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PARAMAGNETIC CHARACTERISTICS OF
DETONATION NANODIAMONDS

DAC TRUNG THUAN TU CUA NANO KIM CUONG TONG HQP
BANG PHUONG PHAP SONG XUNG KICH

Nguyén Thi Thanh Binh
Truong Dai hoc Quang Binh

ABSTRACT: Detonation nanodiamond (DND) powder samples synthesized via shock wave
methods were doped during the synthesis process and studied using the electron paramagnetic
resonance (EPR) technique. The paramagnetic origin of DND was analyzed based on EPR signals.
The primary contribution to the measured signals comes from loose C-C bonds on the surface and
within the core of the DND particles. The presence of Pl paramagnetic centers (nitrogen atoms
substituting carbon atoms in the diamond lattice) in the nanodiamond particles was confirmed
using the saturation effect of the EPR signal.

Keywords: Electron paramagnetic resonance (EPR), detonation nanodiamonds (DND),
loose C-C bonds, P1 centers, saturation effect.

TOM TAT: Cdc mau bét nano kim cuwong diroc tong hop bang phirong phdp song xung kich
(detonation nanodiamond DND) bj bién tinh trong qud trinh tong hop nho dira vao cdc nguyén t6
pha tap dwoc nghién ciru bang phirong phdp céng hwéng thudn tir dién tir (EPR). Nguon goc thudn
twr cua DND, dwa trén cdc tin hiéu EPR, dwoc phdn tich. Dong gop co ban vao tin hiéu do duoc la
cdc lién két long léo C-Ctrén bé mdtva bén trong l6i ciia cdc hat DND. Sy ¢6 mdt cuia cdc tam thudn
tir P1 (nguyén tir nitrogen thay thé nguyén tir carbon trong mit mang kim cwong) trong hat nano kim
cwong dwoc chirng minh sir dung hiéu irng bdo hoa cua tin hiéu EPR.

Tir khéa: cong hucng thudn tir dién tir (EPR), nano kim cwong DND, lién két long léo
C-C, tam P1, hiéu vng bao hoa.

1.GIOI THIEU

Ké tur khi bat dau cac nghién ctru vé

truc 161 - vo (core-shell) cua hat nano kim
cuong [2]. Ngoai ra, khi kich thudc 161 tinh

nano kim cuong duoc tong hop bang
phuong phap séng xung kich (detonation
nanodiamond DND) sy quan tdm d6i véi
loai vat li¢u nay ngay mdt tang [1]. Nano
kim cuong ké thira tap hop céc tinh chét
quan trong dic trung cho kim cuong khéi,
nhu do cimg cao, d6 din nhiét cao, d6 bén
birc xa cao, tro vé mat hoa hoc cua 16i tinh
thé nano kim cuong [2] va s& hiru cac dic
trung khac lién quan dén kich thudc nano -
su twong dwong vé sb luong cac nguyén tir
trén bé mat va bén trong hat DND va ciu

thé 16n hon 2 nm, nano kim cwong cé do
rong ving cam tuong tw nhu cua kim cuong
khéi [3], diéu nay c6 thé dam bao sy tuong
ung vé céc tinh chat quang hoc, dién tu, tu
ctia nano kim cuong v6i kim cuong khoi.
Can luu v 13 nhimg dic biét trong tinh chit
quang hoc, dién tir va tur cua kim cuong
khéi gin lién v6i su c6 mit ctia cac nguyén
t6 tap chat trong mang tinh thé kim cuong
nhu nitrogen, boron, phosphorus, silicon...
[4, 5]. Tam NV (NV - center, nguyén tir
nitrogen thay thé nguyén tir carbon ¢ nut
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mang tinh thé va lién ké véi né 1a mot nut
tréng) dang dwoc xem nhu 1a mot phan ti
logic co ban véi tiém ning sir dung trong
may tinh lugng tir va cac tmg dung khac cua
dién tir hoc spin [6]. Thong thuong, tim NV
duoctaora béng cach chiéu xa electron kim
cuong c6 chtra tdm P1 (nguyén tur nitrogen
thay thé nguyén tir carbon & niit mang kim
cuong) voi sy i nhiét tiép sau d6. Néu tam
NV nay dugc hién thuc hoa trong hat nano
kim cuong thi ¢é thé néi ky nguyén cua
dién tir hoc spin dua trén kim cuong s€ mo
ra. Vi vay, nghién ctru kha nang tao ra tim
NV trong nano kim cuong dang thu hut
nhiéu su quan tdm [7]. Trong do, budc dau
tién s& 1a thiét 1ap su c6 mat cua tam P1
trong hat nano kim cuong.

Muc dich cua bai bao nay la nghién
ctru tinh chit thuan tir ctia nano kim cuong
tong hop bang phuong phap séng xung kich
DND va thiét 14p su c¢6 mat cia tim Pl
trong hat DND su dung phuong phap cong
hudng thuan tr dién tur.
2.PHUONG PHAPNGHIEN CUU

Pho cong hudng thuan tir dién tir EPR
dugc do bang phd ké RadioPAN SE/X-
2543 cai tién su dung bd cong hudng
(BCH) H,,, ¢ dai X. Tu truong phan cuc
dugc bién digu véi tan s6 100 kHz va bién
d6 0,01 mT. Trong phd ké, tan s6 cia may
phat séng siéu cao tin (super high
frequency SHF) dugc 6n dinh theo tan s6
ciia BCH H,,, nho hé théng diéu chinh tan
s tu dong. Kiém soat hé sb phém chét cua
BCH, diéu chinh pha bién diéu cua tir
truong va hiéu chudn thanh phan tir truong
ctia bire xa SHF duogc thyc hién bang cach
sir dung tin hiéu EPR cua tinh thé ruby
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(ALO,: Cr"), duoc cb dinh trén tuong cua
BCH. B¢ nhay ctia pho ké ~3.10 spin/mT.

Céc mau nano kim cwong DND bj bién
tinh trong qua trinh tong hop théng qua viéc
dua cac nguyén tir pha tap vao 16p vo nude
bao boc vat liéu nd (T/RDX) hoac truc tiép
vao trong vat liéu nd nhim muc dich dua
cac nguyén tir pha tap vao tinh thé nano kim
cuong dugce nghién ctru. Mau duogc tong
hop tai Tekhnolog FSUE SDTB, Lién bang
Nga. Dic trung ctia cac mau duoc trinh bay
trong Bang 1.

Ham lugng cic nguyén to tap chat
dugc danh gid nho hé phan tich SUPRA
55VP WDS v6i h¢ phan tich vi moé INCA
WAVE ctia cong ty Oxford (Anh).
3.KETQUA VA THAO LUAN

Dbi voi toan bd 10 miu nghién ciru
tién hanh ghi tin hiéu EPR ddng pha va
vudng pha (so v&i pha cua tin hiéu bién diéu
100 kHz). Céc tin hi¢u EPR thu dugc 1a dao
ham bac nhat cia dudng hap thy (Hinh 1),
c¢6 dang dbi xtmg véi hé s6 g nam trong
khoang 2,0027 - 2,0043 va d¢ rong phd
0,69-0,94mT phuthudc vao tap chét dugc
dwra vao trong qua trinh tong hop mau.
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Hinh 1. Tin hiéu EPR ciia mau nano kim cuong

s0 1: 1- tin hiéu dong pha, 2-tin hi¢u vuong pha
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Heé s g 1a dai luong dic trung cho mdi
tam thuan tir va phan anh tuong tac giira cac
tam thuan tir véi moi truong. Trong k¥ thuat
EPR hé s6 g dugc xac dinh tir biéu thirc g =
71,448f/B véi f1a tan s6 cong huong (duge
do bang GHz) va B 1a cam Gng tir tai vi tri
tin hiéu hap thu dat cuc dai (dugc do bing
mT). Hé sé g d6i voi dién tir ty do g, =
2,0023. Ngudn gbe tin hiéu EPR v6ihé s g
=2,0027 trong kim cuong lién hé véi cac
sai hong vé ciu tric khong lién quan dén tap
chat, xuét hién trong bién dang déo ciing
nhu trong cac lién két C-C long 1éo (tam S1)
trén bé mat va bén trong tinh thé kim cuong
khéi khi bi chiéu xa boi neutron va ion [8,
12]. Céc gia tri 16n hon cta hé s6 g 1a do sy
¢6 mat cua cac nhém chure khac nhau trén
bé mit cac hat DND, bao gém C-0,C-H,va
cac trang thai (mg sudt trong chinh hat
DND. Ngoai ra gié tri hé sd g thay d6i manh
d6i v6i cac mau dugc dwa vao cac tap cht
khac nhau trong qué trinh tong hop. Céu
tric dac trung cho céc tdm thuan tu Pl
khong xuat hién trén pho ghi dugc.

Néng do cac tam thuan tur duoc xac
dinh dua trén phd EPR ciia cic mau nghién
cu’u Phat hién thay c6 sy twong quan gura
ndng do tim thuan tir Va gia tri ciia hé sd g
(Hinh 2-a): khi giam sb lugng céc lién két
long 1éo C-C trong nano kim cwong, hé s6 g
tién gﬁn dén gia tri 2,0027. Su phu thudc
nhu vy 14 dic trung cho hé tinh thé va c6
thé chung t6 vé su nang cao chit luong cua
cac hat nano kim cuwong. Do d0, c¢6 thé néi
rang cac lién két 16ng 1éo phan bd & bén
trong 13i nano tinh thé hodc & vung tiép xtic
giita 161 tinh thé va 16p vo. Ngoai ra, phat
hién thiy su giam gid tri hé sb g tir khoang
gid tri (2,0027 - 2,0043) dén khoang gia tri
(2,00235 - 2,0027) sau mdt nam bao quan
trong phong thi nghiém ¢ nhiét d§ phong.
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Hé s6 g=2,00235 thong thuong dic trung
cho tam thuan tir cua nguyén tir nitrogen
trong mang tinh thé kim cuong 1i tuong [9].
Tir Hinh 2 ¢6 thé thay o hé s6 g giam trung
binh 0,00034 £ 0,00005, trong d6 khi nong
do tAm thuan tir 16n hon 1,6.10" spin/g su
thay ddi gia tri cia hé s g tro nén rd rét hon
va bang 0,0015. Piéu nay cho phép néi vé
su loai bo cac ing suat xudt hién trong qua
trinh tong hop DND va su téi to chirc ctia
cac nguyén tu trong hat DND trong thoi
gian bao quan. Gia thiét rang nhiing bién
do6i xay ra ¢ chinh 16p vo cua hat DND sau
thoi gian bao quan 1a nguyén nhan dan dén
sugiamgiatriciahésog.
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Concentration of paramagnetic centers, g

Hinh 2. Su phu thudc tuong quan giira

gia triNhé s0 g va ndng Cch) tém’thuép tur trong
cac m€1~u nghiéq ctru (mau 1 dén mau 10): a -
Céc mau ban dau, b - Sau mdt nam bao quan

trong phong thinghi¢m

Céc thoi gian phuc hdi thuan tir da
dugc tinh toan dbi v6i mot trong nhing
mau DND hoan thién nhat (mau 1) sir dung
dudng cong bio hoa cua tin hiéu dong pha
(Hinh 3) ¢6 tinh dén dic trung bio hoa cta
tin hiéu vuong pha [13]. Tinh toan trén co
so cac phép do EPR ¢ nhiét do phong da di
dén céac két qua sau vé thoi gian phuc hoi
thuan tir: thoi gian phuc hoi spin - spin 7, =
8,92-10" s va thoi gian phuc hdi spin - mang
T,=2,18-107s. Sau thdi gian bao quan mot



nam & didu kién phong thi nghiém thoi gian
phuc hdi thuan tir ting 1én: thoi gian phuc
hoi spin - spin 7, = 9,27-10° s, thoi gian
phuc hoi spin - mang 7, = 1,21-10" s. Két
qué nay 1 pht hop véi gia thiét vé su loai
b6 cac Gng sudt va tai té chuc cua cac
khuyét tt ciu tric trong DND.
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Hinh 3. Sy phuy thudc ctia bién d¢ tin hiéu
d6ng pha EPR (miu 1) vao thanh phan cam tmg
tu B, ctia song SHF (B10 la cam u'ng tur B, khi hé
sO suy giam cong suat sidu cao tan1a 0dB )

Nhu d3 néi ¢ trén trong mau DND
khong quan st thdy tin hiéu EPR tir tim
thun tir P1. Didu nay c6 thé 1a do nong do
rat 1on cua cdc tAm thuan tir & trong mau,
khi d6 xudt hién twong tac trao doi ludng
cuc - ludng cuc, anh huong dén qua trinh
phuc hdi. Can luu y rang, trong cic miu
DND c6 rat it cac tim NV va NV’ con cac
tam P1 va tam A (2 nguyén tr nitrogen
chiém 2 nit mang lién ké trong mang tinh
thé kim cuong) 14 kha phd bién [10, 11]. Vi
vay, ¢ day bai bao ddt ra mot muc ti€u la
chirng minh sy c6 mat cua tdm P1 trong
DND strdung cong cu EPR.

Nhu di biét pho EPR cta tim P1 da
bao hoa ngay ¢ nhirng gia tri nhé cua cong
sudt song SHF do thoi gian phuc hoi thuén
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tur [6n ciia tdm nay. Trong k¥ thuat EPR hi¢u
ung bao hoa la su suy gidm hoac khong thay
d6i ctia bién do tin hiéu EPR khi ting cong
suat séng SHF. Trong cac mau kim cuong
chtra tam thuan tor P1 hiéu tng bao hoa
dugc quan sat thdy ddi véi ca tin hiéu EPR
d6ng pha va vudng pha: Tin hiéu ddng pha
dat cuc dai khi cong sudt song SHF dat ti 1¢
B,/B,,<0,1 (cong suat séng SHF tuong tmg
< 2 mW) va giam manh khi tiép tuc ting
gi tri cong suit séng SHF; tin hidu vudng
pha dat cuc dai khi cong sudt song SHF dat
ti 16 B,/B,,> 0,4 (cong suat séng SHF tuong
mg > 32 mW) va gan nhu khong suy giam
hoac giam khong nhiéu khi tiép tuc ting
cong sudt song SHF. Tinh dén nhiing dac
trung bao hoa cua tam thuan tr P1, hi¢u
g bido hoa can phai dugc quan sat thiy
d6i voi tin hidu dong pha chuin hoa theo tin
hiéu vudng pha A/A,, trong cic mau kim
cuong co chtratam P1.

Su phu thudc cua bién do tin hiéu dong
pha (A,) chuan hoa theo bién d6 tin hiéu

8.0 1
7.54
7.0

6.5

Ay/Ay,

6.0
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Hinh 4. Sy phu thudc cua bién d6 tin hi¢u
ddng pha (A,) chuin hoa theo bién d tin hiéu
vuong pha (A%) vao cong sut song SHF dbi
V0'1 mau DND s6 l(Bm la cam ung tur B, khi hé
s6 suy giam cong suat sidu cao tan 12 0 dB
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vudng pha (A,,) vao cong sudt song SHF
d6i v6i mau DND s6 1 duoc trinh bay trén
Hinh 4. C6 thé thay ring khi ting cong suit
song SHF xay ra sy bao hoa cua h¢ spin.
Day 1a bang chimg gian tiép cho thdy su ton
tai cua cac tam thuén tur véi thoi gian phuc
hoi 16n trong mau nghién ctru. Tuong tu
nhu cac loai kim cuong nhan tao khac, cac
tam thudn tir d6 c6 thé 1a nguyén tir nitrogen
thay thé nguyén tir carbon ¢ niit mang cua
nano tinh thé kim cuong.

Tin hi¢u EPR tir tdm P1 thuong duoc
quan sat thdy & ving tir truong 328 - 338
mT. Céu tric phd EPR cua tim Pl goém
thanh phan trung tdm véi hé s6 g = 2,0024
do phan tach Zeeman va cac thanh phan
nam hai bén cach déu thanh phan trung tim
do su phan tach siéu tinh té. Pho EPR dac
trung cho tdm P1 ing véi tin hiéu déng pha
va tin hiéu vudng pha quan sét thiy trong
mau kim cuong CVD da tinh thé dugc trinh
bay trén Hinh 5.

Sau khi chiéu xa neutron kim cuong
CVD tin hi¢u tir tdm P1 khong con quan sat
théy, phé EPR c6 dang, nhu dbi v6i DND,
12 mot dudng dao ham bac nhit cua dudng
hap thu cong hudng dang singlet. Su phu
thudc cua bién d6 chuin héa A/A,, vao
cong suét song SHF duoc din ra trén Hinh 6
d6i véi kim cuong CVD ban dau va sau khi
bi chiéu xa va iinhiét & nhiét do cao.

C6 thé nhan thay ring trén cac duong
phu thudc & Hinh 6 ¢ cac doan bao hoa
ctia bién do chuan hoa A/A,, & ving cong
sudt thip, twong ty nhu sy phu thudc da
dugc quan sat thiy d6i voi cac mau DND
nghién ctru.
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Hinh 5. Tin hiéu EPR dong pha (a) va
vuong pha (b) cia tdm Pl trong kim cuong
CVD datinh the

Su bao hoa cua bién d0 tin hiéu déng
pha chuan hoa theo bién d tin hiéu vudng
pha A/A,, khi ting cong sudt song SHF
khéng quan sat thdy d6i voi cac miu carbon
khac nhu than da (Hinh 7), carbon nhiét
phan (P4 thi khong dugc dua vao).

Nhu véy, néu miu hat DND 14 13i tinh
thé kim cuong véi 16p vo vo dinh hinh bao
quanh thi tin hiéu EPR ctia DND can phai
dugc dong gbp tir cac tdm thudn tir c6 thoi
gian phuc héi ngén (<107s) trong 16p vo va
céc tAm thuan tir c6 thoi gian phuc hoi dai
(>107s) trong 13i tinh thé. Ban chat cua cac
tam thudn tir trong 16p vo c6 thé gin lién véi
cac dién tr khong ghép doi trén cac lién két
long 1é¢o C-C, ban chét ciia cac tAm thuan tur



trong 151 tinh thé khong chi gin véi cac lién
két 1ong 1é0 C-C ma con gin voi nguyén tir
tap chat nitrogen thay thé nguyén tir carbon
& nit mang cia tinh thé kim cuong.
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Hinh 6. Sy phu thudc cta bién d¢ tin hi¢u
dong pha (A,) chuan hoa theo bién d tin hiéu
vuodng pha (A,,) vao cong suat song SHF ddi
v6i mau kim cuong CVD don tinh thé ban dau
(a) va sau khi bi chiéu xa neutron va u nhiét (b)

010 0j2 OI.4 OI.6 O.I8 110
B I/BIO
Hinh 7. Sy phu thudc cta bién d6 tin hi¢u

ddngpha (A,) chuan hoa theo bién do tin hidu vudng
pha(A,,) vao cong suat song SHF doi voi than da
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Tt nhitng phan tich & trén c6 thé gia
thiét vé su co mit cia nguyén tir nguyén to
nitrogen & dang tdm P1 trong cac hat DND,
ph6 EPR cutia né khong thé phan giai duoc
trén nén tin hiéu cuong do manh tir tam S1.
Pé y ring tdm P1, khac voi tim S1 ludn
bdo hoa & cong suat SHE nhé hon 2 mW. Vi
vay chi cAn mot luong nho tdm thuén tir P1
cling d3 din dén su bdo hoa cua bién do
chuinhéa A /A, & cac gia tri nho clia cong
suat song SHF.

Nhu vy, bang thyc nghiém da ching
minh duogc réng, su bdo hoa cua tin hiéu
EPR chuan hoa A,/A,, 1a dic trung cho cac
tam thudn tur c6 thoi gian phuc hdi thuan tir
16n, tham chi trong trudng hop tinh thé kim
cuong bi chiéu xa neutron va khong con
quan sat thiy tin hiéu EPR tir tim P1.
4.KETLUAN

Nghién ctru phd EPR ctia mau bot nano
kim cuong DND bi bién tinh bang cach dua
vao céc tap chat khac nhau trong qua trinh
t6ng hop thu duoc cac két qua sau day:

- Tinh thuan tir cia cac hat DND co6
ngudn gde chi yéu tir cac lién két long 1éo
C-C (tam S1) trén bé mat hodc bén trong 13i
tinh thé nano kim cuong.

- Nghién ctru cac qua trinh phuc hdi
cho théy su ton tai trong tinh thé nano kim
cuong tAm thuan tir v6i thoi gian phuc hdi
16n (>107 s). Trong kim cuong cac tim
thuan tr nhu vay la tam P1, nguyén tu
nitrogen thay thé nguyén tir carbon ¢ nut
mang cuakim cuong.

- Su thay d6i gia tri ctia hé sb g va thoi
gian phuc hdi thuan tir sau mot nam bao
quan mau chimg t6 su loai bo cac Gng sut
trong hat DND xuét hién trong qua trinh
tong hop va sy tai to chirc ctia cac nguyén tir
trong hat DND.

15



TCKH&CN, 24.(04), 2024

TAI LIEU THAM KHAO

Tiéng Anh:

[1]

(2]

[3]

[5]

[6]

[7]

Dolmatov VYu, Shames Al, Osawa E,
Vehanen A, Myllymiki V, Dorokhov AO,
Martchukov VA, Kozlov AC, Naryzhny
SYu, Smirnova AZ (2021), “Detonation
nanodiamonds. from synthesis theory to
application practice”, JAMT, 6(1), 54-80

Jean-Charles Arnault (2017),
“Nanodiamonds: Advanced Material
Analysis, Properties and Applications”,
Elsevier, p. 504

Andrey A. Fokin, Peter R. Schreiner
(2009) “Band gap tuning in
nanodiamonds: first principle

computational studies”, Molecular
Physics, 107(8-12), 823-830.

Dischler, B. (2012), “Impurity Defects in
Diamond’ In: Handbook of Spectral Lines
in Diamond. Springer, Berlin, Heidelberg,
P.303-367.

Yuki Katamune, Akira Izumi, Kimiyoshi
Ichikawa, Satoshi Koizumi (2023), “Heavy
phosphorus doping of diamond by hot-
filament chemical vapor deposition”,
Diamond and Related Materials, 134, 109789.

Peter Deak, Balint Aradi, Moloud Kaviani,
Thomas Frauenheim, Adam Gali (2014),
“Formation of NV centers in diamond.: A
theoretical study based on calculated
transitions and migration of nitrogen and
vacancy related defects”, Phys. Rev. B,
89(7),075203.

Bethany M. Hudak, Rhonda M. Stroud
(2023), “Atomically Precise Detection and
Manipulation of Nitrogen-Vacancy

Lién hé:
TS. Nguyén Thi Thanh Binh

Khoa Su pham, Truong Pai hoc Quang Binh

[9]

[10]

[11]

Centers in Nanodiamonds” ACS Nano,
17(8),7241-7249.

P.R. Brosious, J.W. Corbett, J.C. Bourgoin
(1974), “EPR measurements in ion-
implanted diamond”, Physica Status
Solidi (a),21(2), 677-683.

W. V. Smith, P. P. Sorokin, I. L. Gelles, G.
J. Lasher (1959), “Electron-Spin
Resonance of Nitrogen Donors in
Diamond”, Phys. Rev., 115, 1546-1552.

Stuart Turner, Oleg I. Lebedev, Olga
Shenderova, Igor 1. Vlasov, Jo Verbeeck,
Gustaaf Van Tendeloo (2009),
“Determination of Size, Morphology, and
Nitrogen Impurity Location in Treated
Detonation Nanodiamond by
Transmission Electron Microscopy”, Adv.
Funct. Mater, 19(13),2116-2124.

Igor I. Vlasov, Olga Shenderova, Stuart
Turner, Oleg 1. Lebedev, Artem A. Basov,
Ilmo Sildos, Mickel Rdhn, Andrey A.
Shiryaev, Gustaaf Van Tendeloo (2010),
“Nitrogen and Luminescent Nitrogen-
Vacancy Defects in Detonation
Nanodiamond”’ Small, 6(5), 687-694.

Tiéng Nga:

[12]

[13]

A.b. Poitima, B.M. Maesckuii (1989),
OnekmpoHHbII NAPAMASHUMHBIL PE30HAHC
nogepxHocmu meepovix mei, YCUeXu
Odmnueckux Hayk, 159,297-333.

B.I'. baes, H.M. Jlamuyk (2007),
“PenaxcayuoHuvlie npoyeccs 8
KPUCIALIAX CUHMEMUYEeCKo20 alMasd C

yuemom keaopamypHozo cuenana ICP”
Hoxmanst BI'YUP, 20(4),93-100.

Dia chi: 18 Nguyén Vian Linh, Pong Héi, Quang Binh
Email: nguyenttbinh125@gmail.com

Ngay nhan bai: 05/5/2024
Ngay guri phan bién: 06/5/2024
Ngay duyét dang: 23/10/2024

16



