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Simple model calculation of volume magnetostriction in rare-earth-Mn, cubic Laves phases
at T=0
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Volume magnetostriction changes and transition pressures are calculated for the first-order phase transition
for the cubic Laves phase rare-earth-Mmtermetallic compounds dt=0 within the Blume-Capel model. The
origin of the magnetovolume effect is the volume dependence of bandwidth and the instability of the Mn
magnetic moments. Agreement with experiment is obtained for the magnetovolume strains, whereas the cal-
culated transition pressures Bt=0 are larger than the experimental values. The stability of Mn magnetic
moments is found to depend on both the magnetic and elastic degrees of fr¢80AB3-18207)06538-1

I. INTRODUCTION _
A:MZ% 1+%2 f(ez>_l;(ek+q> .
The stability of magnetic moments of transition-metal at- % ko Tkta
oms has been of interest in the theory of magnetism for more 5
than 30 years. Mathematically, the question about the stabil- =2 U_ 2 eik-Rj) few) —T(exsq) ®)
ity of the Hartree-FockHF) solution for the system of inter- ! 4N 3 € €kiq

acting fermions was raised in Refs. 1 and 2. Soon, an effec- ) ) )
tive localized Hamiltonian was formulatton the basis of Whereu is the magnetic moment of an atot, is the Cou-
the free-electron theory. This discussion was summarized bipmb intra-atomic interaction is the number of atomsg
Friedel in 1969" On the other hand, continuous efforts were andq are wave vectors, are one-electron energies, ahd
undertaken to improve the HF solution itself. To achieve this2’® average occupation numbers. On the basis of the Hamil-
aim, the functional integral formalishand the Stratonovitch tonian (1), mixed magnetic phases of a two-dimensional tri-
trick® were applied® to the well-known Hubbard mod&l. angular lattice were investigatéti,'* where some atoms
However, it was found difficult to generalize the approachPossessed magnetic moments and some others did not. In
and in most cases, the so-called static approximation walis way, frustration was absent in the ground state, despite
applied. Within this approximation, charge fluctuations werethe antiferromagnetic Mn-Mn interaction. _
neglected and so was the noncommutativity of quantum op- This interesting idea raises some questions when applied
erators in the formula for the partition function. At=0, the  t0 RMn; systems. The first question is about the actual role
HF solution was recovered. The current state of the art i®f frustration in a three-dimensional lattice. For the heRvy
reviewed in Ref. 10. and Y, RMn, systems are known to crystallize in ti@5

In a recent series of papers, the effective localized Hamilcubic Laves phase structuté where all Mn atoms are
tonian was used~**to discuss frustration effects iRMn, equivalent. They form tetrahedra; each atom connects two of
[R=rare earth(RE)] intermetallics. There, the expression such tetrahedra and has therefore six NN. This is the same as

for the interatomic exchange was the same as the one ol 2 triangular lattice: however, despite frustrations, magnetic
tained earlie¥* with somewhat different assumptions; both €nergy of such a unit of seven atoms is the lowest when all
expressions were derived from the nondegenerated Hubbafi them are magnetic. For a tetrahedron, magnetic energy of
model within the static approximation. This expression isconfigurations with 1, 2, 3, and 4 magnetic atoms, respec-
similar to the well-known Ruderman-Kittel-Kasuya-Yosida tively, are 0,—J, —J, and—2J. To find a minimal density
(RKKY) formu|a'15 but the physica| mechanism responsib]eOf frustration in the whole lattice is not a trivial task; how-
for intersite coupling is thel-d correlation rather than the €Ver, it is obvious that the role of frustration in the Laves
s-d exchange interaction. As was pointed &ttt the sta-  Phases is not as_supstantial as in the triangular lattice.

bility of the magnetic moment of Mn atoms is governed Another question is about the role of a change of volume,

mainly by a one-ion coupling constant. The effective Hamil-Which accompanies magnetism of Mn atoms. This effect was
tonian was shown to be the Blume-Capel HamiltoHidh not included in the above model; however, a volume striction

is known to be essential for the appearance of magnetic mo-
) ments at Mn atoms. This dependence is known as the idea of
H=AX s’+JX ssj, (D) a “critical distance” (d.) between Mn atoms; below this

' i distance, the Mn moment is unstabfeThe value ofd, was
wheres;=0 or =1, and the second sum was over pairs ofevaluated to be 2.66 A at room temperatti@he idea of a
nearest neighbor€\N). The interaction constants: one ion critical distance was criticized as an oversimplificatfBrin
(A) and two ions {) were derived within a second-order particular, it was pointed out that band filling influences its
perturbation calculation. Their expressions are value. Nevertheless, the magnetoelastic energy associated to
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the variation of the Mn magnetic moments cannot be ig-at the phase magnetic transitions and with the transition pres-
nored. Note that the largest ever observed forced volumeures; in Sec. 1V, the validity of these results are discussed
magnetostriction £1.7%) was found in TbMp?! Now, if  and the main conclusions extracted.

we adopt the idea of a mixed phase, where magnetic and

nonmagnetic atoms form a translationally invariant complex Il. THE MODEL

structure, we are forced to admit that a local volume strain ] o o )

follows to this structure in the same complex way, just be- Our starting point is the Hamiltonia(l), with the con-
cause it is forced to do so by the magnetic interaction. As thétantsA andJ which depend on volume straim, as follows:

elastic energy is usually larger than the magnetoelastic one,

this picture seems to be controversial. Aw)= p? v + M A(0)— pu? E} (5)
The aim of this paper is to include the volume magneto- 4 W(w) 4

striction energy into the Hamiltoniafl), and to discuss the

three-dimensional Laves phagel5 structure within the Jw)= W(0) 3(0) ©6)

Blume-Capel model. We assume that the magnetoelastic W(w) '

coupling is driven by the Heine’'s mechanism of the volume . . . .
dependence of the bandwid, These expressions can be easily derived from Ejs(3), if

we substituteey (w)/€(0)=W(w)/W(0), and weneglect
the volume dependence of the Fermi level. Explicitly, for

JinwW
——=—N\, (4)  Alw) we get
Jw
here w=AV/V is a h | tr3f?3 A Alw)= YUl Y WO f(e) —f(exsq)
where w= is a homogeneous volume strafit.> As r7 N Wio) & e0)err0)

the RKKY interaction(with those akin to it is expected to (5a)

depend orkra, wherea is the lattice constant arkd: is the

Fermi wave vector, and as this latter product does not deperehd when the sum over wave vectdg is separated out

on volume, the Heine's coupling seems to be the only imfrom Eg. (58, we obtain Eq(5). A similar procedure gives

portant one. This last assumption is by no means new; foEq. (6). From now on, we assume?=1. Substituting Eq.

references see Ref. 10. The constahtand J depend on (4) into Egs.(5), (6), we obtain

volume because the energigsare proportional to the band-

width W [see Egs(2) and (3)]. (‘m(w))
The tentative goal of this paper is to connect the above dw 0

model with what is known about the magnetic phases of

RMn, compounds from experimental data. Here, however, irRind

many cases the situation is not clear. Although some local (

u
IR[A(O)—Z} (7)

dJ(w)
Jw

magnetic anisotropy is present for the Mn atoms, the orien-
tation of their moments is noncollin€érand it is only an
approximate picture that can be obtained within an Ising-lik
model. R®" ions are magneti¢except indeed ¥") and the
exchange interaction with th@*" modifies the magnetism
of Mn. Summarizing the experimental data
collected®-2124=3%gr the purposes of the discussion of the
magnetovolume effect, three magnetic phases can be distin-
guished for theRMn, systems:(i) a phase where the Mn H(w)=
atoms have no magnetic momefi#MP); (ii) a phase where

only 1/4 of the Mn atoms are magnetiso-called nontrans-

formed phase, NTPR (iii) a phase where all Mn atoms are — > he(i)s; - (9)
magnetic(transformed phase, TP j

The above picture is based on the experimental magnetighe third term is the Zeeman effective interaction, which
phase diagram¥:** NTP is pqsable,a because some Mn at-comprises an interaction with tH** sublattice. The Gibbs
oms interact more strongly with tHe*>" sublattice than the free-energy density becomes

others. The problem is that the magnetic structure of NTP is

not fully understood; the neutron-diffraction data do not give C

clear information. The relative orientations of Mn aRd" G=3 w?+(H(w))+po, (10

magnetic moments are supposed to vary with the parti€ular

compound, external magnetic field, pressure and temperavherep is the external applied pressum,is the relevant

ture. Still, as it is argued below, a simple model which treatselastic constant, and--) is the thermodynamical average. In

all C15 magnetic structures within the same scheme can prdact, it is the average over the ground state of magnetic vari-

vide some understanding of the low-temperature experimerabless;. Minimizing G with respect to the volume strai,

tal data. we get the equilibrium values of the volume strainor the
The plan of the paper is the following: in Sec. Il, the three phases: NMP, NTP, and TP. Substituting sudqui-

model is described; in Sec. Il the model results are comiibrium values in Eq(10) gives the values of for the three

pared with the experimental data on magnetovolume changgshases. Comparing the& values, we find the ground-state

) ~)J(0). ®)
w=0

eFor simplicity, we will denoteA (0)=D, J(0)=K from here
on. Equationd7), (8) are the linear approximations of the
volume dependence df(w) andJ(w), defined by Eqs(4)—
(6). The total Hamiltonian is

D+Nw

D— %HZ SE+K{1+ 0} S8
I i
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(G9 phase for a given pressure, and the transition pressure TABLE I. Model calculation parameters for varioBn, com-

p. where the equilibrium transition takes placeTat 0. The

pounds, in eV/atom. Third column valuéslastic constanjsare

GS depends also on the magnetic interaction of the Mn Suﬁaken from Ref. 19. The paramet@sandK are defined in the text.

lattice with theR3* sublattice. Finally we calculate the val-
uesAw of the change in volume strain at=p;, and T=0,

the main aim of the present work. As we will comment be-Dy

low theseAw values are close to the “jumps” at the mag-

netic phase transition temperatures at atmospheric pressure.

For the NMP, the averageés;), (s?) and the spin-
correlation functior(s;s;) are equal to zero. For the TP we
have(s;))=0, (s?)=1 and(s;s;)= — 1/3; a half of the spins
is “up” and a half is “down.” For the NTP(s;)=—1/4,
(s?)y=1/4, and(s;s;)=0; the latter is true because in NTP
there are no Mn-Mn nearest-neighbor pairs. Some net ma

Rare earth D K c
0.0 0.0087

Th 0.0025 0.0094 3.1
0.0056 0.01 2.0

Gd 0.0056 0.01 3.6

given magnetic phases. Experimentally we will take Aas
the volume distortion “jump” at the magnetic phase transi-
ion temperatures; this value should be practically equal to

netic moment of the Mn sublattice is present in this phasetn® calculated one gi=p. andT=0, inasmuch as it is the

and it is antiferromagnetically coupled to tR&" sublattice.
The mutualR®** magnetic moments interaction is ferromag-
netic. TheR®" magnetic moment is larger than this one of

Mn; that is why the magnetic moment of the Mn sublattice is®
antiparallel to an external magnetic field. Note that in the™

NTP, the Mn atoms are not equivalent.

For the transition between NMP and TP we get the tran-

sition pressure

c(K—D) N
(U/4+K—-D)

Pe= N (U/A+K-D) 2 (12)

and the change in volume strain between both phases,

A
Aw=_ (U/4+K-D). (12
For the transition between NMP and NTP we get
Y ua—py+ D) 13
Pe=g ( )+ N(U/4—D) (13
and similarly
Aw= A U/4—-D 14

whereT is the effective magnetic field created at the Mn
sites by theR®" sublattice. Finally, for the transition be-
tween NTP and TP,

1 c

Pe=30/a+aKk—3D |x AK~T—3D)

+27\[(U/4+K—D)?—(U/4—D)?/16] (15)

and

A
Aw=5_ (3U/4+4K—3D). (16)

IIl. COMPARISON WITH EXPERIMENT

volume strain variation between the two magnetic phases.
Moreover, experimentally the thermal variations ofbe-
tween 0 K and the magnetic phase transition temperatures
are negligible compared witAw. Therefore it isAw at T

0 K and p=p, which is compared with the experimental
data, as we will show later on.

Some parameters of the calculations can be fixed easily.
The compressibilityc= 1/c for GdMn, at room temperature
was determinef to be 3510 % GPa'%; for YMn, and
TbMn, we adopt the values of 6210 2 and 40<
103 GPa'l, respectively’? For 24 Mn andR®*" atoms per

a cubic unit cell with a lattice constant of 7.75°Awe obtain

for the elastic constant=3.571, 2.016, and 3.125 eV/atom
for GAMn,, YMn,, and TbMn, respectively. The N tem-
perature does not depend strongly on Bheartnef® and is
about 100 K, except for the case of ThMnvhere it is about

40 K. This exception could be due to some reorientations of
the 3d Mn or Tb** moments neafy ; here we are interested

in the energy scale and not in thermal properties, and we will
neglect it. The dependence df and A on the particular
RMn, compound are to be evaluated from their linearized
volume strain dependence, i.e., EGB, (8). The initial con-
dition for Eq. (7) is chosen to be\(0)=0 for DyMn,, be-
cause the spontaneous jump of the Mn moment is observed
near this compountf To evaluateA(0)=D for the other
compounds, the volume dependencedofs used as in Eq.
(7), from where we immediately getg(0)=Ap (0)+ A (D
—U/4)wg, where wg=(Vgr—Vpy)/Vpy, Vg being the lat-
tice cell volume for theRMn, compound withR=Y, Gd,

and Tb. The range of the change ®f is from DyMn, (a
=7.53A) to GdMn (a=7.73A) 8 i.e., about 0.08. The
values ofJ for the particular compounds are obtained in a
similar way from Eq. (8). For Eq. (8) we choosel
=0.01eV, i.e. the value for YMn because Y is not mag-
netic and does not change the picture; however] asfar
from zero and its derivative is small, tdéw) dependence is

of minor importance. The values of the obtain&¢0)=D

and J(0)=K parameters are collected in Table I. For the
constant \, the value 5/3 is adopted, although band
calculationg® suggest some variations for this parameter. We
are left with only one free parameter, i.&J, As its very
origin is an intra-atomic Coulomb interaction, we do not ex-

We remind the reader that we have to distinguish betweepect it to vary strongly with volume; we note, however, that

w, which is the change of volume with respect to the situathe difference between intra-atomic and interatomic interac-
tion of the nonmagnetized sample without applied pressurejon is not well-defined in the limit of free electrons. Let us
and Aw, which is the change of volume strain between twoalso mention that, as it was suggested by Friédedrious
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correlations reduce the effective valueldfto be less than 1 2
eV/atom. We have found that the best accordance with the 5 E o
experimental results on the changes of volume strain be- 3 REMn, OY
tween the different magnetic phases for Rkln, interme- g5 L
tallics can be obtained with the vallk=0.17 eV/atom. Nz
= F o eTb
PR 1E oGd
A. TP-NMP transition: YMn , - Dy
The case of TP-NMP transition in the absence of RE mag- 0 IOI L
netic _moments[Eq. _(12)] can be assigned to YMn The '17'5 7.6 77 7.8
experimental dat& give the valueA w=0.05; from Eq.(12), lattice constant (A)
we get Aw=0.039. Note that the value dd=A(0) for
YMn, was evaluated from Eq7). Forced volume magneto- FIG. 1. Experimental(full circles) and theoretical(empty

striction for this compound is close to zero. This is in accor-circles values for the volume magnetostriction charge between
dance to our assumption that at TP, an external magnetf¥/0 magnetic phases, fd&Mn; cubic Laves phase intermetallics
field acts mainly through th&® sublattice. Note that for a (See details about the meaning/ob in texy.

small amount of Nisubstitution of 0.01 at. % of MnAw is ) . L
reduced twicé® This fact confirms the correctness of the €rally, the magnetic coupling to the RE sublattice is small,
model: the phase diagram was found to be sensitive to barfy"d the range of order of magnitude fayshould not depend
filling. > The transition pressune, calculated from Eq(11)  ©n I SettingI’=0, we getp. equal to 30 kbar for GdMn

is 12 Kbars. This is about three times larger than the experi@nd to 33 kbar for ToMp while the experimental values are

mental value of about 4 Kbars, needed to reduce thel Ne 11.3 and 2.0 kbar, respectivefy. _
temperature for YMg down to zero The overall model results oAw for the RMn, interme-

tallics are summarized in Fig. 1, where we include the ex-

perimental values for comparison. The agreement is rather

good. Results are given for the cases where we dispose of the
Another case is the change of volume from NTP to NMP ,elastic stiffness constants an exception is DyMg but our

which can be observed for RQyYysMn,. The value ofD result Aw=0 for this compound does not depend on the

=A(0) is adjusted with the above assumed linear depenelastic constant value. For intermediate concentratierts,

dence on th& to be 0.01 U. Unfortunately, we have no data Dy,Y;_,Mn,) the results are expected to depend »n

on compressibility; adopting the value for YMnwe get roughly linearly, and the general accordance with experiment

Aw=8.4x10"% from Eq. (14), whereas experimentally is preserved.

Aw=7%102.2° For DyMn, the experiment gived o =5X

B. NTP-NMP transition: Dy,_,Y,Mn, series

10~*4,%° and this effect is assigned to the Dy sublattice. As V. DISCUSSION AND CONCLUSIONS
Mn carries no magnetic moment, model calculation gives _ _ _ )
Aw=0 for this particular case. For=0.8, the experimental As it has been shown, good accordance is obtained with

value ofAw in a field of 12 T shows large thermal hysteresisthe experimental magnetovolume data, but the formulas for
for Aw, between 102 and 2x 10 2. In this latter case, the transition pressure are not fully reliable. Our results on the
NTP-NMP transition seems to be mixed with TP-NMP or Strains reproduce well an experimental rule, that the volume
TP-NTP transitions. Therefore it would be a speculation tomagnetostriction increases when the Mn magnetic moments

perimental data on the transition pressure. existing discrepancy between the calculated values and the

experimental data on volume strains has its source in the fact
that the phase transition does not encompass the whole
sample, in contrast to the theoretical calculations. The prob-
The transition from TP to NTP in the presence of RElem of the transition pressure is a difficult many-body prob-
magnetism can be studied in Tblinwhere experiment lem, which includes the magnetic contribution to compress-
gives Aw=1.7x10"2.2! From Eq.(16) we getAw=2.1X ibility and mutual interaction of band electrons as dependent
10"2. The experimental vald& is approximately constant on pressure. The latter effect cannot be described within an
when Tb is substituted by Y up to the concentrationlsing phenomenology. What is still remarkable is that for
ThosYosMn,, where we obtaimAw=2.5x10"2 from Eq. larger volumes per atom, i.e., fdE14 hexagonal Laves
(16). phase PrMgpor NdMn, compounds, the transition pressures
The same transition from TP to NTP can be expected irare of the order of 20—-40 kbal3This could mean that the
GdMn,, where the experimental value faiw was found to  ranges of magnitude of our model parameters are proper.
be about 0.6 1072 at Ty (Ref. 30 or 0.6—1.% 10 2.8 Our A weak point of the model is that the angular degrees of
calculation for this case gives X710 2. TheD andJ pa- freedom are not taken into account. As was pointed out in
rameters for GdMpare the same as for YMnbecausavg ~ Sec. |, the discussion on the validity of a localized picture is
for the two compounds are very clo¥ut in the latter case one of the classical matters of the theory of magnetism; it is
the transition is from TP to NMP. not our aim to give new arguments here. However, the im-
Both for TbMn, and GdMn, the critical pressures are to posed restriction from the Heisenberg to the Ising model
be obtained from Eq(15). There, in principle, we need in- does not allow us to discuss possible variation of the direc-
formation on the effective magnetic field However, gen- tion of R®* and Mn moments with pressure. The Ising ap-

C. TP-NTP transition: TbMn , and GdMn,
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proximation is a deficiency of both this work and the ap-some of their alloys. Volume magnetostriction is found to be
proach of Refs.(11)—(13), which we use as the starting essential for the stability of Mn magnetic moments.
point.

In conclusion, we have calculated the magnetovolume
strains and transition pressures for the cubits RMn; in- ACKNOWLEDGMENTS
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