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A new analytical formula for thermal fluctuation in
magnetic recording media is presented. The thermal
fluctuation of isolated particles in the presence of a
small magnetic field is evaluated by introducing a simple
and precise energy barrier formula. The thermal decay
and the remanent coercivity of the recording medium,
which has grain size distribution and inter-granular
exchange interaction, are numerically computed. These
results are approximated by an equation in terms of the
thermal fluctuation in the magnetic recording media.
This analytical formula shows good agreement with
previous experimental results, which indicates an
increase in the activation volume in the presence of a
small magnetic field. Both the increase in the activation
volume and a decrease in the magnetic viscosity
coefficient in the presence of a small magnetic field can
be explained by the mixture of thermally reversed and
re-reversed particles. Reducing the demagnetization
field for the recording media is most effective for
decreasing the signal decay. From this point of view, an
AFC medium, which can reduce the demagnetization
field without decreasing the magnetic anisotropy energy
of the particles, has a strong potential for realizing
higher recording density.

Key words: recording media, energy barrier, magnetic
viscosity, exchange interaction, grain size distribution
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Fig. 1 Energy barrier distributions as a function of the magnetic field and the angle between the magnetic field

and the easy axis.

1648

BAGHERMSFESEE Vol 25, No. 12, 2001

NI | -El ectronic Library Service



The Magnetics Society of Japan

eb,=1—2 (cos® tsing )h + h?

+sin @ cos @ (cos @+sin ) A® )
eb,=1+2 (cosp—sind )h + h?
+sin® cos® (cosP —sin@ ) A® 8)

(), )2 =0 n2THEERE BT DAD2KEHE
2o T3S,

HRERERROBANS, 10 kOeM 514 kOeBEDR
HHBAOBENERIIE > TS, ERELORKAH,
130.5 kOeBBETHZZ NS, HBLR™EA = H,/ H,
1320.0572WWL, FNUATFTTHS. A MO1ILATTHNE, A
DIROEFEETON(7), Q)EHREFBUREREDEILA
ERBETLE%UNTHS. eb, eb,DBMAMNRESD

T, BEREA T TOMULMFORES EORNETRT. 3). (),

®&KD,  HRMEEATLEORm,IZHHMHHEn, n, il
#F2RK(9), 10)&725.
n,=n,+(n,—n,) exp [~ £ t{ltexp (F})}

lexp (Fy)] (9)

n,=1/{1+exp (F,)} (10)
ZZT, F, Fi3RA1), 12)THEXSN5.

F,=(4K, V h | kT) cos ¢ 1)

F,=(K,V/kT){1+2h (cosdp—sind )} 12)
BWARMUNIWIBE, Bibm, m, 3ESWARICHSDE
ERIHE, m,=cosd, m,=—cosp &725. BEMBNFH
{tmidXG)& b,
m=(2n,—1)cos ¢ 13)
ERINS.
2. 3 BILREHA
BAERERICET ABFIIROKRICRS. FIREL %1
ETB. M ATIEVRITF D, j30.510EWETH 41,
BAEmBNESNI EMS, TD PITHL Th,,= 0&EHL
T35, RO, A1), 12)& D, KHLTn,H%05L 78 5H?
hehdR(14) E72 5.
hs;,={0.5/(cos ¢+sin ¢ )}
«{1- (kT /K,V)In(£,t/0.693)} (14)
Bl ek O BARMIZ n,280.5 &£ 72 D358, h 38D ERS.
K, VIKkTE RDSFEITNE WIRE, oMUTEVWAETHn, =

0L RBsEAa<k0, ROUOZFETHHLENHS (Hid) .

@ DINE NRITFREE D D EAEEITHIE S ERERT
B RENT &N S, BIES EMEICENTNS, —4,
BFSEBRIVBDD L, dD/NSVRITFORIEE(LR
IREWV. {¥oT, EMiEEE2DT ¥ AEETIE, Bt
BEHSEOEIEDLBD I EITh5s. ReMEREOB AN
5, 2D 7 > ¥ LAMERICHNTRAEGOHE NS TH0D
N—ROTHB. TRINF—NU VIZERCER2=H/H,
TRE->TWS. AUKRATHRLZBE, HDO/NE W
EFREITEBERAVETL, CORBERIRETH
5.

RHEMANRFRIEmE AE ICBL TH2ITNIE, B
FRMEEREREDHNEVSH TR DO FERL <m>

BEIGHABSSLEE Vol 25, No. 12, 2001

HRES. ZOROTA F—II—TERRICHETNIER

BREHIRES. ROEEBEBFRKS DORXIIBertram 5 D
BEDOK? LHBOKA)TH S,
H,(£) = 0.555H, [L—{ (kT K,V
‘In(££/0.693)}°%] (15)
Bertram 55 OR & HOMOFREK EREMICEKET 51H
DEEMNRL D DT, TRIVF—/NY) TiZVictoraifIBIEK
ERAWED, BHEGTERERZEZRAWMOERVNERDNS.

3. BRNFROBRESE

3.1 NEDM

FETRE, SRTFORMRELERFERRIIFRCT, &
{LAESEHIIBEMNIZE D, RENORILE 53 —k/a2D
I NEET, RESH R FRICKREEERND S
ZRTFRBEBOBFES THRKEZMOEDS.

*t ¥ EH 2 H B W IXRosin — Rammlar 73 7 % A8
CoCrPtTaR it S DRIENHER T LHMEIN TS |
L,L, RA6)THEINBDH Y A HEEDCoCrPtB
FEORENMERSKERTH I EMS, FHEMTIED?
HO AR ESMBAKEHERAL L.

P,=D2exp{—05(D,~D)? /3 ?} (16)
Z T, DI3KIE, DIBSERE. ZRPMOLNDER
T, TR R E B E S DA HE T, REIH
sd (EWERZEZFHRETH o /ol) ZERL = BEITRn
WTH, B/NIBRIHBIZ0 %BETH 7. £IT, &fF
W TIXEIT30 R B BOBEITDOWTHEL .

TS ETRUELNRFHEILT 2013, Bk o A
ENONRSR e FIRRE DRI T TH 2. B 21X, BRa,
PRGERY, BREWAE o, RRRFEERKFOEKT
H5. BALTLZSETSITIE, BRI & REED
B ZETIRTERINL, BEEIHIRT &N
B OE WK TIILRFIIN T 5 LB ERD THIFITR.
Z T, WTFOFEIZK 0 BFENIFE & F12 5 QR Ry
MZETAHNTRABAERD . BAEMBEREZ £,
BEFMZ: T3, Btm, »SBIbm, ~NOERFRRH
T OBEBEVRITH0.01 ¢, K 0EMTNE, ThETO
BHEEOR T IRAEEREBIEN. HNEDVRILT, &
MR O ELSRLBDIE, ¢=0 ORIFTHD. BN
Mz, DEBEVRIFH1000 ¢, & 0 EFHE, EhEl LD
BRI DR T RALIIRFRIAICEL Uiz, RIEDVFEL
T, BHBHNBEDELREDII o=n/4 DRFTH5.
BT &M BRSO TH 5 ERERMRLTIC

 MbBEnic, BE - BEBNBEES, 5, OB

DAL, SRESHOFMNS, BILIRRMNICELT
LR/NRE D, EBRARE D, X717, (18)TKD,
D, 5 D, DREIDKIEE245 8L 7.
Von=7 D, 26/4=[kTI{K,eb, (h, $=0)}]
* In(0.01£¢,,) a7

1649

NI | -El ectronic Library Service



The Magnetics Society of Japan

20 f

ol 7
10 [ )/ -Dnu'n

0 1 2 3 4 5
Applied field —H,, (kOe)

Min, max grain diameter (nm)

(9]

T T
E: }
-

[ 4
[ ]
¢

and maximum grain

Fig. 2 Minimum
daimeter dependence of the applied field.
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Fig. 3 Magnetization decay curves under each
applied field.
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Fig. 4 Magnetic viscosity coefficient as a function
of the applied field.
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Fig. 5 Activation diameter D, as a function of
the applied field.
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Fig. 6 Probability of a higher energy state m ; for
particls of each grain diameter at each time under
H,, = -600 Oe.
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Fig. 7 Ln S vs. applied field. In regions I and IV,
In S is linear for the applied field. On the other hand,
in regions I and II, it is nonlinear for the applied
field.

DR THS. EHSOFHEL BB E S EREICIT
MBI O2RDFEESOR(@2)TRENS.

m=m,*—S, Int—8,In2¢ (23)
ZCT, m3RMIICRT2RMEZ2RT. LicMOBIL
FERITSHIE, FIoMORLRFEHRIZSN A % E%k
T5. REI)DHMTHMERIILS, /SR ENE, eIt
MHEEFELD. SIINELTHFOTRWIENS, [h
DT b R R O A WAL IR BRI 3 B R D 2k D IR
WRETD. BT OREEIL7.58) 59608 & %<,
S ISVNE WREDHBEMDF o= S, RALRED
RiIZ—RICEASI N TWBR ()& L.

m=m,—SInt (24)
FHE U 2Bt mD B ML & K@) 5 m, & SE ALK
EREF OB E U TERBIE, 8485 Fic kL 2RI
NERHFS.
3.4 HSREREK

XY, BMIHHERESITOWTORHE - TR %R~

5. BELESTOMIKEFEKOMKIn SEMBHA
LB, [ ICMLTFOy b9 B E, Fig. TIRRTADDORAE
BiZairsnk., B5, In SHY| A, |1Tx U TR
B, MERBEKRIT, VTH5. ER 113, fIE0LS
IZIRIRLF DR T DR FRIKBREEERADNEGEL TWS.
BSHHEREARK E BB HRI T, B mDBIEASEN
SAIKEDLS. > T, BIbmOBMELORT TR
RAVENSAIELTS. 2o EnS, EEIOBILS
RIS RERICE > TEILT 5. BL, ERITH,
BESEFICHETARTIIAEL, Bbmb/hE Nz &n
5, KBBRAZOHDII/NAE N, #oT, BRRICHERT
RFRIZCMMEEER OREIZ/NE .

1652

BRI OX BRI SR I S 3SR | A, | IR L
THRETHDZ L5, REHDEIITRENS.

InS=alh,|+b (25)
BRI ENOEROWAE |d | EEHTS. SELELT
DEEIZH LT, ] OMBRESREREIER(26)TE
ENBENGho .

In S=al h,l+b—c(ld| —I|h,, | ) (26)
ZZT, $h¥a b o dNEHREHTREZRTHS. HBE
a, b, ¢, d DRERIEEELEZHSMITTBDIC, M, H,
A* D, DRILB2T:4:0D2DT > ¥ ©MEEDORACHEE % 2
Bl A*%20, 0.05, 0.1 nerg/em, D, %8, 9, 10 nm,
BEZ15 nm& L, M, H, D, DHARDEELTZSC
L&D, KV, JkT 2430 5990RETER -, BEIT
256 C—E& L. WR255H8, SBRAICH L THRI7.58
NE5960ETDBRHT, MibmEFEL, R(25). (26)
DERBZERD. BFERBUTOEY TH 5. HFiKa,
b di3&4R(27), (28), 29)TREIh 3.

a={1+1.65x 10" (A*T /| K,V,,)*}

*{12.7-20 exp (—0.024 K.V, / kT)} @7
b={1+0.6x 10" (A*kT / K,V,)? }

- {—10.7+10 exp (—0.01K,V, / kT)} (28)
d={1+6x 10" A*?}

* {~0.028+0.1 exp (—0.003K,V,, /kT)} (29)

CZZT, Afderg/lcmBAI TR LU= RETH 5. R FRHIZTHR
HEERNZNEE DR I34 x103, KIFRRMEEER
2B BHEDORECII8x10°TH 5. RQRYL Y, K,V, / kT
NS <, REBNKE VAT, Bibmb 5Bftm,
DOBREHEVBEHENOMAT BKRELILD T EMNH
n5.

BLEEXD, RBESH30 $DD2HI X437, 2D ¥ A
BRI B T, TICRT2REBHREROBETK
M ERAKEENRE S &iITn D, BADRES
B - WES A T OB BT > TN, &L
TOXDIZRD. RBEFBD/NE WIHETIZ, BRATHR
BOTERTB/NEIBRTORKFRICEDDE NV
WZEMS, BREABIMEREIINT L, BRABMmIC
DSTHESELZ I BHTNEL Y, BEREEEITA
E<RBD. ®o T, BRITHT 5 BRI MEREDOR)E a
BRESRS. BRABKETREACESECHHNHZ &
N5, RENOFEKaAIAREL RSB, a b dTHTEHE
Ao DRKEERDBIZIL, 2DTF > ¥ Lilh RO E
ENEELTS.

H(@5)&k 0, R ORI RIS SRS D+ 5K B
BMEBOTNS. ®2T, HMBEFAZNELTHIT, 55
BIMICRIEBBIIREINB Z &3, T &,
IRNF=NIYRRNOOHERZS>THD, BES XD
MBFAIRNF—NY Y OEKBERTH IR QDI
BoTNBDHTHS. RTFHIRBRHEEEBNEGRT 5H
B 1 ORSHSMERET, A DIKROES b - 7= {5 5B
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EBoTVA. 5T, MMAES FREZHET 510,
MAEERT 2 2 ENBOENTH S ENPNS.

RALRE DR (24) D m,, B BRI 1EDIT R B B L mic B
TAMEIOI. BRI THRIES FORBESIT BT
Ems, B, 1OmORbRLTHL. KEEICE
3 mOELERRIZRE0)—(35) THEA SN,

m=A*B-C (30)
A=1/{1+(K, V, | kT) %} (31)
B=1-0.365 exp (—3 h,,,,) (32)
C=(64.9—-23.9exp { (| Ay, | / h,5)"}]

/ [40+ exp {(1 A, | /h.5)"}] (33)
n=2tanh? (K, V, /45kT) (34)

h,5=0.555(1—0.5 h,,,)
*—{ kT /13K,V,,)In(72£)°] (35

ZZT, b, ERQRNTEASNIEHTRBAER, A,
BRI ORARBAN ZERT. RE@H)F DK, V, DRIDHR
1 3I3REI 0% DHREE®RT S. NEHDAITHRE
S5 EICL2BARCOBNEERT. NGBV BITHHELE
ARRAICL2ZRBBLOMKERL, 2DT V¥ LBEEK
SWHIFR AW EEEROT >3 > TINEHYA D+ —)b—
TEBERLERTHS. R(33)D OIHRFARLIREN 5 BIkF
CAEDHRAEL, TORRITIDMERLIEFOA S +—
W—T%%7. REYODREAIHES FICXBAT Y —)
—THRANDEBEANERT. 0%RENM, D2HU R
RIED, 2DT ¥ LEGOBRE, MR, BR R
ELENSR@5)—B5)EEHEL, TOMERQCHITRAT
U, R ICRITABUEmDENKRES.
3.5 ISHE{Lésf

Lauhoff5 IZ & 59 SRCHtE DIE LR VOB F
HERT—F EEBITERORBRERISRT. BEEEE

p—
[}

1
= Tnm

[{oe

FlAA S =121nm *
Oom S =17nm

—
(=)
|

Activation volume V, 1o® nm®)

-1.5 -1 -0.5 0
Applied field H,, (kOe)

Fig. 8 Activation volume V, vs. applied field for
media thickness & of 7, 12, 17 nm, respectively.
Closed and open marks show experimental ®and
calculated data, respectively.
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M,=430 emu /cm®, A*=0.05 nerg/cm, H,=8kOelk
L7, HOESHRAIEMEEBRT 5RBREABINS
#ELZ. BELT nmDBIEMD,, = 12.5 nm & FEIFRiEE
L. RIESBOBEMIT0% LD KEND, TITR
30% W DRERT)— (35) & AN TIEMILERE VORAKE
HEEHE LR, X#R6) DBE 0=7, 12, 17 nmDERKE
BLAHEMEREFig. 8ITRT. BET7 am® VAMEML 1A
DO RIIERMEITIE X T200 OcBEBEAMCT 7 F
LTHD, BEI2 nm® VA8 L D 2 REFITHEREIC
HART200 OeBEBHEAMIC 7 R LTWER, SEER
EEBEROSEFERIZI—HL TS, VAUEMLEDS
BADOERMEICH L £200 OcBEZNEL 2013, FERE
KEDRBERIHIEONH D EHEINDZ &, BTFHEIR
BHEEAEROFAEREESNFEELTWSEEbh 3.
k&0, MmFREe4)—(35)id2DT ¥ LiEE ORI IREE
EHEBEMR<KELTVWBEERS.
3.6 BERE4OBREARE N
BREREH ORI ERHEHEEO/MIC kT 1K,V OIS
EENTWBIENS, BRBARKNORREN SBREEY
EBKVIKTEEHT20N—ROTHS. £, BAHHE
BMAHEZ2SORBRBAORNEANT, HEZRDBIED
RAHSNTWS., BERBRHORIEBBHBRINTNSZ
Ems? . D0 RTIRARKBHIORICLD, H,
KVIKTRRIE->EELTHEENS.
RESHANENFEOKRBREAIIMMED X 512X (15)
THEAOLNBDT, I TREESMN SR TFHZREEE
ADH3ERTFROBERBAORERT. KFHRMRE
BERADRWD2H Y ARIES M, RESBsd IREREZ
EYRIBTH > 2{E) 00530 %DEFRLKRBRES
H (¢t YW3IRA5) DR FHRVE RSB THR VB ERX
7=X@6) &7z > T,
H(t)=0.555H, [1—{(kT! K,V.;)
‘In (£ ¢t /0.693)}**] (36)
Ver= V., (1t5d) (37
ZIZT, VIEHNTHEERT. AUHESIBTSY, D?
HI AR HIZHRTHEERD M ITREDOKZ WRICH
MIEMN>TWS, DEHIARH LT, MHERSMIT
EPRTFERV,BRESRBTENS, EBLEHREK
KV, kT3KREL 25, RENHI0% DT —RIZDNT,
BREBREA N T AR TFHKREEEROEEEHALL
R, X(36)D0.555%0.555 (1—0.5 h,, )IKEZBRA K
&35 TW/=. Bertram S5 IIKXHBRHEEERDEREZR(19)
L, BRSHBEERLERLUERZRRNONEREL
TW3" . Bertram®RTid, FK#HD0.555(1—0.5 A,,,,)
IZHY T 52130474 L IERITNIRETH 5. HESAE
EERGEEM, | HAH005E KEREEEZROZ> TS
Z&, ARV TRBBIHEERAEZZERLTVWERNIED
BOWHPRBRBEHOROERENEL>TWVS.
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FEAMICEBET 7 ZF ) 7 2L THBER
LITHRUBEITI, BICESEOEANI I RAMED
EU%. BEWMAHBIRP, %D A4 LEHD
Py=Z exp[—05{(Sp—nm)/c}'®], n=—1, 0, 1.
ELL. ICZT, oRBBSMHAHAERERT. KV, SOE

Bkt o20.3505 m/30&EHE, VSMAIESEIC

YT 5EHTIE, (36)DIR%0.555%0.555{1+0.16 (T
13 —o PIHCBEERALANZRBREAL-oTHD, 3t
BEFMIEOREKIZ283TH o 2. 2B, REEHEMLEL3-
1.5& 72208 A 0ldn/6—09 radiBETH 5.
3.7 AFCIREDRBRES
HORuZEN U TR Z =B U, L TR FRIC RS
HHHEERZ D, TRRETFRACOBRR 2 110588
PIRICHIE U 7RI F R ISAFCHEE (5 B WIZSFM) &M
T3 19 T 2Tk, AFCEREORIREHOR %
KDB., L TFHFORELESEIXRAL T, BMEARNICHS
9%, LBRTFEIDORET, TRATZ2bOEESTRT L,
AFCHIF DI RN F—BIR (38 TEREINS.
E =K, V,sin®(¢— 0,)—HM, V,cos 8,
+tK, V,sin* (¢~ 6,)~HM, V,cos 6,
+ Jor Spcos (6,— 6,) (38)
CCT, J 3 E PR FHIOTHBRMEEER & HRSAHEER

DMZERPHZB/BEEALRINF—TRLEZDBOTHY,

SR FROMM T ZEHMETRTS. LBRFOZITS
KRR H,,,, TRRTF ORI 2EZHZHBRH, 3R
(39), 40)TH 3.
Hy =dy! (M, d,) (39)
H,y =doy | (M, 04) (40)
R(39), 4O TR EBRIFOZ I 2B RSHEEARRET
BRFOZT2BHRIHEEARAIIFCTH S EELL
2. JOERMHN—T7E—RRES 7 MR SRDSH
THEYD, HBL0.05erg/em?BETH B . VSMETHHAR
BAOZBETIHEITRBRELEASLH> TS, TE
RFORFEIINFE—K, VI3/NE L, KEIRBER ZENM
LTWaIENS, TRRFREREIZRILFE—REMD,,
ZHD, ERRTFRAVBESEOREEZT5. LBD
REA TR TTRBRTOZIT 2 EDTHRBERIT NI VWD
N—RTHBIENS, EBRNTFRIEAREL TS TR
THRCOBREIZEZ 5T, LBRTRLE TR FRIL
BETRETHS. BANMEOBRBRLREBIZEHFT S
RefIAYT AL T OB RMILL L0 BE, TR FRILIZE
MRBRICLY, EBRTFRULE RETREBICAZS. R
BODEWNRLAINF — LR LRNF -5 TR F—
NUYZERD, TRAEFRCSHRREE LT, HEHE
ERUFIETHREIMDOD HDAFCHTFRDORBREN %
BUERHE L. TORRIBRG)DHEVKCEENDH,
ERUADDENH, L BERA, FHRTHERY, 2 LB
BRIFHERY,, LT hERNWI ENSho k.
Hien ={1 tJ g I (K, 0,)} H, 41)
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Jur I (K, 0 )IEX0.03BETHD T EMS, AFCEAED
IR EMEEIS X BEMMTIIBE RN, EEO
K, V., kT EH5EULHERL T, MO = M,0,—
M, 0,2hE<THIE, REBAHZNS HES. o
SR B DR EE DR (25), (26) THEAHNB T &M
5, RBAZ/NE < HEDAFCHEAIITHMIE S ERMEICE
NBTENDM5.

4. £ & ¥

BEOBWERRATOIRIF—NY VTR E2EH
U, MKFEEER S EEHREMTICROFZI L S1CL
o EMEREEHEIRINF-NUTHEZAN, IA5—
HEAETRBEER LRENI TR OH S BRI T RiCERE
BORIBRELZRBEHEL, TOREREZBEL TLHTFE
BRSO ETHREHBNCMOBRA B L DI L. AR
TRRELESRLAROBFEELIIREINTHEER
BRERS—HLL. BRATEZ2HIMMEREIET -
EMCAREARIE, BERENT ERMEBERIGR FO3%E
THIRETHD. HESMED, RTHRBRHEEERED,
FCE, AFCHMEDSERBRBHDORERD-.

RRBLORMAEZ /NS THIEN, TR LA
BRIDBELEDRAFETHS. MTORIRFHEIRI
FoEMETHEBERRLORBRZ/NE < K
LAHEMN D DAFCHABIIEVWRF > v I E2HFELTY
5.

M EHCHAROERT—F & TREFEWZEATEX
F HAREMER, G.Lauhoff LT LET.
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