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Field-induced first-order antiferromagnetic-ferromagnetic transitions in RMn,Ge, compounds
and their relation to the magnetostriction of the Mn sublattice
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A model for field-induced first-order antiferromagnetic-ferromagnetic transitions is presented. The model is
based on a free-energy expression including Mn-MnR#dn exchange interactions, as well as harmonic and
anharmonic contributions to the lattice deformation energy. The Mn-Mn interaction is assumed to be linearly
dependent on the unit-cell dimensions, giving rise to magnetostrictive phenomena. The magnetostriction ap-
pears to be crucial for the occurrence of the first-order antiferromagnetic-ferromagnetic transitions. From the
model, an expression for the critical fie} , corresponding to the first-order transition, has been obtained and
used for a description of the temperature dependen®;, ofThe model is tested experimentally by magneti-
zation measurements on several,SpR,Mn,Ge, compounds and appears to give a good description of the
measured; vs T relations. Implications of the present work for magnetoresistance in bulk compounds and
thin films are briefly discusse@S0163-182@09)13113-9

INTRODUCTION interlayer-interaction constant &t=0. The constanta,,, a,

~and b however, cannot be discussed straightforwardly in
In the past decade, a lot of research effort has gone int@yms of simple physical concepts and merely represent a set
the study of magnetic properties BfMn intermetallics. Es- ot empirical parameters. A purely theoretical justification for
pecially the relation between phase transitions from antifer; is expression, as well as a numerical evaluation of a
romagnetism to ferromagnetism and magnetoresistance etalnnd b, would b,e rather tedious and can in fact onI;} be

fects n the Iayered?sanGez pompounds IS an mtngumg achieved by evaluation of the Mn-Mn interlayer interaction
case in this respect The antiferromagnetic-ferromagnetic . s . :
through rigorous(ab initio) calculations of the electronic

transitions in these materials basically involve a transition : : )
from a configuration with an antiparallel orientation of the structure for a whole range of ur_nt—cell dimensions. How-
Mn-layer moments to a configuration with a parallel orienta-EVE" when just taken as an expenmgntal fact,(E)qcan be ,
tion of the Mn-layer moments. Several investigations haveluite useful, as shown in Ref. 3, for instance, in connection
made it clear that in manR-Mn compounds, the sign and © @ (mean-field analysis of temperature-induced
magnitude of the Mn-Mn interlayer interaction may strongly antiferromagnetic-ferromagnetic transitions.
depend on the Mn-Mn distanéé.For fairly large Mn-Mn In manyR-Mn intermetallics, including a lot cRMn,Ge,
distances, the Mn-Mn interlayer interaction is in many com-compounds, a situation occurs whemng,a>0 andn,,,b
pounds ferromagnetic whereas for smaller Mn-Mn distances<0. As a consequencge>0 for smaller unit-cell volumes or
the interlayer interaction is antiferromagnetic. The distancéit low temperatures, leading to antiferromagnetism in these
dependence of the Mn-Mn interlayer interaction is so strongases. When the unit-cell volume becomes larger, for in-
that even slight variations in the unit-cell parameters due tgtance through thermal expansion, decreases and a
thermal expansion or chemical substitutions are sufficient tétemperature-inducedtransition to a ferromagnetic state
modify the interlayer interaction significantly. As a result of may take place.
this, a compound may undergo a first-order transition from Besides temperature-induced antiferromagnetic-
antiferromagnetism to ferromagnetism with increasing temferromagnetic transitions, there is also the possibility of
perature. These transitions are likely to be accompanied bf}eld-induced antiferromagnetic-ferromagnetic transitions.
an anomaly in the thermal expansion as well as in the eled=rom the point of view of possible sensor applications these
trical resistance. latter transitions are much more interesting than the former.
In an earlier investigation explicit evidence for a strong Due to the combination of thermal expansion and the
distance-(and volumeé dependent Mn-Mn interaction was Volume-dependent Mn-Mn interaction, the critical fields cor-
reported. With compounds of tHeMn,Ge, type serving as a responding to these transitions can be strongly dependent on
model system, it was shown through experiment that in thestemperature. It may be clear that for applications a thorough
Compounds the Mn-Mn inter|ayer interactiQn) is strong understanding of the underlying mechanisms that rule the

and scales linearly with the unit-cell volunte) and, above temperature dependence of the critical fields, is crucial. The
100 K, also with temperature: aim of this paper is to provide a simple theoretical basis,

clarifying the origin and nature of field-induced
antiferromagnetic-ferromagnetic transitions R-Mn sys-
tems. The analysis in terms of a simple model is restricted to
In this expression fon, which is basicallyphenomenologi- the case where the Mn sublattice orders at low temperature
cal, ng can be viewed upon as the value of the Mn-Mnas a collinear antiferromagnet. This situation occurs in many

n=ng+n,w=a+bT. (1)
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of the RMn,Ge, compounds which will therefore be used as where the ternjbw? represents the harmonic agia repre-

an experimental test case for the model. sents the anharmonic contributions to the deformation energy
of the material. The tern represents the unit-cell volume
THEORETICAL OUTLINE increase due to thermal expansion and magnetostridiian,
the compressibility and is the Grineisen function. At this
Field-induced antiferromagnetic-ferromagnetic transitions point, a few remarks should be made. A treatment of the

In the approach outlined here, thel Bnhoments(Mn) are lattice deformation in terms of the unit-cell volume is basi-
considered to be independent of temperature, whereas tt§@lly only correct for crystals of cubic symmetry. As the
R-sublattice moments are paramagnetic and thereforBMn,Ge, compounds have a tetragonal symmetry, a modi-
strongly temperature dependent. As a consequence, the cdfed approach would be more appropriate. The
tribution of the 3i-sublattice momentsn,; and m, to the antiferromagnetic-ferromagnetic transitions are mainly due
total magnetic free energy consists only of an exchange terf® @ change of the interlayer interaction constant with chang-
F29=3d—nm;-m, and a Zeeman ter’= —B(m;+my,). ing dimensions of the axis. A modified free-energy term
Tﬁé term—T Syq related to the entrop; of thedBsublattice  Pased on a series expansion in the lattice dimensions, would

; . 5

can be ignored, as it is a constant because then®8ments th,en contain terms3;;x;x; instead of 1/Bw” and a term
are considered to be fixed. The free-energy contribution of? i%i; instead of¢w, wherex; ,x; stand for the Iength of
the temperature-dependeRt sublattice moment, however, theaandc axis, respectively. The parametepsand ¢’ are
does include an entropy-related contribution that varies wittflifferent but depend on the temperature in a similar way. The
temperature, in addition to the contributions from Re3d terms_Biyj are proportional to the stiffness constants of the
exchange and the Zeeman interaction. The tataublattice material, which form a tensor, and should not be interpreted
contribution to the free energ¥g can easily be expressed in @ an “overall” bulk modulus. The contribution to the

terms of the effective fieldBr=(—Ng_sq/My+ M|+ B) Mn-Mn interlayer interaction due to nearest-neighbor inter-
acting on theR sublattice, through application of the identi- 2ctions between ionic moments on adjacent layers, is ex-
ties: pected to scale predominantly with the length of thaxis.

The next-nearest-neighbor contribution scales with variations
of both thea and thec axis. The empiricaI%reIationship with
the unit-cell volume revealed by experimeig probably due
MR= (?TR:FR_ f Mg dBg. @ to the fact that the lengths ofytrmrz:md c ax§s scalg with
temperature in a similar way. Therefore, it seems reasonable
to assume, in a lowest-order approximation, a linear relation
between the interlayer interaction and the length of both
crystal axes:n=ng+n;x;+n;x;. At higher temperatures,
Cr this leads to a linear relation betwermnd T due to thermal
mR:XRBR:TTgBR’ 3) expansion. For cubic crystal symmetries, the equilibrium
volume ® corresponds to vanishing of pressurp=
where —JdFldw=0, whereas for layered tetragonal structures the
equilibrium values ofx; ; corresponds to vanishing of the

For the paramagnetiR sublattice,mg is described by the
Curie law so that

NRﬂgﬁ stress component along th_e c_rystal axeg;z—{?F/axi,j _
Cr= 3K (4 =0. An important observation is the mathematical equiva-
lence of the problems of antiferromagnetic-ferromagnetic
Combining Egs(2) and(3) we then have transitions in cubic crystals and layered tetragonal com-

pounds, which can be proved easily through some algebra.

With appropriate replacement far(—x; ,x;) andp(— o ),

o _ (5) the results for cubic symmetries are directly transferable to
2(T—0) layered tetragonal systems. To remain in line with a previous

é)ape? and for the sake of simplicity, we will outline the

For the formulation of the total free-energy expression, th 7 .
. o ; . approach based on volume expansian the forthcoming
3d-sublattice moments are split into an antiferromagnetic

(staggere}] componentms, and a ferromagneticuniform) part of this section, which yields results of direct relevance to
com%%nenm 50 tha mQ+m |=2m Thg Mn-Mn inter antiferromagnetic-ferromagnetic transitions in cubic systems,
0> 1T My[=2Mg. - -

2 . with (of course nonuniaxially arranged ions. We keep in
layer exchange energy can, in the lowest order approXiMayin g however, that the results are also relevariRktn,Ge,

tion, be represented by_a quadratic expansion in the. uniforrgOmpounds where the Mn ions are stacked alongcthis
and staggered magnetization components. Neglegtiag- and which will serve as a test case for the model described in

ally weak 3d-anisotropy effects, the total free energy thenth. :
takes the form: 'S section. . . .

The 3d-sublattice moments are considered to be indepen-
dent of the applied fiel® and, in a Heisenberg approach,
also independent of the orientation of the sublattice mo-
ments. The staggered and uniform components of the
3d-sublattice magnetizations can then be related to the satu-
rated 3i-sublattices magnetizatiomg+mj=m2. The free-
energy expression can than be rearranged as

B Cr(— 2Ng_3q| M1 +mMy|+B)?

1
F=—nmy+nmg+ E|0w2+ dw—2Bm,

R (an2_ . mP—4ng o mB+BY). (6)
Z(T—H) R-3d'''0 R-3d'''0 )
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B’ 1— XrNR-3d

M= = 5520 _p, (11
0" 2n 2(n— xrNR-3q)

1
F=2(n— xrNZ_3q) M3+ Ebw2+ do

—2(1— xgNg—34)BMy— % B2—nn¢. (7) By substitution of the expression for the uniform magnetiza-
tion into Egs.(8) and(10), the free energy for the ferromag-
The equilibrium state corresponds to valuesmgfand w for netic as well as for the antiferromagnetic state can be ex-
which this free-energy expression takes a minimum. pressed in terms of the fie®'. After some rearrangements
The demand thafF takes a minimum with respect to the we have for the antiferromagnetic state
volume w, i.e., (0F/dw) =0, leads to an expression farin
terms of the uniform magnetization componemy: 2

2 2
n ngxkm 1
FAF: “),’: 14 wK/ZS 7 Blz
9F 8Nar 2NpE 2N
—=2n,m3—n,m2+bw+$=0
dow 1., 41 , 2
+§nmeS_§K¢ —NppMg, (12
=w=—k(2n,m3—n,m2+ ¢), (8)

and for the ferromagnetic state

where « stands for the compressibility d/and n, for
nldw.

. s 1 1
~ As may be inferred from Ed7), the problem of minimiz- Fr=2n2m2—2myB’ + EKnimg_ §K¢2_ nemg.
ing the free energy with respect t, is mathematically
equivalent to that of two @ sublattices interacting with an (13
applied fieldB’ and subject to a mutual interaction corre-
sponding to a coupling constant: Disregarding hysteresis effedtshich are supposed to deter-
mine the position of the critical fields only to a minor ex-
. tend, the transition between the antiferromagnetic and the
B'=(1~XrNr-34)B, (93 ferromagnetic state is simply supposed to take place at a field
B, for which F=F, that is when
n'=(n—xrNg_ad)- (9b)
. ' ' - n2 n2 km?
One should keep in mind th&’ andn’ are mathematical From Foe B’4—< 0TS B'2+2m.B’
. . . .. . AF F 14 Pc 12 ’ c s=c
rather than physical identities, providing only a convenient 8Nn,r 2N, 2npe

description of the 8 sublattice. Great care should be taken
with respect to conclusions, based on the sign and/or magni-
tude of B’ andn’, about the actual physical fields to which
the 3d sublattice is subjected and which consist of both theThe term—nemZ— 2nfm2+nem? can be rearranged by us-
applied magnetic field and exchange fields. The relevaning expression(9b) for n’:

free-energy expression, obtained from Ed), can now be
expressed as

—(Nap+2nE—npm2=0. (14)

(—Nap—2nE+Np)M2= — (Npe+npHm2, (15)

1 . .
F=2n'm3—2B'my+ = bw?+ ¢po—nmg. (100  For convenience we express the coupling constaptand
2 ng in terms of the coupling constants for the antiferromag-
. \ .
In this expression, the physically unimportaf@onstant netic statenye andne, respectively. Botmg andny de-
pend on the volume corresponding to the respective states to

term (— xr/2)B? has been left out. However, for an appro- <" . .
priate analysis of the role of the volume magnetostriction inWhICh they refer. By introduction of the volumes: andwae

the antiferromagnetic-ferromagnetic transitions, the tem{Or the_antiferromagnetic _and ferromagnetic state, respec-
—nm? should be kept in the free-energy expression, as thdlvely. Ea. (8) apd the relatiom=no+n,war ¢ enable us to
coupling constanh is volume depender(hote that the cou- relatent to Nar:

pling constann is indicated, non’), and the volume in the
antiferromagnetic state differs from the volume in the ferro-
magnetic state. Keeping in mind that the uniform magnetiza-
tions (mg) of the ferromagnetic and antiferromagnetic states

NE=No+N,wr=Ng—N2xkmZ— Nk,

are different, the latter statement can be easily verified 2
through inspection of Eq8) MoK o2, 2 2
. : . . nAF:nO+nwwAF:n0_2_rZB T NLKkMs— N, K.
In the ferromagnetic state, the equilibrium valuenaf is NaF
simply the saturated®sublattice valuen,. For the(canted (16)

antiferromagnetic state, application of the condition
(dF/9mg) =0 yields the equilibrium value fomg: Analoguous expressions hold fofe andnf so that
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. n? k related to the applied field as=2my=B'/n,-. As may be
' _B'=0_ @ pi2 ) <Mo AF
Nar=NarF 2nZ° inferred from Eq.(20), the conditionF=F ¢, for the tran-
sition from a cantedantiferromagnetic configuration to a
) ferromagnetic state, yields only a single solutidsy,
ng= n,&BF =0_ ZHing, = 2n,emg corresponding to a second-order transition, mark-
ing the completion of a bending process. Birvalues ex-
2 ceedingB; the (canted antiferromagnetic state is unstable.
—(Npptnp)=— ZHAEIZO—Z”ing_ ®_B’2|, In the case where the constitugRtcomponent is mag-

2Npr netic, the fieldB} and the coupling constant, are given by
(17) Egs. (93 and (9b), respectively. When th& component is
nonmagnetic, the fiel8} is simply equal to the applied field
Combining the lower expression with Eq44) and(15), nr  and the effective coupling constamf. has to be replaced by
can now be removed from the condition for the the exchange parametej.
antiferromagnetic-ferromagnetic transition, which then reads When magnetostrictive behavior is presemf ¢ 0) how-

ever, Eq.(20) yields two solutions8; andB;:

2

nix

B.4— L|3’2+2m B!
8npt ¢ 2np © sTe , [Nk
BLZZ B(')I ZHAFmS n— (22

—(2n,2'=%-2n2 km?)m2=0. (18) AF

Equation(19) shows that folB’ <Bj the free-energy differ-
From this equation we see that the critical fi8d is the  enceF ,.—F-<0, so that the canted antiferromagnetic state
solution of a fourth-order polynomial equation, which cannotjs staple in this regime. The fieB, marks the discontinuous
easily be solved algebraically. In practice however, the field,ansition E-=F¢) to the ferromagnetic state correspond-
B’ is often of the order of only a few teslas, the temfi g to a field regime wher® ae— F>0. It is stressed that
rather modest and the effective coupling constggt fairly this transition is fully due to the presence of magnetostrictive
large. Therefore, the fourth-order term in the polynominal iseffects. The magnetostriction favors the ferromagnetic state,
negligible as it is a few orders of magnitude smaller than foras it gives rise to a lower volume contribution to the total
instance the second-order term. free energy than the antiferromagnetic state. In this respect,
Furthermore, inspection of the upper expression in the sahagnetostriction enhances the effect of the Zeeman energy
of equationg(17) shows that under the same conditions thatwhich also favors the ferromagnetic state. The result is a
make the fourth-order term in EGL7) negligibly small,n, ¢ first-order transition due to a “crossing” of the respective
is almost equal tm,2' ~°. Resuming we may therefore con- Far vSB’ and theFr vs B’ curves at the fiel®; . The field
clude that in a fairly good approximation, the critical fi@§  B>>Bg has no physical relevancy, as it exceeds the fd
can be expressed as the solution of a second-order polynat which even in a continuous bending process (tated
mial equation: antiferromagnetic alignment would transform into the ferro-
magnetic state.
Resuming the above, we conclude that field-induced
'2 , , 9 o 2 antiferromagnetic-ferromagnetic transitions of first order can
Far—Fe~— 57— Be™+2MiBe = (2npe =2, kmg)M~0,  pe explained on the basis of magnetostriction, and that the
A (19 corresponding critical fieldB’ can be expressed in terms of
the (volume-dependeint exchange-coupling constanf:
=n(w),ng_3q], the compressibilityk, the R susceptibility
Xr, and the saturation moment; of the 3d sublattice. Us-
ing Eq.(9a), the critical effective field; can be related to a
2. critical value of the applied fiel.. An analysis of the
B.=2npemF 2npem?2 — . (20)  effect of temperature on the critical applied fi&@d marking
NaF the transition is straightforward.
Due to thermal expansion, the volume-dependent cou-
This expression incorporates all relevant aspects of theling constantn depends indirectly on the temperature.
antiferromagnetic-ferromagnetic transitions, which will be Within the theoretical frame of this paper, thermal expansion

the solutions of which can be expressed as

subsequently discussed below. is determined exclusively by and proportional to the iGru
First we discuss the case where magnetostrictive effectsisen functiong(T), as can be verified by inspection of Eq.
are absent, i.en,=0, andn,z=ng=n’. (8). At temperatures above 100 K, the @aisen function is

In the absence of magnetostrictive effects,finst-order  approximately a linear function of temperature, and therefore
transitions from antiferromagnetism to ferromagnetism och=ny+n, w is also a linear function of temperatune=a
cur. The magnetization process consists of a gradual bendingbT.
of the 3d-sublattice vectors towards the applied-field direc- Using Egs.(2), (9a), and (9b), an expression foB, in-
tion. As may be inferred from Eq11), the magnetization is volving temperature reads



9318 J. H. V. J. BRABERS, K. H. J. BUSCHOW, AND F. R. DE BOER PRB 59

_ 2njeme— 2npem2ynZ kinpe _ 2{a+bT—[cp/(T- 0)In3_sgH{ms—m2yn2 k/[a+bT—[cr/(T— 6)Ini_34]}
¢ 1-[cr/(T=0)]Ng-3q 1-[cr/(T—60)INR-34 '

(22)

To have some idea about the effect of each material parantrease} and the relation betweeB, and T becomes domi-
eter onB,, typical curves of the critical field as a function of nated more and more by the temperature dependence of
temperature are presented in Figga)t1(d) for different = —a+bT. Although only slightly visible in Fig. (c),
choices of the parametess b, ¢ andn’«. The parameter all the curves tend to converge to a common line at higher
valuescg, mg, andd andng_y, have been chosen such that temperatures. For sufficiently largey, the interplay be-
they match closely to the values for the SmJ)@e, related tween the temperature dependence ofRmsusceptibilityyg
compounds. The order of magnitude af b, and anK is and ny,.vn gives rise to a maximum in thB; vs T curve.
taken in accordance with the experimental results forThis maximum becomes sharper@sincreases.
SmMn,Ge,-based compounds to be presented later in this Inspection of Eq.(22) shows that the magnetostriction
paper. Each figure corresponds to a calculation for whicrnd the compressibility enter the expression for the critical
only a single parameter was varied around its typical value irfield through a single, common parametéyc. This param-
the SmMQGez-based CompoundS, whereas all other parameter affects the overall magnitude of the critical fields rather
eters were kept at a fixed value in the calculation. Trends in

the position of the individual curves with increasing values 25 15
of the varying parameter are schematically indicated by the
arrow in each figure. 20 a l
Figure Xa) shows the critical field as a function of tem-
perature for various choices af As expected, the critical £ 15 //_% E
field tends to increase with increasiagwith increasinga, o /_\ o
the value of the Mn-Mn interaction constanjr=a+bT 10 /_\
becomes larger at a particular temperature, making the 5 f/—x
(canted antiferromagnetic state more and more stable com-
pared to the ferromagnetic state so that the critical field be- o
comes larger. 100 150 200
Figure Xb) illustrates the effect ob (the variation of the
Mn-Mn interlayer coupling with temperaturen the value of (a) (¢)

B.. In manyR-Mn intermetallicsb<<0 so that with increas-
ing temperature the Mn-Mn interlayer interaction decreases.
With decreasingb, nae tends to decrease more and more
rapidly with increasing temperature, so that the antiferro-
magnetic state becomes less stable. As a logical conse-
guence B, therefore drops steeply with decreasimg

Whereas the parameteasandb primerily affect the order
of magnitude of the critical field, the Curie constagtof the o
R sublattice has also a clear effect on the shape oBthes 250
T curve. This is clearly illustrated in Fig.(d). As may be
inferred from Eqgs{(9a and (9b), the magnetidR sublattice
has a dual effect. Firstly it tends to increase or decrease 000 AN
(depending on the sign and magnitude@ing.\,) the ef- 100 150 200
fective field experienced by the Mn sublattice, respectively,
enhancing the polarizatioftanting or the depolarization of ~ (b) T K (d) T )
the Mn-sublattice moments. A second effect is a decrease of )
the effectivecoupling constant - [see Eq(9b)], making the FIG. 1. (a)—(d) Influence of the parametess b, n{ «x, andcg on

(canted antiferromagnetic configuration less stable Figurethe critical field. The individual figures correspond to a series of

1(c) is based on a calculation in whicty y,>0, i.e., a case calcu_lations ofB. vs T, varying only a single parameter_around a
where theR-Mn exchange field lowers the effective field. certain value and the others are kept constant. The input values
? . of the parameters when held constant are12 Tf.u./ug, b=
Apparently’, however, this effect is suppressed by the de-_ol05 Thudug K, Nrsg=—55 Thulug, n2x=0.2 Tlud,
crease of e so that the overall effect of a magneftsub- ¢ _ 0 1264, K. When varied, the parameters are chosen within
lattice consists of a decrease of the critical field. This effecty  interval  around  these  values (9.6 Tf.u/ug<a

can be clearly observed in Fig(cl: with increasingcg, the  <19.6 Tf.u.jug, —0.0875 Tf.ufugK<b<—0.0375 Tf.u.lu5 K,
critical field at a particular temperature decreases. With ing<cz<0.122u5 K, 0.2 T/ud<n?x<0.8Tud). The effect of an

creasing temperature however, the role of the paramagnetificrease of a particular parameter is schematically indicated by the
R sublattice becomes less importdnig=cg/(T—0) de-  arrow.

7.50

5.00

M
_|
o =
B, (T
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than the shape of thB, vs T curve and the position of the 4000

maximum herein. Whem?2« increases, the critical field
tends to decrease. This is, in fact, what one would expect

deformation energy necessary to overcome in the
antiferromagnetic-ferromagnetic transition, whereas a stron-
ger volume dependence of the interlayer interactios 1000 ¢
flected in the parametar,<0) leads to an increase of the
magnetostriction and a decrease of the free-energy connected /,
to the fully parallel(ferromagnetit alignment of the Mn- oY : : : ' '
sublattice moments. 0 100 200 300 400 500 600

An interesting byproduct of the analysis of the critical
fields is an expression for the critical temperature related to a
temperature-induced antiferro-ferro transition in an applied
field. By settingB.=0 in expressior(19), the condition for
the (first-ordep transition in zero field can be obtained
straightforwardly:

intuitively as both an increase of the compressibilityas —~ 2000

well as the volume dependence of the Mn-Mn interlayer in- 3

teraction obviously enhance the stabilization of the ferro- 3 .

magnetic state. An increase of reduces the lattice- [—: 2000 1
x

T K

FIG. 2. Calculated inverse susceptibility of a paramagnetic Sm
sublattice (solid curve taking intermixing ofJ=5/2 andJ=7/2
states into account and inverse susceptibility according to Curie-
Weiss(dashed curvebased on thd=5/2 multiplet only. The solid
curve was calculated under the assumption of a magnetic field of
NAE— niKm§= 0. (23 150 T, a value typical for th&-Mn exchange field acting on tte

. . . . sublattice in SmMpGe,.
With a linear relation betweem,-=a+bT, the critical tem-

peratureT,, marking the transition, can be expressed as susceptibility of Sm sublattices in the paramagnetic state

does not show over the entire temperature range Curie-Weiss
behavior corresponding to the paramagnetic state. Only at
lower temperatures Curie-Weiss behavior may occur. To il-
. lustrate this, Fig. 2 shows a calculatiGirawn curve of the

The parametem, being the zero-temperature offset of the jnyerse susceptibilitydefined as8/M) of a Sm sublattice in
coupling constant, differs for each compound and depends field B=150 T, taking intermixing between thé=5/2
strongly on the unit-cell dimensions. Variations of the unit-giaie and thel=7/2 state into accountEy_7,— Ey_gpp

cell dimensionsws, due to chemical substitutions on tRe —1340K). No Sm-Sm interaction or crystal-field effects
or metalloid sublattices, affect the paramegein a similar  \yere taken into account in the calculation. The dashed line in
way as the volume changes due to magnetization of the rig 5 represents the inverse susceptibility, based onJthe
sample and/or thermal expansion. Analogous to the relation. g, multiplet only, according to Curie’s law.
n=no+n,w, we thus have a relatioa=a,+a,ws. By di- Between 100 and 200 K both curves almost coalesce.
rect substitution of this expression in HG3) it can be seen  Therefore, the application of a Curie-Weiss law to the Sm
that a linear relation exists betwe#g and the unit-cell vol- g piattices still seems a reasonable procedure in this tem-
ume (ws). This result is consistent with theory and experi- herature regime. In connection to this, it is worth mentioning
ments reported in a previous mvesUgaﬁaﬂevqted to the that, according to additional calculations, the introduction of
effect of temperature on the type of magnetic ordering ingrystal-field effects or Sm-Sm interactions does not impose a
R-Mn compounds. But, although based on almost the samgitferent point of view in this respect. An important implica-
theoretical concepts as the present investigation, the expreggn of Fig. 2 is that on the basis of $m/R,Mn,Ge, com-

sion for T given in Ref. 3 is more complicated than Eg3) ounds a test of the model outlined previously is only pos-
and obtained in a less straightforward way. Straightforwargipje at temperatures between 100 and 200 K.

use of Eq.(19) allows an extension of Eq23) incorporating
the effect on nonzero applied fields Q.

1
TC:B(ngng—a). (24)

EXPERIMENT

Paramagnetic Sm sublattices In order to verify the applicability of the model outlined

As in the forthcoming sections the model outlined aboveabove, we will check whether it is possible to reproduce the
will be verified on the basis of magnetization measurementexperimentally obtained values of the critical field for sev-
on Sm _,R,Mn,Ge, compounds, some considerations abouteral RMn,Ge, compounds. Polycrystalline specimens of
the paramagnetic state of the Sm sublattice in these conthese compounds were prepared by arc melting and subse-
pounds are justified here. guent annealing at 800 °C. The quality of the samples was

The energy difference between the ground-sthteb/2  verified by x-ray diffraction: all samples were found to be
multiplet and theJ=7/2 multiplet, being the first excited approximately single phag@hCr,Si, structurg. Magneti-
state of Sm, is relatively small and therefore intermixing ofzation measurements both as a function of temperature and
the J=5/2 andJ=7/2 multiplets takes place already at tem- field were performed on a superconducting quantum interfer-
peratures close to room temperature. As a result, the inversmce device magnetomet@uantum Design
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RESULTS AND DISCUSSION 3
Test of the model g 160K PR

Among theRMn,Ge, compounds there are a lot of com-
pounds in which, in a particular temperature regime, the Mn .
sublattice is subject to an antiferromagnetic interaction, S 100K
whereas thdR sublattice is paramagnetic. Examples of such INTEE
compounds are for instance GdMde, and some
Sm;_,R,Mn,Ge, compound$.The latter compounds exhibit
a phenomenon known as reentrant ferromagnetism. At low B (D
temperatures, the compound is ferromagnetic due to ordering
of both theR and Mn sublattices. At a certain temperature
T,, the order of theR sublattice collapses and an antiferro-
magnetic Mn sublattice remains up to a higher temperatur
T, at which the system undergoes another phase transitiofire range. Clearly recognizable is the effect of temperature
towards ferromagnetism. This latter transition does not inpn the position of the (first-orde) antiferromagnetic-
volve, however, a reentering of the magnetic ordering on theerromagnetic transitions. Initially, the critical field tends to
R sublattice which remains paramagnetic. The exact valuegcrease with temperature but at higher temperatures the
of T; andT, in the Sm_,R,Mn,Ge, compounds depend on critical field decreases significantly with temperature. This
Rand its concentratiox. In the compound GdMiGe,, a  behavior resembles that observed in several of the calculated
change from ferromagnetism to antiferromagnetism occurs afyrves pictured in Figs.(#)—1(d), in particular in those for
100 K, and above this temperature the Gd sublattice is paraghich the influence of th& sublattice is large, i.e., for the
magnetic. The ordering temperatures of the Mn sublattice ifarger Curie constants. A more precise estimate of the tem-
various RMn,Ge, compounds varies between 350 and 450perature dependence & in Smy g_ug;Mn,Ge, was ob-

K. The antiferromagnetic ordering of the Mn sublattice in tained from magnetization curves similar to those pictured in
these compounds is without exception always of a collinearig. 3, identifying the critical field with the field correspond-

M (ug/fu)
o
o
~

FIG. 3. Magnetization as a function of applied field at the tem-
peratures indicated. The curves correspond to field sweep during
ghich the applied field decreases from 5.5 T down to zero.

type and, therefore, the antiferromagnef®in,Ge, com-  ing to the maximum derivative as this is assumed to mark the
pounds provide excellent test cases for the model discusseghnsition of the bulk cluster in thédue toR substitutions
in the previous section. structurally disordered material. Plotted as a function of tem-

An appropriate test of the model will be based on %)  perature, the critical fields obtained from this procedure
and consist of dleast-squaredit of experimentally observed show a behavior represented in Figa} Similar data were
critical fields at various temperatures. The value of such fitpptained on two other samples with, Séf o ;Mn,Ge, and
ting procedures depends largely on the number of fitted masm, 4 u, ,Mn,Ge, being their nominal compositions. The re-
terial parameters involved which should be kept as low agpectiveB, vs T curves are represented in Figga}4-4(c).
possible. Under practical conditions, a few of the material = Figyres 4a)—4(c) showB, vs T curves which closely re-
parameters involved in the antiferromagnetic-ferromagnetigemple many of the calculated curves pictured in Figa—1
transition can be obtained from measurements of the magngyq). Apparently, the influence of th& sublattice is still
tization on single crystals as well as on polycrystalline ma-qyjte strong at temperatures close to 100 K, as the critical
terial. For theRMn,Ge, compounds, values of the micro- fields increase at these temperatures. After reaching a maxi-
scopic spin-spin coupling constad.w,, corresponding o myum, the critical fields tend to decrease at higher tempera-
the R-Mn interaction were obtained by Iwatet al® from  tyres and finally become zero. A particular point of interest is
magnetization measurements on a Py single crystal the fact that upon going from Fig.(@ to Fig. 4(c) the
(Jr-mn/k=4 K). Usually theJg.u, interaction does not vary parabola-shapeB. vs T curves shift downwards. As will be
significantly through a series &-3d intermetallics with dif-  discussed below, this behavior is consistent with the previ-
ferentR components. Through a simple mean-field analysis ously outlined model if we consider the dilution rate and
the Jr.umn Values can be related to their mean-field equivalentinit-cell volume of the specimens corresponding to Figs.
Nr-mn- The saturation moment of the Mn sublattice can be4(a)—4(c).
easily obtained from low-temperature magnetization mea- Most likely the specimens used in this investigation do
surements, assuming the rare-earth moments equal to th@t have the exact nominal composition chosen by means of
free-ion moments and the orientation of tReand Mn mo-  the relative amounts of the constituent starting materials be-
ments to be either parallel or antiparallel, depending orfore arc-melting. The reason for this is that both Mn and Sm
whether a light or a heavig element is involved. The value tend to evaporate strongly during the melting process. This
of the Curie constantg can be calculated from E¢4). The  explains why it is possible that the specimen with nominal
parameters, b, andn2« are, in principle, unknown and may rare-earth compositioR=Smy oY, 1 has a smaller unit-cell
serve as adjustable parameters in a fitting procedure. volume than the specimen witR=Sm,gd uy4 although

Figure 3 shows examples of various magnetization curvesonsiderations based on the lanthanide contraction suggest
measured on SgrlugMn,Ge, at different temperatures. exactly the opposite. Consequently, the magnetic dilution of
The curves correspond to measurements in which the fielthe R sublattice in the latter sample should be lower than in
decreases from 5.5 T to zero. Field-induced transitions fronthe first sample, as larger unit-cell volumes require higher
a high-magnetizatiofferromagnetitto a low-magnetization Sm concentrations in this particular catnthanide contrac-
(antiferromagneticstate appear to occur in a wide tempera-tion). Figures 4a)—4(c) have been deliberately arranged such
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6.00 also a good measure for volume differences at lower tem-
V = 17004 A3 peratures as, for instance, clear Invar behavior is absent in
480 | the RMn,Ge, compounds. The Mn-Mn interlayer coupling
constant can be described by the relatieha+bT, whereb

is expected to be more or less constant for all specimens and
a>0 varies for each compound and becomes smaller when
the (zero temperatupeunit-cell dimensions become smaller.
The effect of variations of the parameteis represented in
Fig. 1(a@ which showsB. vs T curves shifting downwards as

a decreases. In this respect, the observed shift in Figs-4

—~ 360

O oa0}

1.20 o )
4(c) is in agreement with our model.
The full lines in Figs. 4a)—4(c) represent the results of
0.00 ' : ‘ ‘ least-squares fits based on E2QR). As can be seen, the best
100 120 140 160 180 200 fitting curves represent the observed critical fields quite well.
(a) T (K The parameters, b, and nf,K served as adjustable param-

eters in each calculation procedure, other parameters were
fixed input parameters held constant throughout each fitting
procedure. For the Curie constams, values based on the
480t v = 17933 A nominal compositions were used, although slight deviations
from these values occur in the actual samples. For the satu-
ration momentmg, the value derived from the low-field
magnetization measurements K (1.4ug) was assumed

for all compounds. The values to be used for the paramag-
netic Curie constant are subject to some considerations. The
value of 6 has to be considered as an intrinsic parameter of
the R sublattice related to thR-R interaction only. There-
fore, 6 should be lower than the actual temperature which
marks the collapse of magnetic ordering of Reublattice,

6.00

~ 360}

O o40f

0.00 as the latter temperature is also strongly determined by the
100 120 140 160 180 200 R-Mn interaction. The fitting procedures were repeated for
(b) T K several _values of the paramagnetic Curi_e _tempera‘!_uFe)r
all specimens th# value giving the best fit is approximately
6.00 30 K. It is interesting to mention that this result is consistent
with NMR experiments under high pressure performed by
V= 17948 A7 Lord et al.® suggesting an “intrinsic” R-sublattice Curie
48071 temperature of approximately the same value.
Due to the fact that theg values are not precisely known,
—~ 360" as the compositions of thB sublattice may deviate from
= their nominal values, the best fitting valuesayfb, andn? «
o a0 | should be taken with some reservation and should be consid-
: ered as realistic but not as precise estimates. However, it is
worth mentioning that the values of the paraméieaare of
120 f the order of 0.05 Tf.uug K which is also the case for the
YMn,Ge, compound, for which an estimate fdr can be
.00 ) ) ) : obtained from magnetization measuremeérnthe values of
00 120 140 160 180 200 the parameterm obtained in the present investigation vary
between 12.4 and 13.6 Tf.w4. These values are signifi-
(c) T K cantly lower than the value which can be obtained for

YMn,Ge, compound as should be expected on basis of the
lanthanide contraction. This can be understood easily as fol-
lows. Within a series oR-3d intermetallic compounds, the

Sy oY 0. MN,G6, (b), Sy o Ug MN,Ge, (0). Unit-cell volumes are lattice constants of the compounds wig=Y are usually

indicated in each figure. Solid curves: least-squares fits based o(;lose to those for the compound wiR=Tb. As the atom
Eq. (22). number of Tb is larger than the atom number of Sm, the

lattice parameters foR=Tb (and also forR=Y) should be
that the unit-cell voluméat room temperatujeof the corre-  smaller than foR=Sm. A consequence of this is that, at a
sponding specimens decreases when going from F&y.td  given temperature, the antiferromagnetic Mn-Mn interlayer
Fig. 4(c) (generally, a volume decrease corresponds to a desoupling in Sm_,R/Mn,Ge, compounds wherey<1
crease of both tha andc axes in the particular case of these should be much weaker than in YMBae,. As the value ob
compounds Differences in room-temperature volumes areseems to be the same for the cases wHereY and R

FIG. 4. (a)—(c) B, vs T curves obtained from measurements of
the magnetization as a function of field for three different com-
pounds. Nominal stoichiometries are &iuy Mn,Ge, (a),
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=Sm, differences in the interlayer coupling strength CONCLUSIONS

(Nwn-vn=a-+bT) must be totally accounted for by the value | the present paper a model is outlined which provides a
of a which should decrease in order to have a weakekolid interpretation of field-induced antiferromagnetic-
Mn-Mn interlayer coupling. ferromagnetic transitions in compounds with a cubic crystal
Resuming this section we can conclude that the modedymmetry and compounds with layered arrangements of
presented in this paper describes the temperature behavigragnetic (3l) ions. The model describes these transitions in
of the critical fields corresponding to field-induced terms of volume or distance-dependent exchange interactions
antiferromagnetic-ferromagnetic transitions very well from aand both harmonic and anharmonic contributions to the lat-

qualitative point of view, whereas very reasonable quantitalic® deformation energy. The existence of a strong distance
tive results are obtained as well. or volume dependence of thed3d interaction, leading to

magnetovolume effects, appears to be crucial for the occur-
rence of field-induced first-order antiferromagnetic-
ferromagnetic transitions. Assuming a linear relation be-
tween unit-cell dimensions and temperature, an expression
for the critical fields marking the transitions can be obtained.
Some time ago, several investigations reported the obser- Application of the model tdRMn,Ge, systems confirms
vation of giant magntoresistancéGMR) effects in the usefulness of the model. The model provides both a
SmMn,Ge, compound<:? It was suggested that due to the qqahtatlve and quantitative reproduction B curves ob-
layered arrangement of the Mn layers in this compound alt|a|ned from magnetization measurements. We can therefore

analogy to GMR effects in artificial magnetic multilayer sys- conclude that the nature of the antiferromagnetic-
oyt . mag yer sy ferromagnetic transitions, being related to the dependence of
tems exists. In an earlier investigatioron temperature-

: . . ) " the 3d-3d interaction on the unit-cell dimensions, is fairly
induced antiferromagnetic-ferromagnetic transitions WE&yell understood.

pointed out that magnetovolume and related Fermi-surface The model provides a possible explanation for the occur-
effects are most ||k6|y the driving mechanism behind thErence of GMR effects in Sm%@ez_rdated Compounds but
GMR effects in SmMpGe,-based compounds, instead of is not fully applicable to thin-film multilayer systems.
spin-dependent scattering, which is often suggested as the Finally, it is worth mentioning that recently a different
cause for GMR in artificial multilayers. This suggestion is theoretical approach to antiferromagnetic-ferromagnetic tran-
consistent with other investigatiohand corroborated by the Sitions was presented by Hernaneipal,’ based on a “full
investigations reported in the present paper, which clearljtinerant” treatment of 8 moments in terms of the Stoner
show that magnetovolume effects are a basic feature of field°d€l. Our model, treating the Mn moments within a

induced antiferromagnetic-ferromagnetic transitions in thé(;'aerllssg?:irr?sig)errn;gm;?m%nrcej ;rr‘?éi];o(r:%rgafelcrﬁellzte?rs LgCHalter?gﬁ
compounds under investigation. From this point of view it P y

. . . . _do’s model. Volume effects, playing a crucial role in the
would be interesting to consider whether the theoret'cagccurrence of antiferromagnetic-ferromagnetic transitions,
framework described in this paper also providesaltarna-

are a common feature of both models however. In Hernan-

tive interpretation of GMR in metallic multilayer systems 5.5 yadel, the mechanism behind the antiferro-ferro transi-
[dropping theR contribution to the free-energy expression in jon ig related primarily to the volume dependence of the

Eq. (7) would result in an appropriate free-energy expressionjensity of states at the Fermi level, whereas in an approxi-
for this purposg It is, however, very easy to point out that mation based on fixed localized moments like ours, volume
this is simply not the case. The magnetovolume effects necsffects can enter the model only via the mean-field exchange
essary for the antiferromagnetic-ferromagnetic transition tgarameter. A volume-dependent exchange contribution to the
take place enter in our model through the distance-dependefiee energy is, however, a conceptual similarity between
interlayer interaction, or more precisely, through its volumeboth models. In spite of the predominantly itinerant nature of
derivative. In artificial multilayer systems, the interlayer in- the Mn moments in th&Mn,Ge, compounds, the applica-
teraction is of a Ruderman-Kittel-Kasuya-Yosida type andtion of our model to the antiferromagnetic-ferromagnetic
therefore also distance dependent but the magnitude of thigansitions in these compounds does not seem to be inappro-
interaction and its variation as a function of the interlayerpriate, as for instance, band-structure calculations have
distance or interlayer volume are several orders of magnitudehown that for these compounds the magnitude of the Mn
smaller than in many bulk intermetallic compounds. Magne-moments is quite insensitive to rotatibhso that a mean-
tovolume effects in artificial multilayer systems, being pro-field approach based on a Heisenberg Hamiltonian is justi-
portional ton,,km3 [see Eq(8)], are therefore also expected fied. The fairly successfulquantitative reproduction of ex-

to be a few orders of magnitude smaller than their analogs iperimental data by our model justifies this point of view. A
bulk compounds. With respect to GMR in thin-film metallic full itinerant treatment may possibly be a better approach to
multilayers an interpretation in terms of exchange-relatedAF-F transitions in other intermetallic systems like, for in-
magnetovolume effects is therefore inadequate. stance, FeRA.

Magnetoresistance effects; limitations of the model
with respect to its application to magnetic multilayers
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