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Epitaxial Growth of y"-FesN Thin Films on MgO(001) Single-Crystal Substrates
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Kosuke Imamura?, Yura Maeda?, Mitsuru Ohtake? ", Shinji Isogami?),
Masaaki Futamoto?, Tetsuroh Kawai?, Fumiyoshi Kirino?, and Nobuyuki Inaba®

DFaculty of Engineering, Yokohama National University, 79-5 Tokiwadai, Hodogaya, Yokohama 240-8501, Japan
2Research Center for Magnetic and Spintronic Materials, National Institute for Materials Science, 1-2-1 Sengen, Tsukuba, Ibaraki 305-0047, Japan
3Graduate School of Fine Arts, Tokyo University of the Arts, 12-8 Ueno-koen, Taito, Tokyo 110-8714, Japan
DGraduate School of Science and Engineering, Yamagata University, 4-3-16 Jyonan, Yonezawa, Yamagata 992-8510, Japan

Fe-N thin films are prepared on MgO(001) single-crystal substrates at temperatures ranging from room
temperature to 600 °C by varying the ratio of N2 partial to total pressure in sputtering from 0 to 5%. The effects of
substrate temperature and Ns partial pressure ratio on the formation of y' phase (sc-based L'1 phase) are systematically
investigated. Epitaxial a phase (bcc-based A2 phase) is formed in the films prepared by sputtering in pure Ar gas for
all the investigated temperatures. On the other hand, the structure is delicately influenced by the substrate
temperature when the films are prepared in Ar-N2 mixture gases. Epitaxial films are obtained at temperatures higher
than 300 °C, whereas the films prepared at temperatures lower than 200 °C involve poly-crystals. When the N2 partial
pressure ratio is 2.5%, the films prepared at temperatures ranging between 200 and 400 °C consist of a mixture of o
and y' phases and the volume fraction of y' phase decreases with increasing the substrate temperature. When the N2
partial pressure ratio is 5%, y’ single-crystal films are obtained at temperatures ranging from 300 to 400 °C. The N
site ordering parameter slightly increases as the substrate temperature increases from 200 to 400 °C. The films
prepared at temperatures higher than 500 °C in the N2 partial pressure ratios of 2.5 and 5% primarily consist of o
phase. The present study has shown that high substrate temperature prevents the formation of y' phase and
employment of a moderate substrate temperature around 300—400 °C is suitable to obtain a y’ single-crystal film.

Keywords: y'-FesN, thin film, reactive sputtering, epitaxial growth

1. FC&HIZ Fe-N Tt 2D )L 7 BOEHRER VEBIBRT 5 &,
Y ORMIEITP S (19.3~20.0 at. %), HHEG /L7 4
E{LER (Fe-N) I, BRMBREMOWME SMEFH a3 2 L3RS IRV, £, yHROBA
PERIO S V-0, BRI OBMERES 270, £72, B 2 am L o, BT 52 LT, ALV RERSZ &I
ECEAE S FR=7 R FALASOIERMERNIC, ez 820, ZE@HEER>TLED. 22T, v
BRE ST g 19720, Bricy FeaN ML, BEMAOTERIS  pamms = vy o o v VRE S5 2 & B HERIE,
LT, #PER (B) 78 157 GPa, FEVEICKIS T DB gem i ic 5o S < Mk 2 0~ 5 = L N AlfEIC 2 5.
PR & AWER O (B/G) 28 3.12 & K& 23, THET, DFHRITEZ XL 202902,y Z Y
fEFHMEE L LT, Mg RER &GN & 4)#%[]6%“(11‘ 7 3042350 L1, Cu 3D, MgQ 25-29),32-37,41,42)
BRI, BSREICITRBIETH Y 12, X2 U —iRE (T) MeA10429, SrTiOs27.28).32.34.,36,4D | [,a AlQ 27):32),34.36)
13 488°C 1%, =i (RT) I TéﬁﬂWMKU%)11Q7 72 & D (00D I 12y Hil 7 B 72 % MRS 250~ 450 °C
emu/cm? 19, FEMBRBGTIET LT — (K1) 12 2.3  pHEKEECIEX X LY LRET S - & REESH
X 10% erglem? 19, £ LT, ALAARHER (B) 13 0.6 iz, ABFECHE, KAy &Y v ZIEICLY
BEOADOKI LML 10IDTHS 2 &2, B ERBOW  Me0(001) MM 1 ic FerN Ml A L, HEBREED &
HWHLRSNTNG., LOALRED, BEREERRE, R (X Ny /Y E AT A & B R 1 E T 8 4 R0 L
PEBRICHLNZENTH RV LH Y 2, BfEM <~ Table1 12 x/\/$)/7/£f$|§ﬂ:é;}/bfu\5y
FHEHE IV TIEREIIE £ 185 T L I A & SR E T b FesN FIEO IR A IE & HEERAT Tk 2R, yHIs =

HETHS. t&%/&»ﬁﬁ?éx# DT O HITWT T
, FRTERL & O B3R 2 IR IR LG~ 7 AR T A A2 .
T Corresponding author: Z'KET‘ TIE, yHSREEZER T 2 B0V 2R EF 2R
Mitsuru Ohtake (e-mail: ohtake-mitsuru-yt@ynu.ac.jp). T AmHNET S,
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Table 1 Previous studies on epitaxial growth of y’-Fe4N films on (001) single-crystal substrate by sputtering.

INDEX

Substrate material Substrate Annealing Annealing | Mixing Total Deposition Power Structural Ref. Year
temperature temperature time ratio of | pressure rate supply | characterization
(°C) 0 (min) N3 (%) (Pa) (nm/s)
SrTiOs 350-450 33 0.4 0.1 DC XRD (26/w) 57 2003
MgO, SrTiOs, LaAlOs | 450 9.1 0.73 0.055 DC XRD (20/0, ¢, pole | 32 2008
figure)
MgO — 280 10 — — — DC XRD (20/w) 33 2010
MgO, SrTiOs, LaAlOs | 450 17 1 0.012 DC XRD (20/, ¢, pole | 34 2013
figure), TEM
MgO 300 300 15 — RF XRD (20y/9, ) 15 2014
MgO — 50, 120, 220, 15 25 DC XRD (20/, ¢-20y) 35 2014
300
MgO 400 2.5 2.5 0.045 RF XRD (20/0, ¢) 14 2015
MgO 350 350, 400, 450, 60 5, 10, - - DC XRD (26/) 37 2016
500 15, 20
Ag/ Fe / MgO 285 325 120 14, 16, 0.33 — DC XRD (20/w) 58 2017
20, 24

Cr,Ag / MgO 240 350 30 16 0.33 — DC XRD (26/w) 38 2018
LaAlO3 402 10 0.53 - DC XRD (26/w) 39 2019
MgO, SrTiOs, LSAT 450 15 — — DC XRD (20/w), TEM 41 2019
MgO 250 14 0.37 — DC XRD (20/w, ¢) 42 2021
K HOIHIMA T, Fig. a-DF O FEAORAITR
). EEBAE b, BALDREMEND O NEE L TENTWD. [k
7 K& E, RT @ MgO(001) & Rk kI 7B pk L 72
B OERITIE, EMN 4 x 107 Pa U Fo~2 % b (Feo7C003)95Bs ik 47X 100 °C @ SrTiOs(001) Mz L2 Ak

Ve ANy R /&4t%%ﬁﬁb‘f_ MgO HAI2iE, FKimmk
BE % B U 7= (001) 11 & VY, RiE{EE L% H A BRI
600 °C T 1 B OBV & i L 7=. Z D%, HARIRE % RT
~600°C DD —EflE L,Ar & NoDIEEHT ADH & Fe
Bt %%7\/\"/57?“6 ZEi2kY, R EIC FerN B
EER L. ZorE, BRETADOLIEIX 067 Pa &L,
2RI T 5 N2 4 E@tm} 0~5% DT E . #
— 7y bJENEIEREL 150 mm, WAESIT TOW &L
7. F7e, BRI, REMEIC X OBUKEREBICEL D RIEL,
54 + 8 nm DFIPHNTH A Z L ZFER L. Z 0L X HijE

— MiE 0.027 £0.004 nm/s TH D.

K & % SO B - [al T (RHEED) (2 & 0 ff 7=,
OB, EARRO NS TTIAIE MgO FA oo [100] )7 1A & AT
12722 £ 91 Uiz & REMNZ 13 Cu-Ka (1= 0.15418 nm)
AR L U X e (XRD) 2 M-, M omRIc
W X EB e (XPS) 2 L. £/, RuFhe
AR LOBMEIARE X, T, JF -/ iEmsss

(AFM) 35 X OGREHEEN LR 15H & Wiz,

7%, Table 2 [EAMFILIZ BIEI9~ 2 A4 BF O RS fh i & D K7D
BLUOKTEEEZRLTEBY, BTIA~YyTOFHEIC]
SO E V.

3. WMRLEE

3.1 HEELERE

Fig. 1@IZHl Ar 7 A DOFFAR T (N2 43 0%) T RT
~600 °C ® MgO(001) A 2L L7z Fe fiio> RHEED
NE— Rt 250~600 °C TiE (Fig. 1(a-2)~(a-6)),
Fig. 2@z ml 273 a ki 0 (001) i AL 2 i o [110] 97 1)
IHE T2 AR LEBICHR D B 7 — o BEE ST
BY, o fERENRT EX v LR L C0D 2 En g
5. BABROANR T LRI AT — o EET B &
WL E oSSR %, aFe(001)[110] ||
MgOOD[100] & HET B Z &3tk sD. ZD L&, KT
AR v FII-3.9%E 5. £7-, Fig. 1(a-2)~(@-5)HicA
O REITTRT X 91T d2%2) D F i L 4012535 A
FY—Z RORENBIEESNTWD. —F7, RT Tl, al001)

106

L 7= Fes0Cos0 B 4012 L THEEINTEY, 2NETO
WIek 0, 4 SONRY T bS5 a(122)F @
5@ RHEED K& THhbv (Fig. 200, ), Zh<Eh,
a(122)[011]ypes,  (122)[011]¢yper,  (122)[411]eype ¢,
(122)[411]iype p || FEHKOOD[100]D HALBIFR T S LD
ZEDNHALMIZIENTWD 4048 KiF5ED RT T L 7=
Fe JFIZBWT Y, a00DFEEICINZ T, a(122)#% 525k
ENTWDLZENREZLND. 728, MgO001) ARz %4
DoaFe(122)#E O [011]8 L M1 OK I A~ v F
1%, WERE, a-Fe(001)/MgO(001) A & [/ U-3.9% & 732
%. Fig. 3()IZ XRD /8% — > %7~3. RT~600°C Tk
L7=WTROREICR LTH, o (002)Eh 6 O D A
NS TEBY, RHEED f#hr & Ak RanEoh <
W5, 728, a(I2203ZEHIKH TH Y, al244)iF Cu-Koff
TIPS 2L LRV, Z072®), Hik XRD /47—
T, (1225076 O AEI TV,

No 3 ELEA 5% DIRAG T AFMA T T, 300 LW
450 °C O HAIRE T L 7= Fe-N [iio> RHEED /8% — >
% Fig. Ue3)B LW DITENZIRT. WT ORIt
LThH, Fig 2(b) AR _rfry *ﬁ@(om)a#aa%ﬁ@
[100] 5 1M1 W AN LGBl D a7 —

DIBEE énﬂ\é lﬂmﬁ@@%ﬂi %, y-Fe ¥ T DL
MBI NBNFEIET D & &
Fig. 3(c-3)3 & OMe-4)IZ XRD /3% — > Zokd . ¢/ (002) HA
A2 C, v (008K BBEIN TS, LIk
DFERIN S, Yy HEERERT X Xy LFEL TS 2 &
WAy D . Kk AL B AR 1L, y-FesN(001)[100] |
MgOOOD[100] LIRETE D, ZD L&, FIA~ YT

Table 2 Structure of materials related in the present
study.

Material Pearson Strul{turbgrfcbt Space group Lattice
symbol designation constant
a-Fe cl2 A2 Im3m #229) a=0.2866 nm
y-Fe,N cP5 L1 Pm3m #221) a=03795nm*
o"-FegN, 18 D2, Idlmmm@139) “Z0C0am0mm?
MgO cF8 B1 Fm3m #225) a=0.42198 nm *
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N, partial pressure ratio, PPRy, (%)
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Fig. 1 RHEED patterns observed for Fe-N films

repared on MgO(001) substrates at (a-1)—(c-1) RT, (a-2)—
?c-2 250 °C, (a-3)—(c-3) 300 °C, (a-4)—(c-4) 450 °C, (a-5)—
(c-5) 500 °C, and (a-6)—(c-6) 600 °C in the N2 partial
pressure ratios of (a) 0, (b) 2.5, and (c) 5%. The incident
electron beam is parallel to MgO[100].

13-10.0% & 72 % . y-FeaN(001)/MgO(001) fit i T, K& 72
AV FICLBISTIO—EEEMT B 72912, Hmirts
IZBWTI AT 4w MBBREAIND Z ERFEINT
BY A, KFEIZBNTYH, RERHEENETC WL &
NHEZ S NG,

N 73 Efb % 2.5%I 2K T S, 300 8 L1450 °C TR
L7= Fe-N f#» RHEED /% —> % Fig. 1(b-3)F L ¥
(b-4), XRD /%% — > % Fig. 3(b-3)1 LV (b-DIzFNnFh

‘m‘ =

)
021

= S =
= =3 I

Fig. 2 Schematic diagrams of RHEED patterns
simulated for [(a),(b)] (001) single-crystalline surfaces,
and (c) (122) surface consisting of four variants49:45 with
[(@),(c)] o and (b) ' phases. The incident electron beam is
parallel to (a) [110], (b) [100], or (c) [011]a+[011]s+[411]c
+[411]p. The open and the filled circles correspond to
superlattice and fundamental reflections, respectively.
RHEED pattern of (d) is drawn by overlapping (a) and (cg.
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Fig. 3 XRD patterns measured for Fe-N films prepared
on MgO(001) substrates at (a-1)—(c-1) RT, (a-2)—(c-2) 250
°C, (a-3)—(c-3) 300 °C, (a-4)—(c-4) 450 °C, (a-5)—(c-5) 500 °C,
and (a-6)—(c-6) 600 °C in the Nz partial pressure ratios of
(@) 0, () 2.5 and (c) 5%. The intensity is shown in
logarithmic scale.

R Ne JpEEEAS 5% D & & LRERIZ, ' (001)F il %t
9% RHEED /X% — U3l S T\ 5. — 5T, XRD /¥
K= T, YRS OREHIINZ T, afdn DO BB
NTW5D. 2D ORI, BEER Ty fHORBZEEL,
PENERICIB WD CIEZafI2NREIE L TWDH Z EARIB L TV 5.
Y (O0IZ R Ta(00D) 1 D S5 A8 MgO001) i 2% 3 % #51-
SAT Y TFIINENWTED, TEXF T VR E OB AN D
XD GBS 7 <, 72, 2.5%D Ne 3£ LT,
Fe LH5AT 25 N &R+ THERhoff(BERH Y, £
D=8, aBNRIE LT Z ERHEREIND. 1B, IHEFM
DFGIAR ORNTIZIE, morittes M E P Sis Ic L 5
WS OB N MIETH D,

No 5L 2.5 38 L OV b% DIRA H A RS T T, 250 °C
TIAL L7= Fe-N fiio> RHEED /8% — > % Fig. 1(b-2)% &
QREDIZFNENRT. WTNDORIZE LT Hy'(001)FHE
DO DOREIPT S — N2 T, SRERmBREICKHET S Y
TAROEPr N Z — BN EE L CTHATEY, EPORERN
250°C £ TR TFT 2 &, BERZEXF U Y /VRENEZ
BRNI ENSMND. ZAbofED XRD /8% — % Fig.
3(b-2)1 L W27 . FRIREED 300~450 °C DEH
L RIBRIS, Ne D E RS 5% D & & 1Ty FB D Ix > & D S 738
BINTNDN, 2.5%0 L X Tl b OKF LD B
D.

FEWIRE 2 RT £ TR F &, 2.5 B 5%D N 43 /E
H TRk L 7= Fe-N 2> RHEED /%% — % Fig. 1(b-1)3
LR DIzENETIRT. ERIEES RT FTRTFSED
L, U ZROEF RS — KR E o THEY, =
BTy VIRENE L TWRWT 3405 . Fig. 3(b-1)
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Fig. 4 XPS spectra measured for Fe-N films prepared
on MgO(001) substrates at (a) 400 °C and (b) 600 °C.
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Fig. 5 Substrate temperature dependences of (a) lattice
constant, (b) orientation dispersion, (c) volume fraction,
and (d) N site ordering parameter of y' phase in Fe-N film
prepared on MgO substrate.
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<Paper>

Co-Zr-Nb [EZEZE L = MSL DOBSEIRREFENTIC & 5 EIRERDHE

Estimation of circuit parameters of MSL with Co-Zr-Nb film
by magnetic circuit analysis

= REK - =EAT - Aok
PR R PR TP se R, AR T FREET 1—1 (T010-8502)

T. Mikami, S. Muroga ', and M. Tanaka
Graduate School of Engineering Science, Akita University, 1-1 Tegata Gakuen-machi, Akita-shi, Akita 010-8502, Japan

Electrical equivalent circuit parameters of a microstrip line (MSL) with a Co-Zr-Nb film as a noise

suppressor were estimated by magnetic circuit analysis. First, the magnetic flux distribution in the cross section of
the MSL with Co-Zr-Nb film was theoretically calculated to determine the magnetic flux path of the magnetic circuit.
Second, the circuit parameters were calculated by the magnetic circuit analysis and compared with the values obtained
by S-parameter measurement. The results are in good agreement, which indicates the feasibility of the estimation of
the electrical equivalent circuit parameters of the MSL with the noise suppressor using the magnetic circuit analysis

with the cross-sectional dimensions and material properties.

Keywords: noise suppressor, magnetic film, microstrip line, magnetic circuit analysis, circuit parameter
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< — I (Noise suppression sheet, NSS) 731K LC\ % 9. NSS
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Fig. 1 Geometry of measured and calculated an MSL
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Fig. 3 Lumped electrical equivalent circuit for an
MSL with a magnetic film.
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Fig. 4 Magnetic flux path of an MSL with a
magnetic film. The signal line edge is x=0, and the
magnetic flux density Box at that point is the
maximum value. wn is the distance of x direction
until the Box becomes Box/e. e: Napier number.
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Fig. 5 Magnetic circuit of an MSL with a magnetic
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Evaluation of magnetic properties of magnetic nanoparticles
in buffer solution for Magnetic Particle Imaging
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O RPA S TR, KRB T I 2-1 (T565-0871)
O il LR IE e~ L A > AT A AR, R LR R L T AR KE S 1-1-1 (T 700-0082)

K. Nomura a)t, K. Yamauchi a), M. Washino a), T. Matsuda a), Y. Okada a),
Y. Susumu ¥, S. Seino ¥, T. Nakagawa *, T. Kiwa ©, and S. Tonooka *
) Mitsubishi Electric Corp., 81-1 Tsukaguchi-Honmachi, Amagasaki, Hyogo 661-8661, Japan
Y Osaka University, 2-1 Yamadaoka, Suita, Osaka 565-0871, Japan
2 Okayama University, 7-7-1 Tsushimanaka, Okayama Kita-ku, Okayama 700-0082, Japan

Magnetic Particle Imaging (MPI) is an imaging modality that directly detects the nonlinear response of
magnetic nanoparticles (MNPs). Spatial encoding is realized by saturating MNPs almost everywhere except in the
vicinity of a special point called the field free point (FFP) using a static magnetic field. Recently, it has been shown
that the sensitivity of MPI can be significantly improved using a simultaneous encoding scheme by scanning with a
field free line (FFL) instead of FFP. The MPI with FFL device was developed using a neodymium magnet and an iron
yoke to image the object with small amount of magnetic nanoparticle such as in biological systems. The magnetization
response of magnetic nanoparticles in biological systems was studied using the developed MPI device. We developed
the imaging system that can evaluate the magnetic signal and relaxation time of magnetic moments which is
reflected by core and hydrodynamic size of MNPs. We found that iron concentration changes the MNP size, and then

the relaxation time is varied.

Key words: magnetic particle imaging, magnetic nano particles, Brownian relaxation, Neel relaxation
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Fig.1 Picturea and Illustration of developed system.
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Fig. 2 Schematic figure of the preparation of magnetically
fractionated MNPs from Ferucarbotran.
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Fig. 7 Magnetic particle sample. (a)Ferucarbotoran
Magnetic (FcM) is a magnetic nanoparticle obtained by
magnetically separating Ferucarbotoran and extracting
components with high magnetic field response collected in a
permanent magnet. (b) Sample (BUFFER 1) in which the
volume ratio of FcM to 10 times the concentration of PBS
Buffer solution was mixed at 1: 9 under conditions
simulating the same level of salt concentration biological
systems. (¢) Sample (BUFFER 5) was mixed at a volume
ratio of 5: 5 under simulated conditions for salt concentration
excessive.
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Fig. 8 Strength of harmonic MPI signal intensity under
an ac excitation field with frequency f =461 Hz.
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Fig. 9 Relationship between aggregation state of MNPs
and phase of 3rd harmonic signal under an ac excitation
field with frequency f = 461 Hz.

Table 1 Result of particle size estimated from
relaxation time difference estimated from phase

difference.
Sample dinm) d{nm) A ze(useo)
FeM 54 24
BUFFER 1 95 21 -19.0
BUFFER 5 N.A. +5.43
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Fig. 11 Lissajous curves and imaging results using real
part signal after rotation processing (rotation angle = —
66° ).
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Fig. 12 Lissajous curves and imaging results using real part
signal after rotation processing (rotation angle = —58° ).
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