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The influence of annealing temperature on the structure, morphology
and magnetic properties of Fe/Fe;O, nanocomposite powder was
investigated. The samples were fabricated by combining high-energy
ball milling and annealing at temperatures of 623, 723 and 823 K. The
structure and morphology of the samples were characterized by X-ray
diffraction, scanning electron microscopy. These measurements
indicated the evolution of the crystalline phases of the samples as the
temperature increases. At the same time, the morphology of the
samples changed abnormally at different annealing temperatures:
granular (623 K), leaf (723 K) and rod (823 K). The room-temperature
magnetization measurements pointed out a decrease of saturation
magnetization as annealing temperature increases, while coercivity
increases. Besides, the presence of a Verwey phase transition near 120
K is confirmed the good crystal quality of FesO, phase. Our study
demonstrates the possibility of tuning the morphology and magnetism
in iron/iron oxide nano systems through controlled oxidation at the
different temperatures.
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Cau triic dang 1a
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Céc tinh chét tir

Chuyén pha Vervey

Anh hudng cua nhiét do 0 1én cau truc, hinh thai va tinh chat tir cua cac
mau bot t6 hop nano Fe/Fe;0, da duoc khao sat. Cac mau bot nano
duogc ché tao bang cach két hop gitra nghién bi niang luong cao va u
nhiét tai cac nhiét do 623, 723 va 823 K. CAu trtc, hinh thai cac mau
dugc dic trung boi nhidu xa tia X, hién vi dién tir quét. Cac phép do nay
chi ra sy tién trién cua cac pha tinh thé cua cac mau khi nhiét do ting.
Dong thoi hinh thai ciia cac mau thay doi bat thuong tai cac nhiét do u
khac nhau: dang hat (623 K), dang 14 (723 K) va dang thanh (823 K).
Cac phép do tir nhiét do phong cho thay tir do bao hoa giam khi nhiét
d6 U tang, trong khi d6 luc khang tr ting. Bén canh do, sy c6 mat ctua
chuyén pha Verwey gan 120 K chimng to pham chét tinh thé tét cua pha
Fe;0,. Nghién ciru ciia ching ti ching minh kha ning diéu khién hinh
thai va tir tinh trong hé Fe/oxit Fe thong qua su 6xy hoa c6 didu khién
tai cac nhiét 4o khac nhau.

DOI: https://doi.org/10.34238/tnu-jst.6436

" Corresponding author. Email: manhdh.ims@gmail.com

http://jst.tnu.edu.vn

55 Email: jst@tnu.edu.vn


https://doi.org/10.34238/tnu-jst.6436

TNU Journal of Science and Technology 227(16): 55 - 61

1. Gioi thigu

Cac vat ligu nano tir noi chung va cac vat liéu nano té hop (chtra 2 hay nhiéu pha tinh thé) néi
riéng 1a cac ddi tuong thu hit sw quan tdm nghién ctru vé ca 2 khia canh co ban va tng dung [1] -
[5]. Cac vat liéu t6 hop chira hai pha tir tinh c6 thé an chira nhiing hiéu tng va tinh chat noi troi
nhu trao d6i hiéu dich, lién két trao ddi, trang thai siéu thuan tir, luc khang tir ting cuong, tir tro
khong 19,... [7] - [11]. Lién két trao dél hoan hao giita 2 pha tir tinh c6 thé ning cao kha ning
rng dung caa nam cham nano to hop [9], y-sinh [3]; trao doi hiéu dich Ién mang dén tiém nang
g dung trong b nhe truy cap ngau nhién, dién tir spin [11], phdi hop tré khang tot tao tién dé
tt cho (g dung trong hap thy song dién tir trong vung tan s cao [8].

MGt trong nhitng hién twong thu vi lién quan dén cac hop chat chira Fe;0, 1a su xuat hién cua
Chuyen pha Vervey tai nhiét do Ty gan 120 K, hién tugng duoc biét rong rdi do su thay d01 dot
ngdt ciu trac tinh thé tir don ta (monoclinic) sang 18p phuong (cubic) cua cac vat li¢u co ciu triic
spinel dao [7], [12] — [14]. Su thay dbi cau tric thuong di kém voi nhirng chuyén pha loai 1 cua
cac ddc trung di¢n tur, Chuyén pha nay chi ton tai trong Fe;O4 don tinh thé (dang khéi hoic dang
hat véi ti phan hoan hao) va bién méat khi léch vé ti phan, khuyét tat mang, hoic kich thudc hat
trung binh dudi 6 nm [7], [13], [14].

Hé nano di thé Fe/oxit Fe duoc téng hop bang nhiéu phuong phap khac nhau nhu: nghién bi
va u nhiét [5], [15], [16], t6ng hop hoa hoc [4], [8], khur Fe,05 trong hydro [10], [17], [18], phén
hay FeO bang nhiét [9], [19]. Mic du c6 kha nhidu bao céo vé nghién cau t6ng hop va tinh chat
ctia hé t6 hop 2 pha tu, nhung theo h1eu biét tot nhat cua chung toi van con mot sé van dé can
duoc lam sang té nhu chuyen bién vé cau tric, tha hinh va tinh chit cta vat liéu dudi tac dong
cua nhiét do 6 xy hoa.

Gan day chiing t6i bdo cdo vé hé vat liéu to hop Fe/Fe;0, ché tao bang phuong phéap nghién bi
nang luong cao két hop u nhiét tai 773 K dudi nong do O, c¢6 kiém soat. Ti phan mdi pha Fe va
FesO4 di duoc xac dinh, hinh thai dang 14 va su c6 mit caa chuyén pha Verwey trong céu tric
nay dd duogc phat hién lan dau tién [7]. Dac biét, su phu thudc nhiét do cua tir d6 bao hoa c6 thé
tién doan bang luat Bloch. Trong bai bao nay, chung tdi béo cao chi tiét v& sy tién trién cua cac
pha tinh thé, hinh thai ciing nhu tinh chét tir cua vat liéu t6 hop Fe/Fe;0,4 duoc 6xy hoa dudi cac
nhiét do khac nhau.

2. Phuong phap nghién ciru
2.1. Téng hep vt ligu té hop Fe/Fe;0O,

Bot st thwong mai véi kich thudc hat ¢ 10 pm (Merck) duoc nghién bang thiét bi nghién bi
ning luong cao Pulverisette 6 trong khong khi dung binh va bi nghién bang thép cung. Thong s6
nghién cu thé nhu sau: ti 1¢ bi: bot 15:1 va toc do 450 vong/phiit, thoi gian 2 gio. Bot thu dugc
sau khi nghién duoc u dudi hdn hop khi N, va O, (chiém 30% thé tich) tai cac nhiét do 623, 723
va 823 K trong 1 gid sau d6 dé ngudi t6i nhiét do phong (chi tiét xem [6]). Cac mau sau @ nhiét
duoc dat tén 1an lugt M623, M723 va M823 tuong (ing véi nhiét d6 u.

2.2. Dac trung cua cdc mau

Céu tric cua cic mau dugc dic trung biang cach dung nhidu xa ké SIEMENS D5005 véi phat
xa Cu-Ka c6 budce song A = 0,154 nm. Gian d6 nhiéu xa tia X (XRD) dugc ghi voi goc 20 trong
khoang 20°-70°, Gian d6 XRD cuia cac mau duoce 1am min trude khi ddnh gia cac thong so cau
trac bang phan mém X'Pert HighScore Plus thuong mai [6]. Hinh thai dugc nghién ctiu bang thiét
bi hién vi dién tir quét phat xa truong Hitachi S-4800. Cac duong cong tir do phu thudc tir truong
va nhiét d6 duoc do véi tir ké MPMS-XL-5 (Quantum Design) trong khoang nhiét d6 5-350 K va
tir truong cao nhat dén 15 kOe.
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3. Két qua va ban luin
3.1. Phén tich céu triic va hinh thdi
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Hinh 1. Gidn d6 XRD ciia cde mau. Hé vach nhiéu xa chudn ciia Fe;0, duot ding dé so sanh

Gian dd XRD cua cac mau duoc chi ra trong Hinh 1. H¢ vach nhiéu xa chuan cua pha Fe;0,
¢6 cAu tric 14p phuong tam khéi dugc dung de so sanh. T4t ca cac vach nhidu xa cua cac mau déu
c6 cuong do manh va sdc nét chiing t6 cac mau co do tinh thé hoa cao. Hinh 1 ciing cho thay cac
mau M623, M723 va M823 tuong ung the nhiéu xa cua Fe (01-087-0722) va Fe;O, (01-074-
1909). Céc vi tri va ti s6 cuong d twong dbi gilra cac vach nhiéu xa cia cac mau trong nghién
ctru nay phu hop véi nhitng két qua da cong bd [7], [20]. Pdng thoi, hang sé6 mang cia pha Fe;0,
lan luot 12 8,392, 8,395 va 8,397 A tuwong ng voi cac mau M623, M723 va M823, cac gia tri nay
tuong duong vé6i gia tri cua pha tinh thé trong mau khdi Fe;O, [21]. Tir hai diém phén tich néu
trén c6 thé gia thiét rang pha tinh thé Fe;O, trong nghién ctru ndy co ti phan tét va do tinh thé
cao. Ti phan pha Fe trong cic mau duoc xac dinh bang phan mém HighScore Plus thuong mai [6]
két hop Vvéi so sanh cudng do cac vach nhidu xa dic trung (110) cta pha Fe, két qua duoc dua ra
trong Bang 1.

IMS-NKL 5.0kV 4.0mm x100k SE(M)

Hinh 2. Anh SEM ciia cdc mau M623, M723 va M823
Hinh 2 thé hién cac 4nh SEM cua tit ca cac mau cho thiy sy thay doi hinh thai khi ting nhiét
d6 u. Voi mau M623 da s6 la cac hat ¢ kich thudc trong khoang 30-40 nm, trong khi d6 dang 14
chiém da so6 trong mau M723 véi chicu dai trong khoang 150-300 nm va bé day khoang 25-30
nm, tuong ty nhu c6ng bo [7]. Nhiét do u tang da 1am cho phén I6n dang 14 da chuyén thanh dang
thanh trong mau M823.
3.2. Tinh chat tir

Céac phép do tur @6 phu thuoc tir treong M(H) tai 300 K dugc thuc hién cho cac mau va duogc
trinh bay trong Hinh 3a. Cac duong cong M(H) cua cac mau thé hién su tron nhan va khong co
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vai c6 thé 1a ddu hiéu cua twong tac trao doi tét giita 2 pha tir Fe va Fe;O, [7], [9]. Tuy nhién
can co6 thém cac duong M(H) c6 dang tron nhin tai cac nhiét do thip dé c6 thé khing dinh 2
pha tir tinh c6 lién két trao dol tot. Vi thé, cac phép do M(H) tai cac nhiét do 5, 50, 100, 200 K
da duoc thuc hién cho cac mau va két qua duoc trinh bay trong Hinh 3b, ¢ va d. Cac duodng
M(H) tir cac Hinh 3b, ¢ va d c¢6 dang tron nhin da cing ¢ gia thiét vé lién két trao ddi hoan
hao gitra 2 pha tu tinh.

Céc thong so tir ciia cac mau tai 300 K duoc suy ra tir cac dudng cong M(H) va tom tit trong
Bang 1. Gi4 tri tir d6 bdo hoa (Ms) giam tir 216 emu/g cho M623 xuéng téi 190 emu/g va 168
emu/g cho mau M723 va M823. Két qua nay hoan toan phu hop bai pha FesO, voi M tai nhiét
d6 phong (92 emu/g) thap hon dang ké Ms cua Fe (220 emu/g) [7]. Cac gia tri Ms ciia cac M723
va M823 ciing 12 kha cao so v&i Ms cua chi riéng pha Fe;O, cho thay su co mat cua pha Fe trong
cic mau nay.
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Hinh 3. Cdc dwong M(H) Ciia cdc mau dwoc do tai: (a) nhiét dg phong,
(b), (c), va (d) cdc nhiét do khdc nhau

Lyc khang tir (Hc) cia M723 va M823 cao hon so vdi M623 c6 thé do dong gop cua nhiéu
tham s6 nhu kich thudc, hinh dang, twong tac giita 2 pha tir,... Cac tac gia [22] bao cao hiéu (ng
ghim spin ting cudng xuat hién trong vat lidu cau trac 13i/vé chira 2 pha tir véi 16p vo rit mong
cling 1a nguyén nhan quan trong lam tang Hc.

Phan tich cac thong sb tir trong cac Hinh 3b, ¢ va d cho thdy Mg ciia cac mau trong khoang
nhiét do tir 5 dén 350 K gan nhu khong doi, trong khi dé cac gia tri He giam rd rét hon. Su 6n
dinh cia Ms 12 do cac pha Fe, Fe;0, c6 nhiét do trat tu tir kha cao vé6i nhiét & chuyén pha sat tir-
thuan tir (Tc) 1a 893 K cua Fe;O4 va 1044 K cua Fe [23], trong khi d6 su giam cua Hc tai 300 K
S0 Vi cac nhiét do thap hon duoc tin rang lién quan dén lién két trao di giita 2 pha Fe va Fe;0,.
Tai nhiét do thap, twong tac spin manh khién tinh di hudng ting cuong [24] hay Hc ting, trong
khi d6 thing giang nhiét tai 300 K lam suy giam tinh di hudng va khién Hc giam [21].

Ti phan pha ciia Fe va Fe;O, trong ciac mau M623, M723 va M823 dugc udc tinh bang so
sanh cac gia tri Ms tai 300 K, dwoc chuén hoa theo khdi lwgng téng cong cua miu, dung phuong
trinh sau [7]:
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Mg(a + b) = aMFe + pMm! % (1)
Trong d6, a va b 1a % trong luong cia cac pha Fe va Fe;O4 va (a + b) = 100%, MEFe va
MEe% 13 tir do bdo hoa cua cac mau khdi tvong tng cua Fe va Fes0,. Két qua danh gia ti phan
cac pha cho cac mau dugc the hién trong Bang 1. Tir Bang nay c6 thé thay, ti phan cac pha Fe va
Fe3O, trong cac mau duge danh gia tir s liéu XRD va gia tri Ms theo phuong trinh (1) 1a kha gan
nhau cho cac mau va xu hudng thay doi ti phan 2 pha la phu hgp vaoi cong bo gan day [7].
Bang 1. Tur do bao hoa (Ms), luc khang tir (Hc) va ti phan cdc pha Fe, Fe;0,
duoc danh gia tir So ligu XRD, gid tri Ms theo phwong trinh (1) va tham khdo

% trong luwgng

A X Ms Hc — 7 A o .
Tén mau (emulg) (08) Tir so liéu XRD T gia tri Mg Tham khao
Fe Fe;O, Fe Fe;04
M623 216 8 95,5 4,5 96,8 3,2
M723 190 19 78,2 21,8 76,5 23,5
M823 168 37 52,12 47,88 59,4 40,6
M30 172 21 57,8 42,2 63,1 36,9 [7]
8.0 s
7.6 0
2 ¥a oo M823
= ——
g . § ] FC
= =
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Hinh 4. Si phu thuéc nhié do cua tir do dudi diéu kién lam lanh cé tir truong (Mgc(T)),
va khéng co tir truong (Mzec(T)), tee truong do la 100 Oe, cho 2 mau M723 va M823

Sy phu thudc nhiét d6 cua tir d6 trong diéu kién 1am lanh miu c6 tir truong Mec(T) va khong
¢6 tir truong Mzec(T) duoc thé hién trong Hinh 4 cho 2 miu M723 va M823.

Céc duong cong déu cho thay su thay d6i dot ngot cua tir do tai nhiét do gan véi 120 K, phu
hop véi nhiét a6 chuyén pha Vervey (Ty) ciua Fe;O, [7], [12]. Nguoi ta da biét rat rd 1a chuyén
pha Vervey trong cac mau khdi, don tinh thé s& bién mat khi pham chat tinh thé suy giam (khong
dung ti phan, do tinh thé hoa kém hodc khi kich thu6c hat dudi 6 nm) [12], [25], [26]. Nhiét d6
Ty quan sat thay trong cdc mau nay ngu y rang pha Fes0q co ti phan phu hop va d¢ tinh thé cao,
phit hop Vvéi phan tich gia tri hang s6 mang cta cac mau & phan trén. Panh gia mirc d6 thay ddi
hay budc nhay cua tir d6 (tir vi tri dinh va vi tri day trén cac duong Mec(T) 1a 0,35 emu/g va 1,1
emu/g, con trén cac duong Mzec(T) 1a 1,1 emu/g va 3 emu/g tuong ang voi M723 va M823. Nhu
vay c6 thé noi rang: i) mau c6 ti phan Fe3O4 cao hon s& c6 chuyén pha sic nét hon, phu hop voi
cong bb trude day cua ching toi [7] va ii) diéu kién do ZFC cho phép quan sat Ty tét hon. Giai
thich hién tuong Vervey trén cac duong do tir &6 phu thuoc nhiét do cac tac gia [11] cho rang
budc nhay cua tir d6 1a do sy tai dinh huéng dot ngot cia mé men tir doc theo céc truc tir hoa dé
cua chiing.

4. Két luan

Chung t61 da ché tao thanh coéng cac mau vat lidu t6 hop nano Fe/Fe;0, bang phuong phap
nghién bi ning lugng cao két hop véi oxy hoa co diéu khién tai cac nhiét 6 khac nhau. Cac két qua
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XRD cho thay pha Fe;0, trong cac mau c6 d tinh thé cao, ti phan tot va tang dan khi nhiét do ting
tir 623 K toi 823 K, trong khi d6 cac mau chuyén tir dang hat sang 14 va sau cing 1 dang thanh. Gia
tri Ms giam dan khi ti phan pha Fe;O, ting, trong khi d6 H. tang dan. Lién két trao d6i hoan hao
gitra hai pha tu tinh cta Fe va Fe;04 dugc minh ching qua cac duong cong tir do phu thugc tir
treong tai cac nhiét d6 khac nhau. Phép do Mzrc(T) c6 do nhay cao hon so vai Mec(T) trong viéc
phét hién chuyén pha Vervey trong cac vat liéu chira pha Fe;0, c6 chat lugng tinh thé cao.

Loi cam on

~ Nghién clru nay dugc tai trg boi Chuong trinh HJ tro nghién ctru vién cao cip nim 2022 mi
s0 NVCCO04.12/22-22.
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