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We report on the observed high-fieldp to 30 T volume, de “YdH, and shapege “%dH, forced
magnetostrictions in the iron-rich,¥e;; and Y,Fe 4B itinerant uniaxial intermetallics. The magnetostrictions,
which increase rapidly with temperature, are rather strong if compared with iron metal, amo(inting
10 T™1) for Y,Fe,B up to =37 and=-2.2 and for %Fe;; up to 82 and 15, respectively. A simple
Hubbard-like model of forced magnetostriction, within the Hartree-Fock approximation, has been developed in
order to interpret the experiments. The most significant result is that the dominant mechanism for forced
magnetostriction in those ferromagnets is the strong strain dependence dfititea®andeffective many-body
electron Coulomb repulsion potential€™, which amounts tdin eV Fe atom dU®ge = —(0.12+0.01)
and dU®/ge %?=0.04=0.01 for Y,Fe;,B, and — (0.04+0.002) and— (0.006+3x 10 %) for Y,Fe-, respec-
tively. The origin for this effective potential strain dependence is mainly related to the strain dependence of the
3d electron bandwidth. Dependencies of magnetization and high-field susceptibility with strictions also play a
substantial role.

I. INTRODUCTION mentioned before. To deal with our experimental findings a
simple model has been developed, in order to gain some
The understanding of the mechanisms responsible for thmore insight into the FMS origin. Even so, our model does
paraprocess or forcadagnetizatioFM) in Fe, Co, and Ni  not pursue arab initio calculation of FMS but just attempts
metals and their alloys is one of the classical problems irto find a relation between the easy direction high-field sus-
magnetisnt.”® The difficulty is double. On one side is the ceptibility ;s and magnetizatiom, and the field dependence
difficulty in measuring accurately enough such a tiny effectof FMS, amenable to comparing with the experimental re-
in the “classical” metals Fe, Co, Ni, and their alloy§>For  sults. This, in principle, should allow one to extract useful
instance, in iron metal the high-field susceptibility at 286.5 Kinformation about the interacti¢s) responsible for the FMS.
and 20 T amounts only tén ug/T Fe atom xn;=0.775 Several workers have discussed the physical origins of the
% 10~3, decreasing down to 0.34010 3, at 4.2 K*Onthe FM and FMS effects. Holstein and Primaktfffirst and
theoretical side the situation is rather unclear, and it has bedPauthenet,more recently, ascribed most of FM in iron metal
conjectured to be a property mainly related to many-bodyto spin-wave suppression by the applied magnetic field, al-
electron interaction in the ferromagnéts® This theoretical though a further contribution, linear in the applied magnetic
problem has not been fully solved yet and it is not our aim infield H,, was clearly identified. The spin-wave calculation
this work to deal with it in a direct way. Rather, our ap- of del Moral and Brooks predicted that the forced striction
proach is to investigate another effect very closely related tehould evolve with the applied magnetic field, as \
the FM process: théorced magnetostrictiotFMS), i.e., the  =agy/H,, for moderateH , although larger than the anisot-
magnetostriction which develops beyond the domain-walkopy field Hi, our present situationag,, is a parameter
motion and eventually coherent rotation of magnetization ouproportional toT, the temperatuje However, such a calcu-
of the easy magnetization directiorin pure 3 metals this lation was in principle only intended fdocalizedmagnetic
effect is relatively weak and again somehow difficult to mea-moments. Indeed, spin-wave excitations have been observed
sure with good accuracy’ For instance, in iron metal at 300 in Y,Fe; (Ref. 12 and in Y,Fe,,B (Ref. 13, although at our
K it amounts to dw/dH=0.5-15<10"°5T"! and largest applied magnetic fieldsp to 30 T), such a contribu-
AN[100]/9H=0.5-1x10"°T~%, for the volume and shape tion to FMS should be of minor importance in those inter-
(along the easy100] axi9 strictions, respectively.How-  metallics. In fact, it is well known that beyond a certain
ever, we have found that the volume FMS is ratbbng electron wave-vector limit, which decreases with increasing
between one and two orders of magnitude larger, for théd,+H, field, spin waves are strongly damped because
present uniaxial intermetallics ;Fe; and Y,Fe,B and  single-particle Stoner excitations take ov@iWe will dis-
therefore amenable to be measured with much better accaeuss more about this point later on. We will also show that
racy. These compounds crystallize in tR6;/mmc and the observed high-field linear dependence of FMS wdth
P4, /mnm space groups for .¥e; and Y,Fe B, respec- has a rather different origin.
tively, and order ferromagnetically beloW.=310 and 571 The phenomenological model of forced magnetostriction
K, respectively*® Besides, we have found that a sizeablein itinerant ferromagnets that was set forward by Wohlfarth
shape striction ¢/a ratio distortior) is also developed as shows that if the magnetic free energy, referred to the para-
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magnetic regime, is assumed to beAF,(w) 1000
=—M om(T)?, where M is the relevant magnetoelastic (a)@ Y Fe 290K]
(MEL) coupling parametemn(T) the magnetization, ane 800\ x 10
the volume strain, from minimization ofAF(w) 600 ok
+(3)Cw?, whereC is the bulk modulus, it is immediately = 0
deduced that the FMS susceptibility becomes £ 400| 212?;
Jw 2M 200 - e
m—(?)th(T)m(T)- (1.9 S0K
O |
This relationship was later obtained, within the limitations of (b) 290 K|
the Stoner-Wohlfarth rigid band model, by Katsuki and 300|x 10°
Terao!® although the specific and basic interaction underly-
ing the FMS was not fully transparent by that time and Eq. 600| 250K
(1.1) was obtained under less basic underground assumptions o) 200 K]
than our model ones, as we will see below. I 400L
The organization of the paper is as follows. In Sec. Il we 42K
present the experimental results, in Sec. Il we develop a 2001 Ay
model of FMS for itinerant ferromagnets, in Sec. IV we < 50k
compare the model with experiment, and in Sec. V we dis- 0 ! ! ! ! !
cuss some results and extract the main conclusions. (cl)o,ﬁ 290K
1500
Il. EXPERIMENTAL TECHNIQUES AND RESULTS 30K
200 K|
The magnetostriction measurements were performed in < 1000} K
strong pulsed magnetic fields of up to 31 T, available at the < 50K
High Magnetic Field Facility of Zaragoza 500| 42K
University-CSICL’ in the range 4—300 K, on single crystals
of the above-mentioned intermetallics. The pulse width was 0
=2.5 sec with rising time of 0.16 sec, the measurements 0 5 10 15 220 25 30
being performed at the decaying period of the pulse, to avoid Applied Magnetic Field (T)
eddy current and magnetic relaxation effects. The strictions
were measured by the well-known strain gau¢®G) FIG. 1. Magnetostriction isotherms of,Fe,; intermetallic com-

technique'’ using an ac bridge which compensated for thepound for the magnetic field applied along thesasy direction,
SG magnetoresistan¢®R). The SG MR is rather substan- measured along the crystal axéar a; (b) b; and(c) c.
tial at so intense magnetic fields and low temperatdrasd
extreme care was exercised in order to compensate it. Thges. They were big enough to cement on them our miniature
overall technique had a strain sensitivity of abottt  SG(Micromeasurements-3%5@r magnetostriction measure-
x 10" ®. The magnetic fieldd, was applied along the crystal ments.
easymagnetization directionsgg axis for hexagonal Ye; In Figs. 1), 1(b), and Ic) we present the magnetostric-
(2-17 hereafter and basal-planec axis for tetragonal tion (MS) isotherms for the 2-17 compound crystal. In the
Y,Fe B (2-14 hereaftgy as we wanted to obtain the FMS as notation used for the measured straing,8), @ means the
pure as possible. In both cases, the strains were measurgthgnetization direction ang the strain direction. In Figs.
alonga, b, andc axes. In this way we were able to determine 2(a) and Zb) are plotted the ones for the 2-14 compound
the a-representation irreducible strictionttS) for uniaxial  crystal. For 2-14 they are fairly linear, within the experimen-
symmetry: e *Yea) = e, + eyt €., i, the volume tal error, except for the higher temperatures, as the FMS
striction; e “¥(ed) =(v3/2) (e ,,— (1/3)e “*}(ed), i.e., the should increase rapidly when approachifig.> For 2-17
tetragonal or shape striction, which distorts e ratio?®*  they show a negative curvature at the lower fields. For 2-17
The Cartesian strains;; are referred to the crystal axes with we plotted such isotherm regions and found a low-figle-
Xila, yllb andZlic for the hexagonal lattice cell; for the tetrag- low about 10 T contribution asyH,, which suggests sup-
onal cella=b. ea means the easy magnetization axis, forpression of spin-wave excitatioristronger as the tempera-
applyingH.. ture increasesdy the applied magnetic field, and accordingly
Magnetization measurements, along trenda easy axes with discussion in Sec. I.
for 2-14 and 2-17 compounds, respectively, were performed The natural way to analyze MS measurements is to obtain
using the well-known induction technique, using concentricthe irreducible strainélS), out of the(a,8) ones, such &5
well balanced pickup coils. The accuracy of our method is
=~+1% and the sensitivitg=10"2emu (=10 *ug). e “Yea=\(eac)+\(eaa)+A(eab), (2.1
The sample single crystals were grown by the well-known
Czokralsky technique. They were x-ray back-Laue oriented 1
and cut in the form of prisms by spark erosion, with their c*2ea)= —1 \(eac)—
surfaces containing the lattice cell main crystallographic V3

N(egaa)+\(eab)
> )

(2.2
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FIG. 2. Magnetostriction isotherms of,Fe ,B intermetallic
compound for the magnetic field applied along the eadirection,
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measured along the crystal axéa: a=b and(b) c.

wherea=b for tetragonal symmetry. In Figs(8 and 3b)
we present the strictions “(ea) and e “?%(ea) for 2-17 and
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FIG. 4. (a) Selected volume magnetostrictior “(c), iso-
therms for applied magnetic field along the easyxis, for a single
crystal of Y;Fe,B. (b) The same for shape magnetostriction,
e *(c).

tion measurements to get the [Bgs.(2.1) and (2.2)]. The
“anomalous” behavior of the 150- and 250-K isotherms for

in Figs. 4a) and 4b), the ones for 2-14. The same kind of < «2(eg) for both compounds has been also observed in the
above comments apply for these isotherms: they show faifotational or crystal electric-fieldCEF) MS e “4(ha) (ha
linearity with H,, and lack of perfect linearity likely arises means hard magnetization axes =200 K, in the form of

because of error propagation, as we need th(eg B) stric-
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broad maxim&223 This behavior was explained as the result
of transferring &l electrons from nonmagnetostrictive singlet
level to a magnetostrictive doublet as temperature
increase$? The IS’s are fairly linear wittH,, with no signs

of saturation at 30 T. It is useful to compare the measured
IS’s with our model calculations below, to defisgrain sus-
ceptibilities  (S9: ij,(ea)z(ae “leg/oH,)r and
X%’é(ea)z(ae“'z(ea)/aHa)T, obtained from the slopes of
the isotherms of Figs. 3 and 4. In Figs. 5 and 6 we show the
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FIG. 5. Thermal variation of the forced magnetostriction suscep-

a

tibilities, Xm';(a):ae”"i(a)/aH, i=1 for volume andi=2 for

single crystal of ¥Fe;;. (b) The same for shape magnetostriction, shape, for a ¥Fe;; single crystal. The 30-T magnetic field is ap-

e *¥(a).

plied along the easy axis.
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FIG. 6. Thermal variation of the forced magnetostriction suscep-
tibilities, Xme|(C) de*(c)/oH, i=1 for volume andi=2 for
shape, for a YFe,B single crystal. The 30-T magnetic field is
applied along the easyaxis.
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is about one order of magnitude larger thgfis(ed, an

unusual feature in @ metals, and both increase with tem- Temperature (K)

perature. FIG. 8. (a) Thermal variation of the high-field susceptibility
Very accurate “high”-field magnetization isotherms were along the easy axis, y;, for a single crystal of YFe;. yu(T) is

traced using a superconducting quantum interference devigfie slope of the isotherm between 15 and 30 T, where magnetiza-

(SQUID) magnetometer upot5 T and a vibrating sample tion variation is quite linear with applied magnetic fielh) The

magnetometefVSM) up to 12 T. The field up to 30-T mag- same aga) but for Y,Fe ;B for easyc axis.

netization isotherms are shown in Figgajfand 1b). H, was

applied alongea The 5- and 12-T measurements were doneyhen dealing with the paraprocess or FM regime. We found

in order to guarantee the accuracyygf as obtained fromthe as more reliable FMy,; values those determined from the

30-T isotherms € 10" “ug/T Fe atom. From the 5-T and magnetization isotherms between 15 and 30 T, where the

even the 12-T measurements we noticed thgtsubstan-  slopes remain fairly constaisee Figs. @) and 7b)]. In

tially increased with decreasing magnetic field. The magnetic

field range where to obtain the propey; is a delicate point 6 0 3
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Applied Magnetic Field (T) FIG. 9. (a8 Thermal variation of the high-field susceptibility
times the magnetizatiogsm against temperature for,¥Fe; com-
FIG. 7. Forced high-field magnetizatigfM) isotherms fori(a) pound along the easy axis (left-hand scalg Also plotted is the
Y,Fe; and (b) Y, Fe B single crystals along tha and c easy  derivative against the volume straidy,m/de “Y(a)]r. (b) The
directions, respectively. same aga) but for Y,Fe ,B compound along the easyaxis.
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Figs. 8 and 9 we show the thermal variation of ttigh-field Next sources of FMS should be the two-ion interactions,
susceptibility yp(T) = (dM/dH,) 7, for 2-17 and 2-14 com- i.e., electron hopping and exchange. It was shown b&fére
pounds, respectively, which changes quite linearly with temthat in these Y-Fe intermetallidsopping between Featom

perature. pairs is a source of spontaneous MS, which is developed
below the Curie temperature and it is manifested in the mag-
Ill. FORCED MAGNETOSTRICTION (FMS) MODEL netic thermal expansion. This interaction can be described by

the simple tight-binding Hubbard Hamiltonian
A. Outline of interactions and describing Hamiltonians

for Y-Fe intermetallics

We are here mainly interested in showing up the really Hh= > 2 tigippieligedaige, (3.2
specific mechanists) underlying the high-field FMS. "2l
Forced magnetostriction should in principle be contributed ) .
by the following mechanisms{i) magnetic moment rota- where we demand for having a+ strain dependence of the
tional fluctuations, both coherefpin waves and incoher- tiz-i;s.6;c Matrix elements. dig, and ds iz, are
ent(local) against the CEF anisotropy, i.e., single-imbital 3d-B-band electron creation and annihilation operators, re-
contributions to FMS223 (ii) two-ion electron hopping and spectively, and the Fe sites. It was shown before that only
exchangé*? (ii ) many-bodyCoulomb electron repulsion. the 4f-4f dumbbell Fe atoms in the case ofFé,; (Ref. 29
Spontaneousnagnetostrictions of kind6) and (ii) were ex- ~ and thee-epair ones for ¥Fe ;B (Ref. 25 are involved in
tensively studied in those references, and we will only outthe two-ion magnetostrictiotboth pairs are along the main
line them briefly. c-crystal axig. The reason is that, by symmetry consider-

Y ,Fe;; hexagonal lattice cell contains four unequivalentations and because of orbital overlapping, oriyatrix ele-
positions for Fe atoms (4 6g, 12j, 12k),° with our mea- ments for electron hopping between those pairs are not zero
sured site-averaged magnetic moment of (2.218nd preserve the magnetostrictiféxz),|yz)} doublets?*?®
+0.02)ug/Fe atom and where the “dumbbell” off4atoms ~ However, strain dependent exchange interactifr), was
supports the highest point symmetrn3For such a symme- @lso shown to be a source of M&2® Diagonalization oHj,
try the CEF splitting gives rise to two doublef$xz),|yz)}, pr_oduces a furgher sphttm_g of the energy !evels, 20 overall,
{|xy>,|x2—y2)} and one singlet|.222—(x2+y2)>. Y,Fe B with energ|_esEB’)_,thvJ, which become_agam the Cenfters of
tetragonal lattice has six unequivalent Fe atom positions,correspondingly 20 8 bands. Strain dependencies of
with our measured site-averaged magnetic moment of (2.28 ., levels are the sources of one-ion and two-ion
+0.02)ug/Fe atom. As the site point symmetry only sup- FMS’s.
ports singlets we early merely assurfiean overall tetrago- Summarizing until now, the MEL coupling distorts the
nal symmetry for all sites, that gives rise to a doubletCEF bringing about the single-ion magnetostriction eventu-
{|x2),|yz)} and three singlets. This is the simplest way to getally contributing to the FMS, because of transversal
anisotropy and magnetostriction in,fe;,B, as observed. mMagnetic-moment fluctuations. Thematrix is Fe-Fe dis-
More details may be found in Refs. 22 and 23. All single-iontance dependent, as well as thg) exchange of the magne-

interactions are well describ&f by the Hamiltonian tostrictive Fe pair with NN, and both give rise to FMS of
two-ion origin. In fact, as mentioned befoigyontaneousr
Ho=Hcert Heot Hy+ Hipe - Heys (3.1)  coherent magnetostriction from these two sources were al-

ready observed in Ye;; and Y,Fe ,B compounds and thor-
which embodies the following interactions: crystal-field oughly studied ther&—2° The single-ion spontaneous CEF
(Hcen); spin-orbit Hs) one, between the angular momenta magnetostriction appears when the magnetization rotates
L and o; Zeeman H;), magnetoelasticH ), and elastic away from theea The two-ion or electron hopping one
(He). The particular expressions for these Hamiltonians arghould be significant because of the large strains observed in
not needed here and may be found elsewfeféin the  the FMS, of about the same order of magnitude than the
Zeeman term is introduced an effective magnetic fielgy spontaneous magnetic thermal expansion bélgWat 250 K
=Het+H,, where the exchange mean field reads, ec%Yeg=7.7x10"2 and 1% 10 3, for 2-17 and 2-14
=zugJ(r)(o), with zbeing the nearest-neighb®N) num-  respectively.?*?° Therefore at the FMS process both stric-
ber of Fe atoms for the probe Fe atod(r) is the spatially tions should be eventually present.
dependent exchange integral &g}, the spin thermal aver-
age. Those NN'’s are within the basal planes of the lattice

cells. The diagonalization oH, gives rise to ten energy B. Many-body Hubbard magnetostriction

levels E%’ig, where stands for the orbital state andfor We come about to the main FMS specific source, in
the spin projectiod??®In our previous modéf?3these lev-  which we are interested to reveal for these Y-Fe intermetal-
els were the centers of ten energy bands, of widt..,, lics, as it is the 8-electronCoulombinteraction. Physically

describing the lattice electron energy. All this discussion is3d-electron Coulomb repulsion energy should be another
needed in order to justify that single-ion CEF magnetostricsource of FMS as it is interelectronic distance dependent
tion could be also present at the FMS process, because of tliiee., strain dependenand, in principle, rather strong. We
suppresion of magnetic moment tranversal fluctuations out ofvill show that thismany-bodyinteraction is the main source
the easy axis, by the applied magnetic field. However noticef FMS for the present iron rich intermetallics. The assumed
again that only therbital contribution to magnetic moment Hamiltonian describing 8 electron many-body interactions
fluctuations could give rise to crystal-field FMS. is the simplest Hubbard one,
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off with i=1,2, and where€jj are the symmetry elastic stiffness
Hmp= > Ug pNigta,6Ni g i3, -0 (3.3 constantd:? It is now more convenient to work with the
6,873 SS’s above defined. Therefore we proceed to take the deriva-
In Eq. (3.3, UZ“B, is the effectiveelectron Coulomb repul- tive of Eq. (3.6) against the applied magnetic fielt,, and
sion, i the Fe site,3 the 3d band orbital statet-J the index ~ obtain a system of equations in the SS’s. Details of the
for two-ion interaction,c (=+3%), the spin projection along Calculations are included in Appendix A, where we discuss
the easy axis, and 4,.;,, the electron number operator. the approximations and_S|mpI|f|cat|ons !ntroduc_ed in our cal-
Coulomb repulsion betweend3electrons will be source of culations in order to arrive at the following leading terms for

FMS, if we assume theJZ'ifﬂ, potential to bestrain depen- he SS's:

dent In other words we assume that many-body effects are 1 gueft

respgnsmle as we!l fogﬁthe FMS_. In E¢B.3) we s_hould X%’élz)(ﬁ{él,o_@{(a—z,r) X TYM(T)

consider two effectivéJ ; ;, potentials: wherB= g’ (intra- ii €/t

band electron repulsiorand 8+ 8’ (interband electron re- et/ g

pulsion, with potentialsU,, and Uy, respectively, andJq + —n(—ar[th(T)m(T)]) } i=1,2, (3.7
>U,, because band formation increases enéngydrop off 4 loe® T

the “eff” superscript in Uﬁﬁ and ugff for simplicity in nota-
tion). We now treaH ,, within the Hartree-Fock approxima-
tion, i.e., neglecting charge arspin thermal fluctuationd:**

wherexﬁé,vo are the susceptibilities resulting from the single-
ion CEF, hopping and interatomic exchange mechanisms. As

However, orbital magnetic-moment fluctuations are intro-V€ Can S€e, two mechanisms are in principle contributing to

duced in our model in the sense discussed in Sec. Il A. Theﬁ1e FMS, .althoug_h both bear upon the. many—quy electron
we obtain n,=(n,)+(n, ,) and m,/ug=(n,.) oulomb interaction. The second term in K8.7) gives the
b2 yo y—o y MB yo . . . . _
—(n,_,), as the thermal averages of theband electron contribution from the strain dependence infraband Cou
Y=o/

population and magnetization, respectively. To simplify no—l(?mb poftentlal a?d ;.h'rd _I(?ﬂe acco?upts 1;or the strqlnt(rjlepen-
tation, y now stands for thes, t, J, and U indices in the ence of magnetization. The prediction from E87) is the

; ; linear dependence of the SS’s with the prodyg(T)m(T)
gPoer:?y levels. These levels are readily obtainedpas Fe and with [ 7y, (Tym(T)/dc 1], First linear dependence

keeps remarkably well with Wohlfarth’s phenomenological
Uyq - relation (1.1) and even a second one also appears in Wohl-
(£fm—n)+ - (n— n,), (3.4  farth's relation if one considers to be strain dependent. The
kind of agreement achieved gives further credit to our model
wheren=% . (n,, . ) is the equilibrium number of elec- EQg.(3.7).
trons within the 20 subbands amd the magnetizatior(in
wp) (both per Fe atom IV. COMPARISON WITH EXPERIMENT AND RESULTS
Under the assumption of rigig-band shifts,AE; , -+,
under applied magnetic field and strain distortion, the gain in

U

E,. =E%, +E% —
, o B, xo t-J 4

Y

A. Obtainment of U™ and dU®Mde ' parameters

magnetic free energl, is* Model Eq.(3.7) suggests plotting the experimental SS’s
x&% and y &2 values against the produgh(T)m(T) on one
AF,=— > (Niye YAEf e (3.5 si_de and on the other side agaipgj,(T)m(T)/d e "'_']T_. In
iyte s Figs. 9@ and 9b) we show the thermal variation of

xni(T)M(T) for 2-17 and 2-14 compounds, respectively.
This linear dependence with temperature keeps well with the
observed ones ford and %3 (see Figs. 5 and)gas model
eEq. (3.7 predicts. In the case of Fe; compound there also
exist measurements on the pressure dependeroéTof and
xni(T),?® and in Fig. 9a) we have plotted the thermal depen-
dence of[dx(T)M(T)/de *']y, which changes linearly
fith temperature, in agreement with E§.7) prediction. In
Figs. 1Ga) and 11 we show the plots of SS’gr.(ed
againsty,(T)m(T) for 2-17 and 2-14 compounds, respec-

In order to get the equilibrium strictions we have to mini-
mize F,+ F¢ against the irreducible strains, whétg is the
elastic energy, which is given in Refs. 1 and 20. We hav
two kinds of 9F,/de *! terms: one related to the strain
dependence of the leveB) . ,=Ej ., +E; and the re-
maining terms related to Coulomyinteractiond Eq. (3.4)].
The system of equations so derived is readily obtained in th
form (per Fe atom

— D My wg)IES L Jde I+ (Uy/8)am? g e tively, and in Fig. 10b) the plots againsfdxu(T)m(T)/
L de *']; for 2-17 compound. We can see that E8.7) pre-
. dicted separatelinearities are rather well accomplished for
+(Ud/4)2 a(ﬁzy)/ae ! both compounds. These plots suggest that effectively it is the
4 many-body 8l-electron interactiorJ, and its strain depen-
+(M212)(aU,1de )+ (1/2) dencedU,,/de ', the specific and basic mechanisms under-

lying the FMS in our Fe-rich intermetallics.

A fully consistent determination of/¢™ and sU®"/ge «!
from our experimental results is rather difficult, considering
that xfe o Strains are unknown too and their theoretical cal-
+C{ie ™+ Che*?=0, (3.6  culation would give quite uncertain values. Instead, from

X(dUqlde ayl)( > ﬁi—n2)
Y
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FIG. 10. (a) Plots of the forced magnetostriction susceptibilities therefore the “bare”Uo

[de*i(a)/lgH]; of volume (=1) and shapeiE&2) against the
product x,,(T)Ym(T), as suggested by model E@.7), for Y,Fe;

compound. The straight lines are the “best” fit ones. The intercept

on the vertical axis arqmem(a) (b) The same a$a) but now[d
e *Y(a)/aH]; against dy,m/de *Xa)]r, as Eq.(3.7) also sug-
gests.

Figs. 1Ga) and 11 plots we can estimate, from the verticalN9> W€
axis intercepts, the contribution to the SS’s from CEF andive one

two-ion |nteract|onsXmelo and from the line slopesU®/s
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TABLE I. Strain suscept|b|I|t|es(me|0|n units of 108 T2, and
strain derivatives)U§ fi/9e = in units of eV Fe atom, obtained for
the Y,Fe; and Y2Fe14B intermetallics (see main text for their
meanings

Compound x&&o xmdo —(0UEMae™)  —(aUgMaec™?)
Y Fer; 35 10 0.04-0.002  0.006-3x10*
Y, Fe B 10 =0 0.12+0.05 —0.04+0.01

On the other side from the slopes of Fig. 11 we deter-
mined a zero-strain valuéﬁﬁzl meV/Fe atom for YFe,,.
This value is too small compared with the accepted one for
Fe metal of~1 eV 2?3 This result is rather surprising and we
will discuss it in Sec. V below.

B. Strain dependence of bandwidths

For doing our model calculation of the SS’s, we intro-
duced in our Hubbard Hamiltonidisee Eq.(3.3)] effective
Coulomb potentials which become strain dependent, as
shown in Sec. Il B. However, this strain dependence goes
beyond the simplest Hubbatd potential which is assumed
to be an “on-site” oné*'*To find an explanation of how the
Uﬁﬁ intraband potential can become strain dependent is a
major problem within our model. However, we allow for
electron hopping between Fe atom pdsee Eq.(3.2)] and
potential is strongly renormalized
by hopping by a factor-4(|t|}?/[U2]?, for small enough
JI1)/UY, where the symbolg]t|) stand for the relevant
to-matrix elements. The detailed calculation of this particular
reduction ofUﬂ is beyond the scope of this work and will be
discussed in future work.

On the other side, if we consider electron-electron scatter-
should replace the “bareUO potential by theeffec-

36 ye=u%(1+FUP), whereF ~c/Q, with Q being
the 3d-band width. Then if the rigid band approximation is

e The values so obtained are quoted in Table I. For sucRPandoned, it is straightforward to show that

an obtamment, we took for the elastic stiffness constants the Lef
estimated values for ¥e B, C#=12.5eV/Fe atom and s Ei(ﬂﬁ) (a n | @1
C4%=30eV/Fe atonf® Values for C¢ for Y,Fe- are not ge® clUy) \ae™

availqble. Theredore, the .strain dependencg diefciron However, notice that our model, because of the different
eggcgl\\//le (;ou:?nTbntpoitne;t;alrrc?nn br? Setrirrrtnrlled rfzionl]l I:Msshifts introduced in the individuay 3d bands by applied

a experiments erromagnetic metais and afloys. gaiq or strain, takes already into account to some extent a
nonrigid electronic structure band density of st&fe$® The
disposable value for iron metal $%/Q2=0.1 (Refs. 3, 6, and

T T
~ 40} x10° - n’ ;
e Y Fe B s . 14) and c~15 The calculatet?~3° 3d and overall(i.e.,
30 L | considering 8-4s band hybridizationbandwidth values are
= .
> i=1
T ok i TABLE IlI. Calculated(Refs. 28—3D3d-band widths (8l-BW)
% . and hybridized bandwidthéH-BW) and their presently estimated
o . : ; .
A ol N strain dependencies for,¥e;; and Y,Fe B intermetallics(see de-
= tails in the main text about their obtainmgnt
- £ =2
5 0r ?---‘——' """" i ----- -v--V_ : a,l a,
L X L i Compound BandwidttieV) —(dInQ/oe®?) —(aInQlde*?)
4 455 55 6 63 3d-BW H-BW H-BW 3d-BW H-BW 3d-BW
10 X m(uB T '/Fe-atom” )
Y.Fe- 4.8 7 0.6 0.9 0.085 0.1
FIG. 11. The same as Fig. @& but for Y,Fe 4B intermetallic Y, Fe B 5.8 6.1 1.3 20 -04 —0.6

compound; now the magnitudes refer to the easis.



6886 A. del MORAL, C. ABAD]A, AND B. GARCIA-LANDA PRB 61

displayed in Table II. In these calculatiéfs*® 3d-electron To conclude, we have shown that the temperature depen-
correlation was introduced. Also in Table Il are our esti-dencies of the strain susceptibilities of volumiey
mated strain dependencies of the bandwidths, from(£d) e “Yed/oH ] and shapgde **(ea)/dH]; for the Fe-rich
and using the values of Table I. The accepted Heine’s theadniaxial intermetallics ¥Fe; and Y,Fe,B can be rather
retical valué® of the Q volume logarithmic derivative is- 3, well explained by a simple Hubbard-like model, assuming
in reasonable agreement with the values quoted in Table Il ithat the effective3d intraband Coulomb potentiatuﬁff is
we consider the spread in values existent@dr®>**How-  strain dependent. Apparently reasonable values for the strain
ever, these estimates would need to be checked experimederivatives of the effective Coulomb potential have been ob-
tally in a more direct manner, e.g., by electron photoemissionained. Our findings show how good forced magnetostriction
under stress, for our 2-14 and 2-17 intermetallics. is in probing many-body electron effects i 3netals. Pos-
sible origins for these strain dependencies have been briefly
discussed, in particular the dependence on the band elec-
V. DISCUSSION AND CONCLUSIONS tronic structure. Contributions of Fe atom volume and shape
The value found for the effective Coulomb potentis]  distortions produced by the forced strictions seem to be sub-
is clearly too small. This result is rather puzzling if we con- Stantial. Overall our model looks quite successful in explain-
sider the good linearity found for the SS's against"9 forced magnetostriction in the above mte_rmetalllc com-
[axm(TYM(T)/d e ']+ (Fig. 11, as our model Eq3.7) pre- pound_s. We hope that our fln_dlngs could stimulate fgrther
dicts and the convincing values found for its derivatives®XPeriments and more sophisticated models for checking the

&Uﬁﬁlﬁea,i_ We do not have presently any fully definitive appearance afhany-electroreffects in the forced magneto-

argument for giving an explanation of such a small value. astriction of Fe-rich alloys and intermetallics.

possibility, as we mentioned before, is if thlﬁff value here

obtained were the result of a renormalization W§ by a ACKNOWLDGMENTS
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(per Fe sitg of the form??’

APPENDIX A
H_ = (yef_ geff Nt oM g 1o 1 In order to solve the system of Eq8.4) we will make
e (Ud'~Ja )l#ﬁ’E:t-J:o‘ AL oTpLED, 6.3 the definitions(for indexi=1,2):

whereJS" is the exchange effective potential, assumed to be —0;=(U,/8)[dm&de ]+ (U448 >, a(ﬁf/)/ae a,
the same for alB bands. In Appendix B we tre&i,, within Y
the Hartree-Fock approximation, and find that the effective
exchange interaction of the pair atoms does not contribute to
the FMS strain susceptibilities, within our model. i U

Another point for discussion is how the parameteh& +(12) (gl e™ )< 2 n-n ) (A1)
and U9 * have been obtained. Model E(.7) is a _ ! _
plane in the threefold Cartesian spaces=y%!, x Then from Eq.(3.f1) we obtain the system of two linear equa-
= ye(T)M(T), and y=[dx(T)M(T)/de ]y, i=1,2, tions for the equilibrium strictions,
which cut the Cartesian planés,X and(z,)) along straight
lines, as in fact it is experimentally observed. Therefore a C& e+ C% e *?= > <n%i0>559/i0/,;ea,i+oi_
fully consistent determination of those parameters should be v.*o ’
found by fitting the experimental results within thex+ By (A2)

+2-2,=0 plane and getting th&, B, andz, parameters |t s far more convenient to work with SS’s than with strains
together g,=xmeio- However, this fitting procedure tumned themselves and therefore we take the derivative of B@)
out to be quite difficult and unsuccessful, with the disposableygainst the applied magnetic fiettl,. We found
experimental results at hand, and we did not find triplets

+(m?/2)(aU, e )

(z9,A,B) with more sound physical meaning. Nevertheless, el al 1 . 901 90,
the good linear fits found by projecting Eq®.7) on the Xmel= Xmel,ot A7 CZZE_ 2H, |’
Cartesian planes and the sound valueswi"/de ' are both
rather satisfying. w2 an .90, 30,
On the other hand, the-mode decoupling practiced with Xmei= Xmel.ot 3B C”Wa_Cn&Ta)’ (A3)

the volume e “' and shapee “? forced magnetostrictions _
seems quite realistic on the sight of the general good agresvhere A*=C{,C5,— (C{,)? and x o are the SS’s coming
ment found between experiment and model calculations. from the strain dependence of CEF, two-ion, &\l ex-
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change energy levels and which their expressions are oland plugging Eq(A7) into Eq.(A6) one finally arrives at the
tained just substituting in Egs.(A3) O; by expression
E%wm%m)&E‘;io_/ae“". We are now going to assume

that the order of the partial derivatives Of against strains an, w o dp,

e®! and fieldH, can be interchanged. This is not strictly oA ( Udf °E dE) =0,
true because the strictions depend ldg. However, we a o
know from experimenrif that the order of derivatives is irrel- L - .

evant in the case of the magnetizatiorand it is reasonable and because the parametéj is, in pr|n_c2|ple, arbitrary we
to extend such an assumption to the derivatives of the occf€® thawn,/dH,=0 and thereforel,(dn’/dH,) =0. If we

pation numberar, . From Eq.(A1) we immediately obtain introduce this result in EqA4) we effectively remove terms
7 depending on the interband Coulomb potentigl. This re-

(A8)

.|l

d0; aJ,, Un\ d(xnim) sult obviously means that spin-down transfer to spin up un-
TOH. T\ el | XnME | T der Zeeman polarization occurs for eaglband separately.
a Finally, in order to solve the linear system of E¢A3)

Ug| o gn (1 gUyq gn’, we have decoupled the twa strains. This procedure is
2 ae“"z oH. Tl gcar > gH. equivalent to assume Cy, small, a reasonable
Y a Y a . . 223 . .
approximatiorf>2® With such a procedure we can arrive at
(Ad)  Eq.(3.5), as shown in Sec. Il

We will now show that for weakly spin-dependent band
density of states, which is the actual situation for our 2-14 APPENDIX B
and 2-17 intermetallics according to polarized band-structure
calculations;®~*°3,dn%/3H, is small and therefore we can
neglect terms inUy and @Uq4/de®') in Eq. (A4). The
y-band number of electrons is

We treatH,, of Eq. (5.1 within the Hartree-Fock ap-
proximation and, in a first-order perturbation, we readily ob-
tain

. M
n,= fﬁm{pm(r(E—Ey,+,,)+py,7(r(E—Ey,fo)}dE, Ee,= (U528 2/ (n,+1), (B1)
(A5) B#B

wherep.,, ., are the functions density of states for the two €nergy that will be added to the energy levels of E3}4).
spin projections anck the chemical potential. Now if we When introducing Eq(B1) in Eq. (3.5 we obtain

assume that Py +0lE, + s=dp, ,I10E, ,
=dp,I/JE, . and take the derivative of, againstH,, us- JF&X _d(n,+nl)
ing Eq. (A5) we obtain - ﬁr:(USﬁ_\]gﬁ) > np#
py#y'
1« dn? k  dp, [JE JE., _ eff_ qeff
- YN o 4 vto »oo dUg —3g) —
2271 H, 2;‘ My ocaEMU( dH, dH, dE. Ry — > mm+ nl). (B2
(AB) € poy# Y
Now from Eq.(3.4) it is easily shown that Now term (B2) is added to the right-hand side of E@\2)
E E _ and when performing the derivative of E¢gB2) againstH,,
Eyio  By-o_ U, an, (A7)  asdone before, these terms become nulffag 9H,=0, for
dH, IH 4 IH,’ S=v,v.p.
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