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Field-induced first-order antiferromagnetic-ferromagnetic transitions in RMn2Ge2 compounds
and their relation to the magnetostriction of the Mn sublattice

J. H. V. J. Brabers,* K. H. J. Buschow, and F. R. de Boer
Van der Waals-Zeeman Institute, University of Amsterdam, 1018 XE Amsterdam, The Netherlands

~Received 27 July 1998!

A model for field-induced first-order antiferromagnetic-ferromagnetic transitions is presented. The model is
based on a free-energy expression including Mn-Mn andR-Mn 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 fieldBc , corresponding to the first-order transition, has been obtained and
used for a description of the temperature dependence ofBc . The model is tested experimentally by magneti-
zation measurements on several Sm12yRyMn2Ge2 compounds and appears to give a good description of the
measuredBc vs T relations. Implications of the present work for magnetoresistance in bulk compounds and
thin films are briefly discussed.@S0163-1829~99!13113-8#
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INTRODUCTION

In the past decade, a lot of research effort has gone
the study of magnetic properties ofR-Mn intermetallics. Es-
pecially the relation between phase transitions from anti
romagnetism to ferromagnetism and magnetoresistance
fects in the layeredRMn2Ge2 compounds is an intriguing
case in this respect.1–3 The antiferromagnetic-ferromagnet
transitions in these materials basically involve a transit
from a configuration with an antiparallel orientation of th
Mn-layer moments to a configuration with a parallel orien
tion of the Mn-layer moments. Several investigations ha
made it clear that in manyR-Mn compounds, the sign an
magnitude of the Mn-Mn interlayer interaction may strong
depend on the Mn-Mn distance.3,4 For fairly large Mn-Mn
distances, the Mn-Mn interlayer interaction is in many co
pounds ferromagnetic whereas for smaller Mn-Mn distan
the interlayer interaction is antiferromagnetic. The distan
dependence of the Mn-Mn interlayer interaction is so stro
that even slight variations in the unit-cell parameters due
thermal expansion or chemical substitutions are sufficien
modify the interlayer interaction significantly. As a result
this, a compound may undergo a first-order transition fr
antiferromagnetism to ferromagnetism with increasing te
perature. These transitions are likely to be accompanied
an anomaly in the thermal expansion as well as in the e
trical resistance.

In an earlier investigation,3 explicit evidence for a strong
distance-~and volume! dependent Mn-Mn interaction wa
reported. With compounds of theRMn2Ge2 type serving as a
model system, it was shown through experiment that in th
compounds the Mn-Mn interlayer interaction~n! is strong
and scales linearly with the unit-cell volume~v! and, above
100 K, also with temperature:

n5n01nvv5a1bT. ~1!

In this expression forn, which is basicallyphenomenologi-
cal, n0 can be viewed upon as the value of the Mn-M
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interlayer-interaction constant atT50. The constantsnv , a,
and b however, cannot be discussed straightforwardly
terms of simple physical concepts and merely represent a
of empirical parameters. A purely theoretical justification f
this expression, as well as a numerical evaluation ofnv , a,
and b, would be rather tedious and can in fact only
achieved by evaluation of the Mn-Mn interlayer interacti
through rigorous~ab initio! calculations of the electronic
structure for a whole range of unit-cell dimensions. Ho
ever, when just taken as an experimental fact, Eq.~1! can be
quite useful, as shown in Ref. 3, for instance, in connect
to a ~mean-field! analysis of temperature-induce
antiferromagnetic-ferromagnetic transitions.

In manyR-Mn intermetallics, including a lot ofRMn2Ge2

compounds, a situation occurs wheren0 ,a.0 and nv ,b
,0. As a consequencen.0 for smaller unit-cell volumes or
at low temperatures, leading to antiferromagnetism in th
cases. When the unit-cell volume becomes larger, for
stance through thermal expansion,n decreases and
~temperature-induced! transition to a ferromagnetic stat
may take place.

Besides temperature-induced antiferromagne
ferromagnetic transitions, there is also the possibility
field-induced antiferromagnetic-ferromagnetic transitio
From the point of view of possible sensor applications th
latter transitions are much more interesting than the form
Due to the combination of thermal expansion and
volume-dependent Mn-Mn interaction, the critical fields co
responding to these transitions can be strongly dependen
temperature. It may be clear that for applications a thorou
understanding of the underlying mechanisms that rule
temperature dependence of the critical fields, is crucial. T
aim of this paper is to provide a simple theoretical bas
clarifying the origin and nature of field-induce
antiferromagnetic-ferromagnetic transitions inR-Mn sys-
tems. The analysis in terms of a simple model is restricted
the case where the Mn sublattice orders at low tempera
as a collinear antiferromagnet. This situation occurs in ma
9314 ©1999 The American Physical Society
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of theRMn2Ge2 compounds which will therefore be used
an experimental test case for the model.

THEORETICAL OUTLINE

Field-induced antiferromagnetic-ferromagnetic transitions

In the approach outlined here, the 3d moments~Mn! are
considered to be independent of temperature, whereas
R-sublattice moments are paramagnetic and there
strongly temperature dependent. As a consequence, the
tribution of the 3d-sublattice momentsm1 and m2 to the
total magnetic free energy consists only of an exchange t
Fex

3d23d5nm1•m2 and a Zeeman termFz
3d52B(m11m2).

The term2TS3d related to the entropy of the 3d sublattice
can be ignored, as it is a constant because the 3d moments
are considered to be fixed. The free-energy contribution
the temperature-dependentR sublattice moment, howeve
does include an entropy-related contribution that varies w
temperature, in addition to the contributions from theR-3d
exchange and the Zeeman interaction. The totalR-sublattice
contribution to the free energyFR can easily be expressed
terms of the effective fieldBR5(2nR23dum11m2u1B),
acting on theR sublattice, through application of the ident
ties:

mR52
]FR

]BR
⇒FR52E mR dBR . ~2!

For the paramagneticR sublattice,mR is described by the
Curie law so that

mR5xRBR5
cR

T2u
BR , ~3!

where

cR5
NRmeff

2

3k
. ~4!

Combining Eqs.~2! and ~3! we then have

FR52
cR~22nR23dum11m2u1B!2

2~T2u!
. ~5!

For the formulation of the total free-energy expression,
3d-sublattice moments are split into an antiferromagne
~staggered! componentmQ and a ferromagnetic~uniform!
componentm0 , so thatum11m2u52m0 . The Mn-Mn inter-
layer exchange energy can, in the lowest order approxi
tion, be represented by a quadratic expansion in the unif
and staggered magnetization components. Neglecting~usu-
ally weak! 3d-anisotropy effects, the total free energy th
takes the form:

F52nmQ
2 1nm0

21
1

2
bv21fv22Bm0

2
cR

2~T2u!
~4nR23d

2 m0
224nR23dm0B1B2!, ~6!
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where the term1
2bv2 represents the harmonic andfv repre-

sents the anharmonic contributions to the deformation ene
of the material. The termv represents the unit-cell volum
increase due to thermal expansion and magnetostriction,b is
the compressibility andf is the Grüneisen function. At this
point, a few remarks should be made. A treatment of
lattice deformation in terms of the unit-cell volume is ba
cally only correct for crystals of cubic symmetry. As th
RMn2Ge2 compounds have a tetragonal symmetry, a mo
fied approach would be more appropriate. T
antiferromagnetic-ferromagnetic transitions are mainly d
to a change of the interlayer interaction constant with cha
ing dimensions of thec axis. A modified free-energy term
based on a series expansion in the lattice dimensions, w
then contain termsBi j xixj instead of 1/2bv2 and a term
f8 i , j xi , j instead offv, wherexi ,xj stand for the length of
the a andc axis, respectively. The parametersf andf8 are
different but depend on the temperature in a similar way. T
termsBi , j are proportional to the stiffness constants of t
material, which form a tensor, and should not be interpre
as an ‘‘overall’’ bulk modulus. The contribution to th
Mn-Mn interlayer interaction due to nearest-neighbor int
actions between ionic moments on adjacent layers, is
pected to scale predominantly with the length of thec axis.
The next-nearest-neighbor contribution scales with variati
of both thea and thec axis. The empirical relationship with
the unit-cell volume revealed by experiment3 is probably due
to the fact that the lengths of thea and c axes scale with
temperature in a similar way. Therefore, it seems reason
to assume, in a lowest-order approximation, a linear rela
between the interlayer interaction and the length of b
crystal axes:n5n01nixi1njxj . At higher temperatures
this leads to a linear relation betweenn andT due to thermal
expansion. For cubic crystal symmetries, the equilibriu
volume v corresponds to vanishing of pressure:p5
2]F/]v50, whereas for layered tetragonal structures
equilibrium values ofxi , j corresponds to vanishing of th
stress component along the crystal axes:s i , j52]F/]xi , j
50. An important observation is the mathematical equiv
lence of the problems of antiferromagnetic-ferromagne
transitions in cubic crystals and layered tetragonal co
pounds, which can be proved easily through some alge
With appropriate replacement forv(→xi ,xj ) andp(→s i , j ),
the results for cubic symmetries are directly transferable
layered tetragonal systems. To remain in line with a previo
paper3 and for the sake of simplicity, we will outline the
approach based on volume expansionsv in the forthcoming
part of this section, which yields results of direct relevance
antiferromagnetic-ferromagnetic transitions in cubic syste
with ~of course! nonuniaxially arranged ions. We keep
mind however, that the results are also relevant toRMn2Ge2
compounds where the Mn ions are stacked along thec axis
and which will serve as a test case for the model describe
this section.

The 3d-sublattice moments are considered to be indep
dent of the applied fieldB and, in a Heisenberg approac
also independent of the orientation of the sublattice m
ments. The staggered and uniform components of
3d-sublattice magnetizations can then be related to the s
rated 3d-sublattices magnetization:mQ

2 1m0
25ms

2. The free-
energy expression can than be rearranged as
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F52~n2xRnR23d
2 !m0

21
1

2
bv21fv

22~12xRnR23d!Bm02
xR

2
B22nms

2. ~7!

The equilibrium state corresponds to values ofm0 andv for
which this free-energy expression takes a minimum.

The demand thatF takes a minimum with respect to th
volumev, i.e., (]F/]v)50, leads to an expression forv in
terms of the uniform magnetization componentm0 :

]F

]v
52nvm0

22nvms
21bv1f50

⇒v52k~2nvm0
22nvms

21f!, ~8!

where k stands for the compressibility 1/b and nv for
]n/]v.

As may be inferred from Eq.~7!, the problem of minimiz-
ing the free energy with respect tom0 is mathematically
equivalent to that of two 3d sublattices interacting with an
applied fieldB8 and subject to a mutual interaction corr
sponding to a coupling constantn8:

B85~12xRnR23d!B, ~9a!

n85~n2xRnR23d
2 !. ~9b!

One should keep in mind thatB8 and n8 are mathematica
rather than physical identities, providing only a convenie
description of the 3d sublattice. Great care should be tak
with respect to conclusions, based on the sign and/or ma
tude ofB8 andn8, about the actual physical fields to whic
the 3d sublattice is subjected and which consist of both
applied magnetic field and exchange fields. The relev
free-energy expression, obtained from Eq.~7!, can now be
expressed as

F52n8m0
222B8m01

1

2
bv21fv2nms

2. ~10!

In this expression, the physically unimportant~constant!
term (2xR/2)B2 has been left out. However, for an appr
priate analysis of the role of the volume magnetostriction
the antiferromagnetic-ferromagnetic transitions, the te
2nms

2 should be kept in the free-energy expression, as
coupling constantn is volume dependent~note that the cou-
pling constantn is indicated, notn8!, and the volume in the
antiferromagnetic state differs from the volume in the fer
magnetic state. Keeping in mind that the uniform magneti
tions (m0) of the ferromagnetic and antiferromagnetic sta
are different, the latter statement can be easily verifi
through inspection of Eq.~8!.

In the ferromagnetic state, the equilibrium value ofm0 is
simply the saturated 3d-sublattice valuems . For the~canted!
antiferromagnetic state, application of the conditi
(]F/]m0)50 yields the equilibrium value form0 :
t

ni-
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e
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m05
B8

2n8
5

12xRnR23d

2~n2xRnR23d
2 !

B. ~11!

By substitution of the expression for the uniform magnetiz
tion into Eqs.~8! and~10!, the free energy for the ferromag
netic as well as for the antiferromagnetic state can be
pressed in terms of the fieldB8. After some rearrangement
we have for the antiferromagnetic state

FAF5
nv

2 k

8nAF84 B842S nv
2 kms

2

2nAF82 1
1

2nAF8 DB82

1
1

2
nv

2 kms
42

1

2
kf22nAFms

2, ~12!

and for the ferromagnetic state

FF52nF8
2ms

222msB81
1

2
knv

2 ms
42

1

2
kf22nFms

2.

~13!

Disregarding hysteresis effects~which are supposed to dete
mine the position of the critical fields only to a minor e
tent!, the transition between the antiferromagnetic and
ferromagnetic state is simply supposed to take place at a
Bc8 for which FAF5FF , that is when

FAF2FF5
nv

2 k

8nAF84 Bc8
42S nv

2 kms
2

2nAF82 1
1

2nAF8 DBc8
212msBc8

2~nAF12nF82nF!ms
250. ~14!

The term2nAFms
222nF8ms

21nFms
2 can be rearranged by us

ing expression~9b! for n8:

~2nAF22nF81nF!ms
252~nAF8 1nF8!ms

2. ~15!

For convenience we express the coupling constantsnF and
nF8 in terms of the coupling constants for the antiferroma
netic statenAF and nAF8 , respectively. BothnF and nAF de-
pend on the volume corresponding to the respective state
which they refer. By introduction of the volumesvF andvAF
for the antiferromagnetic and ferromagnetic state, resp
tively, Eq. ~8! and the relationn5n01nvvAF,F enable us to
relatenF to nAF :

nF5n01nvvF5n02nv
2 kms

22fnvk,

nAF5n01nvvAF5n02
nv

2 k

2nAF82 B821nv
2 kms

22fnvk.

~16!

Analoguous expressions hold fornAF8 andnF8 so that
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nAF8 5nAF8B8502
nv

2 k

2nAF82 B82,

nF85nAF8B85022nv
2 kms

2,

2~nAF8 1nF8!52S 2nAF8B85022nv
2 kms

22
nv

2 k

2nAF8
B82D .

~17!

Combining the lower expression with Eqs.~14! and~15!, nF8
can now be removed from the condition for th
antiferromagnetic-ferromagnetic transition, which then re

nv
2 k

8nAF84 Bc8
42

1

2nAF8
Bc8

212msBc8

2~2nAF8B85022nv
2 kms

2!ms
250. ~18!

From this equation we see that the critical fieldBc8 is the
solution of a fourth-order polynomial equation, which cann
easily be solved algebraically. In practice however, the fi
B8 is often of the order of only a few teslas, the termnv

2 k
rather modest and the effective coupling constantnAF8 fairly
large. Therefore, the fourth-order term in the polynomina
negligible as it is a few orders of magnitude smaller than
instance the second-order term.

Furthermore, inspection of the upper expression in the
of equations~17! shows that under the same conditions th
make the fourth-order term in Eq.~17! negligibly small,nAF8

is almost equal tonAF8B850. Resuming we may therefore con
clude that in a fairly good approximation, the critical fieldBc8
can be expressed as the solution of a second-order pol
mial equation:

FAF2FF'2
1

2nAF8
Bc8

212msBc82~2nAF8 22nv
2 kms

2!ms
2'0,

~19!

the solutions of which can be expressed as

Bc852nAF8 ms72nAF8 ms
2Anv

2 k

nAF8
. ~20!

This expression incorporates all relevant aspects of
antiferromagnetic-ferromagnetic transitions, which will
subsequently discussed below.

First we discuss the case where magnetostrictive eff
are absent, i.e.,nv50, andnAF8 5nF85n8.

In the absence of magnetostrictive effects, nofirst-order
transitions from antiferromagnetism to ferromagnetism
cur. The magnetization process consists of a gradual ben
of the 3d-sublattice vectors towards the applied-field dire
tion. As may be inferred from Eq.~11!, the magnetization is
s

t
d
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et
t

o-

e

ts

-
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-

related to the applied field asm52m05B8/nAF8 . As may be
inferred from Eq.~20!, the conditionFF5FAF , for the tran-
sition from a canted~antiferromagnetic! configuration to a
ferromagnetic state, yields only a single solutionB08
52nAF8 ms corresponding to a second-order transition, ma
ing the completion of a bending process. ForB8 values ex-
ceedingB08 the ~canted! antiferromagnetic state is unstable

In the case where the constituentR component is mag-
netic, the fieldB08 and the coupling constantnAF8 are given by
Eqs. ~9a! and ~9b!, respectively. When theR component is
nonmagnetic, the fieldB08 is simply equal to the applied field
and the effective coupling constantnAF8 has to be replaced by
the exchange parameternAF .

When magnetostrictive behavior is present (nvÞ0) how-
ever, Eq.~20! yields two solutionsB18 andB28 :

B1,28 5B0872nAF8 ms
2Anv

2 k

nAF8
. ~21!

Equation~19! shows that forB8,B18 the free-energy differ-
enceFAF2FF,0, so that the canted antiferromagnetic sta
is stable in this regime. The fieldB18 marks the discontinuous
transition (FAF5FF) to the ferromagnetic state correspon
ing to a field regime whereFAF2FF.0. It is stressed tha
this transition is fully due to the presence of magnetostrict
effects. The magnetostriction favors the ferromagnetic st
as it gives rise to a lower volume contribution to the to
free energy than the antiferromagnetic state. In this resp
magnetostriction enhances the effect of the Zeeman en
which also favors the ferromagnetic state. The result i
first-order transition due to a ‘‘crossing’’ of the respectiv
FAF vs B8 and theFF vs B8 curves at the fieldB18 . The field
B28.B08 has no physical relevancy, as it exceeds the fieldB08
at which even in a continuous bending process the~canted!
antiferromagnetic alignment would transform into the ferr
magnetic state.

Resuming the above, we conclude that field-induc
antiferromagnetic-ferromagnetic transitions of first order c
be explained on the basis of magnetostriction, and that
corresponding critical fieldsB8 can be expressed in terms o
the ~volume-dependent! exchange-coupling constants@n
5n(v),nR23d#, the compressibilityk, the R susceptibility
xR , and the saturation momentms of the 3d sublattice. Us-
ing Eq.~9a!, the critical effective fieldB18 can be related to a
critical value of the applied fieldBc . An analysis of the
effect of temperature on the critical applied fieldBc marking
the transition is straightforward.

Due to thermal expansion, the volume-dependent c
pling constantn depends indirectly on the temperatur
Within the theoretical frame of this paper, thermal expans
is determined exclusively by and proportional to the Gru¨n-
eisen functionf(T), as can be verified by inspection of E
~8!. At temperatures above 100 K, the Gru¨neisen function is
approximately a linear function of temperature, and theref
n5n01nvv is also a linear function of temperature:n5a
1bT.

Using Eqs.~2!, ~9a!, and ~9b!, an expression forBc in-
volving temperature reads



9318 PRB 59J. H. V. J. BRABERS, K. H. J. BUSCHOW, AND F. R. DE BOER
Bc5
2nAF8 ms22nAF8 ms

2Anv
2 k/nAF8

12@cR /~T2u!#nR23d
5

2$a1bT2@cR /~T2u!#nR23d
2 %$ms2ms

2Anv
2 k/†a1bT2@cR /~T2u!#nR23d

2
‡%

12@cR /~T2u!#nR23d
.

~22!
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To have some idea about the effect of each material par
eter onBc , typical curves of the critical field as a function o
temperature are presented in Figs. 1~a!–1~d! for different
choices of the parametersa, b, c, andnv

2 k. The parameter
valuescR , ms , andu andnR-Mn have been chosen such th
they match closely to the values for the SmMn2Ge2 related
compounds. The order of magnitude ofa, b, and nv

2 k is
taken in accordance with the experimental results
SmMn2Ge2-based compounds to be presented later in
paper. Each figure corresponds to a calculation for wh
only a single parameter was varied around its typical valu
the SmMn2Ge2-based compounds, whereas all other para
eters were kept at a fixed value in the calculation. Trend
the position of the individual curves with increasing valu
of the varying parameter are schematically indicated by
arrow in each figure.

Figure 1~a! shows the critical field as a function of tem
perature for various choices ofa. As expected, the critica
field tends to increase with increasinga: with increasinga,
the value of the Mn-Mn interaction constantnAF5a1bT
becomes larger at a particular temperature, making
~canted! antiferromagnetic state more and more stable co
pared to the ferromagnetic state so that the critical field
comes larger.

Figure 1~b! illustrates the effect ofb ~the variation of the
Mn-Mn interlayer coupling with temperature! on the value of
Bc . In manyR-Mn intermetallicsb,0 so that with increas-
ing temperature the Mn-Mn interlayer interaction decreas
With decreasingb, nAF tends to decrease more and mo
rapidly with increasing temperature, so that the antifer
magnetic state becomes less stable. As a logical co
quence,Bc therefore drops steeply with decreasingb.

Whereas the parametersa andb primerily affect the order
of magnitude of the critical field, the Curie constantcR of the
R sublattice has also a clear effect on the shape of theBc vs
T curve. This is clearly illustrated in Fig. 1~c!. As may be
inferred from Eqs.~9a! and ~9b!, the magneticR sublattice
has a dual effect. Firstly it tends to increase or decre
~depending on the sign and magnitude ofxRnR-Mn! the ef-
fective field experienced by the Mn sublattice, respective
enhancing the polarization~canting! or the depolarization of
the Mn-sublattice moments. A second effect is a decreas
theeffectivecoupling constantnAF8 @see Eq.~9b!#, making the
~canted! antiferromagnetic configuration less stable. Figu
1~c! is based on a calculation in whichnR-Mn.0, i.e., a case
where theR-Mn exchange field lowers the effective field
Apparently, however, this effect is suppressed by the
crease ofnAF8 so that the overall effect of a magneticR sub-
lattice consists of a decrease of the critical field. This eff
can be clearly observed in Fig. 1~c!: with increasingcR , the
critical field at a particular temperature decreases. With
creasing temperature however, the role of the paramagn
R sublattice becomes less important@xR5cR /(T2u) de-
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creases#, and the relation betweenBc andT becomes domi-
nated more and more by the temperature dependenc
nMn-Mn5a1bT. Although only slightly visible in Fig. 1~c!,
all the curves tend to converge to a common line at hig
temperatures. For sufficiently largecR , the interplay be-
tween the temperature dependence of theR susceptibilityxR
and nMn-Mn gives rise to a maximum in theBc vs T curve.
This maximum becomes sharper ascR increases.

Inspection of Eq.~22! shows that the magnetostrictio
and the compressibility enter the expression for the criti
field through a single, common parameternv

2 k. This param-
eter affects the overall magnitude of the critical fields rath

FIG. 1. ~a!–~d! Influence of the parametersa, b, nv
2 k, andcR on

the critical field. The individual figures correspond to a series
calculations ofBc vs T, varying only a single parameter around
certain value and the others are kept constant. The input va
of the parameters when held constant area512 Tf.u./mB , b5

20.05 Tf.u./mB K, nR23d5255 Tf.u./mB , nv
2 k50.2 T/mB

3,
cR50.126mB K. When varied, the parameters are chosen wit
an interval around these values ~9.6 Tf.u./mB<a
<19.6 Tf.u./mB , 20.0875 Tf.u./mB K<b<20.0375 Tf.u./mB K,
0<cR<0.122mB K, 0.2 T/mB

3<nv
2 k<0.8 TmB

3!. The effect of an
increase of a particular parameter is schematically indicated by
arrow.



e

in
ro
-
th
o

e
c

al
to
ie

d

e
n
it

tio

ri-

i
m
r

ar

v
n
u

om

o
-

er

ate
eiss
y at

il-

ts
e in
e

ce.
m

em-
ng
of
e a
-

os-

d
the
v-
of
bse-
as
e

and
fer-

Sm

rie-

d of

PRB 59 9319FIELD-INDUCED FIRST-ORDER . . .
than the shape of theBc vs T curve and the position of the
maximum herein. Whennv

2 k increases, the critical field
tends to decrease. This is, in fact, what one would exp
intuitively as both an increase of the compressibilityk as
well as the volume dependence of the Mn-Mn interlayer
teraction obviously enhance the stabilization of the fer
magnetic state. An increase ofk reduces the lattice
deformation energy necessary to overcome in
antiferromagnetic-ferromagnetic transition, whereas a str
ger volume dependence of the interlayer interaction~re-
flected in the parameternv,0! leads to an increase of th
magnetostriction and a decrease of the free-energy conne
to the fully parallel ~ferromagnetic! alignment of the Mn-
sublattice moments.

An interesting byproduct of the analysis of the critic
fields is an expression for the critical temperature related
temperature-induced antiferro-ferro transition in an appl
field. By settingBc850 in expression~19!, the condition for
the ~first-order! transition in zero field can be obtaine
straightforwardly:

nAF8 2nv
2 kms

250. ~23!

With a linear relation betweennAF8 5a1bT, the critical tem-
peratureTc , marking the transition, can be expressed as

Tc5
1

b
~nv

2 kms
22a!. ~24!

The parametera, being the zero-temperature offset of th
coupling constant, differs for each compound and depe
strongly on the unit-cell dimensions. Variations of the un
cell dimensionsvs , due to chemical substitutions on theR
or metalloid sublattices, affect the parametera in a similar
way as the volume changesv due to magnetization of the
sample and/or thermal expansion. Analogous to the rela
n5n01nvv, we thus have a relationa5a01avvs . By di-
rect substitution of this expression in Eq.~23! it can be seen
that a linear relation exists betweenTc and the unit-cell vol-
ume (vs). This result is consistent with theory and expe
ments reported in a previous investigation3 devoted to the
effect of temperature on the type of magnetic ordering
R-Mn compounds. But, although based on almost the sa
theoretical concepts as the present investigation, the exp
sion forTc given in Ref. 3 is more complicated than Eq.~23!
and obtained in a less straightforward way. Straightforw
use of Eq.~19! allows an extension of Eq.~23! incorporating
the effect on nonzero applied fields onTc .

Paramagnetic Sm sublattices

As in the forthcoming sections the model outlined abo
will be verified on the basis of magnetization measureme
on Sm12xRxMn2Ge2 compounds, some considerations abo
the paramagnetic state of the Sm sublattice in these c
pounds are justified here.

The energy difference between the ground-stateJ55/2
multiplet and theJ57/2 multiplet, being the first excited
state of Sm, is relatively small and therefore intermixing
the J55/2 andJ57/2 multiplets takes place already at tem
peratures close to room temperature. As a result, the inv
ct
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susceptibility of Sm sublattices in the paramagnetic st
does not show over the entire temperature range Curie-W
behavior corresponding to the paramagnetic state. Onl
lower temperatures Curie-Weiss behavior may occur. To
lustrate this, Fig. 2 shows a calculation~drawn curve! of the
inverse susceptibility~defined asB/M ! of a Sm sublattice in
a field B5150 T, taking intermixing between theJ55/2
state and theJ57/2 state into account (EJ57/22EJ55/2
51340 K). No Sm-Sm interaction or crystal-field effec
were taken into account in the calculation. The dashed lin
Fig. 2 represents the inverse susceptibility, based on thJ
55/2 multiplet only, according to Curie’s law.

Between 100 and 200 K both curves almost coales
Therefore, the application of a Curie-Weiss law to the S
sublattices still seems a reasonable procedure in this t
perature regime. In connection to this, it is worth mentioni
that, according to additional calculations, the introduction
crystal-field effects or Sm-Sm interactions does not impos
different point of view in this respect. An important implica
tion of Fig. 2 is that on the basis of Sm12yRyMn2Ge2 com-
pounds a test of the model outlined previously is only p
sible at temperatures between 100 and 200 K.

EXPERIMENT

In order to verify the applicability of the model outline
above, we will check whether it is possible to reproduce
experimentally obtained values of the critical field for se
eral RMn2Ge2 compounds. Polycrystalline specimens
these compounds were prepared by arc melting and su
quent annealing at 800 °C. The quality of the samples w
verified by x-ray diffraction: all samples were found to b
approximately single phase~ThCr2Si2 structure!. Magneti-
zation measurements both as a function of temperature
field were performed on a superconducting quantum inter
ence device magnetometer~Quantum Design!.

FIG. 2. Calculated inverse susceptibility of a paramagnetic
sublattice~solid curve! taking intermixing ofJ55/2 andJ57/2
states into account and inverse susceptibility according to Cu
Weiss~dashed curve! based on theJ55/2 multiplet only. The solid
curve was calculated under the assumption of a magnetic fiel
150 T, a value typical for theR-Mn exchange field acting on theR
sublattice in SmMn2Ge2.
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RESULTS AND DISCUSSION

Test of the model

Among theRMn2Ge2 compounds there are a lot of com
pounds in which, in a particular temperature regime, the
sublattice is subject to an antiferromagnetic interacti
whereas theR sublattice is paramagnetic. Examples of su
compounds are for instance GdMn2Ge2 and some
Sm12xRxMn2Ge2 compounds.6 The latter compounds exhib
a phenomenon known as reentrant ferromagnetism. At
temperatures, the compound is ferromagnetic due to orde
of both theR and Mn sublattices. At a certain temperatu
T1 , the order of theR sublattice collapses and an antiferr
magnetic Mn sublattice remains up to a higher tempera
T2 at which the system undergoes another phase trans
towards ferromagnetism. This latter transition does not
volve, however, a reentering of the magnetic ordering on
R sublattice which remains paramagnetic. The exact va
of T1 andT2 in the Sm12xRxMn2Ge2 compounds depend o
R and its concentrationx. In the compound GdMn2Ge2, a
change from ferromagnetism to antiferromagnetism occur
100 K, and above this temperature the Gd sublattice is p
magnetic. The ordering temperatures of the Mn sublattic
various RMn2Ge2 compounds varies between 350 and 4
K. The antiferromagnetic ordering of the Mn sublattice
these compounds is without exception always of a collin
type and, therefore, the antiferromagneticRMn2Ge2 com-
pounds provide excellent test cases for the model discu
in the previous section.

An appropriate test of the model will be based on Eq.~22!
and consist of a~least-squares! fit of experimentally observed
critical fields at various temperatures. The value of such
ting procedures depends largely on the number of fitted
terial parameters involved which should be kept as low
possible. Under practical conditions, a few of the mate
parameters involved in the antiferromagnetic-ferromagn
transition can be obtained from measurements of the ma
tization on single crystals as well as on polycrystalline m
terial. For theRMn2Ge2 compounds, values of the micro
scopic spin-spin coupling constantJR-Mn , corresponding to
the R-Mn interaction were obtained by Iwataet al.5 from
magnetization measurements on a PrMn2Ge2 single crystal
(JR-Mn /k54 K). Usually theJR-Mn interaction does not vary
significantly through a series ofR-3d intermetallics with dif-
ferentR components. Through a simple mean-field analys7

theJR-Mn values can be related to their mean-field equival
nR-Mn . The saturation moment of the Mn sublattice can
easily obtained from low-temperature magnetization m
surements, assuming the rare-earth moments equal to
free-ion moments and the orientation of theR and Mn mo-
ments to be either parallel or antiparallel, depending
whether a light or a heavyR element is involved. The value
of the Curie constantcR can be calculated from Eq.~4!. The
parametersa, b, andnv

2 k are, in principle, unknown and ma
serve as adjustable parameters in a fitting procedure.

Figure 3 shows examples of various magnetization cur
measured on Sm0.9Lu0.1Mn2Ge2 at different temperatures
The curves correspond to measurements in which the
decreases from 5.5 T to zero. Field-induced transitions fr
a high-magnetization~ferromagnetic! to a low-magnetization
~antiferromagnetic! state appear to occur in a wide tempe
n
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ture range. Clearly recognizable is the effect of temperat
on the position of the ~first-order! antiferromagnetic-
ferromagnetic transitions. Initially, the critical field tends
increase with temperature but at higher temperatures
critical field decreases significantly with temperature. T
behavior resembles that observed in several of the calcul
curves pictured in Figs. 1~a!–1~d!, in particular in those for
which the influence of theR sublattice is large, i.e., for the
larger Curie constants. A more precise estimate of the t
perature dependence ofBc in Sm0.9Lu0.1Mn2Ge2 was ob-
tained from magnetization curves similar to those pictured
Fig. 3, identifying the critical field with the field correspond
ing to the maximum derivative as this is assumed to mark
transition of the bulk cluster in the~due toR substitutions!
structurally disordered material. Plotted as a function of te
perature, the critical fields obtained from this procedu
show a behavior represented in Fig. 4~a!. Similar data were
obtained on two other samples with, Sm0.9Y0.1Mn2Ge2 and
Sm0.8Lu0.2Mn2Ge2 being their nominal compositions. The re
spectiveBc vs T curves are represented in Figs. 4~a!–4~c!.

Figures 4~a!–4~c! showBc vs T curves which closely re-
semble many of the calculated curves pictured in Figs. 1~a!–
1~d!. Apparently, the influence of theR sublattice is still
quite strong at temperatures close to 100 K, as the crit
fields increase at these temperatures. After reaching a m
mum, the critical fields tend to decrease at higher tempe
tures and finally become zero. A particular point of interes
the fact that upon going from Fig. 4~a! to Fig. 4~c! the
parabola-shapedBc vs T curves shift downwards. As will be
discussed below, this behavior is consistent with the pre
ously outlined model if we consider the dilution rate a
unit-cell volume of the specimens corresponding to Fi
4~a!–4~c!.

Most likely the specimens used in this investigation
not have the exact nominal composition chosen by mean
the relative amounts of the constituent starting materials
fore arc-melting. The reason for this is that both Mn and S
tend to evaporate strongly during the melting process. T
explains why it is possible that the specimen with nomin
rare-earth compositionR5Sm0.9Y0.1 has a smaller unit-cel
volume than the specimen withR5Sm0.9Lu0.1, although
considerations based on the lanthanide contraction sug
exactly the opposite. Consequently, the magnetic dilution
the R sublattice in the latter sample should be lower than
the first sample, as larger unit-cell volumes require hig
Sm concentrations in this particular case~lanthanide contrac-
tion!. Figures 4~a!–4~c! have been deliberately arranged su

FIG. 3. Magnetization as a function of applied field at the te
peratures indicated. The curves correspond to field sweep du
which the applied field decreases from 5.5 T down to zero.
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that the unit-cell volume~at room temperature! of the corre-
sponding specimens decreases when going from Fig. 4~a! to
Fig. 4~c! ~generally, a volume decrease corresponds to a
crease of both thea andc axes in the particular case of the
compounds!. Differences in room-temperature volumes a

FIG. 4. ~a!–~c! Bc vs T curves obtained from measurements
the magnetization as a function of field for three different co
pounds. Nominal stoichiometries are Sm0.8Lu0.2Mn2Ge2 ~a!,
Sm0.9Y0.1Mn2Ge2 ~b!, Sm0.9Lu0.1Mn2Ge2 ~c!. Unit-cell volumes are
indicated in each figure. Solid curves: least-squares fits base
Eq. ~22!.
e-

also a good measure for volume differences at lower te
peratures as, for instance, clear Invar behavior is absen
the RMn2Ge2 compounds. The Mn-Mn interlayer couplin
constant can be described by the relationn5a1bT, whereb
is expected to be more or less constant for all specimens
a.0 varies for each compound and becomes smaller w
the ~zero temperature! unit-cell dimensions become smalle
The effect of variations of the parametera is represented in
Fig. 1~a! which showsBc vs T curves shifting downwards a
a decreases. In this respect, the observed shift in Figs. 4~a!–
4~c! is in agreement with our model.

The full lines in Figs. 4~a!–4~c! represent the results o
least-squares fits based on Eq.~22!. As can be seen, the be
fitting curves represent the observed critical fields quite w
The parametersa, b, and nv

2 k served as adjustable param
eters in each calculation procedure, other parameters w
fixed input parameters held constant throughout each fit
procedure. For the Curie constantscR , values based on the
nominal compositions were used, although slight deviatio
from these values occur in the actual samples. For the s
ration momentms , the value derived from the low-field
magnetization measurements at 5 K (1.4mB) was assumed
for all compounds. The values to be used for the param
netic Curie constant are subject to some considerations.
value ofu has to be considered as an intrinsic paramete
the R sublattice related to theR-R interaction only. There-
fore, u should be lower than the actual temperature wh
marks the collapse of magnetic ordering of theR sublattice,
as the latter temperature is also strongly determined by
R-Mn interaction. The fitting procedures were repeated
several values of the paramagnetic Curie temperatureu. For
all specimens theu value giving the best fit is approximatel
30 K. It is interesting to mention that this result is consiste
with NMR experiments under high pressure performed
Lord et al.,8 suggesting an ‘‘intrinsic’’R-sublattice Curie
temperature of approximately the same value.

Due to the fact that thecR values are not precisely known
as the compositions of theR sublattice may deviate from
their nominal values, the best fitting values ofa, b, andnv

2 k
should be taken with some reservation and should be con
ered as realistic but not as precise estimates. However,
worth mentioning that the values of the parameterb are of
the order of 0.05 Tf.u./mB K which is also the case for the
YMn2Ge2 compound, for which an estimate forb can be
obtained from magnetization measurements.3 The values of
the parametera obtained in the present investigation va
between 12.4 and 13.6 Tf.u./mB . These values are signifi
cantly lower than the value which can be obtained
YMn2Ge2 compound as should be expected on basis of
lanthanide contraction. This can be understood easily as
lows. Within a series ofR-3d intermetallic compounds, the
lattice constants of the compounds withR5Y are usually
close to those for the compound withR5Tb. As the atom
number of Tb is larger than the atom number of Sm,
lattice parameters forR5Tb ~and also forR5Y! should be
smaller than forR5Sm. A consequence of this is that, at
given temperature, the antiferromagnetic Mn-Mn interlay
coupling in Sm12yRyMn2Ge2 compounds wherey!1
should be much weaker than in YMn2Ge2. As the value ofb
seems to be the same for the cases whereR5Y and R
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5Sm, differences in the interlayer coupling streng
(nMn-Mn5a1bT) must be totally accounted for by the valu
of a, which should decrease in order to have a wea
Mn-Mn interlayer coupling.

Resuming this section we can conclude that the mo
presented in this paper describes the temperature beh
of the critical fields corresponding to field-induce
antiferromagnetic-ferromagnetic transitions very well from
qualitative point of view, whereas very reasonable quant
tive results are obtained as well.

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

Some time ago, several investigations reported the ob
vation of giant magntoresistance~GMR! effects in
SmMn2Ge2 compounds.1,2 It was suggested that due to th
layered arrangement of the Mn layers in this compound
analogy to GMR effects in artificial magnetic multilayer sy
tems exists. In an earlier investigation3 on temperature-
induced antiferromagnetic-ferromagnetic transitions
pointed out that magnetovolume and related Fermi-surf
effects are most likely the driving mechanism behind
GMR effects in SmMn2Ge2-based compounds, instead
spin-dependent scattering, which is often suggested as
cause for GMR in artificial multilayers. This suggestion
consistent with other investigations1 and corroborated by the
investigations reported in the present paper, which cle
show that magnetovolume effects are a basic feature of fi
induced antiferromagnetic-ferromagnetic transitions in
compounds under investigation. From this point of view
would be interesting to consider whether the theoret
framework described in this paper also provides analterna-
tive interpretation of GMR in metallic multilayer system
@dropping theR contribution to the free-energy expression
Eq. ~7! would result in an appropriate free-energy express
for this purpose#. It is, however, very easy to point out tha
this is simply not the case. The magnetovolume effects n
essary for the antiferromagnetic-ferromagnetic transition
take place enter in our model through the distance-depen
interlayer interaction, or more precisely, through its volum
derivative. In artificial multilayer systems, the interlayer i
teraction is of a Ruderman-Kittel-Kasuya-Yosida type a
therefore also distance dependent but the magnitude of
interaction and its variation as a function of the interlay
distance or interlayer volume are several orders of magnit
smaller than in many bulk intermetallic compounds. Magn
tovolume effects in artificial multilayer systems, being pr
portional tonvkm0

2 @see Eq.~8!#, are therefore also expecte
to be a few orders of magnitude smaller than their analog
bulk compounds. With respect to GMR in thin-film metall
multilayers an interpretation in terms of exchange-rela
magnetovolume effects is therefore inadequate.
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CONCLUSIONS

In the present paper a model is outlined which provides
solid interpretation of field-induced antiferromagnetic
ferromagnetic transitions in compounds with a cubic cryst
symmetry and compounds with layered arrangements
magnetic (3d) ions. The model describes these transitions
terms of volume or distance-dependent exchange interacti
and both harmonic and anharmonic contributions to the l
tice deformation energy. The existence of a strong distan
or volume dependence of the 3d-3d interaction, leading to
magnetovolume effects, appears to be crucial for the occ
rence of field-induced first-order antiferromagnetic
ferromagnetic transitions. Assuming a linear relation b
tween unit-cell dimensions and temperature, an express
for the critical fields marking the transitions can be obtaine

Application of the model toRMn2Ge2 systems confirms
the usefulness of the model. The model provides both
qualitative and quantitative reproduction ofBc curves ob-
tained from magnetization measurements. We can theref
conclude that the nature of the antiferromagneti
ferromagnetic transitions, being related to the dependence
the 3d-3d interaction on the unit-cell dimensions, is fairly
well understood.

The model provides a possible explanation for the occu
rence of GMR effects in SmMn2Ge2-related compounds but
is not fully applicable to thin-film multilayer systems.

Finally, it is worth mentioning that recently a differen
theoretical approach to antiferromagnetic-ferromagnetic tra
sitions was presented by Hernandoet al.,9 based on a ‘‘full
itinerant’’ treatment of 3d moments in terms of the Stoner
model. Our model, treating the Mn moments within
Heisenberg formalism and therefore basically as localize
can be considered as more or less complementary to Hern
do’s model. Volume effects, playing a crucial role in th
occurrence of antiferromagnetic-ferromagnetic transition
are a common feature of both models however. In Herna
do’s model, the mechanism behind the antiferro-ferro tran
tion is related primarily to the volume dependence of th
density of states at the Fermi level, whereas in an appro
mation based on fixed localized moments like ours, volum
effects can enter the model only via the mean-field exchan
parameter. A volume-dependent exchange contribution to
free energy is, however, a conceptual similarity betwe
both models. In spite of the predominantly itinerant nature
the Mn moments in theRMn2Ge2 compounds, the applica-
tion of our model to the antiferromagnetic-ferromagnet
transitions in these compounds does not seem to be inapp
priate, as for instance, band-structure calculations ha
shown that for these compounds the magnitude of the M
moments is quite insensitive to rotation,10 so that a mean-
field approach based on a Heisenberg Hamiltonian is jus
fied. The fairly successful~quantitative! reproduction of ex-
perimental data by our model justifies this point of view. A
full itinerant treatment may possibly be a better approach
AF-F transitions in other intermetallic systems like, for in
stance, FeRh.8
J.
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