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Evidence for screened-crystal-electric-field origin of the bulk and interfacial magnetoelastic
stresses in Ho/Lu(0001) superlattices
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We present simple but quantitative theoretical evidence suggesting that the magnet@diakticstress,
which breaks the hexagonal symmetry of the basal plan@gid/Lu;s) <50 (000D superlatticegn=8-85
atomic planes, separated b§2), has a single-ion crystal-electric-fie{l@EF origin. The MEL stressV” has
both a volume componer, as well as an interface componeit]. We show within the Hartree-Fock
approximation that screening of the magnetostrictively distorted CEF by conduction-band electrons and the
introduction of a spatial structure for the Hoionic charge are both needed to explain quantitatively the
experimental values di1},=+0.275 GPa and!/(c/2)=—7 GPa; these effects are needed in particular to
account for the different orders of magnitude and opposite signs. The simple point-charge model for bare ions
in the magnetostrictively distorted CEF, as well as the simple free-electron screening approximation, both fail.
[S0163-18298)50116-9

Magnetoelasti¢MEL) coupling in rare-eartfiRE) super-  where €,=(1/2) (exx— €yy), M”2 is the microscopicMEL
lattices is interesting because they are a good testing grounghrameter, an®3(J) is the usual Stevens operator in terms
for simultaneously probing the bulk and interfad€) MEL  of the H3* 4f-shell total angular momentuth
couplings. We previously determinethe MEL stressv”, A model was earlier developdo successfully calculate
which breaks the hexagonal basal-plaibg) symmetry of  microscopic MEL parameters for cubic RE intermetallics,
the hcp structure ifHo,/Lu;5) x50 (0001 superlattices, with  \hich we extend here to the RE hcp structure. Specifically,
Ny,=8-85 atomic plane@p’s); we also studied such a sym- we expand the CEF potential produced by the surrounding

metry breaking in Ho films 0f5x10°)-A and 10-A thick-  jons and felt by the Hb" probe ionV/(r), and retain the term
nesses. Details of the experimental procedure are giveRomorphous of 02(J), ie., C¥x>—y?), with C»2
elsewhe_ré, as are details of the supeflattlces, which had:(l/Z)(aZV/axz)r,>0. We deform the lattice by the strain
good epitaxy of~0.01-0.21 % and the interface roughnessel and expandC”?2 around the unstrained lattice, thus ob-
of only 2 ap (Refs. 2 and B We found that the strong tayining
experimental variation oM? with ny, could be rather well

described, within the experimental unce_rtallnty, by assuming M?2= — ay(r3)(aC % de) 1o, (3)

that there were three contributions M, i.e.; 4

where a; is the reduced matrix element and?,), the
4f-electron average quadratic radius. We provide for a spa-
tial structure to the ions surrounding the probe*Hoin the
form of a charge density with Gaussian shape of half-width
d.® The potential produced by the ions is then screened by
the conduction-band electrons. Working in the reciprocal lat-
%ﬁ;e of the hexagonal one, of poings V(r) is written as

M?=MY+2[M2/(c/2)/Npo+ o (1)

The first term M, is the unstrained lattice volume MEL
stress; the second term is the interface MEL stress;oand
the average volume epitaxial stress, which arises because
the bulk bp lattice mismatch. From the fit we obtained, we v,(9)
determinedM ), to be +0.275 GPa(Ref. 4 andM2/(c/2) to V(r)= E p( )
be —7 GPa, which results in a stress as large-&4 M, for g el
Npo=8. This large and negative value is remarkable and suwhere v (g) is the Fourier transform of the potential pro-
prising, and needs to be explained. This is one of the aims aduced by an ionic point charge;g) is the Hartree-Fock
this work. (HF) or Linhard dielectric constant, taking into account

Since we are considering rare-earth superlattices, we aslectron-electron exchange within the Kohn-Sham
sume for both the volume and interface components that thapproximatiorf. In this way we introduce positive Fermi
MEL coupling is of a single-ion character in a magnetostric-holes, which, in principle, will reinforce the MEL parameter.
tively distorted CEF. Therefore the MEL Hamiltonian for the S(g) is the structure factor, for a unit ce,2b,c), with four
basal plangwhere Cartesian axesdfa, y|b; ab andc are atomic sites (0,0,0, (a/2b,0), (a/2b/3,c/2), and
the primitive vectors of the hcp unit celteads (0,4b/3,c/2). When the crystal lattice is deformed under

ei, preserving the volume, this deformation reverts to one of
~ the reciprocal latticg.® Notice thatS(g) is invariant® In this
Hme= —M7€]05(J), @  way we obtain(aCV'Z/aei)E;:O and finally, from Eq.(3),

exp(—g%d?)S(g)expig-r),  (4)
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FIG. 1. The calculated volume magnetoelastic str&sg
against the ratial/a®,, whered is the radius of the HY ion and
aﬂo, the Ho basal plane lattice constant, for different situations:
bare iongdiscontinuous ling free-electron screenin@lotted ling;

HF electron screenin(full lines), with indication of the Fermi en-
ergies,E/” (in eV). The DOE at the Fermi energjn states/eV
atom unit$ is 0.59 for free electrons and 1.78 for HF screening. The,
continuous horizontal line is thd ) value, 4 0 K and saturation, as
obtained from magnetoelastic stress measurements in the series
(Ho,/Luy5)X50 (0001 superlattices (ny,=8-85 (Ref. 1.
d/aP,,=0.25 is the value for the bulk Ho metal. The vertical arrow
signals the fittedMJ),=+0.275 GPa experimental value, for
E\°'=6.306 eV.

the MEL parameteM 2. Its expression is given by Egs.
(A1) and(A2) of the Appendix. Our HF calculation assumes
an average spherical Fermi surfd€&). However, a HF cal-
culation of M2 using the Ho real electron band structure
turns it into a formidable and analytically quite intractable
problem®

FIG. 2. The same as for Fig. 2 but for the calculated
interface  magnetoelastic stress divided b§2, M2/(c/2).The
continuous horizontal line iM2/(c/2)=—7 GPa as obtained from
the experimentRef. 1), in the way explained in the tem'HFO is the
basal plane lattice constant at the interface, at most 2% smaller than
af,,,and then we take/aj; =0.25 as for the bulk Ho. The vertical
arrow signals the fitte X/ (c/2)=—7 GPa experimental value, for

Ef=4.354 eV.
of

indication that the use of a spherical FS is not as worse as it
could be guessed. Notice, however, the rapid variation of
M2 with EX°.

The calculation of the interface MEL strebt/(c/2) is
more involved. We assume that the interface, on the Ho
block side, is a singl€¢0002 plane of HG* ions symmetri-
cally imbibed in a “sheet” of conduction electrons of width
c¢/2.2° The interface on the Lu side is of the same form, and
both interfaces are sandwiched between Ho and Lu blocks.
We will see later on that such an assumption works well. In
such a scenario screening at the interface makes sense and

To compare with the experiment we need to relate the.onqction electrons can be treated as a three-dimensional

MEL parameteM *2 with the MEL stressM”. The calcu-
lation is straightforward using the Callen & Callen standard
theory of MEL coupling’ The result, for MEL stress at 0 K
and at saturatiogat an applied magnetic field of 12 T in the
experiment) is M ?=c,J®M 2, a relation valid for the un-
strained volumeM, and interfaceM ! MEL stresses. Notice
thatc,=2 andJ@=J(J—1/2). N

We have calculated the parametd?’ from Egs. (A1)
and(A2), summing up tch+k+1=20, where good conver-
gence was obtained, choosing fibrthe Ho'* ionic radius,
0.894 A. For the unstrained lattice constagtwe take the
bulk (°) valueaP,=3.578 A, because it differs from2, by
less than 0.29%° We then getl/a,=d/al,=0.25. In Fig. 1
we plot the calculated volume stred), againstd/ay,,, for
the following different situationgdensities of state@OE’s)
are expressed in states/eV ajoffRor bare ions, and next for
free electron screening for which in HE°'=7.48 eV and
D(E[®)=0.599. Both approximations clearly fail to repro-
duce the experimental valid),=+0.275 GPgsee Fig. 1

system. Then to calculatel > we simply set theg index
1=0in Egs.(Al1) and(A2). We have done the same kinds of
calculations as foM ), and the results are shown in Fig. 2.
We also takeb/aj;,=0.25, because the epitaxial strain is at
most @>,—aP.)/a’,=—0.018, assuming perfect epitaky.
We find that the valueM!/(c/2)=—7 GPa is well repro-
duced taking a DOB (E|") =1.78 states/ eV atom, as in the
bulk, but with a Fermi energE'FF=4.35 eV,smallerthan the
volume one. Notice that the Fermi wave vector and the
Thomas-Fermi screening length were accordingly modified
in Egs. (A1) and (A2). Again the fittingE}" value was very
insensitive toD (Ef), a variation of 0.05-1.78 produces a
change of only-0.005 eV inE{ (note that a DOE 0f0.05
is about the expected one for a pure two-dimensional inter-
face, with an average Ho block of,,=35 ap, although this
is not our assumption

We should stress that the Feremergiesor chemical po-
tentialsE{® andE{ are those determined before putting the
Ho and Lu blocks in epitaxial contact, because of the calcu-

Band-structure calculations after the relativistic augmenteghtion procedure followed for the MEL parameters. Indeed

plane-wave approximatiSn (RAPW) give, for

EL°'=6.870 eV and (E}”

Dy,

after contact the conduction electrons will come to equilib-

)=1.78. If we adopt those values yjym with aligned Fermlevelsfor the Ho volume, the HY"

as starting ones for Ho, we are able to fit the experimentaing Li#* interfaces, and the Lu volume. At the Hointer-

Y, at preciselyd/aP,,=0.25, takingE\"'=6.306
eV andD(E}[®)=1.78 (see Fig. 1L We found thatM?, was
very insensitive td (EL") variations, for the interval 0.599—
1.78 the fitting valueE}® changing only by=6%. This is an

value of M?

face (the only one that can be probed magnetostrictiyely
this is achieved by an electron transfer from the Ho block to
the HG'" interface, which gives rise to a dipolar layer with a
potential differenceAVy,=(E°'— EF),/€=1.94 V, which
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shifts together the electron levels and the chemicallEg=1.68 eV, for which the interface electron states decay
potential*'2 This shift is because of the modification of in aboutx=9.3 A, or at a distance=3(c/2) within the Ho
the charge density and periodic crystalline potential, withinblock. This result agrees reasonably well with our above as-
a distance=c from the Ho/Lu ideal contact planfé.On  sumption of taking a HY" interface ofc/2 width, filled with
the Lu side we should similarly getAV,,=(E{"  conduction-band electrons, and with the above-followed
—Ef)w/e, and because thepitaxial contact potential procedure for calculating 122, iie., setting the index 0
between the Ho and Lu blocks must HeVy,,=[(EX”  in Egs. (A1)~(A2). Therefore, it seems to us that the as-
)to— (EF”)L,)/e=6.306-6.1620.15 V, then we should have sumed simple Goodwth model for electron band calcula-
(Ef)no=(Ef)u- Although the band electronic structures tion at a RE metallic interface is reasonably satisfactory
of bulk Ho and Lu are very close as well as the Fermiin explaining the found difference between the Fermi ener-
energie§, in principle, the Ho block band structure could be gies at the volume and the interface of our nHUlS
modified by interleaving Lu blocks, in turn modifying the gyperiattices, although as we said before some refining
volume MEL parameters to some extent. Therefore refiney,quid be worthwhile in order to increase trust in the
ments in this direction of our simple model would be worth yitferences found in Fermi energies.
pursuing.

In order to gain insight into the difference found between

Interfacial roughness
effects of £2 ap could also play a role in producing the
dipolar layer within the Ho block. Finally, notice that

i i ; i g=vol
thelFonume and interface Fermi (_ene‘fgle”s, I &Er the effect of the epitaxial volume distortion at the interface is
—EF =1.95 eV(we suppress the subscript “Ho” from here- ¢ jmportant in producing such a Fermi-energies

aften, we have considered the hallmark simple Goodwingterence!® hecause if the interface electron concentration
modgF " for the formation of quasﬁreg electron states at theWere kept constant and the epitaxial strain were assumed to
Ho®*interface, for weak crystal potential. In spite of the cru- be fully relaxed in the volume, for free eIectroE:szwould

dity of this two-band model, their predictions remain basi-, oof i vol o
cally valid when compared with more realistic recent INcreaseonly by =2% with respect tdg", which is not the

models™® The model assumes that the Bloch function decay§aS€-

into the Ho block as exp-gx), wherex is the distance from To conclude we have shown that the gross features of
the Ho/Lu ideal contact planex&0): therefore the Hb®  MEL coupling in Ho/Lu (0001 superlattices can be ex-
interface electron states become weakly localized. Becaugdained by a quite simple model that considers a single-ion
the interface is around th@®002 plane, the hexagonal Bril- Ho®* in the magnetostrictively distorted crystal electric field,
louin zone (BZ) boundary atK/2=(m/c)C intersects both combined with a Hartree-Fock approximation for the elec-
FS’s, for the volume and the interface. Notice that now wetron screening and endowing a spatial structure with the
are not assuming fully spherical FS surfaces. As is welionic charge density. The experimental values of the volume
known2#for such a boundary the gap is zero except for theand interface MEL stresses can be both well reproduced if
line AH, where a gap is open because of the spin-orbit couthe Fermi energy, before epitaxy, of the interface is smaller
pling, which at the poinH amounts ta\ ¢ =0.46 eV for Dy?  than the volume one and if we take a density of states close
Although the gap is small it is essential for the formation ofto the obtained one from the bulk RAPW band-structure cal-
the interface state$:**Then it can be easily shown, from the culations for Dy. A simple although quantitative explanation
model calculated band structures at the ir_1terfacc_e anc_j thgas been given to the different Fermi-energy values, as a
bulk,*213that the volume and interface Fermi energies differconsequence of the assumed formation of Hanterface

as weakly localized electron states close to the Ho/Lu ideal con-
tact plane. However, two cautions are suggested. Small
systematic variations witm,, of the volume contribution
M}, (and of o) will result in variations ofM?, although
= such an effect cannot be ascertained with our disposable ex-
iUK[li \/1_ Eo 5 A~ 2}, (5)  perimental data. However, the sign and order of magnitude
(U* 2m should probably be preserved, as both our volume and inter-
P _ ~_ face MEL parameters must bsingle-ion properties:*41®
where AEr =Egj —Eg is the difference of electron kinetic Therefore, a more refined theory of the conduction electron
energies parallel to the BZ hexagonal plane, with the Fermpang structure for the whole superlattice could predict
wave vectorkg near to this plane and on the Fermi surfacechanges in the Ho volume MEL stress extended to a certain
region close to the gap, both for the volume and the intery mper of layers within the Ho block. We hope that our

— — 2 2
face.Uy =A/2 andEo=(%7/2m)(K/2)". In Eq.(5) the up- o1y can serve as a starting point for a better understanding
per (lowen) sign refers to the uppetfower) band, along the and discussion of the MEL properties of rare earth
BZ AH line. Notice the nearlys-electron character of those superlattices

bands for bulk HZ, which renders our spherical FS calcula-
tions more trustful.

Taking the determined differen@ﬁo'—E'FF=1.95 eV, we We would like to thank the Spanish CICYT for financial
have calculated from Eq5) q in terms of the difference support under Grant Nos. MAT95/1539 and IN94/136. M.C.
AEg, assuming the FS lying in the two bands at point H ofthanks the Spanish CICYT for financial support under Grant
the BZ (Ref. 9 and therefore solving E(5) for the upper No. FP/25153261, and C. de la F. thanks the Spanish DGI-
band. We found the valug=0.11 A™%, corresponding to CYT for Grant No. PF95/11413972.
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APPENDIX

The obtained expression fod /2 is as follows:

2
vire \/60‘]<r4f>92 Amlge

24272 2
M 3 5, %l ex] — w2d?g?/4a2]
><hz 1+ Ll 1+T + 72(k2—12 ¢
@2 62 2 m( )ag S(9)
(A1)
with
__4k§+g2 (Xé_ weZD(EF)>
aii-¢ |\ & k2
1 keV@@ A2
NG ox(9) (A2)

>< ~ L
eo(0) 4k2—§ ~ £0(Q)

where: f,k,l) are the components of the unstrairgedector
with respect to the reciprocal lattice unit cell of the
direct(a,2b,c) unit cell; g?=h%+k2+1%;e4(g) is the well-
known Hartree-Fock dielectric constant, witg), the Lin-
hard response functichZge=+3 for Ho**; k?=Kk?/3; r,
lag; 12=12%Ir4?; ke=Kkg/(27/a,), with ke being the Fermi
wave vector, assuming an effective spherical Fermi surface,
i.e., Er=(%%/2m)k2, with E¢ being the Fermi energy; and
N5=\3/(2mlag)?, with No=[47e’D(Eg)]*?, the inverse

of the screening Thomas-Fermi length. The subscript
“0” means values for the magnetostrictively
unstrained lattice. Notice that in Eq(A2) the term
—[ﬂ-ezD(E,:)/kE) stands for the conduction-band electron
exchange of Kohn-Sham tyfeEquations(Al) and (A2)
both apply to the volume and the interface with the appro-
priate election of the magnitudes involved, as explained in
the text.
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