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We investigated the lattice strain in epitaxially
grown [001]-oriented Co/Pd superlattices on MgO
(001) single-crystal substrates, using high-resolution
transmission electron microscopy. We observed the
elastic deformation of the lattice arrangement from
cubic to tetragonal, due to lateral coherency strain, and
an intermixed Co-Pd layer with a thickness of 0.5 nm.
The tetragonal deformation in the Co—Pd intermixed
layer caused by stretching strain from the Pd layer
induces high negative magneto-elastic energy via posi-
tive magnetostriction, resulting in a high negative con-
tribution to perpendicular magnetic anisotropy
energy. In a Co layer less than 0.5 nm thick, the per-
pendicular anisotropy is enhanced by the relaxation of
the lattice strain resulting from the selection of a sinu-
soidal composition distribution in the modulated direc-
tion. We found that post-deposition annealing of [001]-
oriented Co/Pd superlattices can improve the perpen-
dicular magnetic anisotropy through the effect of inter-
facial mixing, which can relax the coherency strain.

Key words: Co/Pd mutilayer, lattice strain, magneto-
elastic energy, transmission electron microscopy
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Transmission Electron Microscopy Analysis of Lattice Strain in Co/Pd Multilayers
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(b)

Fig. 1 Plan-view TEM images and electron
diffraction patterns of (a) a Co/Pd disk and (b) a
CoBO/PdBO disk.

(b)

(a)
Fig.2 MFM images of magnetic domains

written on (a) a Co/Pd disk and (b) a CoBO/
PdBO disk.

1 um

7, CoBO/PABO 7 « 2 7 T (3 ERCIA) I 0[Ol L 53 7 %
AT, INOHDEERD S, Co/Pd i B, O TEABRINT
5 EICE T, BENTOAERE#EENSZ DD,
fEEhLFORCHIDMERCE & 15 2 7o, BEBSESHO
DESHIX G IC 5 A 2B EINS.

Fig. 2 i3, Vv 7~y FERAVTEHELLHBX O MFM
%%, (a) Co/Pd ¥+ 27 & (b) CoBO/PdBO ¥+ 27 T
W8 LT/RY. Co/Pd 71 27 Tlt, BMXOEBEROT

181

NI | -El ectronic Library Service



The Magnetics Society of Japan
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Fig. 3 Co thickness (/) dependency of the
product KS$°t on [001] and [111]-oriented Co/Pd
superlattices, in which K is the perpendicular
anisotropy energy per unit volume of Co.

S>WT, HRTEM i & D @ %17 - fo. 1 FROFHES AR
AT oIz, Fxid Co/Pd ALIEFHEAE MgO(001),
MgO(111) BUEREMR bict €9 + v v VRS &1 [#E
B AL LR 2R, HBRET L7

Fig. 3 i, MgO(001), (111) BifEREEMR bicfFR Lo x
E'4 % vl Co/Pd D Kot % Co BIE (1) lcxt LT
oy b UckER%, [001]ECEIAE S (111 ACHIAR CHUER L
TiRY. 22T, MgOEWRE Co/Pd AT FIRO = &
5% b B % 13 [001]mgo / / [001]cospa, [1113vgo / /
[111]copa T - 72, [111]EEEE L, 1.8 nm LT D CoEE
o L CEERESE A A RT Oxt L, [001] AR A
EEWMSESIEAETT CoBER, 04 nmETIEON 5.

COEEMIES T XA VF - DEVOFRKEZIHS I
4 320, BRHRSERRK K=K+ 2K, 2 5,
KCA2REREAM T 2 VF— (K) LHEBEEAET 2V
F— (K,) IcH8 L. #O§ERE% Table 1 1IKRY. 2IT
K, id, KA R VF— (—2zM2), R E M x v
F— Kerys), BESBEME T 3V F — (—2/320) DEHRP O
a3, Tablel » 5, [001]ECEBEICH T 2ENES M
3, BABAOK, &, [1TEELD /NS0 K IE
KLTWaonbhrbd, Fig 3B 2FEETNEEHRE
LT, 05 nmPl T Co@Eickt LT, [111]ACRIRD
K.t 3D 2015t L, [001]BEED Ko i33RL T
WBDOMEHEINS. FEREOTERL, Broeder 5iICL - T

Table 1 Interface anisotropy energy (K and volume contribution (Kv) of

[001] and [111] superlattices.

K, is composed of the demagnetization

energy (—2zM?), magneto-crystalline anisotropy (Kerys), and magneto-elastic

energy (—2/320).

Orientation K (erg/cm?) K, (erg/cm® = (—2aM&) + (Koys—2/320)
[001] 0.35 —17.6%x108 —13.0x108 —4.6X%x10°
[111] 1.1 — 5.4Xx108 —13.0x10° +7.6x108
(200) —

. . ——Tg
(200) — m: : e Pd (200)—=® £
T c &
©02) o @ Co |(C02)—@ &
| o = «
o LI B~ Pd m |5
: Co .. : % C ..: %
e = |2 ° « |8
°s [N = 8 Pd we [N
me | 3 Ny
EE i Co -
we Pd 5

015 617 018 021
(002), (200) spacings

(a) Sample A

0.15 517 018 021
(002), (200) spacings

(b) Sample B

X : [100]

Fig. 4 Cross-sectional high-resolution TEM images and plots of d-spacing of (200) and (002) planes
obtained from an HRTEM image vs. Z-position along the modulation direction of (a) Sample A and (b)

Sample B. Samples A and B are shown in Fig. 3.
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bEEINTWBEY, FLlE, 05nm LITFO Co BETH
EXNE 001 BEED Kt DEKIcEBL, FOAH=
XLz OMICT B0, Fig. 3 #1IT/Rd Sample A (¢
=1nm) & Sample B (¢=0.33 nm) OWiHEEE % HRTEM
KR L 72,

Fig. 4(a) (&, Sample A (t=1 nm) OWiHE HRTEM /&
L, W&F 7Y v ORI SEHRIL 72 (200) & (002) O IR
Fz Z#ym (BEEEARED OBl 7oy b Lk
fER%ER7. HRTEM #£13, MgO BERER D [010]
S A G 51T - /2. HRTEM&H 5, Co & Pd ®
(200) HIBENTHBTES L TWIDLEHEINE, T
T, Co BB TEHOKRKE WV PdEH» S5BINHESZIT T
W3, COBRTESIEICE - TBBRERAEC L, (002)
iz Co BTMHU, PABTRFAT, BRBTEARILLT
WEDHEHEENS. Co/Pd REICAEET &, (002) M
fEIfE L 0.5 nm IGIc b7 » TR HICE/LL TV B, Fig.
513, AEICB T 3RFEINOERXN %, (a) 25 v 7EF
& (b) REHLECE 7V CHE L ORY. BRI -
TERAT(002) & (200) DEEFEOLE, ®7 v v HTHR
EINA2MHEEOE.R S > TWVWBDT, Co/Pd REIC
B3 (002) @EIFROBECHLE(Z, Fig 5(b) IRT &£
SRRHEEBOFEEETRELTWA, Co/Pd RHICE
2 REELEOEFEEIZ, Kim Stk - TdHEINRT
W39 Co-Pd &%id, 107 BOKEIHBEBEER 1) 2FH
TEILEBHMOSNTED, ZOFER, {001} HRICi3E
DfF (Co #BKAH 40% LI Eo & %), {111} HRICIED
BA L1919 LihisT, Co-Pd RHSLE T, GN
D [100] ARIDOFIEEIETT (0> 0) itk - T, IEOMETEE 0
>0) Db &ET, ERTADOWSHEM T X LF— (—2/310)
EZHELS. 0O (—2/3%0) DEOHEL, [001]REED
FEERIEAE A NVF-—AEFTIHETVWEEEI LN
5. CoBDRBHAERM I A VF — Koy B fccD &
W10 erg/cmP A — ¥ —DEAHFE T B L4 EET S
E17) Table 1 HUZR L7 (Kerys—2/340) Offild, Fick
S T XL+ —IH (2/340) 1)@ T B VR B,

Fig. 4(b) i3, Sample B (t=0.33 nm) O Wi HRTEM /&
&, (200) & (002) OmERERE % Z 41 (EEEAE) ot
LT7woy b LEEREZRT. Co & Pd®(200) iH i,
Sample A E[EHREICHIN TR FEAE L TV ADMEHEIN
575, BB X 3 (002) HioZE{ki3, Sample A £
b H/NE WV, Sample BOCo® L UPABE I3,
Fig. 4(b) » 5 RiE b S - REIEHUBE (05 nm) £ v &
INEWT EAEET B L, Sample B id, Co-Pd &4 0Dil
WPEPPIER L EEEEAE L TVWAEELI SN
b, COLDNRHETIE, HWTEAIEHNBEFLLFED SN
B1wic, (—2/3A0) WEERKESF L AV F— 152
BHOMBREBIL, DR, Fig 2 hITRd Kot o
Kb o N5,
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(a) Step model (b) Mixing model

Fig. 5 Schematic drawings of lattice ar-
rangements in (a) the step model and (b) the
intermixing model.
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Annealing temperature(°C)

Fig. 6 Comparison of annealing temperature de-
pendency of the perpendicular magnetic anisotro-
py energy K, in the [001]-oriented film (Sample
A) and the[111]-oriented film (Sample C). Samples
A and C are shown in Fig. 3.

NS DTRER K 0, Fxld, [001] ECHIEDEER
K[EFMER L3 HEE LT, BMUEOEMEE B L
DKIEE-T DL, BWIEIC X - T, Co/Pd REC
B2 REILE TS 3 2 & THRFESISISER
n, ZOFER, (—2/3%0) DEDHREMSED L, BEMKE
FHET 2 VF—0stKT 5 2 LA N .

Fig. 6 i3, BEMKEAM T % VF— (K,) OEWIER
& 77 ¥ %, [001)HLZ [ & (Sample A) & [111]FE &) &
(Sample C) THE L T/RY. T I, Sample A BLU
Sample C @ Co & (t) i 1 nm ¢, Fig. 3 fucRmI A
Sample A 38 & UF Sample C L [El—DfEHR TH 2. T/,
Fig. 6 hicid, SBVLEER ICE I 3RLHEIEA SO
TWa., B, BEZEF v v /38— (1073 Pa) T 1 B
-t BMUIEFIOIREETIE, [111]EE L 72 Sample C

183

NI | -El ectronic Library Service



The Magnetics Society of Japan

IBIEEDEA o Dickt L, [001]HA L7 Sample A 38
DiEx b b, BHEREAEERT. BLEICX-T,
Sample C TlE, 300°C & T K, B5—EILRch, T ORE
BLEE» 20X L, Sample A D K, i3, 150°CRIETE
B LAY, 340°CLIETRIEDOEER L EERIEA L%
BBICES,

HWEOR DR L LT, Co-PdAE£BANTO Pd D4y
BRI b0 RSB o N5, OO
BEK WEZ 2BEBIPETRELATHS. Sample A (3,
ELIERT I3 580 emu/cm® O FAFIHALER L TV % 05,
350°C DEMLERIC & - T, BifbDs 640 emu/cm®  THEAKR
45, ChICXD KR 2 vF—1F, —05X10°erg/
cm® 223 HEL, K, 450 388252 %, L»L, O
hER 3, BMEICL->TEONS K, DERE (+6X
10%erg/cm® @ 1/10 FBEDORE LT ELV. INHD
EEAMALTEZ B E, Co/Pd ALK FEOEEBRT
BAHEIOH L TR OBEENDO S 3ERIIZ, Co-Pd REEE
Bl aUSEEMRTHZ I LBERINE. 0E
T, AaBsREAEEREE L2 - VvOREEA M XV
F-OREEMGSEAEOFERTH L EELONTEL
e, RELEC & - TEERMKEAESERY 245
213, o OANABBRZED.

5% TOHRIT, WREMET %V F— (—2/310) OFEX
g EEIcE S LT W as, [001] ERRESBVLERIC &L -
TEERIEAEEEBICE > LKEHIC2VLTIE, HHs
hTuigy, FEIREEFELT, fMBESORXTH,
Co fHm%AS 40% LIT TR, BMEEHK Q) PADEEZ ST
LARENA TV A0 [001] LR cEERMSES WL
B 2 BWEEE T3, Co & Pd OMEILHMBEL <,
Pd-rich R ZRICHERERA L Twa EEL 5N 5.
Z DR, Co-Pd REAELBD (—2/320) 13, ADWETE
HA<0Dbi:T, FOER2EDLDIICNEE. b,
(001] R EMEIc B 2 EERTIEAEOERTRE VD
L, BAFEATHS,

B, 74 A7 EREICERL K ERR Co/Pd #
FA4TORFMEAMEREST B HECOVTEET 5.
[001] & [111]ACAIFEIRO EEMRE AT X V¥ —DFE
A 210, BEOREILHAERET S L5, KRR
BN LK E D ERMASETH L EEL SN 5.
Fig. 6 /5, BWIRIC XL > T K, BWELLIED 2RES,
[001]FEpE & (111]ELAE TR D, 150~300°CTI3,
[111]EASEIR D K, 2 —ER - 72 % %, [001] AlEIFREK
DK, BRI H LI EMARETH B, 5, Co, Pd D%
RBECHWEEE A FEbd 5 C Lic kD, HHES R
XpstElE e # 7 1 TEERITE 3 LB HIRFE LS.

4. ¥ & &
Co/Pd ATAEFROFEMKR G 3 L+ — (Ku) I
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WL THROEENDH S ERIE, Co-Pd RHISELBETHAE
4 RS T X V¥ — (—2/310) TH 5. [111] AR
L 001 EEEOBREMARA A F VF—DEVE, £
CREEHOFSIERT 5. [001]RHECHEANESH
i, FOMEEHA>0) Db ET, KTEAILT GIRIE
H: 6>0) KX FEEI N (—2/300) DEDOFHRICER
T560THD. BUEICL-T, RELHEEESH,
BTEAIGHEENIE 5 2 &Itk b, [001]EHEED K,
AL, BERIKEAMSEONS XSS, WA
Co/Pd # F 4 TIRBWT, BEAUESBERET S0
(3, BVOIEIC X - T [001]EEEIGRISO K, 2RSS E 5T
LEFITHEEEZON A,

H B TEMEBEEOKLDOY V7)) v 7 i2FEm->Tw
EREWERRRFEA, EEEETIABERHWALE
7.
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