

The Raman experiment was performed on a Renishaw Micro-
Raman spectroscopy system with a 488 nm Ar+ laser, 532 nm 
second-harmonic Nd:YAG laser and 633 nm HeNe laser, 
respectively. The Raman spectra were recorded with a 
backscattering configuration, and we used a 1800 lines/mm and 
2400 lines/mm grating, respectively. In situ infrared spectra 
were collected on a Bruker VERTEX 70v system with a HYPERION 
2000 microscope. The spectra were collected in transmission 
mode with a range of 600-4000 cm-1 through an aperture of 
20*20 μm2. A resolution of 2 cm-1 was applied, and the 
absorption of the same diamond anvil region was used for the 
background to correct the data. The in situ XRD data was 
collected at the 5A XRS-MS beamline at Pohang Accelerator 
Laboratory (PAL). The wavelength of the X-ray beam was 
0.69265 Å. A Mar345 detector calibrated by CeO2 was used to 
collect the data. The XRD data of the MAP experiment products 
was collected at the beamline 4W2-high pressure experimental 
station at the Beijing Synchrotron Radiation Facility (BSRF). The 
X-ray wavelength was 0.6199 Å. A Pilatus 2M detector 
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calibrated by CeO2 was used to collect data. The T-301 stainless 
steel plate that drilled 20 100μm diameter holes was used to 
load the samples. The XRD data for the sample synthesized at 
20 GPa 1800 ℃ were collected on a PANalytical Empyrean (Cu 
Kα radiation; λ = 1.5418 Å). Dioptas and Jana 2006 software 
were used for integrating the data from the 2D XRD images and 
Lebail fitting of the powder XRD data, respectively.27,28 The 
High-Resolution Transmission Electron Microscope (HRTEM) 
and Selected Area Electron Diffraction (SAED) patterns were 
recorded on a JEM-F200 (JEOL) with an accelerating voltage of 
200 kV. The XPS spectra were tested by an American Thermo 
Fisher Scientific K-Alpha at the Huaxun company. The vacuum 
degree was 5×10-10 Pa, and the excitation source was Al Kα ray 
(hv = 1486.68 eV) with a working voltage of 15 kV. The signal 
accumulation of 5-10 cycles was carried out. The Passing-Energy 
was measured at 50 eV with a step size of 0.05 eV, and the 
charge correction was performed using the C1s = 284.80 eV 
binding energy standard. The magnetization susceptibility was 
measured via Quantum Design MPMS-3 at 10 K which is 
calibrated by standard palladium reference sample after every 
cool down process. More details of characterization process are 
shown in Fig.S(2).

Results and discussion
In situ Raman spectra of Gd@C82 up to 13.8 GPa in the range of 
100-2000 cm-1 are shown in Figs. 2(a) and (b), respectively. In 
order to avoid fluorescence interference, we used a laser with a 
wavelength of 633 nm to perform segmented data 
measurement in static mode. The Raman peaks in the range of 
210-800 cm-1 are radial vibrations of the carbon cage. The peaks 
from 800-1050 cm-1 are the transition from the radial vibration 
of the carbon cage to the tangential vibration, and those at 
1050-1700 cm-1 are the tangential stretching vibration of the 
carbon cage. The spectral peak at 1535 cm-1 (0.43 GPa) is 
attributed to the C=C stretching vibration, and the Raman peak 
blue shifts under high pressure due to the enhanced 
interatomic interactions29-32. Only the radial vibration of the 
carbon cage at 790 cm-1 Fig.S(3) redshifts due to the enhanced 
interaction between the carbon cages. Above 9.8 GPa, all the 
peaks began to disappear, indicating amorphization or 
polymerization. By maintaining the pressure at 13.8 GPa for one 
day and then releasing, no peak was observed during the 
decompression process, indicating that the carbon cage’s 
destruction is irreversible.

Infrared absorption spectroscopy provides complementary 
information, which avoids the influence of fluorescence and 
provides more bonding information, as shown in Figs. 2(c) and 
(d). The radial vibration of the carbon cage at 795 cm-1 also 
redshifts with the increasing pressure, while the other spectral 
peaks blue shift. This is in consistence with Raman data, and 
indicates that Gd@C82 generally presents an enhanced 

interatomic force under high pressure. After 9.6 GPa, the 
spectral peaks began to 

Figure 2. Selected Raman spectra of Gd@C82 upon compression. (a) In the range 
of 100-1100 cm-1. (b) In the range of 1200-2000 cm-1. (c) Selected Infrared 
absorption spectra of Gd@C82 upon compression and decompression. (d) Infrared 
peak position of Gd@C82 as a function of pressure.

disappear, indicating that the carbon cage began to be 
disintegrated. At 14.5 GPa, most of the spectral peaks had 
disappeared, indicating that the reaction could be completely 
amorphous or polymerized. The sample was preserved at 30.9 
GPa for one day and then released. No obvious peak appeared, 
indicating that the carbon cage was broken and this process is 
irreversible.
To understand the change of Gd@C82 structure under high 
pressure, we investigated the in situ XRD of Gd@C82 up to 30.3 
GPa, as shown in Fig. 3(a). A model structure of Gd@C82 based 
on the XRD results of 0 GPa was constructed and shown in 
Fig.S(1). At 0-13.9 GPa, all diffraction peaks move to a higher 
angle (high-Q), and the corresponding d-spacings become 
smaller, which indicates that Gd@C82 becomes denser with the 
increase in pressure. Above 13.9 GPa, the diffraction peak of 
100 at 0.413 Å-1 did not move, and the diffraction peak of 110 
at 0.718 Å-1 and 001 at 0.696 Å-1 moved to the lower angle (low-
Q, as shown in Fig. 3(b), which corresponds to the amorphous 
carbon cage observed in the Raman and IR spectra. The 100 and 
110 peaks are maintained at 30 GPa, indicating that the Gd 
atoms may remain orderly after the destruction of the carbon 
cage. The sample was preserved at 30.8 GPa for six hours and 
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then released to ambient pressure. The peak of 100 and 110 still 
exist, which indicates the crystal still maintain partial order. 
Figure 3. (a) Selected in-situ XRD patterns of polycrystal Gd@C82 upon 

compression and decompression. (b) D-spacing variation of the polycrystal under 

compression.  

XRD results demonstrated that the Gd ion is still ordered at 
30.9 GPa, which indicates that high pressure does not separate 
the Gd ion from the carbon phase. However, the carbon cage 
transforms into amorphous carbon. Then we added a 
temperature dimension using MAP equipment to obtain the Gd-
diamond structure sample.33-36 We selected six pressures to 
synthesize diamond at 1800 ℃  and implemented different 
temperature experiments three times at 22 GPa. Some doped 
diamond sample images are shown in Fig.S(4). The Raman 
spectra of the products show a peak at 1333 cm-1, it can be seen 
in Fig.S(5) that is the first-order diamond Raman peak.37 The 
broad peak between 1400-1550 cm-1 indicates the product 
contains residual C(sp2) bonding.

We investigated XRD to obtain more structural information 

on the sample. Selected XRD patterns of the diamond samples 

are shown in Figs. 4(a) and (b). Our XRD results show that the 
cubic diamond phase was synthesized under HP-HT conditions. 
The diamond 111 peak at 3.05 Å-1 is strong and sharp, which 
indicates excellent crystallinity. The corresponding lattice 
parameters were obtained by Le Bail fitting, as shown in Fig. 
4(c). The result shows that the lattice parameters of diamond 
synthesized at 22 GPa are more enlarged above 0.02 Å than the 
reference.38 We used pure carbon fullerene C60 as raw material 
to synthesized diamond at 22 GPa and 1800 ℃  as a control 
group to confirm that the lattice enlargement was not due to 
the change of synthesis conditions but to Gd doping into the 
diamond lattice. 

The diffraction peak of the 22 GPa sample clearly broadened, 
which indicates the Gd-doped diamond crystallinity decreases. It 
may be caused by the higher density of the Gd doping into the 
diamond lattice defects at 22 GPa than in other synthesis conditions. 
According to the actual measurement of the peak full width at half 
maximum βs (FWHM), we calculated the grain size of the Gd-doped 
diamond using the Scherrer equation:39 

Ls =  κλ/βs cos(θB)
where κ stands for a geometrical factor that fixes at 0.94. θB and λ 

represents the Bragg angle and wavelength (λ = 0.6199 Å). The grain 
size of the Gd-doped diamond synthesized at 22 GPa is about 10 nm, 
significantly decreased compared to the Gd-doped diamond 
synthesized under other conditions (~30 nm) and the control 
experiment (~20 nm). At 22 GPa, Gd doped into the diamond lattice 
more easily than in other conditions, thus reducing the diamond 
crystallinity and particle size.

The microscopic features of the Gd-doped diamond were 

Figure 4. XRD patterns and lattice parameters with Le Bail fitting. (a) XRD of diamond synthesized by C60 and Gd@C82 at 1800 ℃ with different temperatures (b) XRD of 
GdC82 diamond synthesized under 22 GPa with different temperatures. (c) lattice parameter changes with the error bar of Gd-doped diamond and standard diamond lattice 
parameter for reference.
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Figure 5. (a) HRTEM and selected area electron diffraction (SAED) images of the 
Gd-doped diamond recovered from 22 GPa and 1800 ℃. (b) HAADF-STEM image 
of the 22 GPa and 1800 ℃ sample. EDS mapping of the (c) Gadolinium overlay 
and (d) carbon overlay.

scrutinized with High-Resolution Transmission microscopy (HRTEM). 
The HRTEM images of the 22 GPa 1800 ℃ sample are shown in Fig. 
5(a). The HRTEM images of 15 GPa and 1800 ℃ sample are shown 
in Fig. S(6). Obvious lattice fringes are found in the 15 GPa and 1800 
℃ sample, and the diffraction rings are bright and clear. The pattern 
of the 22 GPa and 1800 ℃ sample shows that the diffraction ring’s 
intensity weakened and the HRTEM image finds a more random 
arrangement than the sample under 15 GPa and 1800 ℃. 

Nanoscale elemental compositional analysis was carried out by 
energy-dispersive spectroscopy (EDS) mapping in TEM with high 
spatial resolution. High-angel annular dark-field (HAADF) STEM 
image of 22 GPa 1800 ℃  sample are shown in Fig. 5(b). The 
elemental distribution of Gd and C in the doped diamond sample is 
shown in Fig. 5(c)(d). Gd and C elements diffuse uniformly and no 
obvious enriched Gd phase appears. We measured the EDS mapping 
of the Gd@C82 raw material for comparison as shown in Fig. S(7), 
which shows that the Gd element is uniformly dispersed in the region 
of the carbon element. When the carbon cage of Gd@C82 transforms 
into the diamond under HPHT conditions, no Gd-containing phase 
appears. The Gd elements are still uniformly distributed in the 
carbon region and are retained in the diamond lattice.

To investigate the local Gd-C interaction, XPS experiment was 
performed for the raw material Gd@C82 and the Gd-doped 
diamond samples as shown in Fig. (6). Comparing the Gd4d 
core-level spectra as shown in Fig. 6(a) with the XPS references 
shows that the Gd4d core-level spectra have peaks of Gd@C82 
at 143.2 eV and 148.3 eV represented the Gd 4d5/2 and Gd 4d3/2 
respectively.40 Compared with the raw material, the binding 

Figure 6. XPS spectra of the raw material Gd@C82 and Gd-doped diamond 
synthesized from 12 GPa to 22 GPa and 1800 ℃: (a) C1s region, (b) Gd4d region.

energy of the Gd4d core level in doped diamond decreased, 
indicating that the valence shell of Gd ions changed. The 
greatest difference between the doped diamond and the raw 
materials XPS data is the new peak of the high-intensity XPS 
band located at 152.9 eV, which is likely related to the charge 
transfer process during Gd-doped diamond formation. The 
same phenomenon also occurs in the Gd-SiO2 system,41 where 
it is contributed by the Gd-C bonding formation. We can also 
see the corresponding transformation in the XPS C1s spectra. Fig. 
6(b) shows the core level XPS C1s spectra of the Gd@C82 raw 
material and Gd-doped diamond. For the raw material, the two 
fitting peaks originate from the contribution of carbon in the 
carbon cage of EMF with different chemical environments.42 
According to the existing reports, carbon atoms with the sp3 
state line are in the range of 284.1-285.2 eV, and few appear at 
the values of 286.0 eV.43,44 The binding energy of 286.3 and 
284.5 eV in the doped diamond XPS spectra was consistent with 
the binding energy of nanodiamond. The peak of 288.7 eV is not 
attributed to the pure carbon nanodiamond. We determined 
that a small portion of the carbon in the nanodiamond interacts 
with Gd, which produces a binding energy increase to 288.7 eV. 
This fact shows that Gd doped into the diamond lattice during 
formation. 

The magnetic properties of Gd-doped diamond were 
characterized by MPMS-3 (Quantum Design). The inverse of the 
magnetic moment as a function of the temperature between 2 K and 
300 K at constant field H = 50 Oe after zero-field cooling (ZFC) or field 
cooling (FC) of the Gd-doped diamond sample synthesized at 22 GPa 
and 2000 ℃  are shown in Fig. 7(a). The sample exhibits obvious 
paramagnetic properties in the temperature region above 200 K. We 
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Figure 7. (a) Inverse of the magnetic moment as a function of the temperature 
between 2 K and 300 K measured at a constant magnetic field H=50 Oe after ZFC 
or FC curve. (b) Magnetization at 10 K of raw material Gd@C82 and Gd-doped 
diamond synthesized from 12 GPa and 1800 ℃, 15 GPa and 1800 ℃, and 22 GPa 
and 2000 ℃.

fitted magnetic susceptibility of Gd-doped diamond by Curie-
Weiss law:45

χm =  C/(T - TC )
Where C stands for Curie constant. Tc represents the Curie 

temperature. The fitting result shows a Curie constant of 
C=8.07cm3·mol-1·K and a Weiss constant of θ = -91.6 K. 
Calculated from 8C = µeff

2/µB
2, effective magnetic moment µeff = 

8.07µB. This is the typical effective magnetic moment value of 
the Gd3+. The magnetization curves of the Gd-doped diamonds 
are shown in Fig. 7(b). The results indicate that Gd-doped 
diamonds retain their paramagnetic characteristics from the 
raw material. The M-T curve of raw material was shown in Fig. 
S(8). Intrinsic diamond possesses diamagnetic characteristics, 
while the Gd-doped diamond shows paramagnetic 
characteristics at 10 K, indicating that the process of 
transformation to diamond retains paramagnetic 
characteristics of Gd element.

Conclusions
In summary, we synthesized Gd-doped diamond via the 
polymerization of Gd@C82. The polymerization of Gd@C82 starts 
at about 13 GPa. With further increasing pressure, the products 
start disordering. We obtained Gd-doped diamond from 12-22 
GPa and 1800-2100 ℃, with the grain size of 10s of nanometer. 
The volume of the diamond crystal enlarged by about 2% 
caused by the Gd doped in the diamond crystal cell. 
Furthermore, the EDS mapping shows the uniform elemental 
distribution of gadolinium and carbon. The new peaks in the XPS 
Gd4d and C1s spectra originate from charge transfer between Gd 
and C in the Gd-doped diamond. The magnetization curves 
indicate that the Gd-doped diamond exhibits paramagnetic 
properties and could have great potential for applications in 
micro-electro-mechanical systems. Synthesis rare-earth metal 

doped diamond by small molecule EMF Gd@C82 achieves 
effective Gd doping, which indicates EMF can be an excellent 
precursor for synthesizing various of doped diamond and 
broadens the application of doped diamond in the future.
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