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Many-body electron origin for the forced magnetostriction in iron-rich Y 2Fe17 and Y2Fe14B
itinerant ferromagnets
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Aragón, Universidad de Zaragoza and Consejo Superior de Investigaciones Cientı´ficas, 50009 Zaragoza, Spain
~Received 22 October 1999!

We report on the observed high-field~up to 30 T! volume, ]Pa,1/]H, and shape,]Pa,2/]H, forced
magnetostrictions in the iron-rich Y2Fe17 and Y2Fe14B itinerant uniaxial intermetallics. The magnetostrictions,
which increase rapidly with temperature, are rather strong if compared with iron metal, amounting~in
1026 T21! for Y2Fe14B up to >37 and >22.2 and for Y2Fe17 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 of the 3d intrabandeffective many-body
electron Coulomb repulsion potential,Ueff, which amounts to~in eV Fe atom! ]Ueff/]Pa,1>2(0.1260.01)
and]Ueff/]Pa,2>0.0460.01 for Y2Fe14B, and2(0.0460.002) and2(0.0066331024) for Y2Fe17, 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.
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I. INTRODUCTION

The understanding of the mechanisms responsible for
paraprocess or forcedmagnetization~FM! in Fe, Co, and Ni
metals and their alloys is one of the classical problems
magnetism.1–3 The difficulty is double. On one side is th
difficulty in measuring accurately enough such a tiny eff
in the ‘‘classical’’ metals Fe, Co, Ni, and their alloys.1,4,5For
instance, in iron metal the high-field susceptibility at 286.5
and 20 T amounts only to~in mB /T Fe atom! xhf50.775
31023, decreasing down to 0.34031023, at 4.2 K.4 On the
theoretical side the situation is rather unclear, and it has b
conjectured to be a property mainly related to many-bo
electron interaction in the ferromagnets.2,3,6 This theoretical
problem has not been fully solved yet and it is not our aim
this work to deal with it in a direct way. Rather, our a
proach is to investigate another effect very closely related
the FM process: theforced magnetostriction~FMS!, i.e., the
magnetostriction which develops beyond the domain-w
motion and eventually coherent rotation of magnetization
of the easy magnetization direction.1 In pure 3d metals this
effect is relatively weak and again somehow difficult to me
sure with good accuracy.1,7 For instance, in iron metal at 30
K it amounts to ]v/]H>0.5– 1.531026 T21 and
]l@100#/]H>0.5– 131026 T21, for the volume and shap
~along the easy@100# axis! strictions, respectively.7 How-
ever, we have found that the volume FMS is ratherstrong,
between one and two orders of magnitude larger, for
present uniaxial intermetallics Y2Fe17 and Y2Fe14B and
therefore amenable to be measured with much better a
racy. These compounds crystallize in theP63 /mmc and
P42 /mnm space groups for Y2Fe17 and Y2Fe14B, respec-
tively, and order ferromagnetically belowTc>310 and 571
K, respectively.8,9 Besides, we have found that a sizeab
shape striction (c/a ratio distortion! is also developed a
PRB 610163-1829/2000/61~10!/6879~10!/$15.00
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mentioned before. To deal with our experimental finding
simple model has been developed, in order to gain so
more insight into the FMS origin. Even so, our model do
not pursue anab initio calculation of FMS but just attempt
to find a relation between the easy direction high-field s
ceptibility xhf and magnetizationm, and the field dependenc
of FMS, amenable to comparing with the experimental
sults. This, in principle, should allow one to extract use
information about the interaction~s! responsible for the FMS

Several workers have discussed the physical origins of
FM and FMS effects. Holstein and Primakoff10 first and
Pauthenet,4 more recently, ascribed most of FM in iron met
to spin-wave suppression by the applied magnetic field,
though a further contribution, linear in the applied magne
field Ha , was clearly identified.4 The spin-wave calculation
of del Moral and Brooks11 predicted that the forced strictio
should evolve with the applied magnetic fieldHa as l
5aSWAHa, for moderateHa although larger than the aniso
ropy field HK , our present situation (aSW is a parameter
proportional toT, the temperature!. However, such a calcu
lation was in principle only intended forlocalizedmagnetic
moments. Indeed, spin-wave excitations have been obse
in Y2Fe17 ~Ref. 12! and in Y2Fe14B ~Ref. 13!, although at our
largest applied magnetic fields~up to 30 T!, such a contribu-
tion to FMS should be of minor importance in those inte
metallics. In fact, it is well known that beyond a certa
electron wave-vector limit, which decreases with increas
HK1Ha field, spin waves are strongly damped becau
single-particle Stoner excitations take over.14 We will dis-
cuss more about this point later on. We will also show th
the observed high-field linear dependence of FMS withHa
has a rather different origin.

The phenomenological model of forced magnetostrict
in itinerant ferromagnets that was set forward by Wohlfart15

shows that if the magnetic free energy, referred to the pa
6879 ©2000 The American Physical Society
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6880 PRB 61A. del MORAL, C. ABADÍA, AND B. GARCÍA-LANDA
magnetic regime, is assumed to beDFm(v)
52M vm(T)2, where M is the relevant magnetoelast
~MEL! coupling parameter,m(T) the magnetization, andv
the volume strain, from minimization ofDFm(v)

1( 1
2 )Cv2, whereC is the bulk modulus, it is immediately

deduced that the FMS susceptibility becomes

]v

]H
5S 2M

C Dxhf~T!m~T!. ~1.1!

This relationship was later obtained, within the limitations
the Stoner-Wohlfarth rigid band model, by Katsuki a
Terao,16 although the specific and basic interaction under
ing the FMS was not fully transparent by that time and E
~1.1! was obtained under less basic underground assump
than our model ones, as we will see below.

The organization of the paper is as follows. In Sec. II
present the experimental results, in Sec. III we develo
model of FMS for itinerant ferromagnets, in Sec. IV w
compare the model with experiment, and in Sec. V we d
cuss some results and extract the main conclusions.

II. EXPERIMENTAL TECHNIQUES AND RESULTS

The magnetostriction measurements were performed
strong pulsed magnetic fields of up to 31 T, available at
High Magnetic Field Facility of Zaragoza
University-CSIC,17 in the range 4–300 K, on single crysta
of the above-mentioned intermetallics. The pulse width w
>2.5 sec with rising time of 0.16 sec, the measureme
being performed at the decaying period of the pulse, to av
eddy current and magnetic relaxation effects. The stricti
were measured by the well-known strain gauge~SG!
technique,18 using an ac bridge which compensated for t
SG magnetoresistance~MR!. The SG MR is rather substan
tial at so intense magnetic fields and low temperatures19 and
extreme care was exercised in order to compensate it.
overall technique had a strain sensitivity of about65
31026. The magnetic fieldHa was applied along the crysta
easymagnetization directions,a axis for hexagonal Y2Fe17
~2-17 hereafter! and basal-planec axis for tetragonal
Y2Fe14B ~2-14 hereafter!, as we wanted to obtain the FMS a
pure as possible. In both cases, the strains were meas
alonga, b, andc axes. In this way we were able to determi
the a-representation irreducible strictions~IS! for uniaxial
symmetry: Pa,1(ea)5Pxx1Pyy1Pzz, i.e., the volume
striction; Pa,2(ea)5()/2) (Pzz2(1/3)Pa,1(ea)), i.e., the
tetragonal or shape striction, which distorts thec/a ratio.20,21

The Cartesian strainsP i j are referred to the crystal axes wi
x̂ia, ŷib andẑic for the hexagonal lattice cell; for the tetrag
onal cell a[b. ea means the easy magnetization axis,
applyingHa.

Magnetization measurements, along thec anda easy axes
for 2-14 and 2-17 compounds, respectively, were perform
using the well-known induction technique, using concen
well balanced pickup coils. The accuracy of our method
>61% and the sensitivity>1023 emu (>1024mB).

The sample single crystals were grown by the well-kno
Czokralsky technique. They were x-ray back-Laue orien
and cut in the form of prisms by spark erosion, with th
surfaces containing the lattice cell main crystallograp
f
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axes. They were big enough to cement on them our minia
SG ~Micromeasurements-350! for magnetostriction measure
ments.

In Figs. 1~a!, 1~b!, and 1~c! we present the magnetostric
tion ~MS! isotherms for the 2-17 compound crystal. In th
notation used for the measured strains,l~a,b!, a means the
magnetization direction andb the strain direction. In Figs
2~a! and 2~b! are plotted the ones for the 2-14 compou
crystal. For 2-14 they are fairly linear, within the experime
tal error, except for the higher temperatures, as the F
should increase rapidly when approachingTc .1 For 2-17
they show a negative curvature at the lower fields. For 2
we plotted such isotherm regions and found a low-field~be-
low about 10 T! contribution asAHa , which suggests sup
pression of spin-wave excitations~stronger as the tempera
ture increases! by the applied magnetic field, and according
with discussion in Sec. I.

The natural way to analyze MS measurements is to ob
the irreducible strains~IS!, out of thel~a,b! ones, such as21

Pa,1~ea!5l~ea,c!1l~ea,a!1l~ea,b!, ~2.1!

Pa,2~ea!5
1

)
H l~ea,c!2

l~ea,a!1l~ea,b!

2 J , ~2.2!

FIG. 1. Magnetostriction isotherms of Y2Fe17 intermetallic com-
pound for the magnetic field applied along thea easy direction,
measured along the crystal axes:~a! a; ~b! b; and ~c! c.
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PRB 61 6881MANY-BODY ELECTRON ORIGIN FOR THE FORCED . . .
wherea[b for tetragonal symmetry. In Figs. 3~a! and 3~b!
we present the strictionsPa,1(ea) andPa,2(ea) for 2-17 and
in Figs. 4~a! and 4~b!, the ones for 2-14. The same kind
above comments apply for these isotherms: they show
linearity with Ha , and lack of perfect linearity likely arise
because of error propagation, as we need threel(a,b) stric-

FIG. 2. Magnetostriction isotherms of Y2Fe14B intermetallic
compound for the magnetic field applied along the easyc direction,
measured along the crystal axes:~a! a5b and ~b! c.

FIG. 3. ~a! Selected volume magnetostrictionPa,1(a), iso-
therms for the applied magnetic field along the easya axis, for a
single crystal of Y2Fe17. ~b! The same for shape magnetostrictio
Pa,2(a).
ir

tion measurements to get the IS@Eqs. ~2.1! and ~2.2!#. The
‘‘anomalous’’ behavior of the 150- and 250-K isotherms f
Pa,2(ea) for both compounds has been also observed in
rotational or crystal electric-field~CEF! MS Pa,2(ha) ~ha
means hard magnetization axes! at >200 K, in the form of
broad maxima.22,23This behavior was explained as the res
of transferring 3d electrons from nonmagnetostrictive singl
level to a magnetostrictive doublet as temperat
increases.23 The IS’s are fairly linear withHa, with no signs
of saturation at 30 T. It is useful to compare the measu
IS’s with our model calculations below, to definestrain sus-
ceptibilities ~SS!: xmel

a,1(ea)[(]Pa,1(ea)/]Ha)T and
xmel

a,2(ea)[„]Pa,2(ea)/]Ha…T , obtained from the slopes o
the isotherms of Figs. 3 and 4. In Figs. 5 and 6 we show

FIG. 4. ~a! Selected volume magnetostriction,Pa,1(c), iso-
therms for applied magnetic field along the easyc axis, for a single
crystal of Y2Fe14B. ~b! The same for shape magnetostrictio
Pa,2(c).

FIG. 5. Thermal variation of the forced magnetostriction susc
tibilities, xmel

a,i (a)5]Pa,i(a)/]H, i 51 for volume andi 52 for
shape, for a Y2Fe17 single crystal. The 30-T magnetic field is ap
plied along the easya axis.
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6882 PRB 61A. del MORAL, C. ABADÍA, AND B. GARCÍA-LANDA
temperature variations of the SS’s for both systems.xmel
a,1(ea)

is about one order of magnitude larger thanxmel
a,2(ea), an

unusual feature in 3d metals, and both increase with tem
perature.

Very accurate ‘‘high’’-field magnetization isotherms we
traced using a superconducting quantum interference de
~SQUID! magnetometer up to 5 T and a vibrating sample
magnetometer~VSM! up to 12 T. The field up to 30-T mag
netization isotherms are shown in Figs. 7~a! and 7~b!. Ha was
applied alongea. The 5- and 12-T measurements were do
in order to guarantee the accuracy ofxhf as obtained from the
30-T isotherms (>61024mB /T Fe atom!. From the 5-T and
even the 12-T measurements we noticed thatxhf substan-
tially increased with decreasing magnetic field. The magn
field range where to obtain the properxhf is a delicate point

FIG. 6. Thermal variation of the forced magnetostriction susc
tibilities, xmel

a,i (c)5]Pa,i(c)/]H, i 51 for volume andi 52 for
shape, for a Y2Fe14B single crystal. The 30-T magnetic field i
applied along the easyc axis.

FIG. 7. Forced high-field magnetization~FM! isotherms for:~a!
Y2Fe17 and ~b! Y2Fe14B single crystals along thea and c easy
directions, respectively.
ice

e

ic

when dealing with the paraprocess or FM regime. We fou
as more reliable FMxhf values those determined from th
magnetization isotherms between 15 and 30 T, where
slopes remain fairly constant@see Figs. 7~a! and 7~b!#. In

-

FIG. 8. ~a! Thermal variation of the high-field susceptibilit
along the easya axis,xhf , for a single crystal of Y2Fe17. xhf(T) is
the slope of the isotherm between 15 and 30 T, where magne
tion variation is quite linear with applied magnetic field.~b! The
same as~a! but for Y2Fe14B for easyc axis.

FIG. 9. ~a! Thermal variation of the high-field susceptibilit
times the magnetizationxhfm against temperature for Y2Fe17 com-
pound along the easya axis ~left-hand scale!. Also plotted is the
derivative against the volume strain@]xhfm/]Pa,1(a)#T . ~b! The
same as~a! but for Y2Fe14B compound along the easyc axis.
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Figs. 8 and 9 we show the thermal variation of thehigh-field
susceptibilityxhf(T)5(]M /]Ha)T , for 2-17 and 2-14 com-
pounds, respectively, which changes quite linearly with te
perature.

III. FORCED MAGNETOSTRICTION „FMS… MODEL

A. Outline of interactions and describing Hamiltonians
for Y-Fe intermetallics

We are here mainly interested in showing up the rea
specific mechanism~s! underlying the high-field FMS.
Forced magnetostriction should in principle be contribu
by the following mechanisms:~i! magnetic moment rota
tional fluctuations, both coherent~spin waves! and incoher-
ent ~local! against the CEF anisotropy, i.e., single-ionorbital
contributions to FMS;22,23 ~ii ! two-ion electron hopping and
exchange;24,25 ~iii ! many-bodyCoulomb electron repulsion
Spontaneousmagnetostrictions of kinds~i! and~ii ! were ex-
tensively studied in those references, and we will only o
line them briefly.

Y2Fe17 hexagonal lattice cell contains four unequivale
positions for Fe atoms (4f , 6g, 12j , 12k!,9 with our mea-
sured site-averaged magnetic moment of (2
60.02)mB /Fe atom and where the ‘‘dumbbell’’ of 4f atoms
supports the highest point symmetry 3m. For such a symme
try the CEF splitting gives rise to two doublets,$uxz&,uyz&%,
$uxy&,ux22y2&% and one singlet,u2z22(x21y2)&. Y2Fe14B
tetragonal lattice has six unequivalent Fe atom positio8

with our measured site-averaged magnetic moment of (2
60.02)mB /Fe atom. As the site point symmetry only su
ports singlets we early merely assumed23 an overall tetrago-
nal symmetry for all sites, that gives rise to a doub
$uxz&,uyz&% and three singlets. This is the simplest way to g
anisotropy and magnetostriction in Y2Fe14B, as observed
More details may be found in Refs. 22 and 23. All single-i
interactions are well described22,23 by the Hamiltonian

Ho5HCEF1Hso1Hz1Hmel1Hel , ~3.1!

which embodies the following interactions: crystal-fie
(HCEF); spin-orbit (Hso) one, between the angular momen
L and s; Zeeman (Hz), magnetoelastic (Hmel), and elastic
(Hel). The particular expressions for these Hamiltonians
not needed here and may be found elsewhere.22,23 In the
Zeeman term is introduced an effective magnetic field,Heff
5Hex1Ha , where the exchange mean field readsHex
5zmBJ(r )^s&, with z being the nearest-neighbor~NN! num-
ber of Fe atoms for the probe Fe atom;J(r ) is the spatially
dependent exchange integral and^s&, the spin thermal aver
age. Those NN’s are within the basal planes of the lat
cells. The diagonalization ofHo gives rise to ten energy
levelsEb,6s

0 , whereb stands for the orbital state ands for
the spin projection.22,23 In our previous model22,23 these lev-
els were the centers of ten energy bands, of widthVb,6s ,
describing the lattice electron energy. All this discussion
needed in order to justify that single-ion CEF magnetost
tion could be also present at the FMS process, because o
suppresion of magnetic moment tranversal fluctuations ou
the easy axis, by the applied magnetic field. However no
again that only theorbital contribution to magnetic momen
fluctuations could give rise to crystal-field FMS.
-
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Next sources of FMS should be the two-ion interactio
i.e., electron hopping and exchange. It was shown before24,25

that in these Y-Fe intermetallicshoppingbetween Featom
pairs is a source of spontaneous MS, which is develop
below the Curie temperature and it is manifested in the m
netic thermal expansion. This interaction can be described
the simple tight-binding Hubbard Hamiltonian

Hh5 (
i 51,2

(
b,b8;s

t i ,32 i ;b,b8;sdibs
1 d32 ib8s , ~3.2!

where we demand for having a strain dependence of
t i ,32 i ;b,b8;s matrix elements. dibs

1 and d32 ib8s are
3d-b-band electron creation and annihilation operators,
spectively, andi the Fe sites. It was shown before that on
the 4f -4 f dumbbell Fe atoms in the case of Y2Fe17 ~Ref. 24!
and thee-epair ones for Y2Fe14B ~Ref. 25! are involved in
the two-ion magnetostriction~both pairs are along the mai
c-crystal axis!. The reason is that, by symmetry conside
ations and because of orbital overlapping, onlyt-matrix ele-
ments for electron hopping between those pairs are not
and preserve the magnetostrictive$uxz&,uyz&% doublets.24,25

However, strain dependent exchange interactionJ(r ), was
also shown to be a source of MS.24,25 Diagonalization ofHh
produces a further splitting of the energy levels, 20 over
with energiesEb,6s,t,J

0 , which become again the centers
correspondingly 20 3d bands. Strain dependencies
Eb,6s,t,J

0 levels are the sources of one-ion and two-i
FMS’s.

Summarizing until now, the MEL coupling distorts th
CEF bringing about the single-ion magnetostriction even
ally contributing to the FMS, because of transvers
magnetic-moment fluctuations. Thet matrix is Fe-Fe dis-
tance dependent, as well as theJ(r ) exchange of the magne
tostrictive Fe pair with NN, and both give rise to FMS o
two-ion origin. In fact, as mentioned before,spontaneousor
coherent magnetostriction from these two sources were
ready observed in Y2Fe17 and Y2Fe14B compounds and thor
oughly studied there.22–25 The single-ion spontaneous CE
magnetostriction appears when the magnetization rot
away from theea. The two-ion or electron hopping on
should be significant because of the large strains observe
the FMS, of about the same order of magnitude than
spontaneous magnetic thermal expansion belowTC @at 250 K
Pa,1(ea)>7.731023 and 1931023, for 2-17 and 2-14
respectively#.24,25 Therefore at the FMS process both stri
tions should be eventually present.

B. Many-body Hubbard magnetostriction

We come about to the main FMS specific source,
which we are interested to reveal for these Y-Fe interme
lics, as it is the 3d-electronCoulombinteraction. Physically
3d-electron Coulomb repulsion energy should be anot
source of FMS as it is interelectronic distance depend
~i.e., strain dependent! and, in principle, rather strong. W
will show that thismany-bodyinteraction is the main sourc
of FMS for the present iron rich intermetallics. The assum
Hamiltonian describing 3d electron many-body interaction
is the simplest Hubbard one,
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Hmb5 (
i ;b,b8;t-J

Ub,b8
eff ni ,b,t-J,sni ,b8,t-J,2s . ~3.3!

In Eq. ~3.3!, Ub,b8
eff is the effectiveelectron Coulomb repul-

sion, i the Fe site,b the 3d band orbital state,t-J the index
for two-ion interaction,s ~561

2!, the spin projection along
the easy axis, andni ,b,t-J,s the electron number operato
Coulomb repulsion between 3d electrons will be source o
FMS, if we assume theUb,b8

eff potential to bestrain depen-
dent. In other words we assume that many-body effects
responsible as well for the FMS. In Eq.~3.3! we should
consider two effectiveUb,b8

eff potentials: whenb5b8 ~intra-
band electron repulsion! and bÞb8 ~interband electron re
pulsion!, with potentialsUn and Ud , respectively, andUd
.Un , because band formation increases energy~we drop off
the ‘‘eff’’ superscript inUn

eff andUd
eff for simplicity in nota-

tion!. We now treatHmb within the Hartree-Fock approxima
tion, i.e., neglecting charge andspin thermal fluctuations.3,14

However, orbital magnetic-moment fluctuations are int
duced in our model in the sense discussed in Sec. III A. T
we obtain n̄g5^ngs&1^ng2s& and m̄g /mB5^ngs&
2^ng2s&, as the thermal averages of theg-band electron
population and magnetization, respectively. To simplify n
tation, g now stands for theb, t, J, and U indices in the
energy levels. These levels are readily obtained as~per Fe
atom!,

Eg,6s5Eb,6s
0 1Et-J

0 2
Un

4
~6m2n!1

Ud

2
~n2n̄g!, ~3.4!

wheren5(g,6s^ng,6s& is the equilibrium number of elec
trons within the 20 subbands andm the magnetization~in
mB! ~both per Fe atom!.

Under the assumption of rigidg-band shifts,DEi ,g,6s ,
under applied magnetic field and strain distortion, the gain
magnetic free energyFm is22

DFm52 (
i ,g,6s

^ni ,g,6s&DEi ,g,6s . ~3.5!

In order to get the equilibrium strictions we have to min
mizeFm1Fel against the irreducible strains, whereFel is the
elastic energy, which is given in Refs. 1 and 20. We ha
two kinds of ]Fm /]Pa,1 terms: one related to the stra
dependence of the levelsEg,6s

0 5Eb,6s
0 1Et-J

0 and the re-
maining terms related to CoulombU interactions@Eq. ~3.4!#.
The system of equations so derived is readily obtained in
form ~per Fe atom!

2 (
g,6s

^n̄g,6s&]Eg,6s
0 /]Pa,i1~Un/8!]m2/]Pa,i

1~Ud/4!(
g

]~ n̄g
2!/]Pa,i

1~m2/2!~]Un /]Pa,i !1~1/2!

3~]Ud /]Pa,1!S (
g

n̄g
22n2D

1Ci1
a Pa,11Ci2

a Pa,250, ~3.6!
re

-
n

-

n

e

e

with i 51,2, and whereCi j
a are the symmetry elastic stiffnes

constants.1,20 It is now more convenient to work with the
SS’s above defined. Therefore we proceed to take the de
tive of Eq. ~3.6! against the applied magnetic fieldHa and
obtain a system of equations in the SS’s. Details of
calculations are included in Appendix A, where we discu
the approximations and simplifications introduced in our c
culations in order to arrive at the following leading terms f
the SS’s:

xmel
a,i 5xmel,0

a,i 2
1

Cii
a H S ]Un

eff

]Pa,i D
T

xhf~T!m~T!

1
Un

eff

4 S ]

]Pa,i @xhf~T!m~T!# D
T
J , i 51,2, ~3.7!

wherexmel,0
a,i are the susceptibilities resulting from the singl

ion CEF, hopping and interatomic exchange mechanisms
we can see, two mechanisms are in principle contributing
the FMS, although both bear upon the many-body elect
Coulomb interaction. The second term in Eq.~3.7! gives the
contribution from the strain dependence ofintraband Cou-
lomb potential and third one accounts for the strain dep
dence of magnetization. The prediction from Eq.~3.7! is the
linear dependence of the SS’s with the productxhf(T)m(T)
and with @]xhf(T)m(T)/]Pa,i #T . First linear dependence
keeps remarkably well with Wohlfarth’s phenomenologic
relation ~1.1! and even a second one also appears in Wo
farth’s relation if one considersm to be strain dependent. Th
kind of agreement achieved gives further credit to our mo
Eq. ~3.7!.

IV. COMPARISON WITH EXPERIMENT AND RESULTS

A. Obtainment of Ueff and ­UeffÕ­«a,i parameters

Model Eq. ~3.7! suggests plotting the experimental SS
xmel

a,1 andxmel
a,2 values against the productxhf(T)m(T) on one

side and on the other side against@]xhf(T)m(T)/]Pa,i #T . In
Figs. 9~a! and 9~b! we show the thermal variation o
xhf(T)m(T) for 2-17 and 2-14 compounds, respective
This linear dependence with temperature keeps well with
observed ones forxmel

a,1 andxmel
a,2 ~see Figs. 5 and 6!, as model

Eq. ~3.7! predicts. In the case of Y2Fe17 compound there also
exist measurements on the pressure dependence ofm(T) and
xhf(T),26 and in Fig. 9~a! we have plotted the thermal depe
dence of @]xhf(T)m(T)/]Pa,i #T , which changes linearly
with temperature, in agreement with Eq.~3.7! prediction. In
Figs. 10~a! and 11 we show the plots of SS’sxmel

a,i (ea)
againstxhf(T)m(T) for 2-17 and 2-14 compounds, respe
tively, and in Fig. 10~b! the plots against@]xhf(T)m(T)/
]Pa,i #T for 2-17 compound. We can see that Eq.~3.7! pre-
dicted separatelinearities are rather well accomplished fo
both compounds. These plots suggest that effectively it is
many-body 3d-electron interactionUn and its strain depen
dence]Un /]Pa,i , the specific and basic mechanisms und
lying the FMS in our Fe-rich intermetallics.

A fully consistent determination ofUn
eff and ]Un

eff/]Pa,i

from our experimental results is rather difficult, consideri
that xmel,0

a,i strains are unknown too and their theoretical c
culation would give quite uncertain values. Instead, fro
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Figs. 10~a! and 11 plots we can estimate, from the vertic
axis intercepts, the contribution to the SS’s from CEF a
two-ion interactionsxmel,0

a,i and from the line slopes]Un
eff/]

Pa,i. The values so obtained are quoted in Table I. For s
an obtainment, we took for the elastic stiffness constants
estimated values for Y2Fe14B, C11

a >12.5 eV/Fe atom and
C22

a >30 eV/Fe atom.23 Values for Cii
a for Y2Fe17 are not

available. Therefore, the strain dependence of 3d-electron
effective Coulomb potential can be determined from FM
and FM experiments in 3d ferromagnetic metals and alloys

FIG. 10. ~a! Plots of the forced magnetostriction susceptibiliti
@]Pa,i(a)/]H#T of volume (i 51) and shape (i 52) against the
productxhf(T)m(T), as suggested by model Eq.~3.7!, for Y2Fe17

compound. The straight lines are the ‘‘best’’ fit ones. The interce
on the vertical axis arexmel,0

a,i (a). ~b! The same as~a! but now @]
Pa,1(a)/]H#T against@]xhfm/]Pa,1(a)#T , as Eq.~3.7! also sug-
gests.

FIG. 11. The same as Fig. 10~a! but for Y2Fe14B intermetallic
compound; now the magnitudes refer to the easyc axis.
l
d

h
e

On the other side from the slopes of Fig. 11 we det
mined a zero-strain valueUn

eff>1 meV/Fe atom for Y2Fe17.
This value is too small compared with the accepted one
Fe metal of'1 eV.2,3 This result is rather surprising and w
will discuss it in Sec. V below.

B. Strain dependence of bandwidths

For doing our model calculation of the SS’s, we intr
duced in our Hubbard Hamiltonian@see Eq.~3.3!# effective
Coulomb potentials which become strain dependent,
shown in Sec. III B. However, this strain dependence g
beyond the simplest HubbardU potential which is assumed
to be an ‘‘on-site’’ one.3,14 To find an explanation of how the
Un

eff intraband potential can become strain dependent
major problem within our model. However, we allow fo
electron hopping between Fe atom pairs@see Eq.~3.2!# and
therefore the ‘‘bare’’Un

0 potential is strongly renormalized
by hopping by a factor24^utu&2/@Un

0#2, for small enough
^utu&/Un

0, where the symbolŝ utu& stand for the relevan
t0-matrix elements. The detailed calculation of this particu
reduction ofUn

0 is beyond the scope of this work and will b
discussed in future work.

On the other side, if we consider electron-electron scat
ing, we should replace the ‘‘bare’’Un

0 potential by theeffec-
tive one,3,6 Un

eff>Un
0/(11FUn

0), whereF'c/V, with V being
the 3d-band width. Then if the rigid band approximation
abandoned, it is straightforward to show that

]V

]Pa,i >
1

c S V

Un
effD 2S ]Un

eff

]Pa,i D . ~4.1!

However, notice that our model, because of the differ
shifts introduced in the individualg 3d bands by applied
field or strain, takes already into account to some exten
nonrigid electronic structure band density of states.22–25 The
disposable value for iron metal isUn

0/V>0.1 ~Refs. 3, 6, and
14! and c'1.6,14 The calculated28–30 3d and overall~i.e.,
considering 3d-4s band hybridization! bandwidth values are

ts

TABLE I. Strain susceptibilitiesxmel,0
a,i in units of 1026 T21, and

strain derivatives]Un
eff/]Pa,i in units of eV Fe atom, obtained fo

the Y2Fe17 and Y2Fe14B intermetallics ~see main text for their
meanings!.

Compound xmel,0
a,1 xmel,0

a,2 2(]Un
eff/]Pa,1) 2(]Un

eff/]Pa,2)

Y2Fe17 35 10 0.0460.002 0.0066331024

Y2Fe14B 10 >0 0.1260.05 20.0460.01

TABLE II. Calculated~Refs. 28–30! 3d-band widths (3d-BW)
and hybridized bandwidths~H-BW! and their presently estimate
strain dependencies for Y2Fe17 and Y2Fe14B intermetallics~see de-
tails in the main text about their obtainment!.

Compound Bandwidth~eV! 2(] ln V/]Pa,1) 2(] ln V/]Pa,2)

3d-BW H-BW H-BW 3d-BW H-BW 3d-BW

Y2Fe17 4.8 7 0.6 0.9 0.085 0.1
Y2Fe14B 5.8 6.1 1.3 2.0 20.4 20.6
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displayed in Table II. In these calculations28–30 3d-electron
correlation was introduced. Also in Table II are our es
mated strain dependencies of the bandwidths, from Eq.~4.1!
and using the values of Table I. The accepted Heine’s th
retical value31 of theV volume logarithmic derivative is2 5

3 ,
in reasonable agreement with the values quoted in Table
we consider the spread in values existent forUn

0.2,3,14 How-
ever, these estimates would need to be checked experim
tally in a more direct manner, e.g., by electron photoemiss
under stress, for our 2-14 and 2-17 intermetallics.

V. DISCUSSION AND CONCLUSIONS

The value found for the effective Coulomb potentialUn
eff

is clearly too small. This result is rather puzzling if we co
sider the good linearity found for the SS’s again
@]xhf(T)m(T)/]Pa,i #T ~Fig. 11!, as our model Eq.~3.7! pre-
dicts and the convincing values found for its derivativ
]Un

eff/]Pa,i. We do not have presently any fully definitiv
argument for giving an explanation of such a small value
possibility, as we mentioned before, is if theUn

eff value here
obtained were the result of a renormalization ofUn

0 by a
factor >(24^utu&2/@Un

0#21J/Un
0), whereJeff.0 is the ef-

fective exchange interaction integral.27 This reduction will be
the subject of future theoretical work.

Now we should discuss the terms disregarded within
simple Coulomb interaction Hamiltonian of Eq.~3.3!, Hmb.
There we did not consider 3d-electronexchangeinteraction
between the Fe pair atoms, that amounts for an extra t
~per Fe site! of the form3,27

Hex5~Ud
eff2Jd

eff! (
bÞb8;t-J;s

nb,t-J,snb8,t-J,s , ~5.1!

whereJd
eff is the exchange effective potential, assumed to

the same for allb bands. In Appendix B we treatHex within
the Hartree-Fock approximation, and find that the effect
exchange interaction of the pair atoms does not contribut
the FMS strain susceptibilities, within our model.

Another point for discussion is how the parametersUn
eff

and ]Un
eff/]Pa,i have been obtained. Model Eq.~3.7! is a

plane in the threefold Cartesian spaces,z[xmel
a,i , x

[xhf(T)m(T), and y[@]xhf(T)m(T)/]Pa,i #T , i 51,2,
which cut the Cartesian planes~z,x! and ~z,y! along straight
lines, as in fact it is experimentally observed. Therefore
fully consistent determination of those parameters should
found by fitting the experimental results within theAx1By
1z2z050 plane and getting theA, B, and z0 parameters
together (z0[xmel,0

a,i ). However, this fitting procedure turne
out to be quite difficult and unsuccessful, with the disposa
experimental results at hand, and we did not find tripl
(z0 ,A,B) with more sound physical meaning. Neverthele
the good linear fits found by projecting Eqs.~3.7! on the
Cartesian planes and the sound values of]Un

eff/]Pa,i are both
rather satisfying.

On the other hand, thea-mode decoupling practiced wit
the volumePa,i and shapePa,2 forced magnetostrictions
seems quite realistic on the sight of the general good ag
ment found between experiment and model calculations.
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To conclude, we have shown that the temperature dep
dencies of the strain susceptibilities of volume@]
Pa,1(ea)/]H#T and shape@]Pa,2(ea)/]H#T for the Fe-rich
uniaxial intermetallics Y2Fe17 and Y2Fe14B can be rather
well explained by a simple Hubbard-like model, assumi
that the effective3d intraband Coulomb potentialUn

eff is
strain dependent. Apparently reasonable values for the s
derivatives of the effective Coulomb potential have been
tained. Our findings show how good forced magnetostrict
is in probing many-body electron effects in 3d metals. Pos-
sible origins for these strain dependencies have been br
discussed, in particular the dependence on the band e
tronic structure. Contributions of Fe atom volume and sha
distortions produced by the forced strictions seem to be s
stantial. Overall our model looks quite successful in expla
ing forced magnetostriction in the above intermetallic co
pounds. We hope that our findings could stimulate furth
experiments and more sophisticated models for checking
appearance ofmany-electroneffects in the forced magneto
striction of Fe-rich alloys and intermetallics.
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APPENDIX A

In order to solve the system of Eqs.~3.4! we will make
the definitions~for index i 51,2!:

2Oi[~Un/8!@]m2/]Pa,i #1~Ud/4!(
g

]~ n̄g
2!/]Pa,i

1~m2/2!~]Un /]Pa,i !

1~1/2!~]Ud /Pa,i !S (
g

n̄g
22n2D . ~A1!

Then from Eq.~3.4! we obtain the system of two linear equ
tions for the equilibrium strictions,

Ci1
a Pa,11Ci2

a Pa,25 (
g,6s

^ng,6s&]Eg,6s
0 /]Pa,i1Oi .

~A2!

It is far more convenient to work with SS’s than with strai
themselves and therefore we take the derivative of Eqs.~A2!
against the applied magnetic fieldHa . We found

xmel
a,15xmel,0

a,1 1
1

Db S C22
a ]O1

]Ha
2C12

a ]O2

]Ha
D ,

xmel
a,25xmel,0

a,2 1
1

Db S C11
a ]O2

]Ha
2C12

a ]O1

]Ha
D , ~A3!

whereDa5C11
a C22

a 2(C12
a )2 and xmel,0

a,i are the SS’s coming
from the strain dependence of CEF, two-ion, andNN ex-
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change energy levels and which their expressions are
tained just substituting in Eqs. ~A3! Oi by
(g,6s^ng,6s&]Eg,6s

0 /]Pa,i . We are now going to assum
that the order of the partial derivatives ofOi against strains
Pa,i and fieldHa can be interchanged. This is not strict
true because the strictions depend onHa . However, we
know from experiment26 that the order of derivatives is irrel
evant in the case of the magnetizationm and it is reasonable
to extend such an assumption to the derivatives of the o
pation numbersn̄g . From Eq.~A1! we immediately obtain

2
]Oi

]Ha
5S ]Un

]Pa,i Dxhfm1S Un

4 D ]~xhfm!

]Pa,i

1S Ud

4 D ]

]Pa,i (
g

]n̄g
2

]Ha
1S 1

2

]Ud

]Pa,i D(
g

]n̄g
2

]Ha
.

~A4!

We will now show that for weakly spin-dependent ba
density of states, which is the actual situation for our 2-
and 2-17 intermetallics according to polarized band-struc
calculations,28–30 (g]n̄g

2/]Ha is small and therefore we ca
neglect terms inUd and (]Ud /]Pa,i) in Eq. ~A4!. The
g-band number of electrons is

n̄g5E
2`

m

$rg,1s~E2Eg,1s!1rg,2s~E2Eg,2s!%dE,

~A5!

whererg,6s are the functions density of states for the tw
spin projections andm the chemical potential. Now if we
assume that ]rg,1s /]Eg,1s>]rg,2s /]Eg,2s

[]rg /]Eg,usu and take the derivative ofn̄g againstHa , us-
ing Eq. ~A5! we obtain

1

2 (
g

]n̄g
2

]Ha
5(

g
n̄gE

2`

m ]rg

]Eg,usu
S ]Eg,1s

]Ha
1

]Eg,2s

]Ha
DdE.

~A6!

Now from Eq.~3.4! it is easily shown that

]Eg,1s

]Ha
1

]Eg,2s

]Ha
52Ud

]n̄g

]Ha
, ~A7!
b-

u-

4
re

and plugging Eq.~A7! into Eq.~A6! one finally arrives at the
expression

]n̄g

]Ha
S 11UdE

2`

m ]rg

]Eg,usu
dED 50, ~A8!

and because the parameterUd is, in principle, arbitrary we
see that]n̄g /]Ha>0 and therefore(g(]n̄g

2/]Ha)>0. If we
introduce this result in Eq.~A4! we effectively remove terms
depending on the interband Coulomb potentialUd . This re-
sult obviously means that spin-down transfer to spin up
der Zeeman polarization occurs for eachg band separately.

Finally, in order to solve the linear system of Eqs.~A3!
we have decoupled the twoa strains. This procedure is
equivalent to assume C12

a small, a reasonable
approximation.22,23 With such a procedure we can arrive
Eq. ~3.5!, as shown in Sec. III.

APPENDIX B

We treat Hex of Eq. ~5.1! within the Hartree-Fock ap-
proximation and, in a first-order perturbation, we readily o
tain

Eex5~Ud
eff2Jd

eff! (
bÞb8

~ n̄g1n̄g8 !, ~B1!

energy that will be added to the energy levels of Eq.~3.4!.
When introducing Eq.~B1! in Eq. ~3.5! we obtain

2
]Fm

ex

]Pa,i 5~Ud
eff2Jd

eff! (
r,gÞg8

n̄r

]~ n̄g1n̄g8 !

]Pa,i

1
]~Ud

eff2Jd
eff!

]Pa,i (
r,gÞg8

n̄r~ n̄g1n̄g8 !. ~B2!

Now term ~B2! is added to the right-hand side of Eq.~A2!
and when performing the derivative of Eqs.~B2! againstHa ,
as done before, these terms become null as]n̄d /]Ha50, for
d5g,g8,r.
.
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