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Figure 1. The crystal structure of spinel.

Figure 2. Schematic diagram of light enhanced plating(LEP) method.

Figure 3. X-ray diffraction patterns of transition metals(Co, Mn, Cr)-doped LEP films. ...........

Figure 4. The relationship between the nominal concentration of impurities (Co and Mn)

and the intensity ratio (I,,,/I3;; on the XRD patterns).
Figure 5. The intensity ratio, I,;,/I;;, of Co25 films depends on the reaction time. The films

were deposited at 85 °C...

Figure 6. X-ray diffraction patterns of Co25 films, which were deposited at the marked

temperature.

Figure 7. X-ray diffraction patterns of Co-doped LEP films which were deposited at 85°C.
(a) Co25, (b) Co35, (c) Co40, and (d) Co50

Figure 8. X-ray diffraction patterns of Co-doped LEP films which were deposited at 85°C.
(a) CoS5, (b) Col0, and (c) Col5.

Figure 9. X-ray diffraction patterns of Mn doped LEP films which were deposited at 85°C.
(a) Mn500, (b) Mn600, (¢) Mn700, and (d) Mn1000.

Figure 10. X-ray diffraction patterns of Mn doped LEP films which were deposited at 85°C.

(a) Mn100, (b) Mn200, and (c) Mn300.
Figure 11. X-ray diffraction patterns of Cr doped LEP films which were deposited at 85°C.

(a) Cr2, (b) Cr3, (c) Cr4, and (d) Cr5.

Figure 12. The height profile of the deratched edge of Co25 LEP film.

Figure 13. Three dimensional image of scratched edge of Co25 LEP film (three-dimensional

Figure 14. Three-dimensional topographic images of metals (Co, Mn, Cr) doped LEP
films(Z mag is 20.09)

Figure 15. Two-dimensional AFM topographic images of Co doped LEP films. ........ccuvvrunnncs..
Figure 16. Two-dimensional AFM topographic images of Mn doped LEP films. ..ccovveicnnranrenne.

Figure 17. Two-dimensional AFM topographic images of Cr doped LEP films.
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Figure 18. M0Ossbauer spectra of Fe;0, LEP films.........

Figure 19. Mdssbauer spectra of Co doped LEP films.

Figure 20. Mossbauer spectra of Mn doped LEP films(Mn/Fe ratio is 300, 500, 700 and
1000 respectively)......

Figure 21. M0ssbauer spectra of Mn doped LEP films (Mn/Fe ratio is 25, 50, 100 and 200

respectively)......
Figure 22. Mbssbauer spectra of Cr doped LEP films(Cr/Fe ratio is 2, 3, 4 and 5

reSPectively). ..o iecvnrnrennsnsnsesrioesenns

Figure 23. Magnetic hysteresis loop of Fe;O, LEP film.
Figure 24. Magnetic hysteresis loop of Co doped LEP films.

Figure 25, Magnetic hysteresis loop of Mn doped LEP films.

Figure 26. Magnetic hysteresis loop of Cr doped LEP films.

Figure 27. Saturation magnetization of Co doped LEP films.

Figure 28. Saturation magnetization of Mn doped LEP films.

Figure 29. Electrical resistivity of metals (Co, Mn, Cr) doped LEP films.

Figure 30. Electrical resistivity of the temperature dependence of Co doped LEP films. (a)
CoS, (b) Col0, (c) Col5, (d) Co25, (e) Co35, () Cod0, and (g) Co50.

Figure 31. The relationship between the electrical resistivity vs. weight % of Co doped LEP

films at room temperature.
Figure 32, Electrical resistivity of the temperature dependence of Mn doped LEP films. (a)
Mn25, (b) Mn50, (c) Mn100, (d) Mn200, (¢) Mn300, (f) Mn500, (g) Mn600, (h)

Mn700, and (i) Mn1000.
Figure 33. The relationship between the electrical resistivity vs. weight % of Co doped LEP

films at room temperature

Figure 34. Electrical resistivity of the temperature dependence of Cr doped LEP films. (a)
Cr2, (b) Cr3, (c) Crd, and (d) Cr5.

Figure 35. Activation energies, which were estimated in the plot of log ¢ vs. 1/ T of Co and

Cr doped LEP films.
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Table I. Lattice parameters of metals (Co, Mn, Cr)-doped LEP films. 12

Table I1. Impurity(Fe, Mn, Cr) concentrations of the doped Fe,0; films. The concentrations
were measured by ICP. 16
Table I11. Thickness of metal doped LEP films. (The thickness were measured by AFM.) ......... 21

Table I'V. Root mean square roughness of the surface of metals (Co, Mn, Cr) doped LEP films.23
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Synthesis and physical properties of transition metai (M = Cr, Mn, Co) doped
magnetite (Fe;Q,) film.

Tae—young Kim

Department of Chemistry, Graduate School. Pukyong National University

ABSTRACT

We have deposited M doped Fez0, films (M= Cr*', Mn®*, Co®) with various nominal molar ratio, Co/Fe
=5~50%, Mn/Fe= 25~1000%, Cr/Fe= 2~5% by using the light enhanced plating (LEP) method. The
deposited films are cubic spinel structure with nearly the same lattice parameter, 0.839 nm. X-ray
diffraction (XRD) patterns show that the Co-Fes0y LED films have preferential growing direction, f1111,
during the LEP process. On the other hand, the anisotropy is not observed in Mn-, Cr-Fe3Qq films. The
impurity levels of the films are less than 28%, 7.5% and 1.2% for Cr, Mn and Cr, respectively. The
disagreements between the nominal and the actual levels may be a result of the difference of lattice
stabilization energy of impurities. The surface of the films consists of close packed grains, which diameter
is 150~300 nm. The root mean squire roughness of surface of the films is 7.5~15 nm. The Massbauer
spectra of the films show that only Co~FesQy films are vertically aliened along the magnetic easy axis of
magnetite. In addition, the ratio [Fe*™ [/<Fe™ >, where [] indicates octahedral (O} site and <> indicates
tetrahedral (T} site, decreases by the addition of the impurity metals (Cr®*, Mn?*, Co%). The magnetic
hysteresis measurement confirms the magnetic anisotropy of Co—Fe3Q, films. The electrical conductivities
of the films are decreased by the elevated level of the impurities in Oh site, because the conduction
process of the spinel is the exchange process in the Oh site, [Fe®*] <-> [Fez+ ]. These results suggest
that the films would be deposited by the layer-by-layer mechanism during the LEP process and the
structural anisotropy might be related to the magnetic anisotropy. In addition, lattice energy and
interaction between the impurity ions will be also closely related to the anisotropy. The most anisotropic
film is Co25 (nominal molar ratio of Co/Fe is 25%) and the composition is FeosdCo0q.4104. The film has 110%

of relative intensity (1i11/I31:) in XRD pattern and 2100 Oe of coercive force for the vertically applied field.
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Figure 1. The crystal structure of spinel.
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Figure 2. Schematic diagram of light enhanced plating(LLEP) method.
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Figure 3. X-ray diffraction patterns of transition metals(Co, Mn, Cr)-doped LEP

films.

Table I. Lattice parameters of metals (Co, Mn, Cr)-doped LEP films.

Sample Lattice parameter Sampie Lattice parameter Sample Lattice parameter
Co05 N A 8.3882 Mn50 8.4127 Cr2 8.3569
Col10 8.3871 Mn100 8.4055 Cr3 8.3926
Cols 8.3804 Mn200 8.4208 Crd 8.4100
Co25 8.3840 Mn300 8.4192 Crb 8.3930
Co35 8.3774 Mn500 8.4200 Fes0, 8.3900
Co40 8.3679 Mn700 8.4349
Co50 8.3646
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Figure 4. The relationship between the nominal concentration of impurities (Co and

Mn) and the intensity ratio (I;;1/Ia; on the XRD patterns).
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Figure 5. The intensity ratio, I;1/13;,, of Co25 films depends on the reaction time.

The films were deposited at 85 °C.

14



e, 7 akg A|zke) Flol upel wbEmol sltwlgo] njENAg Z7p A)7IU)
ol Co oA AAWFE A11>Hed A =d, o] AL Co? 9 23 W@ zofA]
ol AR (0] Fd FEGE] ZAFL B2, o)d Co o
A AFE Mn # Cr dl&E VYehya =g

AEF 450 g0l 4L AXe £ g Fag 8de 25 zdold. 348 K
A 393 K7bA 9] 2} %o W& Co25 9 XRD ME L Figure 69 =43 89}, 7]
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Figure 6. X-ray diffraction patterns of Co25 films, which were deposited at the

marked temperature.
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75 A3 559 2t 250 U A Y BAL g4 ZezuiCP)E
of AAlgt A3 g ge 2Hog BEHY 9es o 4 ul 7 AT s
Z92] F%Z Table I1o] el

o
o

Table Il Impurity(Fe, Mn, Cr} concentrations of the doped Fe,O; films. The

concentrations were measured by ICP.

Sample Co/Fe Sample Mn/Fe Sample Cr/Fe
Co05 1.40 Mn25 0.85 Cr2 1.17
Col10 5.80 Mn50 1.30 Cr3 1.02
Col5 10.50 Mn100 2.30 Cr4 0.80
Co25 15.70 Mn300 5.20 Crb 0.75
Cod5 22.00 Mn500 5.00
Co40 25.00 Mn600 3.40
Co50 28.00 Mn700 7.50
Mn1000 6.90
24 FE GolREol o AddTRY Ao YFYUs Ao T o] 2Fo] 3}
3= e Abshdeiel AR AR oA dHF BAT ok oleld 2719 ool
<+ w&ol FUE AFF WEL duty oz g gL TEE 2uUA A

3+ 2+ 3+ 2+ 2+
<Fe 1~2y,M 3,>[Fe |+2x+2y,Fe 1—3x—3er x]O4

T, B¢ E #40] Co 3, Co® (d7)E ZHaiaal 94 <t43 oy =) (octahedral
site stabilization energy, OSSE)7} 30.9 kJ/mol ©]3 Fe® (d%, Co® & 16.3 ki/mol ©]
2= Co 9 OSSE 7} ¥ AE2 +271 g2 O, Agdet aelsiA fek? =@ Co25
9 Zfele ICP Ao wE TE ANLERE F4s, §84L FeysCouin04 7}
A2h=0

723, Mn o} 549 Aeg dAdA 7, Mn® ¢ OSSE € 0 kl/mol o], Mn**
©] OSSE ¥ 95.3 ki/mol 22, 'tY Mn o] Mn* 9] ez Sojs goH, ﬁm =/
ZolA Oh 31te°ﬂ Eo7HAM Mg HeR 829 Ho: o u&2 J1A oz oA
AAh? 2o, 27 Mn o B&ol EUdE AH4 PF YoM Mn 9 o] He
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o <ol Frhgtel wel F w39 B1DWe] e (111)HO 2 o e T80 RojF
AR o] FAhE MFHAL Co25 oA HYZE men, fe o S7HE Bl g =

pat
o

o o?i

e3le Za2¥S EdFEoh Figure 9, Figure 1091 41= Mn o] 98 A4 g=o
XRD AR-& Yeguiddeh, Mn oM Co 9 299 e (I111)H oo Falgl e
BolA e vk T2y Mn ¢ 29 bjgo] e FolE vgA o gunl Jehx|

R o|Fells AE Holx 288 ¢ 4 U Figure 11¢ Cr ol Y 473 g
¢l XRD € Wade, A4F D&} Fe AW AUw Y} Cr € 5 % ol 4o g =
TUHA Gol W& B AN B ol2H Cr o] WP w2 A8 e
e A%E sl Aoz FH Y olYH A Fo AW Mossbauer -3 3} 4
AGFAME FUstg
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Figure 7. X-ray diffraction patterns of Co-doped LEP films which were deposited at
85°C. (a) Co25, (b) Co35, (¢) Co40, and (d) Co50.
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Figure 8. X-ray diffraction patterns of Co-doped LEP films which were deposited at

85°C. (a) Co5, (b) Col0, and (c) Col5.
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Figure 9. X-ray diffraction patterns of Mn doped LEP films which were deposited at
85°C. (a) Mn500, (b) Mn600, (¢) Mn700, and (d) Mn1000.
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Figure 10. X-ray diffraction patterns of Mn doped LEP films which were deposited

at 85°C. (a) Mn100, (b) Mn200, and (c) Mn300.
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Figure 11. X-ray diffraction patterns of Cr doped LEP films which were deposited at
85°C. (a) Cr2, (b) Cr3, (c) Cr4, and (d) Cr5.
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3-2. 3% £ A% 9§ WAL - AFM

Add dE59 mHed digt Fo3 Ade E9dd 2t S48 52 Ak 4 v
"drh #9e da K A7) 5& BAlskr] 9k FAg R €u) 4 (Scanning probe
microscopes, SPMs)& A& 471712 Alge] UL AAMstA Edld 4 Ue 5
o] At SPMs & Fat@u|Folu MaAdv|Z e g, A5 x -y Fo WE gl
Wok opdet Y ol z ~Fol W E AAMEIA Rl old e Ax
v EXadu(topography)etil R EE Als9 ofF A2 xHY FHE AloR e
Ao g Adad 98 FRdas 4 9asY A7l ¢ £2 @ 9859 TS
FA317] Aste] SPMF A QA8 @l Z (atomic force microscopy, AFM)S o} 83}
SASAT. AFME 27128 9ol BW g AustdA z &9 sl o8 ExXa
HDE B4st & Avolth® #BEe A4S Park scientific instrument ALY
Autoprobe-PC#H# & contact mode=Z W =338 cHC-AFM),

Table II. Thickness of metal doped LEP films. (The thickness were measured by
AFM.)

Sample Thickness Sample Thickness Sample Thickness
(nm) (nm) (nm)
Cod 403.5 Mn25 412 Cr2 446
Col0 293 Mn50 260 Cr3 386
Colb 411 Mn100 430 Crd 593
Co25 256.6 Mn200 328 Crb 530
Co35 184 Mn300 390
Co40 296.5 Mn500 384 ‘5min. 200
Cob0 424.9 Mn600 304 "10min. 256.6
Mn700 117 *20min. 380
Mn1000 85

72 BEY FAE Table IO YEHINT RE BEL FH A 10802 $U3
o AAFeln % BE FAE o 200~400nme] 1= el Eol vhehd
ope} ol 7} F&o Aol wel & WEE Kol §5E ¢ 4 Aurk nev zh 9E
2 FAAE A s BRY BAE AU 9 4 SR 2080

2 7N e, 35 FAZE F7F 2S¢ 4 $lvK(Table MEZ).
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Figure 12. The height profile of the dcratched edge of Co25 LEP film.

AFM & oldste] B59 54 £Ho] 7b5ad], 1 ubfdl digh x¥o] Figure 129
el v g E dEe IRES Aol AzbAsE wyes Zw Yo 232 9 g
w2 48 FAE 54% + g 289z W 29 Figure 134 e gl o
A 2 WE 7EeR 7w dWy 22 @ 4ERRE FAS AXY TZHA ay
(Figure 12)°] 2la] & A< £o1& &3 5 v} o|@A € ghol WE Yo
Blateo] ICPAl oafl S 9 AaFgibe] we dns 3 80%E Jehdich Y ogs =3
4 wole ¥§9 A7 #AXAMlelectrical conductivity)ZF 7 23 & (magnetic

susceptibility)Z & oA ofF Fa% (g & A Fgo}

i

Figure 13. Three dimensional image of scratched edge of Co25 LEP film (three—

dimensional image).
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Figure 14. Three-dimensional topographic images of metals {Co, Mn, Cr) doped LEP
films(Z mag is 20.09),

Figure 1491i= 2} 8%50] E¢82 E9d AEFPED &0 A3YYESe ¥9
S 3444 a9z vy 2 989 ExaddE ol FYPS onEis
Z mag @& 2002 AR, BT FAF 2d0A 349 oA @ 2ol
Table V= 2zt 9859 Hi YA E4F A (Root Mean Square Roughness)9ld|, z} 1
29 EMEAHL 70~150A0 24 wlHd 4A49E o 5 Uk Figure 15, Figure 16
% Figure 1791 24 Co, Mn, Cro] EFHEZ EQldo] U AHF 229 231939
REEIHIE UYshiled 4 34 F9 Foo uel B9 #ge #Fg 5

Table IV. Root mean square roughness of the surface of metals (Co, Mn, Cr) doped
LEP films.

Film RMS roughness (A) Film RMS roughness (&)
Fes0O4 95 Mn500 70
Co25 107 Cr2 150
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Figure 15. Two-dimensional AFM topographic images of Co doped LEP films.
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Figure 16. Two-dimensional AFM topographic images of Mn doped LEP films.
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Figure 17. Two-dimensional AFM topographic images of Cr doped LEP films.
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3-3. % 9 AEF "E Mbdssbauer ¥4

£
2

Mossbauert & g of TH Atole] Holel dig y-ray o FHEFE ¥
ke EHWolch & yoray & F589 FE ouA AHe] e datde] =

WA el ofrlsls Aol ozt 3y Eadyolth’ Mossbauer 2432 isomer shift
S SN o FE2E 7Y F Aok 9 nlgae|el SE A sdsts
iz Eelse] ¥ge 0 W Fd Ax AAE Aol 2% Ha AL wFo Jolnt
o2 o] WA #£9] WHE A 2R YA o] Fol Urdrl YCooA] WEHE y-
rayel 2H8-3ts Fex 4402 3719} 27)2) ol o2 EA$r} Mossbauver 230l
M= 2 7] 2t d-4Hmagnetic hyperfine Zeeman splitting)@8 Ao 28] =47
A AEREE AT 7 ded, 9 ANYEIA BHEE 22 YE OO9AEe) 2
717 ol Fold, i} ARMAE ot A7 Alole) Al AT wFo 742
o & oy F9e Cl+DAY 2EAEE gk, gels o) s gz YAl
7)ol 5 7 ol o o] 2R EF dobd 7t 9vd Fe, 0,8 o 234Y FxE A
yul, Fe? 9} Fe™ 7t 1 325 Alojol 9Jxata HEd], ollg AMATRANE 0F
olZgo] £UG WoF HolFogHN Fe o] Lo YA 5 Yt 742 dE 9%
7h ot Axg Ak A5 o8 4u5E FhAE AlA A A (tetrahedral site, Ty)
o 6ul9l-E 7HAR: BRI (octahedral site, Op)olth olgt & @ Auld Fzo|
A 37 ol 2(Fe’)e] Aube wRA e Fol 3, Yuiq Hure Alds xad) ¥
AdA "} 27t9) Fe' olese EF THA 9o o vk welM oA TaEA
ol 7bgstt}. o] 71239 Fey0,4 Mossbauer AR E 2 Figure 180 Yehgdch o
3o 7[R 72E Co%t Mn, Crg FYUTFL2ZH, 47] Hlgo] @atad Ao JAd
o ZAEF dELS o4 F92 48y d4e roj=d, 7 v39 A7 JeEgs
sz g WAEE 3:2:1:1:2:3 224 2248 383 959 245 Add o
A FEE AUE FesOsw Addoy g3 g& 73128 7124 ®u)

o

<Fe’ > [Fe™ Fe? 10,
BAM e ol Fe™ b siAsta, AbdaaAtelo] Fe’ o Fe¥ 7 xa)zal sled o @
A ae) o AbAH R E]o] AAEA Hie 24 F9 8| &L Figure 18904 Yehis npe)

2ol TJ/Owe] 71l &2A dobd + it}
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Figure 18. Mossbauer spectra of Fe;04 LEP films.

Co7t A4 A= d 438 PB4 9 Mossbauer +%& Figure 190 YeRYR]
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Figure 19914 Ty ¢ Oy setd AZ|¥|(AAW)ZRE Coo B&o] &7t uat 0,
3] M717F BH 4SS 2ol vk waA, Cod HYE nl&vlo] O Eojd

T UwE € v A S, zojdzedddes A 6% (sexte)® Al
Z1 WS 30101010103 oAtk o] AL skl diste] S0 Asist do

e wolEoh oleld +AWYe Ak Cort BaEEA EQSel 44E AW B
g2 A7IS AN $848 depanh webd Cort £YHo] ot Adg 6g)
4L g g
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Figure 19. Massbauer spectra of Co doped LEP films.
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el 7k 24deR Mnol FdHel = A#E3 BB Msssbauer spectrum
Figure 20 % Figure 21°] YJelA G, H3bo] E3he 33 P20 Mnd o 80%7}
Ao FAUAT YA 20%= wHEH dE Y2 wogivi? agy, Mn? e
Fe' %ol & RF7 Polnz Ax) Zaler} e SupA =l #7424 A (Ferrimagnetic)
o)th.? Mnol 2482 250 = A4dF BEY Mosshauer A7 weE 1 2HL
SR g s

<Fe’ >1 -2x<Mn " >3x[FeB+ | P 2y[Fe2+ ]l-fix~3:,'[Mn2+ I,

dy

0y

Intensity

lllllll‘llllll]lul-'-.l

velocity(m m /sec)

Figure 20. Mossbauer spectra of Mn doped LEP films(Mn/Fe ratio is 300, 500, 700

and 1000 respectively)
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Mn®] zu|a= Zeat3a @’&(hyperfine splitting)oll 4] 2 B2 3:25:1:1:25:
JemA vde distd zr)ado] REAHo Hyg wagoz mdsol gL & >
Ak e Wl e Mossbauer ®FolA AbHA Ao EEE= Mnel ost

AAxb ol #1218 = Mnel el ¥ (Mnyy/ Mnep) 7t 4 7188 Bl

Intensity

LI L L D B DL L DL L |

velocity(mm/sec)

Figure 21. Mossbauer spectra of Mn doped LEP films (Mn/Fe ratio is 25, 50, 100 and
200 respectively).
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Figure 22& Cro]l Be¢&5 E9ld Ad% €89 Mossbaver 238 Uedo =

vlAl A7) 23l AT Cre) AAAY W82 3:2:1:1:2:3 284 Fe,0,9
Mossbauer #3333 th2x] ¢t} XRDA T M T Crad 7ol EH@ HERg st 24 3
A edgked, Crol BEo digh =9 ghe RaFi ICPAA S ko] Ae 0o 7}

7H9 A& BA wekA Crol Ao E9EA $ULs v P29 AL ted
Figuy
<Fe3+ > [FE:H ]O.Slh‘ [Fe2+ ]1_()304

Crs

Intensi

Velocity(mm/s)

Figure 22. Mossbauer spectra of Cr doped LEP films(Cr/Fe ratio is 2, 3, 4 and 5
respectively).
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25, Crof WS & SdAizte] <hds) o WA(OSSE)7 #8308 AAe was o
= AoR B w3 Crol BEEaA EE e AHP g A= Ao A
ok AHE Ao Hol Cre AR Az e AY AX A %= Aoz A7
Aok mEA, 2 L) Crof RAMASE S LEP oA 143 W2 fye u
Mz B FErdwdel A Zoltk wek BER H4 o]Lmo) Byt oA
& AUA(OSSE)S] A719 P49 Bge 24 2 Ze s dyHA AA 7} U=
& +93 #HEu.
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M2 AEE o Q9= A8g Eated, LEP Wdel s vEold age] waa)
&S 67 emu/g olth REASEE HFe Fe” / Fe't o wlo ga] A7) 27
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Figure 23. Magnetic hysteresis loap of Fe;0, LEP {ilm.
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Figure 24. Magnetic hysteresis loop of Co doped LEP films.
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Figure 25. Magnetic hysteresis loop of Mn doped LEP films.
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Figure 26. Magnetic hysteresis loop of Cr doped LEP films,
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Figure 27. Saturation magnetization of Co doped LEP films.

Codl oet 7}A Aol W 31218 8L Figure 279 et ok 9kat XRDA 1o
A MESHAE Avs Co25 & A71AA el deE o] dual slEe moln)
Co25 AdHP 59 XRDHAEAA Rol= (11108 2] AL Co25 o So]H2l vl SupA
ojt}. Co259 4L Fess50C004104 A Hl, 1AL Abe S0 B g Feg6:Co026042] 2}
Zlolg A fabek geolth® Co25 (111)9e) Wog 3 A/d4E2L xdo
2RI 2#E Cod O 240 vate =& TR AU,

A7 A A7) she A7) AABRG NN AT AR (DE B 27 A ware] b
Eoz [AE Fhetolok @ oA selRl AU )E B A (coercivity)o] 3
B 2ol #4359 Aot e Ar) o|FRH G ojfae] BAHE T 4 gy,

Co259] Fd RAEL 1500 Oeolit, 4 BAHE 2100 Oe2A o] FL Fe,0, b
S 2 @olil, MnS00, Cr2 ®ub= 4u) o) o & glolth ol xshE A A7}
HEWE RAse] Al7)E gabel Wad Ao A 2 AL ousng. wa
Aol AW JAE AHM 2PEE Vel F Qo) ugAde] V2o As] 9aA
2 HAHS Fhol dhF ot EAL A = A sSE Az dxp7) Ao 2
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Table V. Magnetic coercivity of metals (Co, Mn, Cr) doped LEP films.

He (//) He (1) He (/) Hc (1)
Co25 1500 2100 Mn1000 203 336
Co40 085 645 Mn700 180 499
Cr2 111 181 Mnb500 187 527
Cr3 94 133 Mn300 171 414
Fe;04 236 559 Mn100 193 455

Mn 9] 37to] we ¥siatalgol Mats 94 dade So7 Zo1ge) wel vaxt
o] Fagg Yok Mn® = Adge) BaA el AluA Aes Tl $1x8
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Figure 28. Saturation magnetization of Mn doped LEP films.
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Figure 29. Electrical resistivity of metals (Co, Mn, Cr) doped LEP films.
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Figure 30. Electrical resistivity of the temperature dependence of Co doped LEP
films. (a) Co5, (b) Col0, (c) Col5, (d) Co25, (e) Co35, (f) Co40, and (g) Co50.
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Figure 31. The relationship between the electrical resistivity vs. weight % of Co

doped LEP films at room temperature.
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Figure 32. Electrical resistivity of the temperature dependence of Mn doped LEP
films. (a) Mn25, (b) Mn50, (c) Mn100, (d) Mn200, (e} Mn300, (f) Mn5043, (g) Mn8&00,
(h) Mn700, and (i) Mn1000.
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Figure 33. The relationship between the electrical resistivity vs. weight % of Co

doped LEP films at room temperature
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Figure 34. Electrical resistivity of the temperature dependence of Cr doped LEP
films. (a) Cr2, (b) Cr3, (c) Cr4, and (d) Crb5.
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Figure 35. Activation energies, which were estimated in the plot of log o vs. 1/ T of
Co and Cr doped LEP films.
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Abstract

The enhancement of structural anisotropy and magnetic anisotropy in ferrite
films, Fe;_,M, 04 (M = Fe, Co, Mn), which were deposited on glass
substrates from agueous solutions by thin liquid film (TLF) method at a low
temperature (358 K), was compared in x-ray diffraction, conversion electron
Mossbauer spectroscopy, and vibrating sample magnetometer
measurements. The experimental results showed that the highly coercive
Fe;_.Co, 0, films, maximum coercivity of 0.21 T at room temperature, have
a preferential growing direction along the magnetic easy axis of the
magnetite, (111), While anisotropy was enhanced by the addition of Co?*
ions in the reaction solution, no enhancement was observed in the TLF-films
of Fe;04 and Fe;_,Mn, Q. The enhanced anisotropy is probably caused by
the extra stabilization energy of the Co?* jons in the octahedral sites of the
spinel and the interactions between the Co?* jons in the spinel. The
alternating deposition of metal jons and oxide ions in TLF process, which is
a simulation of the atomic layer deposition, may help the alignment. The

most anisotropic TLF film was Fey 59Cog 4,0;.

1. Introduction

In modern information technology, ferrite films are very
important components for the fabrication of memory and logic
devices. The anisotropic nature of the oriented ferrite film,
which has especially perpendicuiarly ordered magnetic spin,
is a key property of the high-density information storage
[1].  Various techniques have been applied to make good
ferrite films: sputtering, pulsed laser deposition, and sol-
gel coating [2]. In general, however, the deposited film is
amorphous rather than anisotropic crystailine ferrite film.
Abe et al [3] demonstrated an excellent ferrite-deposition
method. They showed that ferrite films could be deposited
on the various substrates from the aqueous solutions of a
ferrous and an oxidant by the ferrite-plating method [3]. As

0022-3727/03/131451+07330.00  © 2003 10P Publishing Ltd  Printed in the UK

expected in other methods, most of the ferrite-plated films
were structurally and magnetically isotropic (3], except cobait
incorporated ferrite (Co-Fes0y) films [4]. The Co-Fe30,
films showed highly anisotropic nature in structure and
magnetic measurements [4]. However, the workers have
paid little attention to investigate the anisotropic nature of the
Co-—Fe;0y4 films. According o the recent reports, anisotropic
growing of metal oxides accompanies the layer-by-layer
reaction [5] and the oriented attachment of nanoparticles [6].
Both processes are possible in our thin-liquid-film (TLF)
method that is a way of the ferrite-plating technique [3, 4].
Therefore, it may be worth to verify the mechanism of TLF
deposition.

In this paper, we compare the anisotropic nature of
Fes M, 04 (M = Fe, Co, Mn) TLF films and suggest a
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possible deposition mechanism of the films. The TLF films
(Co25 and Mn500) discussed in this paper are selected to
compare their physical properties because the concentration
of impurity and the electrical conductivity of Mr500 are not
far from those of Co25 which is the most anisotropic TLF film.

2. Experimental section

We prepared Fes M, Q4 (M = Fe, Co, Mn; films using TLF
method. In principle, the process is the same as successive-
ionic-layer-adsorption-and-reaction (SILAR) [5] that is a good
methed to deposit highly ordered crystalline oxides (Zn,SiOy,
Zr0;, and MnQ,) film from aqueous solutions on a glass
substrate. The repeated successive-ion layer reaction may
result in the formation of an anisotropic ferrite film on the
glass substrate in TLF process. In addition to the layer-by-
layer reaction, the oriented attachment of ferrite nanoparticles
is expected during the TLF process. A proper oxidation
of ferrous solution forms a colloidal solution of ferrite
nanoparticles, and the attachment between the particles may
induce the formation of the anisotropic film.

Brief descriptions of TLF method are as follows.
Experimental details were described elsewhere [3, 4]. TLF
reactor has a narrow gap between a glass substrate and
a stainless steel block. TLFs of ferrous (FeCl; - 4H,0,
30glire™,6mimin~ or 5 s} and oxidant solutions (NaNO,,
1.0glitre™!, 11 ml min~’ for 0.5 s) were alternately supplied to
the reactor through the gap with the illumination of focused Xe-
lamp (300 W) light. High quality ferrite fitms were deposited
on the gap-side surface of the substrate, The transition metal
impurity (M = Mn, Co) sources, MnCl; and CoCl,, were
introduced to the FeCl, solution. All the films investigated in
this report were deposited at 358 K. The temperature of the
reactor was carefully controlled (0.2 K) with a PID thermo-
controller and a home-made chamber. The films deposited
were cleaned in an ultrasonic bath for 5 min o remove ferrite
nanoparticles, which were physically adsorbed on the surface
of the film.

The surface morphology of the films was observed by an
atomic force microscope (AFM) with a commercially available
cantilever (Si3Ng} in the air. The thickness of the films was
observed also by the AFM and re-checked with total amounts
of metal jons that obtained by inductively coupled plasma
{Icp) analysis. The ratio of M/Fe was determined by the ICP
analysis. The crystal structure of the film was identified by the
powder x-ray diffraction (XRD) method with Cu-Ku radiation
at room temperature. The conversion electron Mdssbauver
spectroscope (CEMS) spectrum was taken by a He/CH, gas
filled proportional counter at room temperature and Co> source
doped in metailic thodium. The resistivity of samples was
measured by four-probe dc-method. Magnetic hysteresis loop
was recorded by a vibrating sample magnetometer (VSM) at
room lemperature. Co25 fitm was deposited from the solution
with 25 mol% of Co/Fe and Mn500 was deposited from the
solution of 500% of Mn/Fe.

3. Results and discussion

The ICP analysis showed that the cation molar ratio in Co25
(CofFe) is 15.7% and the ratio in Mn500 (Mn/Fe) is 8.2%.
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Each ratio corresponds 1o Fe; 56Coy ;O and Fe; 3sMng 3, 0;4.
The different level of foreign metal in the films will be related
to the crystal field stabilization energy of Co and Mn ions in
the spinel structure. This implies thermodynamic stabilization
is an important factor in TLF deposition. The octahedral (Oy)
site stabilization energy (OSSE) of Mn2*(d%) is zero, but that
of Mn* is 95.3kJ mol~! [8]. If the oxidation state of Mn
ions in the reaction solution is +3(d%), therefore, the ions
will be stabilized and located Oy-sites of the spinel and the
concentration of Mn ions in the TLF films might be much
higher than the observed value, 8.2%. This suggests that the
oxidation number of Mn ions in the TLF film is +2 and the ions
will locate very hardly at the lattice point of the ferrite without
crystal field stabilization energy: the ratio Mn/Fe in Mn500 film
is only 8.2%. However, it was known that about 33% of the
M’ jons were located at tetrahedral (7} )-sites in MnFe, 0,
nanoparticles which were synthesized by wet chemistry [9].
Therefore, we assumed our Mn-ferrite TLE films obeyed this
site ratio. On the other hand, it is clear that the Co ions in the
TLF films will occupy the Oy,-sites of the spinel with oxidation
number of +2 because the OSSE of Co* (d7) is 30.9kJ K—! that
is larger than that of Fe?* and Co*(d®), 16.7 kI mol~! [8).

The oxidation potentials of Mn2*/Mn*(—1.5415V),
Co™/Co™(=1.92V), and Fe?* fFe**(~0.771 V) [10) indicate
that Mn?* and Co?* ions will not be oxidized until all Fe2*
ions oxidized to Fe™*. Because the oxidation pawer of our
TLF process is adjusted to deposit magnetite (Fe>5™), these
potentials reconfirm that the oxidation state of Mn and Co ions
in the TLF films is +2.

Figure 1 shows AFM topographical images of (@) Fe;0,,
(b)Co25, and (¢} Mn500 TLE films. The images were observed
under contact mode with a commercially available cantilever,
8i3Ny, force constant is 0.05Nm™'. The surface consists
of pyramidal grains, but fairly flat. TFhe root mean square
roughness is about 100 ~ 150 A in the scan range of 2um.
The shape of grains is not changed greatiy by the addition of
transition metal impurities, as shown in figure 1. The appeared
grains in AFM images may be a single grain or aggregations of
smaller particles as discussed in the previous report [7]. The
surface image was sensitive on the experimental conditions but
it did not reflect the anisotrepic nature of the TLF film.

The crystal structures of Fe304, MnFe,0y, and CoFe,0,
are cubic spinel with nearly same lattice parameter. In these
ferrites, the scattering power of Mn and Co ions is not far
different from the value of the Fe ions. Therefore, XRD
patterns of Fe; M, 04 (M = Mn, Co,0 € x < 0.3) resemble
each other in positions and relative intensities of peaks.
Figure 2 shows the XRD patterns of Fe;04, Co25, and Mn500.
All the films were deposited for 10 min at 358 K. The positions
(26) of main peaks in each patiern are all the same as shown in
figure 2. This indicates that all the ferrite films are the cubic
spinel as expected from the reported data {3, 7, | 1]. However,
the relative intensity of apeak (7,4, /5, in the pattern of Co25
extremely enhanced as shown in figure 2. The growing of a
particular reflection peak in the XRD pattern indicates oriented
crystal growing [5,6]. The reported I/ By of magnetite
is 8% [11], but that of Co25 is about 110% (£30%). This
strong enhancement was observed only in Co—Fe304 films,
As shown at the inset of figure 2, the relative intensity depends
on the concentration of Co. The /1113 was maximized



Enhanced anisotropy in Co—Fe304 TLF film
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Figure 1. AFM images of TLF ferrite films: {a) Fe;0y, (b) Co23, and (c) Mn500. All images taken in contact mode with a Si;N, cantilever

at the ambient condition.

Mn500

Intensity

(111

20
26/deg.

Figure 2. The powder XRD patterns of the Fe;OQ,, Co25, and
Mn300. Inset is the plot of the relationship between nominal
concentration of Co and the relative intensity of 1y,/4);3.

at around Co23, Fezs59Cog.410400. We also found that the
{111/1113 ratio of Co—ferrite films deeply related to deposition
time, but there was no dependence on the reaction temperatures
(supporting information figure $1(a) and (»)). In addition,

the thickness of a ferrite film depends on the deposition time:
~200nm/10min and ~380nm/20 min. These suggest that
the anisotropy of the Co—ferrite films depends on the number
of the repeated-oxidation reaction in the TLF reactor. The
oxidation process in TLF process simulates the atomic layer
deposition without troublesome thermal decomposition [12].
Alternately supplied positive metal ions and oxide ions to TLF
reactor will be deposited on the glass substrate in layer-by-
layer along with close-packed layer of the spinel structure.
Therefore, the degree of the anisotropy will be increased with
the number of the repeated chemical reaction and deposition
time on the surface of glass. The anisotropy was reconfirmed
by the Mossbauer measurement, as discussed in next section.
The growing direction of the Co-Fe;04 films is coincident to
the magnetic easy axis, (111}, of magnetite. Even though we
do not have a reasonable model to explain the relationship
between Co level and the anisotropy, we believe that it is
the result of the strong interactions between Co®* ions in
the Oy-sites of the spinel. The interaction in Co-ferrite was
regarded as the main source of the extraordinariness of the
ferrite [13].

The oriented attachment [6] can be a main deposition
mechanism of TLF, because the produced ferrite nanoparticles
during TLF process are in superparamagnetic or weak
ferrimagnetic state at the reaction temperature. If then, the
deposition process will be affected by the external magnetic
field. However, the enhancement was not observed on the XRD
patterns of the Mn- and Fe304~TLF films those were deposited
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Figure 3. CEMS spectra of ferrite films. Intensity ratic in each
sextet which dramatically changed by the transition metal impurities
indicate the magnetic anisouopy.

under 0.1T of magnetic field. Moreover, the enhancement
in Co—Fe304 was not altered by the presence of the external
magnelic field during the deposition. This suggests that the
oriented attachment may be not a main mechanism of the
enhanced anisotropic deposition in TLF process.

The CEMS spectra of TLF films are magneticaliy split as
shown in figure 3. The spectrum of magnetite is consisted of
two setof sextets marked by 7, and @,,. Mdssbauer parameters
of the patierns in figure 3 are close to the known values of
magnetile [14, 15], magnetic hyperfine field of Ty site is 49.6 T
and that of Oy, site is 46.3 T, except the ratios of J; : [, : I3
and lgn/i1g9. As shown in figure 3, the intensity ratio is
changed by the incorporation of Co and Mn. The intensity
ratio for Fe3;Oy—TLF film is nearly 3:2: 1, but the ratio for
€025 and Mn500 is about 3:1: 1 and 3:2.5: I, respectively.
This indicates that some of magnetic spins tend to aligned
in vertical direclion of substrate surface in Co25 and parallel
direction of substrate surface in Mn50Q {14, 15]. It is clear
that the vertical magnetization of Co25 is closely related to the
structural anisotropy which observed in XRD study. However,
the low signal/noise ratio and the ambiguous base line of
Mbssbauer spectra hindered the quantitative analysis of the
degree of anisotropy.

The area ratio (Jon/Itq) in each pattern of figure 3
corresponds to the ratio of Fe ions in octahedral [Fe2%*)
and tetrahedral sites (Fe™). The ratio should be 2 for
stoichiometric magnetite (Fe'*) [FeZ>*]04 [7]. But, that
of our TLF film was less than 1.5 and became smaller by
the incorporation of both impurities as shown in figure 3
(see also figures S2(u)-{c} in supporting information).
Even though Mn® do not have OSSE, as discussed in
previous section, this fact still strongly supports that both
impurities, Co® and Mn?*, produce Fe®* jons at the
Oy-sites. For example, detailed chemical formula for Co25
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Figure 4. Surface resistivity of TLF films was increased by the
incorporation of Co and Mn.

will be (Fejto)[FeliiFel’, Col", 104, and for Mn500 will
be (Fe‘g;}MnﬁjJ-,)[Fcf:g;Fegfz'Mngfu]Om where the amount
of Co® and Mn** was measured by ICP. The increased
concentration of the [Fe**] ions, isolated [Fe*] jons, which do
not take part in the exchange process [16] between [Fe?*]
[Fe**] and contribute to Itg in Mossbauer spectra. In figure 3,
the Jon, in Mn500 spectrum is stronger than that of Co25. This
reflects that the concentration of [Fe?3*] jons in MnS00 is
higher than that in Co23.

Figure 4 shows the resistivity of TLF films is increased by
the incorporation of impurity metals. The exchange process
between Fe®* and Fe? in Oy-sites of the spinel is the well
known conduction mechanism of magnetite (16]. Therefore,
the resistivity of magnetite increases if the exchange process is
suppressed by the presence of impurities or defects in (,-sites
of the spinel. In this context the resistivity data in figure 4,
Co25 is more resistive than Mn500, coincides to the estimated
ion distributions. The impurity level of Co25 is 0.82, which
corresponds to the amount of [Fe**]+[Co**], and that of Mn500
is 0.35 which corresponds 1o the amount of [Fe**] + [Mn?*].
Moreover, the resistivity of Co25 is about two times higher than
that of Mn500 in the wide range of temperature. The results
imply that the conduction mechanism of Co- and Mn-ferrite
TLF films is the same as magnetite. We also found that the
resistivity of the impurity-loaded TLF films greatly depends
on x value [4(c)] in Fe;_,M,Q,, where M = Co and Mn,
{for Mn, see table S1 of supporting information). These facts
support that the phase of M—Fe;0,4 TLF film is solid solution.

In figure 5, the magnetic hysteresis loops measured in
(a) parallei (I|) and (b) perpendicular (1) directions to the plane
atroom temperature are shown. Itis worth to note that the loop
shape of Co25 is significantly different from others in both
plots. The parallel (Hcp) and perpendicular (He ) ) coercivities
of Co25 are 0.15 and 0.21 T, these are about four times larger
than Fe;O4 and Mn300. The Hc; of Co25 is comparable to
that of the CoFe; 04 powder, 0.202 T, and sol-gel coated and
sintered Tip 2Coy 2Fe; Q04 film, 0.1566 T (17]. These suggest
that the Co25 film could be a good candidate for the vertical
recording media. We think the anomalous behaviour of Co25
in figure 5 is related o the anisotropies: the film grows along
with (111) directior: of the spinel and the film magnetized
perpendicular direction of the substrate as discussed in the
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Figure 5. Magnetic hysteresis loops of Fe; Oy, Co25, and Mn500 in
{a) perpendicular and (b) parallel to the film surface. Abnormally
large M, will be related to the anisotropic nature of Co25.
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XRD and the Mossbauer sections. On the other hand, there
was no remarkable difference between FeyO4 and Mn500 in
the plots except the saturation magnetization (M) value as also
seen in the XRD analysis.

4, Conclusion

In summary, we observed the most enhanced anisotropy in
Fez 590C00.4104 TLF film. The high coercivity (H,), 0.21T,
promises that this film is a good candidate for the vertical
recording media. The preferred deposition direction of the
film coincides with the magnetic easy axis of the magnetite,
{11t). The enhancement depends on both the number of
the deposition reaction and the concentration of Co?* jons
in reaction solution. The enhancement was not observed
in Mn—Fe;0, and Fe;04—TLF films. Mn®* ions are hardly
located in the spinel frame due to the lack of the crystal
stabilization energy. The enhanced anisotropy is probably
caused by the extra stabilization energy of the Co®* ions in
the octahedral sites of the spinel and the interactions between
the Co®" ions in the spinel. The alternating deposition of metal
ions and oxide ions in TLF process that is a simulation of the
atomic layer deposition may help the alignment. The most
anisotropic TLF film was Fe; 50Cog.4;04.
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Figure §2. Méssbauer spectra of the Mn—Fe; 04, (@) and (), and Co—Fe;Qy4, (¢). The numbers in bottom of () and (c) represent the
intensity ratios of the peaks.

Table §1. Chemical composition and room temperature resistivity

of Mn—Fe;0,4 TLF films.

(Mn/Fe%) Resistivity
Sample  ICP MASS (S} at 290K
Mn25 Q.85 17
Mn350 13 23 3
Mni00 3.0 74
Mn300 7.0 99
Mns00 82 285
Mn700 1.3 2280
Mu 1000 99 13400
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Anisotropic electrical conductivity of delafossite-type CuAlO,

laminar crystal
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Delafossite-type CuAlOQ, laminar crystals (R3m) were prepared through melt by a cooling method
from 1423 K. The layer-by-layer structure of the crystal was observed. Because of the structural
anisotropy of the crystal, electrical conductivity along the ab plane {,4) was higher than that along
the ¢ axis (), r,, =250, . The anisotropy unveiled that the main conduction path of the crystal
is closed-packed Cu® layers. The values of the activation energies which were estimated from the
Arrhemius plot were ~0.20 and -~0.13 ¢V for o and o, , respectively. The lincarity in the log o
vs (1/T)""* plot and the positive thermoeleciric power (=>+300 uV/K) of the crystal suggested
p-type variable-range hopping conduction. © 2001 American Institute of Physics.

[DOI: 10.1063:1.1405809]

Optically transparent oxides tend to be electrical insula-
tors by virtue of their large electronic band gap (3.1 eV). It
was well known that some #2-type (electron) semiconductors.
doped oxides of 10,04, Sn0,. and ZnQ, arc exceptionally
transparent.' On the other hand, no transparent p-type (hole)
semiconductor was known until the report of the delafossite-
type CuAlO, film.? Even though the reported conductivity
() of the CuAlD; film is about | Sem™' at room tempeta-
ture, which is 3—4 orders of magnitude smaller than that of
n-type conducting indium—tin oxide,” this material may re-
alize the noble transparent p—» junction: transparent solar
cells and ultraviolet-emitting diodes.”

There are three structurai motifs in CuAiO~: 0-Cu-Q
fragments along with the ¢ axis, AlO, layers, and hexagonal
Cu layers perpendicular to the ¢ axis (ab planc). It has been
expected that the Cu layers would be the conduction path in
CuAlO,. For example, Ishiguro e¢f ol rtevealed that the
Cu—Cu distances (2.86 A) in the Cu® layers are slightly
longer (han thase found in metallic copper (2.56 A) and sug-
gested that the nonbonding orbital (') of Cu" jons creates
the semiconduction band in the close-packed layers perpen-
dicular to the ¢ axis.® The results of ab initio calcutations
suggested also that the Cu layers arc bonded by weak
Cut (d'"%- Cu* (") interactions.? Recently, Zuo et al. ob-
served d-orbital holes and Cu™(d'%)--Cu*¢d") bonding in
Cuy0 with a quantitative convergent-beam clectron diffrac-
tion technique.” The distance of Cu—Cu in Cu,0, 3.02 A% is
slightly longer than that in the CuAlQ,. Therefore, d-orbital
holes and Cu* (") --Cu* ('%) bonding would be the intrin-
sic nature of the Cu layers and the electrical conductivity of
the ¢/ plane (o) of CuAl(, would be higher than that of
the ¢ axis (o).

The reported o of bulk® and film” of CuAlD, arc 1.7
%10 *and 9.5% 107" Sem™!, respectively, at room tem-
perature. However, the o of CuAlO, single crystal is not
reported by now because it is difficult to get crystals large

“Electronic mail: donkim@pknu.ac ke

0003-6951/2001/79(13)/2028/3/$18.00

enough to measure the electrical properties. [nvestigation of
the electrical properties of crystaliine CuAlQ; will be very
helpful to find a reasonable way to enhance the conductivity
of the compound. Therefore, we have grown delatossite-type
CuAlQ; laminar crystals and investigated the electrical an-
isotropy of the crystals.

Laminar crystals of CuAlO, were grown from
CuAlL Oy~ CuO melt by a slow cooling method from 1423 K
in air. CuALQ, was prepared from Cu,0 {97%, Aldrich) and
Aly 05 (99.99%, Aldrich). A pressed pellet of CuAl-Oy (~0.3
g) was placed on the top of excess CuO (-2 g; 99.9%, Al-
drich} powder and then followed the reported heating
process.’ The powder x-ray diffraction (XRD) pattern of
ground CuAlQ, crystals coincided well with that of the pow-
der diffraction file {PDF: 77-2493), as shown in Fig. 1(al.
There was no detectable amount of the precursor, CuAlLQ, :
Fig. 1{(b), on the pattern. However, the inclusion of small
amounts of flux, CuQ: marks {*) in Fig. lta}, was unavoid-
able. Therefore, the crystals were leached in 1 N HNO; for

- 4
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FIG. 1. Room-temperature powder XRD patterns: (a} grounded as-grown
CuAlOQy crystals, {b) CuAl,O, pellet, and (c) annealed CuAlQ, peliey, for 12
h at 943 K under flowing ©;. The marks (*} indicate the main peaks of
Cu0.

028 © 2001 American Institute of Physics
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F1G. 2. (a) AFM image of the plane surface of the laminar CuAlQ, crystal.
The distance between close-packed spots is 2.86 A, which coincides with
the length of the a axis of the erystal. 18) AFM image of the cracked edge of
the crystal. The image shows the layer-by-layer structure of the laminar
crystal

three days in order to remove the CuQ. The composition of
the cleaned crystals was identified by means of energy-
dispersive x-ray (EDX) analysis; Cu:Al=0.96:1.00. The
laminar crystals were selected to investigate the electrical
anisotropy of the CuAlO, because the plane surface of the
crystal is the ab planc, (001).> Dimensions of the selected
crystals were 0.9x0.6X0.05 mm®, typically. The electrical
conductivity of samples was measured by means of the au-
tomated de four-probe methed. The surface of the crystals
was observed by an atomic-force microscope (AFM: PSI
Autoprobe-CP} with a comumercially available cantilever
(Si;N;) af the ambient condition,

As shown in Fig. 2(a), the distance between close-
packed spots was —2.86 A. That coincides with the distance
between Cu ions (2.86 A) in the ab plane of CuAlQ, . Figure
2(b} 1s an AFM image of the cracked edge of the laminar
crystal. The scratches in the AFM image were caused by the
irregular morphology of the area. In the height profile of
sclected surface layers (not shown), the thickness of a layer
(16 A) approached the ¢ parameter {16.95 A) of the

CuAlQ- unit cell. Therefore, theg)lane surface of the laminar
Downicaded 02 Jun 2063 to 210.4
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FIG. 3. Temperature dependence of electrical conductivities—o,;, and o,
indicate conductivities along the ab plane and ¢ axis of the CuAIO, laminar
crystal, respectively: (a) is along the b plane of the as-grown crystal; (b) is
along the ab plane of the O;-doped crystal; (c) is along the ¢ axis of the
as-grown crystal; (d) is of the as-grown pellet, and (e) is of the Q,-doped
pellet. O,-doped sarnples, (b) and {e), were annealed for 12 h at 973 K under
flowing O, . Inset is the Arrhenius plot of the o, of the laminar crystal vs
1600/ T

crystal is the ab plane. Ishiguro et o/, reported also that the
plane surface of the laminar crystal is the ¢b plane.?

Figure 3 shows the temperature dependence of the con-
ductivity of the crystals. The roughly estimated activalion
energies (£} at the higher temperature region (>200 K) in
the Arrhenius plot, log o vs 1/T, were 0.13 €V for o, and
0.20 eV for . These are less than 10% of the optical band
gap {£,=~3.5 eV) (Refs. 2 and 6) of CuAlO,. This might
be an indication of hole transport i the valence band. 7
Within the experimental temperature range, o, was higher
than o, at least 25 times as shown in Figs. 3(a} and 3{c). The
high g, clearly shows that the main conduction path of
CuAlO, is the close-packed Cu™ layers, i.e., the ab plane.
This suggests thart the close-packed Cu* layers would be the
main conduction path of the other delafossite-type metal ox-
ides as expected by other workers.*

According to the variable-range hopping (VRH) theory,’
oxexp[—(T,/N]""* 1 where # is the dimension of the
conduction path, the Cu* layers (n=2) would obey the
(1/T)'3 rule. For conductivity of the close-packed Cu* layer
(7,3}, however, we found the best linear relationships in the
log o vs (1/T}" plot in the high-temperature region {>180
KJ, as shown in Fig. 3(a). This indicates that the ab plane is
not the perfect two-dimensional structure. The imperfection
on the conduction path may be the result of the nonstoichio-
metric composition (Cu:Al=0.96:1.00) of the crystal.

Even though the exact thermoelectric power (TEP) of
the CuAlQ, samples was not measured duc to the thermal
and electrical contact problems, the positive TEP of each
measurement (> +300 uV/K) was temperature independent
in the temperature range of 250-300 K. Again, this strongly
supparts VRH p-type conduction. In general, TEP of hop-
ping conductors is independent of temperature: TEPpapper
=kg/y In[n/(N—#)]. where N and n are densitics of hopping
sites and carriers, respectively.’

There might be two possible charge carriers in CuAIQ,
d-orbital holes in Cu* (for example, 34'"-34%s") and
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F1G. 4. Optical microscopic picture {100 ) of the decomposed surface of
the (;-doped CuAIC. laminar crystal. The crystal was annealed for 12 b at
973 K under flowing O-

Cu’’ ions. The formalion of the d-orbital holes in Cu*
would be the intrinsic property of the CuAlQ, lattice as dis-
cussed. Therefore, intentional oxygen doping on CuAl(,
would be one of the possible ways to increase Cu®* ions in
the Cu layers of CuAlQ, as preformed on CuLnO, (Ln=Y,
La, Pr, Nd) by other workers.'” They found Cu’ 'Ln0, could
be oxidized into Cu”>?Ln0, (5 by oxygen doping. Therefore,
we annealed the laminar crystals and the pressed pellets of
CuAlQ, in the tentperature range of 873-973 K for 12 h
under flowing O,. When the doping lemperature was less
than 898 K, there were no structural and ebectrical changes.
When the doping temperature was higher than 898 K, how-
ever. granular and irregular spots appeared on the surface of
the anncaled laminar crystals, as shown in Fig. 4. The num-
ber of spots was increased with clevated doping temperature.
XRD patterns of the annealed pellets showed that the relative
intensity of the peaks corresponding to CuQ and CuAl O,
was mcrcased with clevated annealing temperature, as shown

Eee, Kim, and Kim

in Fig. 1(c). Therefore, it is clear that the doping process
decomposes CuAlOD, into CuO and CuAlLO,. This degrada-
tion hindered the charge transportation, as shown in Fig. 3.
{Compare Figs. 3(a) with 3(b) for the laminar crystal and
Figs. 3{d) with 3(e) for the pressed pellet.]

In summary, we have synthesized delafossite-type
CuAlQ, laminar crystals to investigate the conduction
mechanism of the compound. The conductivity of ab planc
was at least 25 times higher than that of the ¢ axis of the
crystal. The main conduction path of the compound was
close-packed Cu” layers, and charge carriers were the
d-orbital holes in Cu*, But Cu®* ions which were fornted in
the CuAlO; by oxygen doping might be not the charge car-
riers because of the unstable nature of the ions in the CuAlO,
fattice. Positive thermoelectric power, small E,., and the
temperature dependence of conductivity indicated that the
compound is a variable-range hopping p-type semiconduc-
tor.
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