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Magnetocrystalline and magnetoelastic basal plane anisotropies in Ho/Lu superlattices
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We report the temperature dependence of the effective magnetic anisotropy constant in the basal plane of the
hcp structurng'Eﬁ) of Ho/Lu superlattices. High-sensitivity vibration sample vector magnetometry was used
to obtain the magnetic torque curves from whlcglEff was determined. It is shown, in the framework of the
single-ion theory, the paramount role of the magnetoelastic contributimg"fg through both the magneto-
strictive and epitaxial strains. The presence of epitaxial strain gives rise to a magnetoelastic contribution that
reduces the strength &t
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Magnetic rare-earth superlatticéSL's) have attracted plane, the epitaxial growth plane, ig,=(ay,—a,)/ay,
much interest® because they provide a unique manner of=0.0204. The growing procedure of the samples can be
probing the nature of the mechanisms of interaction in localfound elsewheré.
ized magnetic moment systems. The main features of these The magnetic torque curves were performed in a “home-
artificial structures are the following: helical magnetic ordermade” vector vibrating sample magnetoméfgn which the
is found to propagate even through nonmagnetic blocks angample is rotated with respect to the applied magnetic field
different magnetic phases are identified when a comparisogng provides the longitudinall and transversa¥l, compo-
with the bulk system is made. The induced strain, in théyents of the magnetization on the rotation plane, as a func-
crystalline structure, by the mismatch b_e-t_vveen blocks of difign of the experimental rotation angée The magnetic field
ferent elements is thought to be the origin of the new mag'range is +20 kG and temperature ranges between 4.2 and
netic phases. The structural strain is coupled to the magnetsy ) Tﬁe resolution is better thanx2l0- emu and the

zation either by modifying the indirect exchange or by L 6 : o
changing the energy balance between the exchange and mak n\?\mvtlay ||s nS?tlEjrineT]uﬁ dlrt]r Fnlgv 1r als ar?] e);amn%e&bl: 'S
netoelastic contributions. The earlier mechanism accounts '© € longitudinal and transversal compone

for the suppression of the conicalaxis ferromagnetic tran- 1€ [H014/LUaslso SL at three temperatures. In such a way,
sition in Er/Y (Ref. 3 and Ho/Y# and the latter one for the Magnetic torque is determined straightly from the transversal
enhancement of the Curie temperature in Dyflwhen Dy ~ component of the magnetization.Nf andB are assumed to
lattice is compressed. Transition-metal-based thin films anéhake angleg) and ¢, respectively, with a coplanar direction
SL's shown surface and strain contributions to the bulk mag{€asy axi$ in the crystal(samplg and « is the angle that
netic anisotropy®!! Thus, it is also expected that the mag-

netic anisotropy constants would be altered in rare-earth SL

with respect to the bulk values due to the large magnetoelas 5 6
tic (ME) stress coefficients of rare earths. Moreover, because € ™
the thermal dependence of magnetic anisotropy and MEJ”
stresses in rare earths is well explained by using the single 8 55

=
—

ion theory'? the study of the temperature variation of the +

magnetic anisotropy arises as a powerful method to identify E 5.0=
the physical origin of those new contributions to the mag- ¢ 2
netic anisotropy energy in thin films and SL's. % 1}
In this Brief Report, we report on torque curves measure- T 0 -
ments performed on RE SL’s, which give account of the g .
behavior of the magnetic anisotropy on the basal p([&1® g 2
(0001 of the hcp structure, as a function of the temperature 30 K&
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and rare-eartRE) block thickness. The studied samples are
[Ho,/Luyslso (N=14,22,30,35,40,45,85wheren and 15
are the number of atomic layers of Ho and Lu, respectively,
and 50 is the number of repetitions of the biblock. Both  FIG. 1. (a) Longitudinal and(b) transversalproportional to the
crystallize in an hexagonal unit cell with space grddg,  magnetic torquecomponents of magnetization with respect to the
and the lattice parameters aag,=3.578 A, ¢,,=5.618 A,  applied magnetic field20 kO8 on the rotation plané0001) for a
a,,=3.505 A, andc,,=5.549 A. The mismatch in the basal- [Hoy./Lu;s]so superlattice.
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makesM with B, then, at equilibrium, the torque balance per 6 _kbMC 6.ME] a1l A

unit volume of the crysta{neglecting demagnetization en- Keu(T) = Kgy 1gd Ml + Kgy sl mllg ], (2)
ergy) is given bydEa/ dp=0=-BM sin a+JEx/ dp, where

Eiota is the sum of the Zeeman energy term plus an effectivgyherel,,,,, are the reduced hyperbolic Bessel functigns
anisotropy energy densi,. Then, the magnetic anisotropy =£-1/m(T)], £! being the inverse Langevin function and

torque is the reduced magnetization of the Ho blockEm
=M(T)/M(0)].18-20KE\/ is the MC anisotropy constant and
IEn ' K&'F=-B??B(c11-C¢1»)"%/2, is the ME anisotropy con-
L(¢)=- Fyia BMsina=-M, (a)B. (1)  stant,B”> andB™ are the macroscopic ME parameters asso-
¢ ciated with the orthorhombic distortion in the BP, and

C11, Cq1p are Cartesian elastic constants. We have determined

Experimental measurements provilte (¢) and, to express the BP magnetic anisotropy const_ant for a 500 nm th_iclg film
the exerted torque by the sample as a function of aglee ~ Of Ho?* Using Eq.(2) to analyze its temperature variation,
make use of the relationship=a—¢. In our case, the angle We _ get Kgy°=4.8x1Cerg/cnf and KgyF=9.4
a is also experimentally determined froly(¢) andM | (¢) xell\g)ﬁ erg/cng’iw'!lz'he purpose is to obtain referen_ce values for
as follows: a(¢)=arctan[M , (¢)/M|(¢)]. Therefore, no as- Kev~ and Kgy™, that is, not affected by the influence of
sumption about the value of the magnetization at saturatioff@in and interfaces on the magnetism of the holmium
is necessary, unlike in conventional torquemetérs. blocks in the SL. We have also attempted to perform a fit of
For a crystal of hexagonal symmetry, the free energy denth® témperature dependence ey, for bulk Ho, but now
sity is written in terms of the spherical coordinates ¢), ~ deduced from magnetization measurements alongitaed
which specify the magnetization direction relative to theP axes of Ref. 22, the low resolution of this method to obtain
crystallographic axes, a&(6,$)=Fo(0,d)+KS"Py(cosg)  Kev results in an Un_Satl_Sfactor%/ fit.
+KE" P, (cos6) +KET Py(cos ) +KEesind A cos s, where Another ME contribution td<g ,, comes from the fact that

: . .. the strain state in thin films and superlattices depends
Fo includes the magnetostatic and exchange ener densmeg. ) . .
0 g g 9y strongly on the thickness of the magnetic species. In the

The effective  macroscopic  anisotropy  constant . . .
fi oeff oeff 6.eff : . Ho,/Lu series the lattice symmetry is preserved, as the
Ke', Ky, Ks , andKg " include magnetocrystallingMC) SE]OIrrrlliurrllsl]<::)1?tice is compressedyin theybasgl plane and en-

and ME contributiond? P,(cosd) are the Legengre polyno- : . :
n(CO) gengre poly larged along the axis. That deformation results in volume

mials of n order, 6 and ¢ are, respectively, the angles be- : . .
tween the magnetization and tleeaxis, and between the €, and tetragon_aleaz strains tha_t quantify the_ difference
; between the lattice parameters in the SL's with respect to

projection of the magnetization in the BP and thexis. In those in the holmium bulk lattice. Therefore, in an hexagonal
our experimental situation the magnetic field, applied in the X 6 T ' 9

BP, is large enough to reach the ferromagnetic phase for aﬁrystal, the terms in thﬁ%%gmmg ‘;Q?m tbe MMIEC e“ggy with
the studied SL'S® Thus, #=/2 and then the torque exerted aéleold ggpe”dence AR, €a1* Br2€aa(FKG st~ Where

by the sample can be written ad(¢)=-dF/ddb B.; andB,; are ME stress coefficients. The thermal depen-

=6KS* sin(6¢). Now, from the experimental torque values, dence for these ME contributions is the,m] law.** Thus,

we can obtain the values &S at different temperatures in systems where the lattice parameters can be varied, the
and fields following the standard torque analysisexpression fO'Kg,v is

methodst® 1’1t was determined the magnetic torque for three

different fields(15, 17.5, and 20 k§ between 10 and 90 K. 6 BMC . LBMC & EME  rart ra

At some temperatures, we obtained the magnetic torque atKey(T) = (Kgy ™~ + Kg'strainl13:d M + Kgy 15 Ml g/ M.

four fields to be sure of the quality of th&™1=0 (3)
extrapolation'® It can be observed that, below 30 K, the

magnetic anisotropy is so large that, even at 20MG(¢) is )

shearedsee Fig. 1 The magnetization curves show sixfold Thus, from the measurements KEy as a function of the -
symmetry, which is expected for hexagonal rare earths whelgmperature it can be possible to separate the contribution

As said aboveKS* contains MC and ME contributions while the measurements K@yv as a function of the holmium
due to the large ME coupling in the rare eartivich play a ~ thickness allow us to distinguish the crystal figdgh/' from

relevant role in their magnetic propertiess is well ex- the epitaxial strain contributioKg gy o

plained in Ref. 12, the hexagonal symmetry is broken in the For the SLs, to take into account the contribution of the
BP by orthorhombic straingy straing, which for rare earths aftomlc layers that b_elong to the interfaces, which b_ehave ina
can be large and are the origin of the main ME contributiordifférent manner with respect to the ones belonging to the
to K§*". For the bulk material, the magnetic behavior is well inside of the Ho blocks, we have included g " an inter-
explained in terms of the single-ion thedthus, it can be  face term, Kgo(T)/tyo,2* where tyo(=nGyo/2) is the thick-
shown that the minimization of the free energy density withness of the Ho blocksg (T) follows a thermal dependence
respect to they strains leads to the following expression for with a power of the reduced magnetizatiori(T), where, at

the temperature dependence of the volume anisotropy cofew temperaturgm~1)«x=36 and at high temperatufen

stant: <1) @=22* So that, the thermal dependencekg®" reads
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FIG. 2. Temperature dependence of the effective anisotropy FIG. 3. Variation ofkg %%, vs Ho thicknesskg\'® is the value
constang’eﬂ for two [Ho,/Luys]50 superlattices. The lines repre- obtained from the Ho film. The continuous line is a fitting of the
sent three fittings, including different contributions K@eﬁ: (—) experimental data making use of an elastic model for the in-plane
magnetocrystalline, magnetoelastic, and interfaciat) magneto-  strain of Ho blockgsee text The inset shows thB®®e (continuous
crystalline and magnetoelastic, afi¢t-) magnetocrystalline and  line) and D€ (dashed ling contributions toKg;
interfacial terms. The latter fails for all the samples. Just for the SL
having thinner Ho blocks)=14, there is a smalll difference between heavy rare earths SL’s are not the most suitable systems to
the first and second fittings at high temperatuies 60 K), forthe  stydy the influence of the surfaces/interfaces on the magnetic
rest of the samples both practically coincide. anisotropy. Therefore, we considered using the obtained val-

ues in the thermal fittings without a surface term.
6ot . 0 Now, we examine the dependence Kfy'® and K&,
Ke ™ (T) = Kg(T) + t—’m“(T). (4)  obtained from the thermal dependence analysis, with the hol-
Ho mium block thickness. It is remarkable thed 5, varies as
The ana|ysis of the temperature Variation[(geﬁ(T) in the the thickness of the Ho blocks is reduced from 85 to 14
Ho/Lu SLs has been done by using Ed). In Fig. 2, itis atomic planes whilg\'® remains almost constant. To ex-
shown, as an example, the fittings for two SL's. The mainPlain this fact, we should point out thi€y/® is related to the
conclusions obtained from our fits afgee values oKgMC. orthorhombic strain induced in the ferromagnetic phase,
and KSME in Table I: (@ K&MC. is negative While KgUr,is related to thes,; ande,, modes that do not
6,V - 6,strain ' .
while the bulk VaMng,\l\//lC is positive,v(b) Kg,\yE does not break the hexagonal symmetry. Thus, the experimental data
change too much alorig the serige) the inclusion of an suggests the presence of a strain effect that doecs not break
interfacial term does not substantially affect the quality oft€ hgz)’fﬂzlizgona}l symmetry and therefore Cha”gg,gt_rain but
the fitting, except for then=14 SL, for which taking NOtKgy. This conclusion is supported by previous mea-

Kg,S(T):—O.O3 erg/crhimproves the fit at high temperatures SUrements of the lattice parameters in Ho/Lu SRef. 7)

(see Fig. 3, and(d) KVE is even larger thatk&™C. | that describes the effect of the Lu blocks on the Ho ones as
It is worth pointins'\()ut that no simple MCG'th?r'n or MC @n isotropic compression within the BP and an expansion

plus surface terms account for the observed temperatur%long thec axis. .

variation of K& in the studied samplesee Fig. 2 and, as Although itis clear that Wlthout' the Knpwledge ef; and

well, that the ME term is mandatory to explain the experi- €22 3 @ function of the Ho block it is difficult to analyze the
’ i ,MC ;

mental data. We have also attempted to BpE™,,, vst,, at thickness dependence B ., we have made an analysis

each temperatur@s is usually doneto obtain the interface

by using a simple elastic model for the strafthe equilib-
contribution. From this analysis, it was not possible to draw/'um basal-plane strain can be obtained from the minimiza-
any reliable conclusion about the interface term in thes

éion of the elastic energy density of a single biblock resulting
samples due to the existence of two large competing contri
butions MC and ME to the magnetic anisotropy. Probably,

in the following expression for the in-plane strain of the Ho
block: e=ept,,/(ct ,+ty,), Where g, is the mismatch be-
tween lattice parameters of Ho and laiis a combination of
elastic constants with a value close to 1, aggandt,, are

the thicknesses of Ho and Lu blocks, respectively. If the
out-of-plane strain is related to the in-plane strain by elastic
constantsK$ %%, results in a contribution proportional to the
in-plane strain:B®%, where B is an effective coefficient
KSMC 66 -2 -39 -37 -33 -30 -0.4 thatincludes elastic constants and B% andB% coeffi-

6,strain

KSME 100 94 102 95 85 96 66 Cients. .
Y Figure 3 shows the dependence wiffy of Kg: that

6,strain

TABLE |. Values of the MC and ME anisotropy constants, in
(erg/cn¥) X 108, for the[Ho,/Lu;s]s Superlattices.

n 14 22 30 35 40 45 85
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has been evaluated taking f&§\/C the value obtained for is observed that the epitaxial strain induces a competition
the 500 nm thick holmium film. The expressioB®®  between the MC and ME anisotropy energies, where MC
=B%%eyt, / (Ct, 1) fails to adjust the experimental data. In anisotropy tends to align the magnetic moments alongathe
order to obtain a good fit, we have to include a second-ordesixis whereas ME anisotropy does it along thexis.

term D%%2 in K47, Thus, the continuous line in Fig. 3is  Summarizing, we have obtained, by measuring the angu-
obtained with B*=0.16x10'erg/cn? and D=4 |5 dependence of the magnetization vector, the magnetic an-
x 10'% erg/cnf. Notice thatB® is about four timeD*e?  jsotropy constant in the basal plak&® for the superlattices

for ny,=14, (see Fig. 3, insgt The physical origin forD5 [Hon/Luyelse From the temperature variation of thee",
would be the strong tetragonal distortion that the hcp lattic e have separated its MC and ME contributions, showing

undergoes due to the epitaxial strain as the Ho thicknesl%e paramount role of the ME contribution to the magnetic
decreases. We have to note that the use of a modelfiqy) anisotropy. The epitaxial strain not only decreases the

tmhay |nttrocljléce an dmcertltude in the kanaly5| T ,Straiﬂfss'tnce absolute value of the magnetocrystalline anisotropy contribu-
e T‘; ua depen enceheftHo) 1S un_gowzn. f_usr; : E\HCIL) tion to the total magnetic anisotropy in the basal plane, but
would need a term such &t +tyo) “>&” to fit the thick- 554 jt induces a competition between magnetocrystalline

; >
ness dependence, theenMaC term proportiond®a® will ap-  ang ME anisotropy energies. We have also obtained the ME
pear in the analysis dfg g7, On the other hand, even with- gress coefficient®® and D, which give an account of

out the exact knowledge of the strain state in the holmiumpe tetragonal deformation in the basal plane in hexagonal
block, second-order effects have been widely reported in thgymmetry.

literature not only for rare earths but also fai Betals such

as nickel and cobdft and can be expected in the magnetic This work has been supported Hyundacion Ramon
anisotropy of rare earth SL's. However, whatever the originAreces by means of a predoctoral grant and Spanish
for D% is, we think that the reduction in the absolute value ofMCYT through Projects No. MAT2000-1290-C03-01 and
KEMC see Table I, is explained by compression on the BRMAT2003-00893. M.C. also thanks MCyT for financial

6,strain
of the Ho blocks that increases tag decreases. As a result it support.
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