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L1y-type FePd single crystals with a high order degree were prepared by ordering under compressive stress.
Experimental and theoretical investigations on the relation among the axial dagtectron number and
magnetocrystalline anisotropy ener@yAE) in L1,-type FePd single crystals have been carried out. In the
concentration dependence of the lattice constantsa thas exhibits a strong dependence, compared with that
of the c axis. As a result, the ratio af/a decreases with increasing Pd concentration. The uniaxial magneto-
crystalline anisotropy constak, at the equiatomic composition is evaluated to bex1D’ erg/cn? at 4.2 K
and 1.7x 107 erg/cn? at 300 K. The MAE becomes weaker as the ratie/f is apart from unity at higher Pd
compositions. The calculated results by the first principles calculations with the LMTO-ASA including the
spin-orbit coupling for the MAE of 1,-type Fe Pd;g are in accord with the present experimental results. The
increase in thel electron number due to the increase of the Pd concentration facilitates the decrease of the
MAE, cooperating with the decrease in the axial ratie.
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[. INTRODUCTION tization measurements for quasisingle crystal FePd alloys at
4.2 K under magnetic fields up to 100 kOe and showed the
FePd alloys in the vicinity of the equiatomic composition Fe concentration dependence &, in L1,type FePd
transform from the disordered fcc phase to the ordérkd  system? However,L1,-type FePd alloys exhibit multivariant
phase with the axial ratio/a less than unity.L1,-type FePd  microstructures to cancel the tetragonal distortion energy
alloys have a large magnetocrystalline anisotropy energy duguring orderingt’~*2 Therefore, thec axis in theL1,-phase
to the tetragonal symmetry, and hence they have extensivebligns parallel to thg001) directions in the fcc phase and
been studied as one of the promising materials for ultrahiglhree kinds of variants with different orientations of the
dense magnetic storage meéid.Magnetic properties of axis are conjugated. The magnetic properties such as magne-
L1,-type FePd thin film$;# nanoparticle$;® and nanofabri- tocrystalline anisotropy are strongly affected by the micro-
cated structuréshave been investigated, and their large mag-structure of the system because thaxis is the easy axis of
netic anisotropy and high coercivity in those systems bringnagnetization. The magnetization measurements for single
about their potentiality for magnetic storages. The effectivevariant L1,-type FePd alloys were made by Yermakov and
stable reading and writing volume for magnetic storage Maykov, and the temperature and composition dependences
media at temperatur€ can be evaluated by considering the of K, were discussetf By assuming the fourth order aniso-
ratio of the thermal fluctuation to the magnetocrystalline antropy constantk,=0, the value of the second order aniso-
isotropy energyKyV/kgT, wherekg is the Boltzmann con- tropy constanK; was indirectly calculated by a Sucksmith-
stant andKy is the uniaxial magnetic anisotropy constant. Thompson(ST) method for the magnetization curves under
The volumeV can be decreased by increasing the value othe magnetic fields up to 20 kOe, although the strength of
Ky, and hence the storage density of information becomemagnetic field was not enough for saturation.
high. Thus, the precise evaluation K is essential in order In the present paper, the value Ky is directly evaluated
to develop excellent magnetic storage media. However, thfrom the difference between the magnetization energy along
lattice mismatch between FePd thin film and a substrate, ththe a andc axes in the single variartl,-type FePd alloys.
shape of FePd nanoparticles and nanofabricated structur&nce the large magnetocrystalline anisotropyLihy,-type
significantly alter their magnetic properties from those ofFePd alloys is originated from the tetragonal crystal structure
L1,-type FePd bulk alloys due to the magnetoelastic couand the spin-orbit coupling, the axial ratida, and the elec-
pling, surface and shape anisotropies. tronic state in the system dominate the magnetocrystalline
In previous studies on1y-type FePd bulk alloys, the anisotropy. When the Pd concentration is changed, it is ex-
uniaxial magnetocrystalline anisotropy constigtfor FePd  pected that the axial ratic/a is changed because the atomic
alloys has been estimated to be the order dfer@/cn?.81°  radius of the Pd atom is larger than that of Fe. In addition,
In detail, Kussmann and Miiller studied the annealed polythe d electron number can also be changed by the Pd con-
crystalline FgyPdy, alloy and estimated the room tempera- centration. Investigation on the concentration dependence of
ture value ofK to be 2.6x 10’ erg/cn? by analyzing the magnetic properties df1,-type FePd system can clarify the
magnetization curvesMiyata et al. carried out the magne- crystallographic and electronic origins of the magnetocrys-
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talline anisotropy. In the present paper, the effects of Pd con- 03%0f ' ' ' ]
centration on the axial ratio/a and the magnetocrystalline ‘E_V/ .1
anisotropy constant are discussed on the basis of the experi- T 0385} ¢ a-axis -
mental results and first principles calculations. For reliable 2
calculations, all the present calculations have been per- E 0380 - |
formed for the equiatomid.1y-type FeyPd, in the fully g
atomic ordered state. The axial ratitba and band fillingqg ©
are varied in the calculations in order to investigate the ef- g 0375y c-axis |
fects on the MAE. = o S — 2
0370 & , R
IIl. EXPERIMENTS AND CALCULATION METHOD @
FergoPd, single crystals with the Pd contert 50, 53, 0970 ST
55, and 57 at. % were grown by a floating zone method in a o
purified He atmosphere. After homogenization at 1473 K for *
24 hours in evacuated quartz tubes, the single crystals were 0.965 I
oriented by the backscattering Laue method and electron - g
backscatting pattertEBSP method. The crystals were cut ° 4 o
into a cubic shape with all the faces parallel to #8391} 0.960 - .
planes in the fcc phase. The order-disorder transformation
temperature was evaluated with the differential scanning a
calorimeter. The heat treatment for ordering was made under 0.955 . . . . .
a compressive stress of 20—25 MPa using a high temperature 48 50 52 54 56 58 60
compression testing machine, followed by a furnace (b) x (at% Pd)

cooling*15The lattice constants in thel, phase were de-
termined by x-ray diffractions for the single varidnt,-type
FePd alloys. The alloy compositions were determined b ; :
Wavelengt)tlw dispersionyx-ray pspectroscopy. The magnetiz)z-tand for the present data. The previously reported data are given
tion measurements at 4.2 K were carried out with a super;ry(|t_4\,h:f S'Zngnbc’ls o) (Ref. 9, O (Ref. 12, A (Ref. 19, and
conducting quantum interference devi@QUID) magneto- T

meter in the magnetic field up to 55 kOe. , )

The first principles calculations including the spin-orbit Show the Pd concentration dependence of the lattice con-
interaction forL1,-type FePd were performed by the linear- Stantsa and ¢, and the axial ratioc/a in the Lly-type
muffin-tin orbital (LMTO) method with the atomic sphere Feo-Pd system. For comparison, the available previous
approximation(ASA) based on the local spin density ap- data ofa, ¢, andc/a (Refs. 9, 12, 19, and JHre also shown
proximation (LSDA).1® According to the force theorem N the same f|gurgs. Thmamg elongates, Wher_eas thexis
within LSDA,-18the MAE between the two different mag- hardly changes with increasing Pd concentraionhe value
netization directions is given by the following total energy _of c/a decreases with increasing Pd concentration. Compar-

difference in the occupied eigenstate of the Kohn-Shanmind With the lattice constang, for the fcc-type FePd, the
equation, relation a>ay,>c is observed. The unit cell volume de-

creases after ordering. From the phase transformation experi-
ment, the order persists up to about 1053 kKxaB02° The
MAE = 2 &(m[n,],k) = > &i(m[n,],k), (1) L1,-phase stability at higher value af corresponds to the
Lk k decrease of/a with increasingk. The values of andc, and
wheree;(m[n],k) denotes the eigenvalues with the band in-the axial ratioc/a measured fol.1p-type Feoo-Pd, single
dex i when the local spin density of magnetizatiofin] ~ Crystals agree with those values measured for powdered and

FIG. 1. The Pd concentration dependencéapfthe lattice con-
tantsa and ¢ and (b) the axial ratioc/a. The solid square¢ll)

occ occ

directs the crystallographic orientation Iong-time annealed specimetfe! The degree of ordey; is
defined as
lll. RESULTS AND DISCUSSION 2 _ (oodl o0 experiment @
The backscattering Laue patterns gave clear spots, show- (looi/l 002 cateuation

ing that all the fcc specimens are in a single crystal State-_BWhere|001 and oy, are the integrated intensities of 001 su-
analyzing the EBSP patterns, the single crystals were cut intgg|attice and 002 fundamental diffractions. For calculations

a cubic_shape with si>_{<001} plangs._ The orientation_error iN" of the values 0f 1 001/ 1 002)calcuiation the structure factors were
the cubic shape specimens is witkih°. In thex-ray diffrac- defined as

tion patterns after ordering, only the peaks from {ig®1}

planes were observed when the scattering vector is parallel to F 001 = 2 frel fo01) — fod o)} (3)
the compressive stress during ordering, showing the clear

evidence for a single variahtly phase. Figures(d) and Xb)  for 001 diffraction and
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150 v v temperaturé® Consequently, the high degree of the long-
range order at each composition can be achieved up to the
1251 ' end of a furnace cool under a compressive stress. Consider-
ing the temperature dependence of the long-range order,
there is no significant difference between the axial ratio at
300 K and that at 4.2 K. At a constant temperatugg,is a
function of the Pd concentratiox the axial ratioc/a, and

the long-range order parametgasK,=K(x,c/a, ). Gen-

100

Magnetization (emu/g)
~J
u-

S0 x_oso [100] | erally, the value ofy is parametrized by the axial ratm'a
. [110] and the alloy compositioff:* Therefore, two adopted vari-
25 —a—1[010] | ables, the axial ratic/a and the Pd concentration suffice
. . for discussion of the MAE.
00 10 20 30 The magnetization curves for the fcc-typesfRaes, at
H,, (kOe) 4.2 K are shown in Fig. 2. The magnetic fields were applied

along the[100], [110], and[010Q] directions. No remarkable
FIG. 2. The magnetization curves at 4.2 K for fcc-type differences between the magnetization curves along the

FesoPcko. The symbolsO, A, andMl correspond to the results of the [100] and [010] directions are observed, because [he0]
[100], [110], and[010] directions, respectively. and[010] directions are crystallographically equivalent. The
magnetization curve along thd10] direction is saturated
under slightly lower field compared with the curves along the
F (002 = 2{fre( foo2) + Fed boo2)} ) [100] ang [0)1/0] directions. From the magnetization curves
for the fce-type FePdy, single crystal in Fig. 2, the magne-
for 002 diffraction. Here,f;(6y) is the atomic scattering tocrystalline anisotropy constant in the fcc-typesdPek, is
factor of the element from (hkl) plane at the angle ®,.  estimated to be the order of 16rg/cnt. On the contrary, a
The integrated intensity;, is proportional to|F,42. Here, large uniaxial magnetocrystalline anisotropy is observed in
the Lorentz polarization factor is taken into account, whereas 1,-type FegqoPd as shown in Figs. @)—3(d). The coer-
the corrections by the absorption and the temperature factotsvity is relatively low, which is also observed in the multi-
are neglected. The experimental degree of order for theariantL1,-type Fe,Pd.tt In thelL1,-type FePd system, the
L1,-type FgoPd, was evaluated to be about 0.9. The valuedensity of antiphase boundafAPB) is higher than other
of c/a=0.966 at the equiatomic compositiotr50 is the ordered binary alloys. However, the displacement of the
evidence for the high degree of the long-range atomic ordemagnetic domain wall takes place through the APB without
The rate of the ordering becomes over 10 times faster bpinning. The initial magnetization curves along thendc
applying the compressive stre€dn addition, the long-range axes are different from those for the multivariant, or quasis-
order parameter, in the L1-type binary alloys keeps fairly ingle crystalL1,-type FgoPds,1213 Carrying out the heat
high value up to the order-disorder transformationtreatment for ordering under compressive stressg ids of

150 ¢

125
100
75
50

Magnetization (emu/g)

25

FIG. 3. The magnetization curves at 4.2 K for
L1,-type FagoPd, alloys. The open triangle?)
and the solid circl¢®) stand for the values mea-
sured along thea- and c-axis directions,
respectively.
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2.5 . . . . . Ms
Ky= fo (Ha-axis_ Hc-axis)de (5)
5 207 < I where Mg is the saturation magnetization ar}, 5, and
oy N H. axis iIndicate the applied external magnetic fields along the
= a- and c-axes directions, respectively. The Pd concentration
< 15t y dependence of the value &f, is given in Fig. 4a). Figure
e 4(b) shows the saturation magnetizatibly at 4.2 K and the
anisotropy fieldH, given by H,=2K,/Mg as a function of
. . . . . Pd concentration. The value Kf, at x=50 is evaluated to be
(@ 10 2.1x 107 erg/em? (2.1x 10° J/mP) at 4.2 K. The uniaxial
magnetocrystalline anisotropy becomes weaker at higher Pd
130 — S0 concentrations. The value d¥lg monotonically decreases
145 with increasingx. The value oKy, in the present experiment
120 is given in Table |, together with the previous data for com-
5 {40 _ parison. The value oK,=2.6x10" erg/cn? at room tem-
5 Nof D & perature reported by Kusshmann and Muller may be overes-
5 135 5< timated, though the errors of £15% were taken into account.
=" 100 - o 130 o In the case of the Sucksmith-Thomps@T) method ob-
. M tained by Yermakov and Mayké¥ for the magnetization
90| s {25 curves along the axis, the value oKy, is about 6% larger
© H, than the present results, which is the limit of error for the
80 : : : : : 20 fitting as pointed out by the authors. According to the mag-
48 50 52 54 56 58 60 netic domain observation by a Bitter method 1ot,-type
(b) x (at% Pd)

FePd single crystal, most of the magnetizations in remanence
FIG. 4. The Pd concentration dependence(@fthe uniaxial &€ parallel to the axis due to the strong magnetocrystalline

. . : : 6 - i~ fiald i
magnetocrystalline constalt;, (b) the anisotropy fieldH,, and the anisotropy:® Therefore, a high magnetic field is necessary
saturation magnetizatiols, for the complete domain wall annihilation when the mag-

netic field is applied to the-axis direction. On the other

hand, the ST method is premised on the coherent magnetiza-
the magnetization easy axis selectively aligns parallel to th&ion rotation, and hence the error i, is retained when the
direction of the compressive stréSsTherefore, the high ST method is applied to the magnetization curves alongthe
magnetic field is necessary to saturate along ahexis, axis in low magnetic field$??*even if the specimens are in
whereas the magnetization along thexis is immediately the single crystal state. Figure 5 shows the vector magneti-
saturated under a low magnetic field of several hundred Oeation curves at 4.2 K fot1y-type FeoPds The notations

The uniaxial magnetocrystalline anisotropy constiigt M, and My, respectively, represent the longitudinal and

for L1ytype FggoPd, is evaluated as the difference be- transverse components of magnetization against the
tween the Helmholtz magnetic free energy alongatedc  external magnetic field direction, and théf is given by
axes. The value oK is defined by M:V'Mf+M$. The values oM, M1, andM in Fig. 5 are

TABLE I. The experimental values dfy, Mg, and Hp for L1y-type FePd alloys, together with the
previous datgRefs. 8-10, 24, and 27

at. % Pd Ky (107 erg/cn?) Mg (emu/cnd)  Hp (kOe) Remark Reference
50 2.6 1090 Polycrystal 8
(at RT)

50 2.2 1170 Single crystal, 10
(at 4.2 K ST method up to 20 kOe

50 2.1 1190 36 Single crystal, Present
(at 4.2 K) Integration up to 55 kOe results

50 1.9 1134 35.2 Single crystal, 24
(at 300 K ST method up to 30 kOe

50 1.8 1100 33 Polytwind crystal 28
(at 300 K) Kronmuller analysis

52 2.08 1048 39.7 Quasisingle crystal 9
(at 4.2 K
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1.5 T T T T «\/5 c/a
g —A—M, L1 -type Fe ,Pd,, 1356 1358 1360 1362 1364
2 —o—M, T=42K 2.5, . . . .
8
@
=
& -
= E 20}
= )
S &
S 2 15}

0.0‘_ L 1 1 1

0 10 20 30 40 50
Magnetic Field (kOe) L0 ) )
L 0.955 0.960 0.965 0.970
FIG. 5. The vector magnetization curves at 4.2 K lfdi-type c/a

FegPds alloy. The notationdV; (A) and M+ (O) are the longitu-
dinal and transverse components of magnetization against the ex- FIG. 6. The uniaxial magnetocrystalline anisotropy conskant
ternal magnetic field, respectively. The symilBldesignates the as a function of the axial ratio/a for L1y-type FegPdsg alloy.
absolute value of vector magnetization.

of the magnetic moment is evaluated to be 3ugdatom for
normalized taMls. In the magnetic field less than 30 kOe, the e larger than that of the bulk bcc Fe, indicating the en-
value of M gradually increases with the strength of appliedhancement of the magnetic moment by a strong hybridiza-
magnetic field, showing the existence of residual magneti¢gn petween Fe and Pdl bands. Since the minority spih
domain Wa”S. It Sh0u|d be noted that the I’eSidua| magneti%rbitajs Of Fe and Pd Over|ap in a Wider range of rea' Space
domain walls cause the difference in the evaluated value Oéompared with the majority spithbands, the minority spid
Ky, depending on the methods of analysis used. For exalectrons strongly hybridize. In addition, the gravity center
ample, Kronmiller's analysis was applied to the magnetizainf the minority spind bands of Fe is slightly higher than that
ton curves ofL1ytype FePds at 300 K?7 and the evalu-  of pd. As a result, the minority spihbands of Fe are mark-
ated values oKy, Mg, andH, are all different from those gy shifted abové& by the exchange splitting and the mag-
evaluated by the ST methdd. netic moment of Fe is enhanced.

In our rec_ent paper, the temperature dependence of MAE | the L1,-type FagoPd, alloys, the spin-orbit coupling
has been discusséd.The value ofKy for the L1y type s strongly correlated with the magnetocrystalline anisotropy.
FesoPdso single crystal decreases with increasing temperaThe present spin-orbit interaction parameter for Pd is about 3
ture, showing a relation df,(T)=Mg(T)*%. The power law  times larger than that of Fe in both the majority and minority
for the temperature dependencekgf agrees with the case of orbitals in the present calculation, bringing about the large
the uniaxial crystal symmetry in the Callen-Callen motel. magnetocrystalline anisotropy. Shown in Fig. 9 is the MAE
The value ofKy at 300 K evaluated from Eq5) is 1.7 of the L1,-type Fe,Pd, as a function of the axial ratio/a.

X 10" erg/cn, retaining a large value oKy up to room  The solid triangle(A) is the experimental result for=50.
temperature. The total energy surface consisting of the eigenvalues in Eq.

The uniaxial magnetocrystalline anisotropy constgt (1) depends on both the axial rata and the unit cell

as a function ot/a is plotted in Fig. 6. The bottom abscissa yolume ca? (Ref. 30. In the present calculations, the value
is the axial raticc/a in the L1, structure and the top abscissa

is the axial ratioy2c/a in the tetragonally distorted B2 rep-
resentation, whose relation is illustrated in Fig. 7. The value
of K, decreases when the axial ratida goes away from
unity. What must be noticed is that the axial ratidc/a
approaches unity with decreasing the valu&gfin consid-
eration of the B2 representation. The symmetry of the atomic
ordering in theL1, structure is still uniaxial at/a=1 be-
cause of the layered structure of Fe and Pd atoms along the
c-axis direction. Note that the decreaselkqf at higher Pd
concentrations corresponds to the reduction of the ratio of
tetragonality in the B2 representation, that is, the B2 struc-
ture with the axial ratioy2c/a=1 has a cubic symmetry.
Consequently, the magnetocrystalline anisotropy becomes
weak.

The density of stategDOS) curves calculated by the
LMTO-ASA method for the Fe and Pd inl,-type Fe Pdy, FIG. 7. The structural relation between thé, and B2 repre-
are given in Fig. 8. The majority spin Fe and Pd bands asentations. The dashed and solid lines representfgeand B2
well as the minority spin Pd bands are fulfilled. The value structures, respectively.

Pt

Fe
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50 T T T 1.0 T T T T
40 I L1,-type Fe,,Pd 7 05 ﬂ
=30 =)
2 o 0.0
g 20 - 2 H/
£ 10 £ 057 ]
= L
=
>
< L J
% 0 S -1.0
2t 15} 1
2 L1 -type FePd
7]
Qo 20 2.0 1 L 1 )
Q 15 16 17 18 19 20
30 - Bandfilling q /cell
40 -
FIG. 10. The calculated MAE as a function of the band fillong
50 ' ' : for L1y-type FeoPds, alloy.
0.8 -0.6 0.4 0.2 0.0 0.2 otype FagPdo alloy
Energy (Ry)

shift of the Fermi energ§? On the basis of a rigid band
FIG. 8. The density of states calculated by the LMTO-ASA model, the value of band filling increases with the Pd con-
method forL1,-type Fg Pdy, The solid and dotted lines stand for centration, resulting in the decrease in the MAE. For the
the results for Fe and Pd, respectively. calculation of theK, curves in Fig. 9, thel electron number
o . is fixed, and hence the MAE decreases with the ratio/af
of ca® is fixed to be the experimental value fadytype  According to the calculated results Kf, shown in Fig. 10,
FesgPd in order to separate the effect of the axial rati@  the MAE decreases with increasing tbeelectron number
on the MAE from that of the volume. The calculated valuesynder the condition of the fixed axial ratio ofa. Therefore,
of MAE for x=50 are in accord with the experimental re- the present experimental results of the MAE which decrease
sults. In the region of/a> 0.8, the value of MAE becomes ith increasing Pd concentraion can be regarded as a corpo-
smaller as the ratio af/a is apart from unity, or as2c/ais  rative phenomenon between the increase in the tetragonal
close to unity. The axial ratio dependence of MAE in the|attice distortion and thel electron number. All the above
calculations qualitatively corresponds to the experimental recglculations of the MAE were based on the fourth theorem
sults shown in Fig. 6. The MAE as a function of the bandinstead of the total energy calculations. In the previous stud-
filing g in Lly-type FePd is drawn in Fig. 10. The actual jes on the first principles calculations of MAE for the
electron number in the unit cell of thﬁlo'type FePd is 18, Llo-type FePt, COPt, and FePd a”oyS, the discrepancy be-
giving the local maximum in the MAE curve. Accordingly, tween the experimental and calculated values by the fourth
the MAE decreases with increasing the valuggofThis be-  theorend!32 is less than that with the total energy
havior would result from the decrease in anisotropy in thecalculation In concrete, the calculated value of MAE using
orbital angular momentunL for L1y-type FegoPdso " the total energy calculation with the LSDA is about 5 times
With increasing Pd concentration, tdeelectron number |arger than the experimental res#fitwhereas the calculated
as well as the axial ratio/a goes away from those in the yajue of MAE using the fourth theorem with the LSDA is
equiatomic state. The decrease of the axial ratio has a similzymy 2 times larger than the experimental resétt¥® Fur-
effect on the MAE to the increase of the band filling and thethermore, in the total energy calculations with the general-
ized gradient approximation fdarly-type Fe P, the direc-

w11 12“5:/; 14 6 tipn of easy axis beco_mes perpendicular to _thaxis?o
12 : : : : : different from the experimental result. Considering these re-
sults, the present calculations on the MAE stated above are
09t reliable, even though the fourth theorem was used.
% 0.6}
> IV. CONCLUSION
g 03}
= The relation between the axial ratio and the magnetocrys-
§ 0.0 talline anisotropy has been investigated both experimentally
03k and theoretically. Thé.15-type FePd single crystals with a
high degree of the long-range order in a single variant state
-0.6 : . . : were prepared by a heat treatment under compressive stress.
08 05 Lo L1 The lattice constant of tha axis increases with the Pd con-

c/a

centrationx, whereas that of the axis is hardly changed. As

a result, the axial ratie/a increases with the Pd concentra-
tion x. The uniaxial magnetocrystalline anisotropy constant
Ky was directly calculated from the difference between the

FIG. 9. The calculated MAE as a function of the axial ratia
for L1y-type FegPdso. The experimental result of MAE is repre-
sented by the symbah.
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Helmholtz free energy along the and c axes, which de- function of the axial ratioc/a qualitatively corresponds to
creases with increasing Regarding the axial ratio a2 c/a  the experimental results of the uniaxial magnetocrystalline
in the B2 representation the valuekf, decreases a2 c/a  anisotropy constari,. The increase in thd electron num-
becomes close to unity, that is, the nondistorted cubic Bder due to increasing Pd concentration is regarded as the
structure. The value dy at 4.2 K for the equiatomic com- decrease in the ratio af/a, resulting in the decrease Ify,.
position is evaluated to be 2x110° erg/cn¥.

The electronic structure for thely-type FegPdy, has
been evaluated from the first principles calculations with the ACKNOWLEDGMENT
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