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Abstract

Magnetostrictive materials with soft magnetic projesitave been widely used mens or s,
resonator s, t ar catnusadtfuaresr tha @diu e nc y bi ossenstohre ap
mi ni aturi gativdinse onfe cCehmemar, go-dgneti ¢ amor phous
have been used f ofntsbdlbdlelnesbog bsntighctaoimeecweon 0 s cal e
for higher frequdmuscy apgpliisc ateic awsistahr ye atsoy ffianbdr i
ami dreono asncdali ¢sabrluept opes and novel sensor behav
Fe&€eB all oys have been proven to be good candi ¢

Among-r Coh, equi at omird cHeeB-eadl €9 s haadhd | Bgusnd
t o hdbeeests omamasmongbe Wit mssol ut i offRezed®myp osi t i
FeCoBi/FeCaBog sE@BandsCod2¢ magneteo Pptarritdtcil es ( MS|
solution c &®p ok rexhibibtime best fesonantbehavior In this researchthe
influence of deposition time, Na Saccharin, and current density on the structure, morphology, and

resonanbehavior offilm with solution composition oF €€ @ B: are mainly studied.



To better wnodder Fteamch dt Ceo | hi b he ywialhh asyogl uatlilc
c o mpiotn FoeBi7sand.Bcover e f abri lcsmatneed dweiptohsi ti on par
ternary all oys wi tFle€Cge8Bil;uBiyontellmompgogitteinoen &f gh
r asweoaec hi #taedstruct ur es ommamgwviod ro gayn d i moa g-nFeet i C
CeBal bwiyt h di fferswarte FedTGmdom @e@df b ueesitced ivea d nosn
with sol uti omfe&cadnipxo=sOi~t2Ped ednfdk =0.~29)

Au/-E@B/ AMIS Pismi cr owesriez ef abbyr i camé&idec hgodepositi
mi crof amet k®ldeé omor p hroel scopngahrawvd or of t he MSPs we
Au/-EeB/ AMISPwer e usedatl onodepleiemdhieumeasur ement
shea | 1 mit 0f5T d&t ewint btnaalotpeak shiif tt tod dyr7a nk
measur.ement

FeCo-B/PVDF magnetelectriccomposites were fabricated by electrodeposiifrg-Co-B
thin film on a PVDF film. The magneotelectridiE) effect of the composites was characterized
in cantilever mode ahprobe modeThe ME coefficientsof composites with different lengths and

thicknesses were compared.
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&H #H’= Hy¢Hpc=HacrHp ¢+ Madpc (®)
I n red oI Mg1TOO 1 . The strain is ®l)so Thieve
materi al osctihfet atfeenay dbubhe magnetic field.

I n region 2, ®®oth AC magh @ e( apepl ded on th
The strain has an enhanced dgihp@almawhethc i 6i &

equat9)@amaddisi detro slpm@a©lc,an be neglected. So,

_0°¢0 ¢O0 O (40)
This 1 mplies malgatettolsed rn€egsulotni ngqocreases al most
magnetic field.
Due to saturation, in re@,onhg, aampl i hedB®dCol
sgnal i's smaller than ®shasaigonfalr ecga no nb €2 .a cHeinecvee

the DC magneti €igilgledr_sbpcesthlheamsda@abeamasesasi ng
t he DC maedmrdetwiid hf a wmaer tmauimtn vC ureaggriet i c fi el d.

to a)@atr ge output amplitude by tuning the DC ma
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Figa8BC magnetic field depen®enseaocotomagaet
1.15 Magnet omechanical coupling coefficient

The magnet omechani kali sc ausspeldi ntg ccoheafrfaicctieerntz e
of the mattehmeaghebetctwaed mechanical energy, whi

magnetoel astic energy to the ge[l6&8tric mean o

Q —oriQ —— (L1)



whebe i $ hrut ual magnetbaln@lsdri e tehergyre magnet
el astic energy.

The magnetomechanical coupl bgwgr etbhaet fdnigfifeenrte n
bet wereo uModul us at co@amantcoined aat © aoarg ntelt @ ¢

di ffer eanrc et thbeet maegn et acco npsetrameta bsid| ricetosyssd t48h.t st r a |

Q (42)

From equlazZpbomaemss@l strainhe nima gmeaettedsaonagnepect
permeability), awhd |nea gmmaegtniect iich tifeicethiedch aalesal apf
(Yossngnodul us) .

12 Magnetostrictive materials
121 Current magnetostrictive materials

Magnetostrictive material s mainly fal/l i nt
amor phous material s. Crystalline magmétl oyt ri
(NFe), 0,5 Dy FadpbF&mFeleDf goildy FFe)s and GaGae)nol (
have beefllrédeporStoene of them show giant magnet
exhibobnhg sani sotropy and can be wused at rel at
ani sotropy, I int siogne ehaks yneafct veir d ma, | to reach satu
relatively |owThtahgexet il ce df ieealsdy aoxni, s whhfi | ,ea gont ehtei
ter mearndeaxi s of magneti zatapoanr.t i @rayssitraal xliisneo
magneti zati ofmi.gWese shewmagneti c anisotropy rea
behavVviorg.u®ea) , -HH hheooMs al ong di fferent adier ect i
di fferent. For iron, the easyhawhisg d.98e)< 1 a th>e.
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magneti zation along [001] is obvious

that [ 001] I's the [ERhsY¥haxesfeoett maghemagaet on
hysteresis | oop are also reportelkerifernot h®r wing
easy @kXx1@Hi sFor a real application, it is
along the easy axis of magneti zataoea.
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Amor phous met al mat erials have | ow ani

magneti ze

curgienntt he materials. The | ow electrical

eddy current | osses complagsaanb r wihtolusc muagd teali lail e
coewve forces comparedlf@i fThhusryamalrlpihmel smatodrt i .
are favmoamdpl oscaTh®n TLransi t i-noent all d toe rd) mestyasl|t ¢
i mportant amorphous systems for magneti c

mai ntaining high transition met al

param@aédntCommerci al amor phous
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Tabl2Pr operties of some magnetostricti
Materi|_pm E (GH™Q Y O 1 (t ) Ref
N i -36 210 | 0. 3 631 0. 069 [6,30D
Fe 14 211 6 33 0.096| [1,31
Co 50 180 350 0.062| [1,3P
Nib& €0 27 713 0.55 [1,3 B
Ni e 27 p T [3435
F €04 40 217 | 0.3 853 40 [6,3 6
37
ThZp. s 5500 180 [3 B
Dy ke 650 6 35 39
ThFEe 2630 0.3 703 [6,3 P
Smke -2 0 0 ( 676 4D
ThDy Fe of 2000 43 0.7 650 [6]
Th.Dy¥Zn 5000 200 [3 B
FeGa 350 6 D7 948 [4147
F G aB 70 [4 B
Met gl as 12 100~ 1 626 1. 38 [6,4 1
Met gl as 30 100~1 0.9 643 1. 35 [6,3 B
FeSi B 30 158~ 1 [454 P
Feb~ 30 135 287 47
FeBis 31 178 288 (47
FeB2o 36 166 721 1.5 [6,4 B
CofEdul | 80 3 [4549
CoBéfill 350 [4b
122 Magneti sm and mag-@eBt ocasltlroiycst i on of Fe

The orbital moment inransition metals (Fe and Co) is believed to be quenched in a solid.
The metalloid B could interact with ferromagnetic metals by increasing thedptrinteraction
at a specific sitg€50]. For binary metametalloid alloys like Fd8 and CeB alloys, the addition of
B atoms into Fe or Co influence the magnetism of the alloy by influencing the electronic structure.
The pure amorphous Fe is coresied not to be ferromagnetic because the Fermi level is on the
low energy side ahemain peak in the Density of States (DOS) spectrum. When adding B to form
anamorphous alloy, the ferromagnetism is rest¢Bddl. The reason is as follows: (1) B-sfates
hybridize with Fe estates. The hybridization splits the BSates into bonding and aittonding

13



states, causing the main peak of DOS for Fadesto shift to the low energy side. Thuthe

Fermi level is closr tothe main peak position of DO$2) With the addition of B atoms, Hee
distancs increase anthe coordination number of FEe pairs decrease. Hendee d-bandwidth

of Fe becom&narrower. However, amorphous Co beceiessmagnetic withincreasingB. In

this casethe Fermi level moves a little away from the main peak position of DOS for Co with the
addition of B[52]. It is reported that the magnetic properties of metedalloid alloys are very
similar in both amorphous and crystalline structure. The magnetic moments per TM (transition
metal) atom showed similar treswds a function of B concentration in-Beand CeB alloys, as in

Fi g ulrl &[53. The magnetic moment decreaseith increasing B content among B
concentratiosof 10 at.% to 60 at.%. The highest magnetic morseatmong 10 at.% to 20 at.%

of B for both FeB and CeB alloys[54, 55]. The similarity of the magnetism in the amorphous
and crystalline structure is attributed to the similarity of local atomic structure. It has been found
that there is no direct contact between metalloid atoms in-meti@lloid alloys. The dect contact
between metalloid atoms is stopped by 0 at.% to about 20 at.% metalloids in the amorpheus metal
metalloid alloy[56]. For FeCo-B ternary alloy finding theatomic ratio of Fe/Co and whidh

content favoffor forming alloys with better magnetism is under investigation.

14
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From the viewpoint of magnetostriction, it is believed that B activates the magnetostriction
by entering the octahedral interstitial siteslefFe bcc lattice as an impurity, causing tetragonal
distortion undemnexternal magnetic fielfb(]. It is also believed that the addition of B in€e
thin films can diminish the magnetocrystalline anisotropy and réfi@grain size, which resudt
in excellent magnetic softness and microwave performance. A nonlinear magnetostriction
behavior as a function of B content was found in(eeB amorphous alloy That is, the
magnetostriction constafitst increased and reached a maximum then decreafiethcreasing
B conten43]. The reason is that a low content of metalloid atoms could form atomic paits of B
B, which would enhance the magnetostriction, while a higher content of metalloid atoms may lead
to clusters which decrease the magnetostriction. Iss@nsidered that a low amount of B atoms,

would stay in the interstitial sites of bcc lattice leading to the enhancement of magnetostriction, as

inFi gat BT
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Figat®B in the interstitial site of Fe BCC | at
i's B [t om)

It was reported that FEo-B alloys hae thehighest magnetostrictive strain in-Fieh alloys
with 20 at.% B. B content is close to the eutectic concentration of FeB and CoB[&8hyEhe
eutectic point oinFeB alloy is around 17 at.%, as shown inB-@hase diagram iR i g 4.1 2
[59]. The eutectic point of GB alloyisaroundL. 8 a %%, as se€m Iipmatske dBagr ¢
Fi g X 3 D There are threpotentially magnetostrictive environmsim amorphous F€o-
B alloys, i.e., FeB, CoB an@oFe For FeB, the highest magnetostrictive strain of 30 ppm is
achieved at 20 at.% B. The magnetostrictive strain of CoB alloy is negative with the value no
higher han 10 ppm[6 16 P CoFealloys have an anisotropic magnetostrictive strain in the
crystalline state, i.e._ emMna@eQ ¢ pmn ag B However, magnetostriction
would probablydecreasén a disordered or amorphous solid if thedaange order is destroyed
[6 1 Thus, out of the three magtostrictive enviormest FeB is considered as the environment
which could raise the magnetostrictive properties of glassy or amorphdisBalloys. For the
role of Co in the FeCo-B alloys, the magnetostriction from f&o pairs was neglected in

polycrystalline alloy due to the larger lattice parameter in the magnetostrictive environment than
16



that in polycrystallineCoFe Hence, the participation of Co in the magnetostriction of
polycrystalline allog is considered as the substitutiatom of the Fe abm. It is reported that
increasingthe Co content des not show an obvious influence in the magnetostrictive Fe
environmenbf amorphous F€o-B alloys [50]. When Co exists with the content where it ferm
clustes having Fe as a substitution (Co rich), the magnetostrictive environment is totally different
from that inthe Ferich alloy. It is explained that the reducing of magnetostrictive pti@serith
increasing Co concentration is attributed to the negative magnetostriction coefficient of Co

environmen{50].
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From the view point of fabrication, sputter

el ectrochemical depositi oi€Coeb aarlel diyeBin[6 Gasnedd t o
CabeB26pt hin films havtehDelRespuptepangdmey hod on
CabkeBat hin films were al so depao sagtean btyh iDIC fmialg

oxidized s[6] i ¢goeBiol aGF®B2o sF®B20anN@abl eB20t hin fil ms

were fabricated by DC magnet6@GoBpthi @ar f ndg men
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sput t e a@asCdspoBrigtarget or cesputtered fronCoFe35 and B targets oaSi(100)

wafer [69]. CorsFesB2o thin films were deposited by radio frequency (RF) sputtering on glass
substrate[70]. (Fe:C0s)1-xBx [ 71] andFesoCo40B20[72] thin films were deposited by RF sputtering

on Si(100) wafers. ReCa0B20 thin films were alsdabricated by RF sputtering on glass substrates

[73]. CoroFegBio thin films were fabricated by ion beam deposition on glass subsi{iadgs

Besides physical deposition methods, chemical methods such as electroless or electrochemical
deposition have been used to prepgreCeB aylsl.o CoFeB t hin fliyl ms w
deposited on cadrhposustfaelessphstfenedrwi clhoppleao:
304 st ai|lly€xbeBsnamwires were fabricated on alumina membranes by DC
electrochemical depositiof78]. CawsFesB1 thin films and nanowires were fabricated by pulse

currentdeposition on Cu foils and alumina membranes, respec{ivély
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T a b 1-3dRecent studies of FEo-B alloys
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From the view fplamotr pdfoustamwctryse al-CeBhe str
all oys were reportedkeBihithkei mafofrmpWwase ambdr Cho
CoFe(110) c rsyasl tsaol | d mmeex i psht aesde. To suppress the
condition for spwittthamitn @ | wapspesBaufery AFeEB: o
was i n amorphous stwtehéremetthebexiBiDylgpatit ehagi i
e mM6p oF®Bio EF®B2o EF@®B2oand26CedB20t hin films on Ga
substrate exhibi f6eBd -Ga@Bo it hh o u $si P uniistCebity36 o B
were dominantly amorphous with the B content up to 16%. CorsFesB2o thin films were
amorphous[70]. For (FeCas)1xBx thin films with B content variation of 1.5~22 at%, only
FexsCaopgB22 film showedan amorphous structure, while other thin films exhibiseGoF&110)
nanocrystalline structure. The widoftheCoFg110) peak increased with increasing the B content,
indicating the grain size rededfrom ~20 nm (2 at% B) to ~10 nm (17 at%|[B}]. As-deposited
CoroFegBio thin films by ion beam deposition were amorphous while the films were crystalline
after annealing at 280 [74]. As-plated CoFeB alloy on carbon steel was amorphous, whéh
were converted into CoFe and € phases at 46439 [75]. The CoFeB thin filmghat were
electroless deposited on pure copper and 304 stainless steelffaglflCh as e atA 2alndf 6
107. 5Bl oromnt ent increased to 5.5 at.asedhandr:
t hen d ¢7clrTeedlasEedB: thin films and nanowires prepared by pulse current deposition
were amorphoup/9].

From the viewi goheehtecdfi pabbppmageretaind phepe
influence of depoGeBt iadn op/asr awee tee rsst uadfi ekle The
CokeBisthin film wasedmrgdrmhetlsanuddi on magne:!

magnetioosnt raincdt coerci vity depebhdBR4 ametdhCeoed f i | m
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| ayer played an i mportafeth rTohlee tohni sdEkdBeapsaess tohfr e
bet ween 500 j.afdlli sskheorwetdnilnarfgielrm grain di stri.t
The saturation sH&Ba entcirzeaatsieadn waft hCd ncreasing
hi ghest magnetiddgi3quarceatdhed kma&tsiso offa sl OQuijt anbhli
for magneti c mn6 /o rTyh ea ppilengd and eodi n Apal ganneet iacn iisnot r o
CabkeBoot hin films was studied by reduced densit

The neargbhbod elmgn-hd OTMTM r ansi tBi dm nmdet ave)r ea rec

in all directions. The coordination number of
i n sE@[6F Thpel ainne vol ume wuni axi al magnetic ani s
films on GaAs(001l) substrate was attributed t

th e f[b6 B msTsatwation induction and coercivity afoFeB thin films decreased with
increasing B content above 2 at.% #melX-ray diffraction (110) peak of the thin films broadened
with increasingBoron content. The magnetostriction of g@0ss)90B1o wasv p 1 [69].
Anisotropy in the CaFesB2othin films was induced by growth under stress or 4olegtosition
annealing[70]. As-deposited CpFesBio thin films exhibited low magnetization damping
However wherannealed at 280 both the magnetization and magnetization damping of the films
increased due to the crystallizatijot].

FessCopgB17 exhibitedaferromagneticesonanfrequency of 3.1 GHz with a dispersion angle
of 0.5° at the skin depth of ~640 Hm L It also showed the high frequency characteristics with
thet A of 19 kG,mof 150 ¢ m'D o f 65 Oef ad[d]OHe influence of gas
pressure was studied with permeability spectra on thefreglnency magnetization dynamics of

FeioCuoB2o thin films. Resonantfrequency and anisotropy field showed minimums while
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initial permeability had a maximumwhen increasing e pressurg¢72]. Excellent microwave
permeability ofFexoCauoB2o thin films were achieved at 0.4 Pa Ar pressure withrés®nant
frequency of 3.32 GH[Z3]. Theresonantrequency mentioned in the above articles was measured
through characterizing the permeabiltyth a shorted microstrip transmissidime perturbation
method[80].

The microhardness and magnetic performance of electroless pla@sB-alloysincreagd
with increasinghe heat treatment temperature to 50@nd then decreased. The deposits treated
at 508 exhibited optimal magnetic propes with nanegrains (20 nm)75]. The extraneous
deposition ofFe-Co-B alloy on the photoresist decreased by agitation in a paddle plating system
during deposition and or by adding thiodiglycolic acid in the h@6). The pH value hadan
obvious effect on théoron content ofthe electroless deposited CoFeB thin films while the
variation of iron, cobalt and DMAB concentration hretsolution had little effects on ti@ron
content of the deposits. The tuning of the B content in the films enabled the controlling of magnetic
permeability and coercivity of the CoFeB thin filnjg7]. A large increase in saturation
magnetization and an induced magnetic anisotropy (M&peiF-e;B> nanowireswvere found from
the hysteresis loop after magnetic annealing. The shape onowires played a key role in the
persisgence of induced MA in the nanowires after high temperature annd@BhgCoosFeB1
nanowires exhibited high saturation magnetization and low remanghic, are manifested by
the superposition of the effects induced by the shape anisotropy of single nanowire and-he inter
wire magnetostatic interactions. The easy axis of magnetization of the nanowires could be parallel
or perpendicular to the wire, rég on the diameter and length of the nanoitd.

As a whole, either Goich or Ferich FeCo-B alloys have been reported and fabricated by

different methods. However, studies on the real AC magnetostriction -othH-d-eCo-B
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amorphous soft magnetic magnetostrictive alloys are limited. In this researchestreant

behavior of Feich FeCo-B alloysis mainly characterized and used for sensor applicatidme

reportedhin films are on certain substratediere theesonants in thickness modeut for sensor

applicatiors, freestanding materials are desiraddthelongitudinal mode can be utilizebh this

research, e thin filmsare freestanding and they can be used as wireless sensorse3dreant

frequencyis in the longitudinal mode instead dlfie vertical mode Among different fabrication

methods, electrochemical deposition is a convenient and economical way to fabricatefilms

thin to thickcompared with other methods and thin films deposited with electrochemathdd

tend to be soft magnetic and amorpholise thickness of F€o-B alloys was controllable by

varying deposition timeFor metalmetalloid amorphous alloys, Feh alloys show positive

magnetostriction with the order of 2@hile Corich alloys exfbit negative magnetostriction with

anorder ofmagnitude ofL0®, and typical zero magnetostriction composition iso(§6e.05)100

xMyx [8]. Ferich amorphous alloys with large magnetostriction are very suitable for sensing

applicatiors.

13 The application of ghauprPest) o aatsr ibd toisveer sparst i c |
Food safetogndesr m anafWooVmar rFdo oddi seases causec

have aadrraaethlkedof attentiodoeadi Retsed ntighe hsapsrv ebaedel nr

of pathogens. The pathogens can be everywhere

food and 3$be common pathogens -prmmaduwdien ¢S al smome

Col i (STECPp1®1 55 7Campwnl obacter, Listeria, Shig:

esti matth€kaDClh £ent ers for Di sease Con#dBolmi ahdoPR
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infection with pathogens througlhatveodeper 1€ed
surveillance data from 1996 to 2012 and desc
foodborne di seases 4l,eba6d3 thoo s1p9 ,t53 1 ziar fi eoontsi canmnsd,
2 0 I&P
131 Conventional baetcemi queet ecti on

Conventional bacteria detection techniques
enzyymenked i mmunosorbent assay (ELI SA) and pol

The standard pl atse heoprotpumat h od i @deapiDinagti d act
of the sapnmpolsep hvaitteh buffer diluent or steril e s
the sampl e, . e, . the colony forming units (C
plate is betf@Wkedh80l amdt addon of this method
rangie

Enzylmenked i mmunosobent assay (ELI SA), al so
is a biochemitcaldumedhdd Pear|l manmedardeoEmpy albl
ants@pnBriefly, ELISA consists of thefginxedss
to a polystyrene microplate and the detection
with the antigen. The antibody can be I inked
secondary antibody which gationked@otowmembee enlz:¢
proteins not specifically bound, the plate is
the enzymatic substrate is added to the plate
can proviedesignealsiimldi cating the quanf8igty of
Al t hough ELI SA is a quick and convenient way,

amonoc!|l onatsteantdedrodt o find, the enzyme and sut
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the microwells must be read pretty soon.

Thelpymerase chain reaction (PCR) method is
pat hogensrimi mblobogyul #CR met hod is based on t|
conserved sedufentesampl genes onefoDN#&ome eepke
orders of magnitude, forming thousa@@&s PQR up
has a brfodrdtienppgteer i al i nfection and is a val
pathogens. The main | imitation |ies in the ne:
bacteria from the exquisite sensitifvipiypeotft d&d
reagents or glassware can | ead to the false p
vi abl e[8Racteri a
132 Bi osensor based bacteria detection

Since Leland C. Clark devel oped the enzyme
appl iscdant i minot echnol ogy, medi ci ne, agriculture
considered asandelodswt g ld eevfi fciesi dmotr d-age@fPsng co
A ibosensor is an anal ytiadalr edceovgind e i cocambeil reinmegn t:
which transl|l ate the change of the analyte to
by the biological el ement recogelhemaenticd hgnel ead
antibody, enhzypmel elecacind, hor mone, ce®l stru
9P Accoodihg transducing el emend, dbfioseastorgr
asel ectrochemical bi osensors, o[pfi9BaThdiprsiemsio

of biosensdriggait® shown in
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_ Electrochemical, optical,
Transducer ~ AW biosensor, etc
Amplifier Signal
Microelectronics Data processing

Figat4rhe principle of biosensors

The principl e hoifo seelnescotrrsocihsemti k&l chemi cal r e
anal yte and i mmobilized biomolecule consume o0
of the measureable electrical proper [Qiles of
El ectrochemical bi osensors mai nly fall i nta

amperometric andnsomsiucti metric biose

Optical biosensors measure the change i n ph:
in response to chemical or physical change |
bi osensors ¢ & ofrlbueo r cdseassesdc fed e w encetsidnens e @l udnet ect i
absorbpasieodh det ecti on, refractive indexptdet ec:
bi os en4&dr s

Acoustic waveskidous échad f@ryssoeinm shiatgipvM iiscyaAc oumst i c
wave biosensors can measur e t hel ashtaincd dpqadipdnrats
density, temperatur e, pressure and electrical

i ncrementsdaife ttloi n hfei Ismpeci e$ hseecncsuinmug [@rfiel stghoennsse u -
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the analyte sehseragtbawet honhhehe sensor, the
anal yzirnegsothheguency, velocity and attenuati

magnetostrictive anthaekbebeeostursiedt itwe bmoa tl edr iaa

Acoiustwave biosensors include different modes,
pl ate mode (APM), fl exur al pl ate Wap® g (THRW) é
small er the size of sensor | ngedte dab rhgihghre rt hnea ssse |
aoc twacveensor s wi t h smal | si ze ar e needed w

mircoel ectr omec M&EMiBcead h ,soylsd geyms  (
133 Magnetostrictive particle (MSP) based bios
Magnetostrictive particle (MSP) based biose
from ferromagnetic amorphous afltlyoys heDapept octl
external magnetic field makes t fieel assetnisco rwavvi eb.r
el astscgwaveatée magnetostrictive maesonaht f
frequency of t heedmnaasera arle scualnt boef, wtelteltlto 59 iat und
sensing pamreasnefrireerd u eflnhcey o f maigsn ertotsatréd e t i e g tst

You@gmodul usé Er’aafhicdo sdsefarR i t vy

£ - —— (43)
When sshenaessi | o8P nigh ®ofnrdeigeuency shifts to a |
i Rigat® The peak [@®Ri ft is given by

3/E QO— (1 4)

wheiQand are t hreesioinraentalency and i n, triead p ematsidv elf
28



3di s t hledanas s
The acoustic velocity reflects the materi al p
0 ¢QO (L 5)
Th® value al so named as qual i trye sfognestandtr,, r ep

whi ¢ h dceasnc rbifébRe d a's

1 — ( -16)
wher e, FWHM is the full wi dt h TH® tweael upee aiks ad
dependent on the sthiteand eofi at e psamplas, amae c han

magnetic | oss and electric | oss.

The mass stehMeSPtsi dietslr@pdh ed as

Y S ( 17)

‘<<| e

where, L, w and t represent the | ength, width
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Varying magnetic field

Bacteria/virus Phage/antibody

&

>

«—>
Longitudinal vibration

VS

fmass

Amplitude

fo

Frequency

>
>

Figaxr®rhe principle of MSP based bios
14 Magnet oel ectfrareE Msoemmpsoosrist e
141 Magnetoelectric (ME) effect in single phas
Magneoel ectriccouvEl)i reg f elbcett wesent heel ecitalisc and
which is termed as an induced electrical pol a
magnetization with applying electric field,
magnet oel 4lcOl.lr i ME eeffffeecctt i s motivated by the pc
information stategmemomul espl eurrent sensors, |
transducer s, oscillator s, fiétergyroahase, shun
energy harvester and [HK®R0drhddiEore fd ewcitc &sa,n arcac u
single phase matdh®&l £sf derdt compaesingé®. phase

propertythdoMEvefrfect i n composites sHddl d be
30



10]5
ThME effect in a single phase mat &i bfarkcee an |

energy of the system in terms of [A@p04ed el ec

@@ 0 00 0O g- - 00 2+ 00
| 00 -f 000 - 000 E (41 8)
The polarization is given by differentiating
0 GHe — 0 --0 | O -1 OO0 [ OO E (1L9)

The magneti zatidor fies eamlts @atgingemwilbyh respect to
0 aie — b "0 | O1 00 -1 OO0 E (20)

whe®en@are the electric fieldOamd rneapgrneesteinct ftil
spamtous pol ari zat irRanidaared trag neelteicztartiiconper mi t
permeabil i tyyrepfTlheeseneéssdrhe induction of pol ar
induction of magnetization bynedeare MH eeftfrdacct ,f i
hi gher order |ME asfufppdte metneammomy tensors

ThME effect has been reportedOsi nBisHhe@4He phas
Ba Meg(FMe = F e, Co, BN R=TT™n[1 OBR)EN OSi ngl e phase mat
hawaleow ME coef fi ci-20tmWdied,rh whr cérr loafmi+1s t heir e
most singl el sphcaasne omaltyerbhea used at very | ow te
solved by wusing composites.
142 Magnetoelectric (ME) effect in composites

ThME effect 1 n c¢compopsriageeesmbci anna thbieo nr eoaf | inzaegdn ebt:
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pi ezoel ectmhbicn apthiacsne sof cmpi ezomagnetic and pi ez
pyroedpgcomiagneti c phases. F ot hneaogsnte tfoesrtrro ncat g nves
iI's obVO®»uSo t he mepgreetoedtercitatiicveeomposi tes are
effect. The ME effect in composites depicts tl

in the composite. Eoctot hecowpondsiesheeMEI €6§f f

effect i n the magnetostrictive phase, pi ezoe

coupling effect between the mangetostrictive |

magnetdlce catnrdi c al property [IDE through elastic i
- YA EEAAS— ——— (21)

I f a magnetic fi el dt hpei eazpopnha gende toinc tchoee fcfoi ntpi oe

[1 0]:8
T
N T—,,_
(22)
antdhpei ezoel ectric db®8 ficient is noted as
A — (23)
where, ®Hand®grdehe strain, appl i edl enmcapgmiecta icz aftii eol

piezomagnentaodcpetfkobeiectric coephmaserecbompbpes
can be eXxlpO8Bessed as

— | HQ (24)
whernes the ME coefficieHts dfhet hceo upd mmpmas if taec,t ow
phastwe€£ p . | t I s obvious t hat hi gh pi ezomag
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key

on t he

magn-pt ezoel ecfLOl2cThplhaseshe
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| arge

mi crostructure

coefficient.

143 Model i ng

Compmssahebe

be gaé§Lén
wher e, n
Among t he

of-22connectivity

of

s the

vari ous

ME

designed

A
AA

r neu nabreer

have

d¢ fof &€ hth hMES itedafaezx d

of t he

composites

based

coupling

M B

effect

of

composite

on

structur e

di fferent

of

(25)

t h

composites

and

e

t

t he ¢

c

on

toef n pthyapfeess -wtHimeDn sne sttt @ m

been

connectivity

wi dely

types

of

t he

reported.

\Y

(

composi-t ecsonofeddt i vity-3aodnngobhbpvéel arsooéattlract

as

shbiwvg .1 @&

Fi gaI@& he

(b)

(c)

conne2t(8) { P0-d@dda@ES 1

33




For2 2t ype | aminate ME Fdonmdid®si)t, esi nast hseh ocvans ei
magnetostrictive ard wherothecmagoetcidechyebsel @

direction, the | ongitudjflM@Bdl ME coefficient 1is

1 — (26)

When the magnetictHedelra@dcits omapphtihedtalansgyer se

descr i[1IbOE8d a's

1 — (27)
where k is the interface coupling parameter,
case without frictions; f is t®efAvoilume fract
Ep i i ‘T Q p Q i anid are the compliance of
phase and magne‘tasdrarca itviee pphpasmeabilities of

magnetostrQdtsi ueheplpaseeoe) esttrhe poeidmageatic
- is the the permittivity aoyfertsheorp ioeazhoeerl ercutlrtiic
coefficient differs.

For3 1t ype ME composite with magnetostrictive
whetmpi ezoel ectric mbdaseecisopohaerd Bbhenmagnetic

al opdgi rxect Fog ot @s) j Nt he ME coFETfOf8i ci ent i s give

1 (28)
|l nversel vy, I f piezoelectric rods are aligned
and magnetic direction as [ABBve, the ME coeff
1 (29)
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where, f is the volume fripa@amn@oar eoft e epimmazgmmarc
and piezoelectric Acocef biXkhCnd, OrkEspecandegyar
the trapksaee skubkdmodahssyer se sheartsmmdahds w
p representing the magnet osotirsi ctth ev es tainfdf npe sesz.o
144 Recent reported ME composites

ME composites have been studied in differen
wi t h ferrites and ppi heazsoee | e a mp © €1 tceesr awi € h &
piezomatephades,cdmpesites and nanos$ hr matgumree d c
oxi des and f er [loOE8l eTcot rmak emamag reaatbmd tercit g tiicv ec o |
magnetostrictive nat eNOjFaelb®@ sa8nmdhMaeasgllTasf 260b ce
piezoelectric mat ePiZBIBsZ TSPEIMENT, aBMBBIP,T Oand PVDF
can be wused. So far, t h eOd |PA0, % 8]0 e @ e rcfoerrpmlIs/i R N
PT/ Teflfldndler f emTILN2P NN | f ELBlI AhGPoBFTEO) P FLTL]4 1N
Z BF 804 P QLTI 4 -NZ-N[11]5 PZT/ PVD-PI PDEHENO I
FeBSi C/ PZ[TLAkeB il G /IR DE been reported. Partic
as bOW/FET& nd nanopldl BaFli iP2ofgp os i teeesn hsatvued ibe d .
ME coefficient of reportedabElecobmpwsast e3avaneée
connectivity structur est mimlan thhhate ilmrighee MEI
| eakage i [d 0Ol@&bonvsei vdeerr,-8 ditny pteh ec olmposi te, the top
already connected and-2f adryppea cohmerots i dier, c wciutr.r em
binder for mpgmneadaondtpietrogkettric sl awietrh. tThhee ru

of gl ue: glue wor ks as an inactive | ayer w b
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magnetostrictive | ayer and piezoelelctric | ay
g ue; using glue wouTod dlaeCod tHteVDlgwRPpepge @ieabhhywv
beenrtego I n t-GeBs POEDenproshe efSsabri cated by el ec
CeB magnetostrictive thin fiilsm aoviioh pdiegdpaé | &wct hi

approach a sgaod odbauwplini ng effect between the tv
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ME

Tabl4 he ME coefficient of some
. ME coef fi At wh
Connect| ME Comp¢ Si ze ( mV/-@an) frequ Ref .
PZT foitbler : ool 7 2D00 @ 1 H
i FeBSi C/ | pr 4
21 BSi C FeBSi Cptalkr: 50000 @2,,5 kp 117
oo 7 ¢yl 4
D=9 mm
Ni-PZT-Ni T=0.18~0.8 mm (Disk shape, bonding wit 400 450 [11]5
0.01~0.02 mm epoxy)
CobB® PZ] 75 [11]4
Co B/
BaTi O T( GC@F=+20 nm,3 ECOB 66 @ 1 k| [120
Ni O P Z 7 T=10~-mh00 460500 @ 100 [11]0
N i- -
Z e e0d PZ T=10em 0 150 0 [11]4
Ca -
ZWF 804 PZ T=10em 0 280 @ 100 [11]4
NCZ-E0 . ¢
NCZF: 0.7 g
PZU.1 P ] _ _ 782 @ 1 k| [121
NCZF PZPZN: 0.3~0.8
Totpadl I , c®i 1 7 .
Ter f-B/hP1 coc 9 00 Q 1212
og okl 4 B @ 172
Gel fe&bl . ol I 7
Gel feno pl 4 345 @ 1 k| [113
2-2 Pzptdi , ol i 7 pii4
Ter feno D=5 mm,
PT/ Ter f T=2.4 mm 1@00 @ 1 Kk [1 05
PZT/ _ 80 @ 1 k
PVDF/ Te DT‘_lz":’rm“ 2000 @100 | [1L1]6
D/ PVD B ’ Q
Ter f-en
b/ pypr| T(PVDFEm110( T-B) £8n 1430 [12]3
Met gl as @205 SAL:
. pemi 17 ¢gdi 4,
FeBSi C/ PVDFT I , ol i 7 2160 @ 20 1214
cd i 4
Quarrtdzi:, vuoil 7
] il 4, @53 k
FeCoV/iaud rceovadi , vii 7 1900 (E MR [1 25
i1 4
3100 @ 1 H
. T(AIN)=1800 n
Cole B/ A TCoBéB)=1750 n 73000 @,,;53 [12]6
Co RG/ P(V D( CO4=2100 nm,
FTr FE) T(toted) =80 40 @ 5 ki [127
CoEC?/ BaT, 50 @0 128
0-3 BaTiOs-
CoFeOs 130 @ 1 k [12]9
Ni Fod PZ] 130 [11]8
Nb Zso R 04 L @l kH
P7T Pel | egqlsli £ e p&1 | 155 (Q [1 3]0
Corm BaT D( GOF=220~30 nn [11]9
13 PZT/Terfenol PZTp pmi i, pii 500 %81(210 le( (131
D/ epoxy Ter f-Rheppxiyl, tii 18,200 Q
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Not e: EMR stands 1f s oredletc tW, omie camadn iz arlepr esen
thickness and di'xmeotrarcserdinsgalgal esnamp | e .
15 Research objectives

Fe&€CoB astHewdgeen identified as a potenti-al can
frequency sensors and actuator s-CeBl hteh ikme yf hiflom

proper microstructure amadkl|eacnposihteiwarc.ak eldm dtole

prepar-€eB hteniFne fi Il m under different conditions
thin films were cfCo®B acotmpoxgned i delppotsiintailo nFepar a
deter mi ned. Current commerci al Met gl ass or ot
an i mportant role in the r eciesntz ebildeneptsactiriaddie w

down to the mihirmdeorrs ntahneoi rs-fcaagmpluiematyi sre nism r hid
solve this probl em, the miniaturized magnet o0:¢
combining el ectrodeposi tsiTohne wiatbhr inciactreodf asberniscoar
bacria detections. The other application of ¢
magnetoelectric (ME) composites.
151 Objective 1| : El ectrochemical deposi t-i on an
CeB thin fil ms
For sensor appliiad st iwon,h talmeormaétous structure
preferred due to their | ow -raing ¥ eBF e a@lplyo yasn dt eenad
exhibit softi essaghetaimor phopertstructure. The cu
fimmterials are focused on the sputtering me

homogeneous and dense, however, it I's hard t«c
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El ectrochemical deposiGeBon hi s flisre chwlaibd ld yathlre c
thickness and deposition parameters are contr
I n this -€CeBseaaricnh,f iHem all oys were fabricated
effects of film compositéesommbanvi be shdumbgnef i
were studied t-bi g€6B atnh iaomofriplhno uvsi t h goio@&s magn
The opwil madnpnosisCermvalse det er mined for Dbiosens
infl uence of Na dSeapcocshiatriionn ctoinmhee natn atnhdesehaott L
behavt irn offi Il ms with wedatalosno cotmpaoised.i omhe fef
on the microstructs@eBitahndr pfridpresr tfiocers soafmeF edep
i nytei gat ed. The influence of the current dens
studied on thkhempiosi dstohebt @oateatmso,ofmagnet ostr |
magnetiice pE@Bp er tl ohyisg b ftChoswre adeb réi cat ed by reduc
content . i Bdgstehipm ofpielr ns wi nt &atwedrdef eroanpta rGesB/. Cdl h e n
thin films witég ofwoFé/f €@ chb adeBecrawrelrvet s ynt hesi z e
infl ueBoeomr oimé mt it mufcit ure and properties wer
152 Obj ec tMivcer olfla bofi €CFa& imangnet osttirclces veMPRS)
The influence from the cutting on the magne:
were investigated. eTd ecditmiamidsh nche acset tihe sen:
ami crofabricationwpredheess owaePp oo sdfiomse e nbsi of rf se rdeo
to the merfeabrsicadted. With thed$g hbltpcafedi BEB:
f rseteandi ng. shiff fM3Ryntcasn zke made by changing
guantities of MSPs can BbBeqmade-€eB/rAMSELB wneé hf e

the si zml DEMO Shave been I1f ababiedretve db.r Tatmbdo g yh eo fmo
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MSPs were charasomeam&widar Thfe MSPs fabricated
density and under the same current density fo
153 Obj edtlilviethe appARe&oBatMSMs oafs i n situ biosens

Au/-E@B/ MISPs wi t h emli z@m offavseDOObeen used as wir
The sensors were immersed i n gteastoinmen§abk mopyeivh
moni tored before and after bacteersiuar ftarceea trmoernpth
was observed before and after bacteria treatm
sensors were also measusvspé&dhl|l moesdypamsicorcoatean
pumping speed with 20haaies ofhraend reearcchy pofp utl lae i ®
dynamic bacteria suspension was monitored 1in
Sal mowmad | et er mi ned.
154 Obj ecltM vieabr aodt ichhrar act e-CoB/aRMBoBng neefoefFect r i

composites

Fe&€oB/ PVYDfagnet oel ectompos( MES} wer €€eBynt hes
magnetostrictive thin film was electrodeposit
effect and magnetoelectric effect of the comp
di fferent | engths anrCeBdt hieréent mschweampasygad he
The ME effect of the composites was measured |

coefficient of the composites were demonstrat
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Chapter2 Thi n Pfepar atChoanr ascntderi zati on

Fe&€eB thin films wer eenfiacbarli cdaetpeods ibtyi oenl.e cTthreo cs
films was charactefriazzgediviftracD® mBit £¢c o ( XIRDX . T
thin films was adnaslpyezresd weSpectEmesgypy (EDS) ,
Spectroscopy-r §AWEtPdthneadnedct Xon Spectroscopy ( XP¢
observed wi-TOOQREO&RcarBMi ng EIl ect rroes diedirdovs coap e
was measamgd!| enth 4294A Precision | mpeideashce An
the thwercdhat mmet eaMizberdatwintgh Sampl e MadPmhegtso mest e
Property Measurement System (PPMS). I n this <c
deposition, t hee s tbasnhaacvtieorri zaantdi onma gonfet.i ¢ proper
21 The el ectrod-€eBostihtiinonf iolfmsF e

The el ectrochemical d e p o sait thires ree cptrroocdees sc ownaf si ¢
in galvanostat i"E moteodpeandwstirsyonk fr om Bi oan
System, Il nc. The Cu/ Cr/ glass plate waesrcatr ved
into 2. 5ao0wdre 2usend as the Dbasic subasltOrOatnens . T
Cr ltahyeetr asc tt dhce | aadyheen2iamndCu Wwagy epdrmctetpErof The
sputteri nagrdg asrpd rAeutb@diedAPnt coamr wat bf 2 wHrkmid2. 5
as the counter electrode and Ag/ AgClI el ectr oc
el ectrode is o9l oRg ngrddnei Dmi Inms wer e deposited at

densi ty.
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Tabadl&Sputtering parameters of Cu/ Cr on

Target Cr Cu
Power mod RF DC
Prreputtering 200 250
Prsput tpeomwienm g 300 300
Sputtering 200 250
Sputtering 180 2400
Ar gas fl ow 25 25
Substrate hol 50. 50. 1
l gnition pre 50 50
Expected tt100 2 me

‘Working electrode

(Cu/Crliglass) Counter electrode

(Ptelectrode)

Reference electrode
——— 1 (Ag/AgClelectrode)

FiglLEhreleectrode c o-€@86B geureacttiroonc hoefmiFcea | dep

The basic bath solution gHsNgO/l 228MmMpr EFBO o f N
Co e:l6:68, 3BH, DMAB :NK B&H , Gl yHeNQ) e ( €n d N a Sacch
( HiOsNSNatOdIH £&80O Codl and DMAB provided sour c
anBor.onDMAB al so served as a reducing agent .
precipitation. Ghagge mte. whas sa cohgprlie nmds suged
The chemicals were di ssoalvCed mintoldutsitan | a&d tw

Ci tr atse7.6,FeGuB8, BH, DMAB, Gl ycine amd reas u$aanh
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reddi sh solution was ready4fdr 70sdewendi agpdnyv

When a constant current is applied between
Co and B are codeposited on the working el ect.
the reductann DMABreBaseonomechani ssisqgndihreg e
t o btohreotnom whi ch can theoretical3'n d2é@arc ee atchhr e

DMAB mol ecul[H. consumed

The overall reduction reactioflls can be desc
o, - 60 0080 c0O0 % ad 60 00 ™60 VO ob(2A)
T, - 00 00O cOLO0D 6 ¢ OO0 00 V6L @O

™o 10 (2)

where L and M represent the complexinlh) agent

produces reduced met ad) dperpomlse dresas d uwche dBenresiqaula twii

compound which is from the codeposition of B
The reactions involving DMAB in acid or ne
cleavaBebondN as [Rlol |l owing steps
60 000 ° 60 0 60 (Ba)
60 H 6000 d0 O O Q (8b)

(water doBGUs oo i aadd D9 n
6000 )0 °H6™MO 1O O Q (B¢c)
600 009600 O Q (34d)
Addi ng -3a)eptshdBugh (3
60 0O O 4 60 V0O 600 6O oflcO dQ (2)
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22 The charactresiohathiaon oo f
221 | mpedance analyzer

Thepasl ed off thin fil si$r wgargess odnetmaivintoo woéct
rectangul ar strips whZ9 4nhe aBrug eids i wint hl mfpgeidlaennct
rectangul ar strip was placed in a testing chan
to i mpedaniepr maméypgtzemagnet steheexacdkraalt magaeudn
The r ect acnhgaunlgaerd sittrsi pp ength in the |l ongitudina

and tthhea s ofnfraenguency wadsheppedkandc e pabylFygd®,.e as s

- ™

- -

LJ ooo
| e e ooo Impedance analyzer
3
Ol o=g | |[z=oeo /
- o8 oo
/43
% o e N e R o O
133 [N O I

_El

)

Test chamber Magnetic field

N\

(o

Coil

Fi ga28et upe § ofnramguency measur ement

The typical i mpedance and phaski gyge¥sus theq
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mpedance versus frequency curve, there are t

-+

requency of the appliedtmaghetfrequieakyg o0é$ ¢ a&

(7]

trip, theregstoansgomitinldaetrigomre.sasTha |3l edsdofmipeng '@ iyc y s (
at which the strip has the strongest vibratio
show the maxi mum. I f the frequency of appl i e
vi bramplontfuddéde ed&ims pi mewlihlcthamiemiumum i n t he i m
This frequemeaesofnrasndtui®@an.cyint(it he corresponding p
curvehatrtaet eri s¢ ircerséofnmmeqnge®o, g ywh(i ch i s used as

for comparifésemeamlots @ganpd elsd b éQ e NAT lomeso nt ehratt

—

requdEmcyt he pwasedetuewvmi ned by adjusting the

chamber and permanent himnggaeneptliict ufdiee | rdE stwe a g @t

—

requency the DC maéawalewhes th ef imealgc eitso snterairc ttihoen H

val ue asFisgmhdven i n

(b

Impedance
Phase

f

0

Frequency Frequency

Figad3lempedance (a) and phase (b) ver st
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AAC A

Figa4BC magnetic field dependence of me

Theesomaaht hpehase FiugruBee b@as f i ttthéedr wnt b Ar e
function so that the FWHM (full width at half
or Q value cdhledr ert pbABeaeflunawdtiioedn i (sathes er i
"Qand@WHM epresent the amplitude, center and fu
respecti velFRi g @se heh obwanc kkgr ound wlaisn d a&rv efl lerdc toif d

then the peatkhlewa £ nftizt Aecd awifumct i on.

U (5)
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Phase

—— Raw curve

— Fitting curve

Frequency

Figads€®he fittesgmediktt he

222 Net wor k analyzer
AnHP 8751A networ k analpyazreaamewietrh aadna pH R r 8 A& ls

char actreersiomeehcaiheé or of the rectangul ar sampl es

test chamber wound by a homemade coil. The co
showhi g@6.e The network analyzer supplies an AC
sample. A permanent magnet supplies the DC ma

di stance between t he Tineg s eshpaeachtdr u nh eo ft etshte cshaanmpk

by monitoring the mmagrna metdeer .and phase of S
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ICI:] @DED
oo aooo
ooo||sooooo
OOoooo

Network analyzer

cooo

O0|Iboo
=r=1EE|EE

On/off

I 000 000

Port1 Port2 ® 000 Test chamber Magnetic field fOil
et

J e | |
L/< —_— Fe-Co-B thin film

Figae.&8et up of net wor kr @ s afhrgaageure nfcoyr me a s L

A network analgtziemulpus®svidetshe sample and me

be a reflected response OoOFi @ga7teansmitted resp

Incident signal _ .
Sample | Transmitted signal

G| under test
Reflected signal
FigarTAR stimulus/ response test in netw

The network analyzer determines t e creattiad no
frequency range. The oubSputr amfe ttelre nehteweer lkaraen :

for sample chdneatcwenr k zan aplayrzaemme.t efrosurc aSh be def
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i Fi gas e

Incident Signal 821 Transmitted Signal
Reflected signal
S o] Sample -
11 Q0O— — O
under test Sx
Reflected signal
Transmitted signal S Incident signal
12
Figa8eBefinitpamasmetferSs i n network anal

The&parameters are described adithe Isatbtser i p
port number where the response signal i's mea
number where the incident sgiogrnalcoind i guplaite d.n

the test panpme benchtiecahs itsh eBxSpr essed as

my (B )
Th®&parameter is a complex number including
ot Separameter (logarithm {3prmat i s wused) is d
, TICACT EOORAQYQOA0d Q@ ®i ()

The phaSegp acfameter, representing the phase dif

incident sign3:l, is described as
DEAORAONE— (38)

56



The typical maghh®pdeampteplrag@9.&@8b@soin@nt
frequenctyheasgnrietauddei nver susFif gedf @admery tchue vier eagu
of henci dent sitdrealragtssofreapngalle ntcoy of t he sampl e,
resomnsamnitl  ation. That i1s, the amount of 1incid
the maxi mum value, while the reflectedopower

SSr ea@ameBi mum.

log(magnitude of S11) (dB)
Phase of S_, (degree)

f f,

0

Frequency (Hz) Frequency (Hz)

FigaeMagni tude andi:phrasmetcesir ve of S

23 Charactermagnheobincoproperty

The magneti zati on-H3nd omapg nveatsi avefbisealtde a(gw iSta im
Magnet omet eaPhWwsSiM)s amrdoperty Meas@Ar empinit abyst ¢
| oop i s FSlyap@®whiinch i ndicates a soft magnetic
magneti zation is read at the appgk@amaxi mbm
positive maxi mum magnetic fisel &t the m8sagatave

magnetic field, the satlUhebhi dmhema@gnetddaizsa toino mMm
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determined by:
0 - 0 0 (B
By zoomitlhgge central area of the | oop,catnhe r e

balet ermined &sgi&@ml)ayed tihn zer o magm@aediHat i ol

are read at the positive and negative magneti
O -0 O (ap
Whenmalgeetic field was zer gandwd rree ntaenaedn tatm

positive magnetization and negative magnheti za

determined by:

) -V ) (a1}
The squareness is described as:
800 600
o M —
600 s1
5 (a °§ 400
> =
g 400 + g
= 200 £ 200
£ i 5
2 of 5 o0
= ()
g 200 | >
E g -200
°
© 400 | ?
S 3 -400
E 600t g
=z Msz S}
_800 1 1 1 1 1 z _600 1 1 1
-10000 -5000 0 5000 10000 -200 -100 0 100 200

Magnetic field (Oe) Magpnetic field (Oe)

FigalI@The interpretation of magneti c |
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Chapter3 ComposSetliecrn i -CGaBAbT1 o e

31 Introducti on

F&CeB thin films have been considered as pot
operated at.lhigls frreppueredy t hlRd | tiICeB pasglracey ost r
be higher CérhhacnCaBheat | offo get sensors with bette
crucial to control the hdompcohsaipttieon afi ftilee etnhi
CeB terna(rGeegloBeys h-er cBoorc hFever einfdalbr i3t entAé ¢ m
6 ,hrincthai hgl ms deposited wCaobheB,s 0 tGmEBigon con
FeCaB:o sE@Biand sEeBot hin films, which were repo
device applnesadfnroamucerncwi tim t hi ckness dasectio
changed dnheownwc@8nbhrati ond oaomsfaewicthh cshelmi tciadn co
CoF B2y FT®BioFeCaBro sE@BiandsfCad.0arsehowiabdrle -Fe
riEd€eB thin fidansutwidrm afdvgEeB ( X +2H5~29,wer=eL4~26
fabricated by el ectrochemical deposiTthen un
concentrations of the chemical s otiFses®dBif or fi
FeCoBi7FeCeB:o sE@BandsCodsarsechowilabhRTBe structur

mor phol ogy, r € ®ofopewhsai vtiioorni,acn do rmgpemrdty wer e char ac
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Tab3leomposi t-roohpopf FEoand -Cioclqalall @eyls and

Solubnocentration (M)

Cheml(C(‘)EﬁBzo CofFeBio FeECabB:o FeCoeBiz Fetaboo
Na Cit 0.07 0.07 0.07 0.07 0.07
F e SLO7.6 0.04 0.18 0.40 0.55 0.64
Co @l 6.8 0. 76 0.72 0.40 0.28 0.16
HsB Q 0. 73 0.73 0. 73 0.73 0.73
DMAB 0.20 0.10 0.20 0.17 0.20
Gl yci 0.13 0.13 0.13 0.13 0.13
Na Sac 0.01 0.01 0.01 0.01 0.01

Tab32e&Composi t-i iomdCeBF etFhei n f i | ms
Chemi c Solubnocentration (M)

FeCcoBis FefoBi7 FeCoBo FeCoB2s FeEaoBaes
Na Cit 0.07 0.07 0.07 0.07 0.07
F e SLO7.6 0.57 0.55 0.53 0.51 0.49
Co @l 668 0.29 0.28 0.27 0. 26 0.25
HsB Q 0.73 0.73 0. 73 0.73 0.73
DMAB 0.14 0.17 0.20 0.23 0. 26
Gl yci 0.13 0.13 0.13 0.13 0.13
Na Sac 0.01 0.01 0.01 0.01 0.01

32 Selection of the materi al

Films with deposited f r(cGokss)ed#d(Ciob B2),compos
( Gdse)omBo (CoF eBi1), ( GeF es5)s B20o(F e€ aB2), ( Goke. kd17(F €€ aB1)
an(dGoe)sB2dFecaBpwer e cut i ntoeS ofmad®u enimcy omeasur
Ceriftihl ms from sol uGeiFaBranamifCals ddti @ hofw noti ce
resobemavi or . Thi st h@iergihd hF EB2oad U e gtha wee gat i ve
ma g n e tioosnt r a-mcat zree too.sTy pi ctaHrdoymagnet ost r i ctiisve <co
( Gok® hodMx.Thfei demposited from sé&leDdBovmasc vrap s it thii

and had weak bonding on Cu/ Cr/ glass substrate
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from theRsubBah@avieor watshef oufnidl ms owi th sol uti
Cab eBroand sECrod:17 Thi s was eteo csoonnse stengt wi t h t
magnetostriction -@Qerasmncr Fled Lo alalt o Yvos bmye.pber t e d
Graham et alFi gaBi €1 hoTwne isnat urati on magnetost
decreasing the Fe/ Co ratio.

The comgpodseiFteH,  "E®B1oF eCaB2o sE®@Biandefad2and
ot heri dche compdstoeBipnskEedf sE@B:sandsCredsa e
di spl ayedfeB nt er nary phage cditaegr avm thkisg@B@kmpl e cr
this phase diagr ankre,s tCob| 8, p FesBeEe Eierrarel du dGC Ry
are displiayedcated withhgrekeasadi dadmagdam al so
repor treeds oinrgaiguency i n nt loirc Kmas shidihr dateiguency
FeCaBoF eCoBi7F esChi1Bsy sBeand;BrFres i ndi alaitgehdt whiltuhe ci
Cerich all CgBBauncdolr@Bioar e within the triangle
CoFaend,who @¢ihd extt bi tr eswinhtnda& s oredli wat h hlue tr
Those equi ati ofme ccFReahhdyve€abBabdedi n gEe B 7
FeCaoBry sE@B:zandisCFodsal | oy s, whi crhe seodnhaimbaivti om o v el

mostly gathered in txB€ottaend n@dB. of stable pha

6 2



FigBlL®8aturation magnet ost r iCot iaono r\ypd[uwss akF d /oG

Legend 10
% Stable phases S0
4 This work: poor { 20
% This work: good f 80
O Literature 30

70
40

Fi gB2Ee&eB phase diagram
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The i mpedance versus frequency (black curve)
of one d$titimg fvi omm s ol LCtak el acnadnPreds atrseooawrm f i n
Fi g88e Thd m from sol ufFegaB:e a mpab $stht 6 eopne maafan k
thanf tdmktuti on cOafpedsol tTlee oflrdenqgu e ntchgeh 8 s e mcur v e
(blue curve) heasenmnti zt Ade avi tahmpcltii tound es BOMH kitaht e t phe
of thenge®kvalue cbhuée dambel iotbd e nenld Q value w

the films with 6f®dreBicomdsCrodaposi ti on o

12l (w) a, (%)

(0]
Z| (W
27 s AW a (")

36 483

(b)

3 80.0

% (a) 182

25

35

1795  34F 18t

24 1%
i 4790 331
179

23 32+

478

f =264.26 kHz 31t
22+ o 177

30

21+ 476

29 475

20+ f=372.18 kHz
1 1 1 1 1 1 770 28 1 1 1 1 74
230k 240k 250k 260k 270k 280k 290k 300k 340.0k 360.0k 380.0k 400.0k
Frequency (Hz ) Frequency (Hz)

Fi gB83 Ehrees omeamavstori pfwith sifze nff i9 msmidZ prorms i
solution cOappedBsd &) o &aD @i ff & )

Theesomaeaamk from ffiiviems awiptl e ss oIf Cof sBrcacna@mp o s i
FeCoBiwer e fitthteede wi £ hAr ea f unct iroens offifdestumenary , v
amplitude, F WHrMe dddadsga vl u Bod ms pmneeasradnk e
condg tiftdntem with sol ufefoeB: < loeawy olsa regefnrasogfuency,
hi gher amplitude and fhilghhewi t@ wall W& afodPadc otmpomss

Althoaghfilm with s dClafk®eBédma dcammp d dii tcikore ssf whi c

6 4



potentially have a higher ampnairttylue ef,i li m wihtolwss

compos iFte€C eB:n exfhsbbeittteesroh e havi or .

Tab33he fittirnegs omeasnikt ©f otwhitrh fsioll mtdg torni pc o mp C
Cabk eB2a ndsCrod:17
Sol ut i Size ™Q » &7 ( -
composit (mnml em ( kH ©) (Hz)
FetCabBao 5x2x25.0 269 0.8 4420 6
FeCoBiv 5x2x20.0 3 6 8 6.8 3012 1

33 FaickHKoeBet hin fil ms
331 Structure and morphology of the fil ms

The XRD paftitlemsnswiotfh sol utFieGaBi4« osi®@®BsS7i t 1 on
FeCaoBro sE@BandsCo@.deposBt mAdf em absehawhi ¢ B4 e
The thin $ardawsocerxyhsitbailtl i ne st r uctak ger oWwhnédh a
nanocrystalline peak posiTab3xs Theepebaks hf nt f
those of (CPDFetBERNVYCEFE0) AatCo4He. 9( A0 0a)n da tCobF%. 4 21
82ACQoFes haa primitive cubic structurOdga.Wwhd ch b
Céhe (ERE) the opemiknantoseCdé&hi ( ik snp fwii Wtaadk
5.0 safntdlvar er yst al size of the peak coul d be
crystfar€clrez eéehdf)i pms with sol GeCoBiys cBEB@MPiosi ti or
FeCaBp sE@BandsCRaddsabolu2t. 11 mé, 9,194. Omnm and 1
n m, respeCoFev élly¥y0) Theysatnadl tshiezeaiitihbcerieeBasseeoans i n g
content. the sfeielmm wihtah s dlegéeBhms mampesi haobac o
t han ot helrisbteh ietwheddi | onse of t he gl ass €otechpgcap

Theutectic co-Bpasi byBomanislfoGGBe at % [2hnd Tlh8e.s5e% e ut e
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composition in theie tohvem he namr g n-G@Bs itar INtoly® stlyert
CoRHe200) Eod&l2 laln)d peak wet Beoalesna zf iAtrteead fwintcht i o
the three peaks were obtikléewlia nBlidobisntde spil tay e
i Tab34eThe t heor etidbaili/klvaan di/elbedf CloFenphasedat ab
ar3e,7.abna., 4 r e slpyeChttiaviened fr om Jade Anoh gs d fhtewd ri ev
fil ms, t h#elsiakkliaonsd/elfo FleCesBiar e more close to t
valafe Cbé&e all of ti/klea nfdiv/wlea rfei | hmisgthhetrs et haafn Co F
especi adeld Jhlowrs Isomewhat cl|l dbattoCGoHaeltldatly ., Gokd

preferred orientation shown in these fil ms.

Fe57Co29B14

CoFe(110) —— Fe55C026B17
—— Fe53C027B20
—— Fe51C026B23
— Fe49Co25B26

|
MMMPW mm CoF m
) W

Intensity (Counts)

20 40 o, 60 80
2q(7)

Fi g 84 ¥RDpatternsot hi nwiithmsol ut i olegco®Bmp eEB@B17v,on of
Fe€oBo sE@B2an dsCFadBos
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Tab34d eak positi oinnt gresakingadrgefed 1d8@YE & 0 0 ) and
CofFe11) peaks

Sol ut Peak pog Peak Ar I ntensi ty
COompos CoFCoFCoFCoFCoFCoFllllmlo I Jeol | 12 vl

(1120 (21(11(20(21
FeCoBi1444./65./82./{58¢ 68142 8.7 4.1 2.1
FeCaoaBi1744./65./82.{653 56| 111 11. 5.9 2.0
Fe€CaBr044./65.182.|1 214 29124 7.3 1.7 4. 2
FeCaoB2344./]65./82.]1 233 41| 96 5.7 2.4 2. 3
FeCaoaB2s/44./65./82.{50] 87151 5.7 3.3 1.7
Ref er | 0 ]

4490A1 6 BA[827 4 10( 27| 66 3.7 1.5 2.4
CoFe

The surface fnolrnpsh owiotgly ©d| uR déCmBi4sc o®Ba s, i t i on
FecCoBryg sE@BxzandsCrRdB26i showrhri gBb&or each fil m, tr
mor phol olg2y0 OWi tnhagins f s cawnon The inset shows t
central area with themmadhrei Vi eat iod,n a0 0 H0hDEdsBen
films | ook dense and homogeneous. Brceint ctuhlearv i
and homogeneous noflul ems wht hheob  Fe€Caneanamposi
FeCabBiv Howevea g 1heegul are nouwrnufl @tsensomfwitt h s ol
composikReCmBo0iE@B2sandsCro@B2ewler e t het ennodd utt ®@spi | e
forming some AtbeabDO domgnnéi cataren,hotmvagea edos:s
di strilaltbeanda gnAitf i cat iocorne onii clebo® Ocorbascekrsv e d  wi t h
Borooancentesaeidoolheé ywiitlhm sol ut i oh 1 &E®@BngTohsisst i on
attributed to the hi gchaenr ¢ énaesoe tproo rag exd3]iangtde rorgeel
in eq@d4dhbhi ghenfcenof aDMABNH(BXY mi ght | eadofo mor

Hoa. The craohsisew eaft i tolmree t chii snpFlif ajyiBebs A Inl the film
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homogeneous tiBi obnedy.i ofiis@adbecf ffexralmm ctehe cr os s

features.

332 Composition of the fil ms

The scaompoceition and cross section composit]

Boraecont ent wa s not detectabl e with EDS, ot h
homogeneity informati en.s hTofweng 8.9ne fFai cvee caornepaoss i W i
magni fication of 140000 were detected and ave

to some degree since 28.7 at. %ygé&bh. admatsh®% di s
a decreasing treBdr owmnche nitnrcartelaosni nags tshheown i n
at. %~6.4 at. % sodium was det®atl eldcfeant mti hne stohdiir
compound with O, Fe orer@o.comidwetmadi mtn ddtee acteir
CeB thickness. Fe and Co were detect el gonr & he
38 TFle coamntemdng 60~65 ais. &@&mand &6~40n&aen®%. Th
rati o and cross LeBtt minn Ffei/ ICrocsornmpt d doi ddiiicdaffepaaa retd
i Fi gB%9e The surface Fe/hedraol oswintdin ciare@seasi n
Boroontent. The cross samcdi bhefwid€lor emé e ®a g inrc
Boromont enits. sDhneregpiasicy bet ween the surface Fel |l
ratio for the sayne dide nt éd i 4§ Mme whixicdhatmi on on th

cross sectisonhiFReh/eGo trhaatni ot he surface Fe/ Co rat
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WD 10.4mm

Auburm Y 000

Fi gB8B5.8EM i mafgielsmsofwi t h sol Fe€ o { ecPeCmd®Bs{i ki) on of
FeCaB.d c)s5CeBe{ d) a@QaB&e)
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Fi gB86.€r ossesc bf ohm ms with sol Fe€doh{ adsi€pe®Be(i k) on of
Fe€oB2d c)s,CeBe{ d) a@aB&e)
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Atomic percent

e
I I
o’ I
elx
- I 1 =

FeCoONa FeCoONa FeCoONa FeCoONa FeCoO Na
(FeﬂCOZQBlA) (Fe§5congl7) (Fe53C027Bzo) (FeS1COZGBZ3) (Fe49C025826)
Elements

Fi g87That omi c percentCaeBf t&li eamémnti sn smr Face

Atomic percent

Fe_.Co, B
Feg7C0,9B1, FessCogB17 Fe53C07Ba0 M851%%26%23 Fe49C025856

Composition

Fi g88®he atomic distributiCeBh alnl dyse wirtohs sd isfe
composition
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2.0

L I Surface

1.8 + I Cross section

1.6
1.4 -
12 -
1.0 -

Fe/Co ratio

0.8 -
0.6 -
0.4 -
0.2 -

0.0

Feg7C0y0B), FessC0ygBi7 FeggCoyBay Fes1C0aaB23 FesqC0r5B0g

Composition

Fi gB8B9.FThe surface and cr o<®B sa&lcltoysn Wwietl lCbd iofaft e
compogiStiammd CS represent for surface a

The atomic distribaci ons wialse atl sockmesisicofedt

the substrate téoigiBetetbp, sCof aod, Caswene det e

seican of the thin fil ms. Near Cu |l ayer, more (
Cu |l ayer to the surface of the tisi mefliatimyetlye s
That is to sxag,homegehmheousi | ms
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(a)

‘bistar?ce to %u Ia}gr un;z

10um 1 Electron Image 1 . 10pm !

poncgslt gv'i.) 2

8

=3
-
e
S
S
<

]

-
=

10um . Electron Image 1

FigBtT@he atomic distributfohmal whghtbel at 098
oFeCaBi{ a)s€£eBe( bReCaB2d c)s5CeBe{ d) aQaB&e)

333 Resormamtavi or of the fil ms
Theesomama v iSonm x2 mhm strip fromfilms with solution composition of
FeCaeBiys sE@Bi/Fe€aeBy sE@B:aandsfo®2d di spl &y gd.1 En

FigBika) ssthhewi mpedance ver suissrfaseinmmeng mpnrdcyr ve
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Tab358 he awveramel ftude, F WHSW sd nodf M@ wva It the s®fl u
composiFteCeBuis osfE@Bi1/Fe€eBo sE@B2a N dsCFadB2s
Sol ut Size fo F WH M

(0)

compos (I mmw(mm)xt(e (k H)z ) Hz) Q

FecCoBia 5x2x17.6 353.11. 4463 81.
FeCoBiv 5x2x20.0 368. 6. 3012 132
FeCoabBao 5x2x20.0 332. 3. 4179 82.
FeCaB2s 5x2x18.0 347. 2. 4822 76.
FetCoBos 5x2x19.0 355. 4. 4984 79.

From the resonant frequency and | ength of t

calcul at edTabs3-Gdthown fiim m wompho sidtleild B: haafs t he

hi ghest acodlthset inca sé&seBlodchiFtay .f i | m was deter mi ned
of the substrate before and after the deposi
thickne@GaB dfhi Re film can be measuieBl,carmhebe o
detedmi mbe deCmBitiyl mg§ fFeom different solution
TabB& The denkBdawB toin fil ms wvé ¢t he aisnecsr esaki glgt
concentratioWwi th abteusvioatvehocity and densit
Youg modul us GGanrdBtFgol a5 ohe clatl ciud aft digkn df itlhmtwi |
solution cbetheBsh atsloen loifghestz) Vimé ufei lorh I/ t(H t h
E/-g)1 shows the hfi gahaeshg @t wealt Bg, SosudBnQ Modul us of
films with sol uFe@waBiscacB@BshdCioBn oE@B2zand

Fe€CoBd s 62. 0 GPa, 62.8 GPa, 50. 4 GPa, 53.2 GP
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Tab36elThe vel ocity, ma)ssof dtehnesiftiyl msnd E/

Sol ut fo % Mass< Densi E/-g)1
compos (kHz (m/ (g) (k& n (GP
FeCoBis 353.3530.04 & pm__ 88. 6
FeCoBi; 368.3680.05 o pn 89. 8
FeCoeBao 332.3320.05 e p 72.0
FeCeBys 347.3470.04 ¢& p 76.0
Fe€CaoBrs 355.3550.04 ug pT 74. 4

Il n order to see it é&®omehhadavinicdorrs abmpthwee ¢ re otghaed g u |
striptshd rfoiMl m with sdleGoeBiowi tho mphes p2imee20.0odf 3 m
em 4x2mmx20.0e m 5 x2mmx20.0e m6 mmx2 mmx20.0e nmand 8 mmx2 mnmx20.0
€ mwere measured witan impedance analyzer. Thhesonantfrequencyis proportionato the
reciprocal ofthe strip length,asshown inF i g 3.1 2It is consistent with the equation-13).

The sl opel@fn7tsthea sllianesi ¢ phepenat gréd@atbddil mg ,
density @&@nd aRPoipjss@mpat ipsqUsfi.The acoustic veloc
m/ s, which is small eTabdbanThat valdeecabeuhatl

resonant frequency vs the reciprocal of sampl
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500 |+ .

450

400 +
350 +

300

Resonance frequency (kHz)
u

250 -

200

0.125 0.167 0.200 0.250 0.333
/L (mm™)

Fi g8 2T hree s ofnraenguency versus recipradacdceal fafl m he
with soluti ofeCca®dmyposi ti on of

334 Magneti c ogrhoep &ritlyms

The thin swilamedamBpllmbh mm waswimdQasant eadn Desi g
Ver salidb ating sample magnet onmmeatgenret (i S M)i.el Th eh
| oopf fhems with sol utFie€nB:£ osmdBsriFteCaBeo Of
FeCoB:zandsCo®sarsehowr-i gmBi 8 Bot hpltahneeo uawpdod n e
magneti zadga omy setxehriebsiits | stoyp.i cTaH e sfoif It msmagmew i ¢
From the hgsttdpéeasnies dsiorvepcet ieoansy saturated dire
pl ane directi onplwansee hmazgant hiod cuatt uofat ed at t he
field0®d aa. The magnegdlianepamagnred teirzsa taifeni nhy s
di spl aywaed@7%The film with sofFedoBosx ltsabhicas gé s 0Dn

saturation mapgraeadi zsantaildrecst M tbernsi vciotnysi dkr ed
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saturati on hnea gmeetterziaali omast, the | arger satura
Fromr ¢ demeamavi or , fithwmt stsolpst odmecCco®dmplostwhtei on o
hi ghesommmlti t uislec oTéias tha ngtls evdittrha ttihoem nTrheeg Ma tline a
with soluti ohRe&odBp b stwitd osnmalfl est remaneartormagrt
soft magneali &r greart egatadr, ataisona |l me g n etodexredi livioatry
squararee 9 dfther rfed.m wi t h soF edeiBosh ewarppesstt i Mn
smal lceasd &mal |l eké¢ i | Mhwst h s dle@boBiemx hetdhmgt o s i t
best soft magnetic property.

Tab37heagmeti c pa+aBnettleirrs foifl e (I n pl ane m
ParamFeCoBisFeCoBi7s FeCoBro FeCobBos FeCabBos

Ms 1733. 800. 491. 1160. 730.
M 19. 8 46. 0 14. 8 44 . 8 83. 2
Hc 2.9 7. 2 4. 8 7.0 5.3
S ( F/IMgN 0.01 0. 06 0.03 0. 04 0.11
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Theampwietdh menef oRRsx®d. mrddhe mf r ohmd it I m wi t h sol
compos iFteCeBnwefneeas bpagpdplymugplodne magnetic fiel
t empeg atturee, 5K, 50K, 100K, 150K, 2 ®m@HK,an250K,
magneti zati on atsisd idfi fserfFéeanyt®dé&lahmpse rifaitdpsiodeea t up
to the appliedOm@agOehecmbgedtbhi satt IGmt etsarMthe |
a |little with increasing the temperatswreh The
increasing teompmoaéunenbhndedadec -iars @ihotwme i o ttthe
ri olfFti g8t 4 That i s tdads seasi drh et anali enasganteuriact &d el
wi t h I ncem@aen atgur e . The sat ursantihoni nntargenaestiinzga
temper atur e, FRisg (atlbs oM eschremsdnoevlny from 5 K to 16EF

di spal asyharp decreas20beKween 150 K and
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335 Concl usi ons

Il n order to detrercrmi-noerc iAo eher na&roy all oys F
marmget ostri cti ve tphrecepseomtaina € arao tcehr, mse qoufi at omi ¢ Fe
FaiciCeBeal | oys wer ei rperseoinameioval spa chp & heidc h Fal | oy
Sshows rleestotmeamavi or-ri cTiCeBReaHel oys with different
studi ed.

Films with sol uGefFaBro cAF@BOE 28 aBoon sB&Bi1and
FecaB.were elecatbhdepuasireat ddmsi tdy hali s &rt wmé\d ctm
films with sol CtoF eBhoa ndnke®sedoniossmoww fnotesc@emdn te
whitlree fil m with s oHefteiBotdo esoltmpwes i go@ch adhesi o
subsReabobdehbicolbser mbd fiitlthmssod uti orFe€oeBaposi ti
ands€r®17The film with soFef€aB e x b o hng tortsestoinoann t o f
behavitoratt hwint h sol uReic@Bocomposition of

Faich witbysoluti onf scfomBp,0 ssE@BigrFeCaBy
FeCeB.andisCRo@eaver e dea®Bo sniAfifeodn 6s hfround that thos
shewanocr yst aswiitade mntraudcet L@ gk prhe sur face of t
hahomogeneous <circular nodules and t hBoosreonnodu
content. Based on the surface and hcornoosgse nseeocutsi.
surface ofi dxieditzqhach tfd |lsmsme iscégoedeamrdt Ba . c dimht
concentration alisnppombgEme wiss|l ns ewittitonsol uti on
FecCcaBis hgtwhlear ges banmmliti t ude and | ar geslthes dtidrmat
with sol uti omeCoad®merolssi hhetogt eo® Ivtalaues.o has t he h

of B Thathea sf,i Itm wi t h-z)t hseh ohwisg htehset Ihd#s/g(ble st | @d & d
8 2



t hat tshr drhdeoll uotonopnosi ts€@Bi7aorteo Rei det bcda ntdoi dbaet e

composition fos sensor application
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Chapter4 Thefll ueDbDero 2ifitmMmd@am Sacah@uriendenson yt he
FeCoBThiFm | ms

I n this chapter, the |t hsktlrueesnsc er eolfi reavhedih edNeap 0Sse
currentondermei tmy @ ,ntdipar opetr i-CeaBs t i nFé i | ms wer e |
For & iimeffiulemgewi th sol #e€ ol weo @mp diBo sAR e arf
for 1 hr, FérhiNaan®&a denifdruile meg ewi t h sol utwiotnh c omp
vausoconcentratn,oni .od. NaO SM,ccth.a0ri M, 0.02 M an
a8 mA¥fom 6 hr. Fomotrleet tehppoButhiron bat h was ch
hrF.or curr@®@nti ntdtéensenteg, two groups ofilempewi mme
solution chegmp@swdrieondegosi ted at dddriséaenree nti noeuyr
i.e., under the cu¥renmhA e msA/Bcymhédd ¢ M4 SmMAE mm
9 hr. The solution w&ecopmdimmdgendt hsea ntbhy t hhc keaehbhs
5 Om, 10 Om, 15 Om and 20 Om were deposited. ]
of 0. 5% mA/ A/ X mhA/ X mhdnh @& m4 >MmAf cohi f §aenrde neta cthi meh i

film was depoch tefd svoltdt ioomre. bat
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41 The influence of deposition ti me
The XRD paht eswi&lhmfsol ut i oire€ @Bnwespat e panr eodf

under Ff oA/ &tmhr, aGdeihgp ladRydgdi.idma nocr ystal |l i ne ¢
wi athi gh amor phoissf banbdgf oomddrtedieaen ¢ ¢ 1 yGatFaelTlhiem &
(110) pCoaFke? Opéejamda@o He2 Iple)akFor thin film alreosit
al so Cu signals The nt hihcek nCeus ss uobfs tfrialtnes. ileposi
abowm, 560 andm,28r espect hfgiellny.p rTehpuasr etdh ifcokr e6n ohurg
avoid subsdturratneg sXiRgDnadlet ec tdied ®m.r mT h @@ el @ tha | S |
pealk hi nsdeiplodiored hr, is6 1iem,0Oabd ®&nchrl4grdowtmh Th
of nanocrystals varied asbleictatulsee dathedisfofl eurt @ rotn
changed for diféséCoREeaAllOJEEODICloiR(2dl 1) meeaks wer ¢
wi t hheorentz Area function. The intenlaaibd ratio
It seems thaygt riahbios othemest hca to scef t@o,F ewh indloa alt ab a
andideliare higher thatnhdkechhabaétefli €CaFesi hhat CoFe

preferred orientation in those thin fil ms.
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A

Intensity (Counts)

FeCo(110)

N

Cu(111)

Cu(200)

—1hr
—6hr
—9hr

FeCo(200) FeCj(le)

Cu(220)

20

40

2q(°)

60 80

Fi g 4.1. ¥ R patterns othe films with solution composition of e eB1pr ep a3 ed

Tab4ldP e a k

mA / éfno

r 1

hr, 6

hr and 9 hr

posit oo [elpl@a K e2alr Oefao &w2dlaln)dt ensi t y
amohhgem

at

ra

Deposit Peak pos¢ Peak Ar I ntensi ty
CopnditiCoFCoFCoFCoFCoFCoFl L o b o
3 mA¥fom |44A|65./82A 4871 41| 95| 12.] 5.1 2.3
3 mA¥faoBmr|{44./65./82.{ 653 56| 111 11.] 5.9 20
3 mA¥faOmr|{44.65A/82A 508 65 | 143 7.8 3.6 2.2
Referen ,, lg5./82./10( 27| 66| 3.7 1.5 2.4

CoFe

The surface morphamogyphahdgyrosstbectiloms d

and ®ehshbéwgd2ankli gd3 eespectiThel pur face

filpmsepanedr

structur e.
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homogeneous. FO®mnaghnei fWiicap.2icef namedr ei r cul ar nodu
up on the surface of thesfsimhanlsl efhehdnameé®enm;
section view, the fil ms d-€CeBpltahyi wa §h dynmmgvern eonu S
|l ayer. Tise hCuefltayseirde Fr4odmimhgnivi e&atpi#da tihre

cross section ofisfvémg $iomi l&raah rparmett dt y® edhern sl ems
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& e “w ¥ “ : ] N Y
Auburn S 0kY X2,00 10um WD 10.3m SEI 200kV X40,000 100nm WD 10.3mm

Auburn S| 0am WD 105mm Auburn SEI 200KV X40,000 100nm W

Aubum

Fi gd28ur f ace motrhpihnawlifdidiyms®ofl ut i offeSco®dmpego si bad o
a8 mA¥fom 1 hr(a), 6 hr(b) and 9 hr
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200kv  X5000  1gm WD 11.3mm Auburn SEI

200kv  X5000  1gm WD 11.4mm Auburn

o - B0 <ty

J 2 #
Auburn S 200kv  X5000  1gm WD 11.6mm Auburn 200KV X40,000 100nm WD 11.6mm

Fi gd3.€@ross sect hionwilvtilems oolfut i ofeCco®Bmprosp ati ed @ f
3 mA¥fom 1 hr(a), 6 hr(b) and 9 hr (

The surfacé csohnopuong di4née #For t hin films 2deposi
for dif§erFeent CGoiamedee taencdt eMa on the surface. Abo
2.3~2.9%9ardao.u%dNa Thus, the isuokddenobombedelree

is from the additives of Na G tmat® or Na &mact
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section of the thar fdieltmct e@nlon Fdeamen€Co al z
i Fi gd% e The Fe and Co coarteenatt osnsfmahleatrd il sesvieil $ enc
di ffersenThe iasnadr fcarcoes s s esat e ode pgheicdO4tder iBh @ oFe/ Co
raisi oaround 1.i60smhaB8bewht bhn th.e9 GTohnei nsaulr fFaec/eCc
ratsi osmal l er than the cross section valwue due
section e/ Go mi adtairof or t he hfri,l| whd ¢ pargeh tda dg hivea
for the film of 1 hr. That is to say, at the
depassictl oser to the f eedhRe// Co trhdeeiipoo siirk\d e cge
due to thencofhsamegt i ons in the solution and &

Fe ansgd <sCiomil ar .

45 B Fe

Atomic percent

Time

Figd4a®8urface atomithicawEt Himbal ubnobdgcad®Bmposi t i c
deposBt emddfeom 1 hr, 6 hr and 9 hr
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70 + I Fe
I I Co

Atomic percent

1hr 6 hr 9 hr
Time

Figdus.€entr al c rtomsisnwsfeicit msoon uafi ofeCcoBmp o asepda i on o
a8 mA¥fwom 1 hr, 6 hr and 9 hr

20 I Surface
I Cross section

1.6

S 1.2
©
@]
o
D o8

0.4

0.0

1 hr 6 hr 9 hr
Time

Figde.8urface and crosg hsewiftidbms el Cbonatompo
FeCeBideposBt mddfeom 1 hr, 6 hr and 9 hr
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The atomic distribution alosngdit fpHiagwidesi 8 e C |
I n the fi gestehfeut haykef anlish hAee€ eBr il gphyterl. a yer nt d
were conducted al ongCeéBhd idrmssas ITthgghrtei amoohtt be
Cu substratthCuA |paogyiert waesarset astomecsdastirng!
was then coll ect edt hfeir 6 m sTohri$sadpiseti Bnate ttoh en eFaer a n
contents along t he acer orsesl asteicvtel oo noof g etnheeo ufsi. | ms
the average G2 G€oantwamd &2. Bt adv.e aged o 3c3arbt en
at. %, 36.0 at. %sdeposi7t 8d attore T olmr fié mhr and ¢

Thees omaemavidfridatlepo3>imAdficomt 1 hr, is6 sthiowand n¢
Fi gd8€his figure shows the resonanThmpeakndmtom
frequency peaks from f hlecer etnttezaummsc Thvemmav én a ¢ ed
par anfertcem sf i vaee saimp i leB42e d The eaavned aagvee rfage ampl |
the petmaltehfirnom i | m d ép ossmatlelde rf otrh aln htrhose for 6
i Ri 48 Ehewl amplt reedsdopaktom t he film for 1 hr ¢
a | dweegrositthmamgneft ostrictive | ayer or thinner
decrssvasd increasing the deposition time. This
i n eq@a) Thoeh rsf p®m f i | ms deposshtaetdhseh thee nayit fhf earnedn
wi dbbuht di fferefbhet Bmakhess trihgphshhclkghes otfhe se

the . strip
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10um ! Electron Image 1

Figdr®hat odhi stri bution atling ftihlemtwitchneslkubDifc
FeCoBideposBt md%feom 1 hr (a), 6 hr (b) an
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84

72 1 1 1
320.0k 340.0k 360.0k 380.0k 400.0k

Frequency (Hz)

Fi gd8 Ehre s ofnraemguearhd nwdtih msol ut i ofhieSco®mp osi t i ol
prepad edA¥fom 1 hr, 6 hr and 9 hr

Tabd42eThe avesammenqueampl i tude, F WHM ognee@nktQ v a l
fr ¢ mset rdieppso aBt enddfoom di fferent ti me

Tin size_ fo a FWHM Q
(hr (mml nEm) (kH ©) (Hz)
1 5 12 1 339. 0.892446 163.
6 5 1201 368. 6.803036 132.
9 5 1281 353. 5.523832 97
42 Thefil uence of Na Saccharin
Na Saccharin i searsetdhe osaolewtuicenstAetsssal |y, O

was triedthion wablhmsatil et i o FeCaBnpoAmndi onMpf O. 0]
0.020 M and 0.025 Ms€@Bit hcantehmsaundes oheFe
mA/ &fm6r hr already showed different structure
a e comprairged®.e TheudiOngvs and 0.010 M Na ISagbhar
amor phous b aankagnroocu nyde Hell 1p0e)aCko He2 0 0 )a nilodle2 1 1)

peak. TuhseiOnfgh Phs M aiNd ©aobrRéd@avi{ el 1ple)ak@o He2 1 1)
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pealwhitl he@o F(e2 00) peak 1 slhotseemsert had t he amo
increased with increasinbhd her yWNed taia oxiinwbeeéli f r oa
Co Hel 1pOoe)a Kk  fuislibmsgM and 0. 010 isM 1Na 4Slacmcéhbay di n

reported t hatsndNta ESmalcy hag ithhecstr es §l]l.r glhii svers N
some degree consistent wineh molre raeamoulpth otulsa twi tt
the concentrationMotftoN@G@DB25aoallael pctromepPpositi
decomposes and incorporates S into the deposi
Sstress state kcont¢tdédet rdetpiosn tof | 8w(0. 02~0. 04 %)
compressive stress, while a higher concentrat
a tensil e st[Rlé#ss ailsot hree pdbepeedi tt hat Na Sacchar

by suppressing the hydNogeae®.leoewol uti on reactio

Intensity (Counts)

CoFe(ZOO) CoFe(211)

20 40 , 60 80
2q()

Fi g49.2RD pat Fe&€mwBitshiof f i |l ms weanthr atiifdreremtNa o®
deposBt ed¥feotihr 6
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Theurd ace morphology of t he dofl mda wSedc hdairfi
di spl &#ygdrteénTmageaei fsodatsiuormn acearselboopwmol Bggm t he
of I5Me&gni ficati om,e nilcsreor veerdackrs t he film wit!
i ncreasing the concentrat iaorfeuinf MNawsSwaerc hatrhe ,f
0. 02Ma MSac cagsarmen rta mb o h eath hsehl e dhioa geodn@ktin B o
emand | onger Tmagaemad talbeoultef gdi@dpgpe bh this ¢
hel resitdh@se nternal stress by those r hodnbdhedr
these rhombohedr al holes form? The experi men
during deposshiGiwigodt # aa)nd t hen rinsed by water v
after daesp osshibtmigadid b) Resudtthse sshthoownbohedsaal t ey st
Na Saccharin concentration of 0.025 Ma er | ar
consi degSeds. F&sSdacr yst aar homdbwd edr al st fupcotiunrte be
gr of[d]pAs Fiing 4t 2 ca)nTda b4-3x t he r hombohedrsblesdardest alt
wer e awat fzZTBh@S.crystal contains 9.1 at. % Fe, 4
and 3.2 at. % Na. The atomic ratio of Fe:S: O
formul.aSHAAlI FBough Co and Na are dédceantad,n so
compsecand f oumreh ovmik chhedr al ssFe (LB Wiumdeh o mtha H eed rNaal
structure is normally a high temperature prod
wi th t BFeet(4816nr oONte spectrum32 amldy shpecamdmCo ar e
at. % Fe and 36.6 at. % Co in spectrum 2 and 66E¢€
NE in crystaoludidaectbley chemi @81 orFefSOom the Na
( HsOsNSNatO2Awher e Sardkeedom@posed and t helhhusncoNgor

Sacchaeseaeadudc e t he internal stress, but t he c
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app:ds:diagonal

contnwlmMmadd er than 0.025 M infFgo%@er to avoid t

From the ,OiCGmagoififiaguldo®mi ¢dl e i magaear)e t he
homogeneous and denG@MmaBnomFt et @negbdtofi mMa@e) ,
films with 0 OM5 OM ONa0 Svssacnha rOa.m@teower y tiny n
on the surface. For theFfgu4umgw)t mi @holi Madae)
nodul es andalearogoesre rnvoeddu.l e s

The fil mowitehtnof Na SacchHharmimn twas Jhhdarsd miady e
be due to the high interntad srmalels spiwdad eldly anrad en
enough t o rpeesedmeadnfafv .inoohteava s rs€dB11 e n wi it hoetsh e r
t hriNme Sacchari swernecmen teda twipderdl an c eT haemaghg zrey . o f
t hSenmli @m samples from thin films with 0.010 M ;
sampl es wit WBmdi hennesries 8 d b bswi tt the 0f. i0I2h M Na Sac
to rhombohedr al hol esFiigdiambekeialr ma. wAsh s@oWwhO
0.020 M Na vIsaro b hiaroeussofnmaquenc-y e s ofdqeaentdy i n tF
i mpedfafnecceuency pl ot whil e t heotrsdsth cawi t b Wi. DRSS
r e s ofnraenct u e n cty e saofrraeagrutei ke g ofnraenct u e momy @fmo s adnp | e
of films with 0.010 N a3n7dH201.8rkh 3v8 N.a4 ISakHzh awh
mml iam sample for the films wsidh. D1 0RHBz .M Nme SQ
resomeankt of the fil ms with Fi.gdlt(b8157.37,.109830 M an
and 61.03, while the amplitude of each psa8 99, 2. 87 A and 0.53A, respe
0.010 M Na Shetslnee siomeadwiwor wi t h |larrggeessitti tQu dvea |

among theOf0lm@Na2gadichari n.
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B A e

Auburn SEI 200kY X600 10um WD ] 200Ky X2,000

Auburn < X500 10um WD 105mm E Auburm 200KV

Auburn SEI 200KV X500 10um  WD8.9mm Auburm S| 1 T J 200KV X40,000 100nm WD 8.9mm

Auburn S X500  10um WD 90mm Auburn ] Auburm

(dYdepfosBa en@ddfadinra6 i n

99

FepéBalhoqiy fdafl ms with 0 M(a),
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Auburn SEI 20.0kV X10,000 Tum

Spectrum 2

WD 9.1mm

T0pm

Fi gdrEHRhombohedr al

DI

water after
Noafter

Auburn

SPEC

trum 1

Electron Image 1

hol

Spectrum 3

e for mat
depos(ihk) otnhitrh efni Idm iveidt hwi @ .h0 2N5

deposi tion;

rhombohedr al

(c)

Tab43&EDS result of
Spect At omic %
Fe|l Co S O |Na
1 9. 4. 515,68 ]3.
2 63. 36.
3 66. 33.

on:

EDS

(a) thin fi

anal ysis of

crystal



55 87

sof (@ (b

84|
451
81F
32| 8
——0.010M ——0.010 M

1Z] (W)
0, (%)

——0.020M ——0.020M
——0.025M 751 —0.025M
28 C 1 1 1 1 1 1 1 1
360.0k  380.0k 520.0k 560.0k 360.0k  380.0k 520.0k 560.0k
Frequency (Hz) Frequency (Hz)

g4rd mpedance (a) and pheae€eBt(ti)n vfeirlsms wirtelgu
0.020 M and 0.025 M of 2fNoar Seahcrc har i n un

The influence of therenktmdedspoyi ted for sa
For electrochemical deposition, the main opg
mperature and the agitatdmet lodgf ntohset s osbprotritcam
r fi nado nmpeapaedi twsi.t h ot here ocepereactti nogf vcaurriraebnlte
edictabl e or Cc csnesnissittenvti t ynianhétr msa god mpadei t
ectrodep®.siTtheed cadrlroeymst [Bfensi ty i s given by
) U&— (4-1)
erze, s theelnambreonsofacredsexttrivne yé leapiatirita dcgud aas

ecteadeiFons t he Ba#gaidsayt ceo nrsu rpbMrf dOfx rolxe o i
rm of species) reactareag perthecehdcbnodaijtw
e rate of thdg6.reduction reaction,

— (4-2)
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Il n this solution system,[7/]the deposition rat
2 g QA @ a—'o 0Q 6¢ V0660 U
96 vaaY, o€ DOO 0

Q0Q ¢ 00660 O (4-3)

wherag,epreseapensisiechangeéd MAPHDs earomtde cOnstant

is the activation energy; RyihhhAlidargasheonsnal
or ddF87 dCo DMABy,ndH compl exongdiageat ehtr eiacrid omr
orddcsr mesponsgifmhpAisgmeée difer with increasing the
the final deposit diff erForwiatnh edd{eadt gaivorl go ytshpeC act
frdmSLOB8,C&oQ 78andMABdded with an actbabkefval ar
AT dare repolr.t3eld, tODZEO andl1p[7. respectively

Thef foefctt he current density can be treated i
pote[pl]ti BAsed on the diffusion, the deposition
ions can go through Ftrioen ¢ d@teh @d eacd irsfefecws m-and eltgauya
4 and e-§uaRd oins 4l ess nobl e met At whphet Coul ar
densitypetonfleitmid moriee aavibdre tmetladé ¢ dtei 4 feisesd ntoht
me t[fg.Mhat is, Co Iis much easienr tcarbe Rodte@paenisti ¢
regul ar type of comleposutrent deansincyemag | es
deposition rate ¢f.eReolheybbenobkewwpmentl of ca
increase of cuereathdeespotyembkal timore negati v
condition approaches mopetehbtsal ycubpvehefclbes

i s, the increase of the current denepd[§i tresul
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For teB Bgstem in this research, Fe and Co a

reduct an(tBsNDHAgEH The standard el ectrode potent.i

foll ows:
"0Q ¢Q z '0d RO T8 0 (4-4)
6¢ ¢Q =z 6éi ho T® o (4-5)
o} 0Q z 6i FO T Y0 (4-6 )

From abascéimoegul ar codeposition system, the
with increasti ndeadsded waur rbot h the diffusion t
pri ncilpne@n gr oupi ndcelpuodsiintgr oho Nj , t Ne FRea n cammadll o€uwsk e
codepo[8.i tThat i's thera@eeposi Ai o bhaster than j
codeposition the rates are reversed. The el ec
considered as an[@malThbes degdeposipia@ammabouamon
all oys decreased in the order of CoNi >Ni Fe>Co
CoFe is |l ow and B -CaB pa&nmrthiaciypatyisng mi,n tthlee cha e
Co in this sdstemmimredet to be
431 St ructure of the fil ms

The structua e showhei hi XRBgph2 t Eeh agpsfdgdsarrierd
under 02/baweA/tchr @Que phBaBsEeBsB: 8 6 )C o F e PpDhFatsBedarn) d
Co.Fe psha(sPeDF-834DHhe Cus pferackm t heC € U espshbasst eroantl g .
found on the f &1 mvhuincdhe rh al0s. 5a nbAo/deyjradig n tTehree o i d urte
deposited wWnd2rmA/3mmaAAdmd md >mAfl c d ht hCeolFld 1sOh)yo w

peaXkxo,He200) pCeocaFke2 Ah) peak. dlentee rcnmiyhséi@e IF edsai 6z)e
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pealkilpmspal emdAdadc®d MA/3X mhd\h ¢ m4 2madfrésth 1h1 . 8 nm, 1
nm, 14. 1 nnT haend nltle Ms iQtoyEk d 1dXgiHe2 GMon&r2dl 1) peaks
is sahoabddeexcept for the ratifos5 onfdltehmtno ftihlem |
i nt ens hCoyHed ® 0 )Cod(rdl 1 )s lip/el@sknld/elf rom di fferent t
are mosttlilyanhitghese CoFe ttlhdeactraethiaisteanbr @ dbybes e i
resemihlaegs of CoFe. |t <can bdeo neioonech eundteadt itohma ti nC ot

films

Intensity (Counts)

CoFe(200) CoFe(211)

Co_ _Fe_ _(444)

0.72° ;0.28
4

20 40 60 80

Fi g4I 3XRD pattegoBst oif n peielpm@.edd @A/ T mhHA/2x m
mA/ ¢m3 MA/4& mhfAdc m9 hr
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Tab44d ntensi tyCoRdI@FRRehO0O0Fo&{wdll) pé&EakeB fr om
thinpftilpadsiefdf atent current densities

Deposit Peak pos¢ Peak ATr I ntensity
conditi CoFCoFCoFCoFCoFCoFlll/mlo li Joolt | 1o ko
(11/(20 (21 (11(20 (21
0 .nBA/ &fndth n4 4A 17 ¢
1mA/ éfndhr|4 4A|65A|82A 563140174 4.0 3.2 1. 2
2mA/ eéfmOh r|4 4A|6 5A|82A 30( 35| 99| 8.5 3.0 2.8
3mA/ éfmOhr|4 4A|6 5A|82A| 54¢ 75| 144 7.3 3.8 1.9
AmA/ efmOh r|4 4A|6 5A|82A 46( 49| 99| 9.3 4.7 2.0
Referen,, g5 |s2./10( 27| 66| 3.7 1.5 2.4
CoFe

432 Mor phol ogy of the fil ms

Thaeird ace motphalwdbdghmesfol uti oReoBMposp ai ed af
di fferent i dworhrnegnrte deexnasmitned blyi GEME nasasihown giu
amagniifmaegde of t lise scheonwirr adn atrcefhe p 0 g Ot dA/Tehre i |
show faf edr ent morphol ogy from fil m$tsdiamasvil i &ka ¢
or hemispderecwhil e oschierrc ulhatnt rfia s unse psehroene @ r £ h
four simple model Bi @dl = u(cl )diamaetewsos bowh (&@D) <cvy
t hrdeemensi onal (3D) biemctshphrereond 39( e damphnt aamic
[6].1t i s assumed that in the initial stages nu
betmweei ffusion fields among the [6fr o wWhnegh ncuhcalre
transfer in the electrodeposition is fast, th
steps: (1) the | attice incorporation step or (
(di ff ushieons d@nTthieom) gher theheuhighterdemei tdy fif
solution i s. From t he Fs gt gat & onwo r gpuhrorl eorgty  dsehros

mA/ ®&m the gr owtdho nd fn attAke hd egphoesii e{e>u r 0 .e5At mAltetnms i t
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nucl eation of $he deposit dominate

The pHirlemared 2hbsntormeA/fdiads ¢ hpRe mady ed® atA/ cm
and mAZWimMm h inbeeasirm@dodmaiems i oifl,enCondputl hee pf i | m
deposttweder tIansmalmAheinbeoa cdloaind ont lseome a
film dir fcomes.i dered that the stress relieving
refi nement thfi gethp eds id e[p|olshietsectocef @ beeamssi daubgdt o b
t hreef i neefmedhéeambsigheat curWiethnt idrecmrsedasi ng the cur
fibers andalodgemdfiomersome ar saxs hofast hdref ifli
unddermAZacmadd mA¥fom, Q9abr sFnogwi6eéime | ength of fiber
The fibers of th8nmAdctomtaémoi6t 8d aun de Fe, 16.
Na and 39.7 at. %un depodimbketomantd fadi nhil® . fli lat . % F
Co, 25.9 at. %TNasa@dndade¢s6fthie Pos h@ar ecaocetr &aianinng
the el ements /oox. Fe, Co, Na and

The cross sect ipopm rvelde Wwafterf em th e e doirt i®®s shhrd wn si b
Figurte Thea ki cosmpri sed heff ttisgatdiea y@u sl. ayier and
FeCeB | ayer. Tdabomogmeeduspldsexrkanedesp o M ttihon
thickness ofswtihéd fiinlcmeiarsd mdgahdedh enagui f ¢é etd o & @ Svi
section is shokbeotitrom hda gilgreB eotf m aetahcen mangani f i e d

films deposited at different current densitie
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(d (e

Fi 4T 485EM | mageaBt hi npriepm@.ed mwaAArm F(nbA)/,cm
2 mAI(cm, F(dA/ c4h eA/ tor 9 hr

L
B

(a) (b)
(c) (d)

Figdr®Model s of ¢$6brface nucl ei
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