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Modulated phases in multi-stage structural transformations
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For multistage displacive structural transitions we present a general framework that accounts for various
intermediate modulated phases, elastic constant, phonon, and related thermodynamic anomalies. Based on the
presence or absence of modulated phases we classify these transformations in four categories and apply this
approach to four different representative materials Ni-Mn¢@aa-U), NiTi(Fe), Ni-Al, and Cu-Zn-Al. We
suggest that the anomalourgreasein elastic constants and phonon frequency observed when approaching the
martensitic transition from above is a sighature of the commensurate modulated phase.
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[. INTRODUCTION ena(either in pure or intermetallic crystaland a direct tran-
sition to the martensitic phase takes place.

A quite varied structural and thermodynamic behavior is  Concerning the IC phagétweed” in real space we note
observed in a wide class of materials of technological interthat in nonstoichiometric alloys there could peemonitory
est such as martensites and shape memory dllydispla-  effects such as thermal expansion anomalieat are caused
cive structural transition to the low symmefitynartensite”) by composition fluctuatiofisand stabilized by long-range
phase is often preceded by one or more modulate@|astic force<.

“phases.” However, under the vast experimental data, vari- Based on several experimental observations in a variety of
ous anomalies and disparate mechanisms, there must Beaterials we first specify th@ikely) requirementgor a mul-
some unifying principles that are common to most of thesetistage transition.

materials. The present study is an attempt to address this (g) Existence of low restoring forces along specific direc-
question by identifying and providing a common frameworkyjons 1n most(cubic) martensitic materialéof interest herg

for the different multi-stage transformation mechanisms Mhis is accomplished by a temperature softening of the long-

displacive martensitic transition§MT's). This general o — .
framework emerges naturally after appropriately assimilatingvavelength limit of the 110][110] transverse acoustic (B

the existing experimental data. The nparadigmbeing that, phonon branchi.e., >, branci?. This implies that the shear
concerning structural properties in multistage transformamodulusC’=(1/2)(Cy;—Cyp) is smaller than the other elas-
tions, very different materials such as magnetic shapdC constants. This effect is related to strain.

memory alloys and actinide®.g., «-U) exhibit similar be- (b) Phonon softeninddip) observed if 110][110] TA,
havior which can be understood within a single frameworkbranch inside the Brillouin zone usually at a particular value
or model. The discussion below is restricted to displaciveof the wavevectog#0. This has an effect on shufflge.,
(nonreconstructivetransitions. intracell distortion) modes.

The modulated phase is, in general, an incommensurate Hereafter, we shall take these two requirements as neces-
phase which, eventually, may lock into a commensurateary (but not sufficient conditions for applying the point of
modulation due to the freezing of a specific phonon, usuallywiew adopted in the present study. Besides, they are observed
with an associated wave vector inside the Brillouin zone. Tdan most martensitic materidlsind accepted to be premoni-
be more precise, the commensurate modulation may or maypry indications of the low temperature martensitic phase.
not be observed but never without a preceding incommensWNevertheless, at the MT, neither the elastic constant nor the
rate modulation. A general scenario for a cubic symmetryphonon soften completely. It is now accepted that an incom-
parent(“austenite”) phase is depicted in Fig. 1. Note that, in plete softening is enough to drive the transittriThis is
general, there may be three transition temperatyies, is  because of an interplay between the strain and the shuffle
the temperature at which the incommensurate modulatiomodes. For onset of the IC, we assume the shuffle (spte
(IC) first appears; this i§presumably a second order transi- be the primary order parameté®P). Symmetry allowed
tion. We note that, in real space, this phase is sometimestrain componeli$) may then couple to the shuffle as a sec-
referred to as “tweed” in the literature. It has been observedondary order parameter, particularly in the CM phase. De-
in other materiafssuch as quartz, high; superconducting pending on the material there may be competition or coop-
perovskites, ferroelectrics, et(i) T, is the temperature at eration between the two effects associated with requirements
which the commensurate modulati¢8M) appears from a (a) and (b). In this sense, it is not clear how the interplay
(previoug IC phase; this is usually a first order transition. between the two partial soft modes operates. In addition, it
(iii) Ty is the first order MT temperature. Depending on themay be modified by coupling to other physical variables such
material, either the commensurate phase or both the conas magnetisnior inhomogeneities
mensurate and incommensurate phases may not appear. InThis paper is organized as follows. In the next section we
the latter case there is no modulation or precrpbienom-  provide a newclassificationof martensitic materials in terms
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<—— Temperature interesting is the observation that the degree of incommen-

surability decreases with temperature to finally lock into the

: : (CM) R phase. On the other hand, it has been pointed out

Austenite Incommemumte:Commensufate : Martensite that theR phase is a legitimate martensite competing with
modulated | modulated the monoclinic martensit€. Note that this competing mar-

(A) (IC) : (CM) : (M) tensitic phases scenario is consistent with our framework.
I I There is a small tendency fd&€’ to have an up-turn with
T, T, T,, decreasing temperatdfé® and the phonon anomaly is ob-

served afy=3[ &,£,0]. In this case the freezing of the pho-
FIG. 1. Paradigm of the multistage displacive structural transi-non with decreasing temperatuiénlike the case | aboyeas

tions with modulated precursor phases. accompanied even by a change in space group symmetry

(from cubic to trigonal related to the underlying phonon

of presence or absence of modulated phases and associagigplacement amplitud€. Note that stoichiometric AuCd

anomalies in phonon dispersion and elastic constants. SetRefs. 25,3D also has @2 to R phase transition similar to

tion Il contains an effective, coupled strain-shuffle, one-NiTi(Fe).

dimensional model that explains the observed phonon driven (lll) In this category we include systems in which the CM

anomalies and modulated phases. In Sec. IV we summarizghase is suppressedl (=Ty). This is the case of the

our main findings and propose new experiments that mali,Al;_, (0.45<x<0.63) (Refs. 31,32 Fe_,Pd, (x

validate our predictions. <0.32) (Refs. 33,34, Fe;Pt (ordered (Ref. 35, and In-Tl
(Ref. 36 materials. They exhibit an IC phaseferred to as
Il REPRESENTATIVE MATERIALS AND OBSERVED tweed, in real spagéout the CM phase is abse'nt before they
ANOMALIES undergo a MT. The phonon anomaly in NiAl is observed at

q= %[ £,£,0] with a monoclinic martensitic phase.
According to the general scenario described above, we (IV) In the case of Cu-based shape memory all@g.,
can broadly classify various displacive martensitic materialSCu-Zn-Al), no modulated phase is observed. There is a
in four categories. unigue phase transition from the high temperature cubic aus-
(I) Systems that exhibit both, the IC and CM, intermediatetenite phase directly to the martensitic phase. In phonon dis-
transitions. The Ni-Mn-GaRefs. 11-1% and «-U (Refs.  persion curves there is almost no dip but significantly, the
15,16 materials belong to this category. Both show anomawhole (TAy) phonon branch has a quite low energy. These
lies in specific heat®'® magnetic susceptibiliies, materials can be termed as ordinary SMA with entropy
resistivity!® and an increase i€’ with decreasing tempera- driverf3’ MT.
ture between T and T, .}>18%° We note that materials discussed in the above categories
Ni,MnGa is a ferromagnetic Heusler alloy with cubic exhibit the same premonitory effects but different structural
symmetry and the magnetistmainly localized on Mn at- precursoré. The different transitions are accompanied by
oms arises fromd electrons. At low temperatures it trans- anomalies in various physical quantities with different mag-
forms (for compositions close to stoichiomeltrp a tetrago-  nhitudes.
nal martensitic phasé.The phonon anomaly is observed ata (i) Softening of a specifiphonon brancraccompanied by
wave vectorg =3[ £,£,0], where 0<¢<1. a dip. Figure 2 shows experimental examples for Ni-Mn-Ga
a-U is an orthorhombic material and displays two IC (Refs. 13,14 «-U (Ref. 3§ and Ni-Al (Ref. 32. For the
phases-incommensurate modulation in one direction or ipurpose of discussion below, the two cubic alloys Ni-Mn-Ga
two directions. The origin of magnetism (kkely to be) the  and Ni-Al are shown together and-U (orthorhombig is
highly directionalf electrons in actinide@J here. The pho- shown in the inset. Note the appealisgnilar behavior of
non anomaly is observed at=3[£,0,0]. The martensitic phonons in Ni-Mn-Ga and-U. Except for a linear decrease,
phase is presumably monoclinic but this is not yet knownthere is no interesting feature in Ni-Al phonons such as a
although there is a small peak in specific heat recentlyconspicuous change in slope. The different transitions are
observed at 1.2 K. denoted by arrows. The increase in energy at low tempera-
We notice that for materials in this group, the lock-in ture for Ni-Mn-Ga is an indication of the phonon freezing at
transition atT, occurs without a change in symmetfgt T,. Presumably thex-U should also exhibit similar low
least on an average temperature increase in phonon energy but unfortunately the
(1) In this second category we include those systemsgxperimental data is lacking.
although they exhibit the two modulated phases, in which the (i) Softening of the relevant elastic constafit., the
lock-in transition is accompanied by a change in symmetrylong-wavelength limit of TA phonon branch An example
As a prototype we take the NilHe) material??>~2* This  for C’ andC,, softening as the temperature is decreased to
shape memory alloySMA) has a high temperature cubic T, and elastic constant “hardening” upon subsequent
structure and exhibits an IC phase. It also locks into a CMcooling'®?°to T\, for Ni-Mn-Ga is depicted in Fig. @). In
phase with trigonal symmetryy.e., an intermediat® phas¢  contrast, other than a linear decrease there is no structure in
before going into a monoclinic martensfféVery recent high  the behavior of elastic constants for Ni-Al, also shown on the
resolution transmission electron microscopy experinféiis  same figure for comparison. In Fig(l8 we show the tem-
Ni-Ti have confirmed the existence of the IC phase. Moreperature variation of three of the relevant orthorhombic elas-

134113-2



MODULATED PHASES IN MULTI-STAGE STRUCTURA . .. PHYSICAL REVIEW B 67, 134113(2003

T/T M 1 Temperature (K)
00 05 10 15 20 25 30 280 320 360 400 440 480,
T T T T T T T T T T T T F L — STV
1.0 : .
7+ 8 1/2[100] £, NiMn-Gal
I 28 osf . | 41-0.05
— Zo6l - U T,
N> 5S¢ % L a-U | 7 &)
g = /./. --0.10 E\J
ST Ni-Al 7 3
i | —-0.15
1_ I 1 | |
L L L L |
- 200 220 240 260 280 020
-0.4 -0.3 -0.2 -0.1 0.0 0.1 0.2 Temperature (K)
T/T -1
¢ 05 T T T U T
) - o-Uranium -
FIG. 2. Energy of the anomalous phonon as a function of re- 040 Clz —
duced temperature for Ni-AlT) and Ni-Mn-Ga {T.). T. is the g l -
Curie temperature andl, cannot be properly identified. The inset E 0.3 -
shows the phonon softening inU. Data have been extracted from = r 7
references indicated in the text. r—“c
z 141 C, =
tic constants fow-U (Ref. 39. There is a striking similarity £
in the C4; and C,, variation for a-U and theC’ and C,, 21.39+ .
variation for Ni-Mn-Ga(Ref. 40. Unfortunately, theC,, low g L -
temperature data forn-U is lacking. We also note that a o C
L . . o 18 Yy -
somewhat similar incipient anomaly is observed in KB = | i
(Ref. 41. In this work, we shall argue that the up-tufor ‘E“ 12k (b)
elastic constant “hardening’with decreasing temperature at ' _ﬁl ‘ L
T, is characteristicof systems undergoing multistage modu- 0 20 40 60 80 100
lated structural transformations. This point will be discussed Temperature (K)

below.

(iii) Anomalies in the specific heat, resistivity, magnetic FIG. 3. (a) Elastic constant anomaly in Ni-Mn-Ga compared to
susceptibility and other thermodynamic variables are alsd¢hatin Ni-Al. (b) Elastic constant anomaly ir-U. Data have been
observed. Examples include Ni-Mn-G&ef. 8, NiTi(Fe)  extracted from references indicated in the text.

(Ref. 23, a-U (Ref. 16, and other actinide®.

The IC phase is detected by diffuse satellite reflectiondNiTi(Fe) for two different compositions as a function efa.
that appear at incommensurate positiéhExamples include (The stable phase foF,<T<Ty is rhombohedral(R) and
Ni-Mn-Ga (Ref. 11, Ni-Al (Ref. 3D, Fe-Pd (Ref. 39, modulate?’) This dramatic dependence of lattice stability
NiTi(Fe) (Refs. 26,44 It is not caused by a phonon instabil- with the e/a ratio is also observed in Ni-Mn-G&ef. 8 and
ity but it is due to local inhomogeneitiége.g., composi- Fe-Pd(Ref. 46 as well[see Fig. 4b)]. However, the trend is
tional fluctuations, crystal defects, residual styaimat (lo-  reversed in Fe-Pdlinset of Fig. 4b)] because, unlike Ni-
cally) couple to the soft modes. The emerging phase iMn-Ga and Ni-Ti, Fe-Pd is a close-packedagneti¢ struc-
thermodynamically stabilized by anisotropic, long-rangeture. Small changes in the relative alloying percentages of
elastic force<. However, this remains an open question forthe elements may produce significant variationsTjp and
future investigation. The further lock-ifor freezing of the  therefore in the observed behavior of the materials. This is
phonon at commensurate positions requireadditionalde-  especially relevant in Cu-based alloys awdinides particu-
gree of softening of the anomalous phonon frequency witharly in Ga stabilize® Pu. Beyond a certain alloying per-
decreasing temperature before it reaches the martensitic trapentage, the martensitic transformation can be arrested to-
sition Ty . It is clear from Fig. 2 that in the case of Ni-Mn- tally (e.g., abov&3*32 % Pd in Fe-Pd More precisely, as
Ga, magnetism provides(through a magnetoelastic Ty increases, the freezing of the phonon prior to the marten-
couplind® the enhancement of softening necessary fositic transition becomes less likely.
freezing.

Moreover, it is known that in many martensitic alloys the
transition temperaturd ), is very sensitive to the electron
concentration per atome(a). This has not beeguantified From the full three-dimensional crystal symmetry analysis
previously, but clearly so. In Fig.(d we compare various Wwe have a Ginzburg-Landau model in terms of(sik) strain
transition temperatures for three materfdisNiTi and  tensor component€;*® all shufflé* order parameters, and

Ill. EFFECTIVE 1D MODEL
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300———F——— — T soften with decreasing temperatufer the cubic materials
- T IC , considered hejeHerex,, is a material dependent parameter
250 FO% denoting symmetry allowed coupling between strain and
L CM (R - Phase) i shuffle.
& 200 T, _ For the analysis of the modulated phases, we write an
E | | effective free-energy in terms of the shuffieonly, i.e.,
=
2 1501 - 2
2 M : Fm="2 i+ Gonte Lo, @
5 100 | Ty, #x=0.030 _
- (a) - with the renormalized coefficieriincluding fluctuations and
50- Ni,, Ti,(Fe) anharmonicitie¥) being
r x=0.032 1 _ 21~
ob——t ,Br_B_Z(Ken) IC. ©)
6.94 6.96 6.98 7.00 ) . e
e/a The associated tetragonal distortion is giver'by
. . — ’ 2
N M Ga e=—(ke,/C") 7%, 4
400 T, 7] considering only the harmonic terms in strain.
In the IC phase3,>0 and the last term in the expan-
2 300k i sion (2) is not relevantin addition to the shuffle amplitude
D IC (b) being very smajl One possible origin of this phase is local
3 S inhomogeneities that couple to the soft mddaad renor-
g 2001 T, i ' 1 malize the quadratic coefficient so that in some regions the
g M 200l T corresponding renormalized phonon frequemjfybecomes
& L 11 negative.T, is the temperature at which anisotropic long-
100F Ty M 100k 4 range elastic forces stabilize the IC phase. Then, the intensity
| Fe-Pd i of the satellite reflections continuously increases from zero
ol—L L . |1 with decreasing temperature and consequently the magnitude
8.60 8.62 8.64 . . .
0 ! (IR R B of the associated tetragonal strain, which serves as a precur-

74 75 16 77 18 sor to martensite.
As the order parameten increases®? the sixth-order
FIG. 4. Various transition temperatures as a functior/af in ~ t€rm in Eq.(2) becomes important. The lock-in of the pho-
(a) Ni-Ti (after Ref. 22, (b) Ni-Mn-Ga (Ref. 8, and in the inset Non at commensurate positions requires that,?/C’ be
Fe-Pd(Ref. 46. large enough so tha,<0. This is a phonon instability and
the transition aff, is first order.
the magnetizaticH with the symmetry allowed couplings ~ Subsequent cooling is dominated by the increasing pho-
between strain and shuffle, strain, and magnetization as weflon amplitude and the softening Gf is not required for the
as shuffle and magnetization. For specific strain componengructural instability affy, . Actually, materials undergoing
and the shuffle in a particular direction we can obtain arthe lock-in transition(Ni-Mn-Ga, «-U) exhibit ahardening
effective one-dimensional analog of the full 3D model. Weof the relevant elastic constagtin the rangeTy<T<T,
emphasize that our goal here is to address the ion-displaciéee Fig. 3. We suggest this unusual behavigvhen ap-
(or phonon-drivef?) anomalies(aboveT,,) but not the mi-  proaching a structural phase transifiois characteristic
crostructural aspect$or which we need to include the gra- of materials for which the phonon instability occupsior
dient terms?). Therefore, the effective 1D model is espe-to the structural instability. Theipturn at T, reflects the
cially appropriate for our purpose. higher stability of the CM(averaged cubjc phase with
We focus on theﬁ=[§§0] projection of the cubic respect to the parent cubic phase. The further s_tructural
_tetragonal distortion. The relevant order parameters aré1Stability results from a symmetry allowed coupling of
the amplitude of the anomalous phongrand the tetragonal Strain to the/ increasing value of [that is, from Eq.(4),
strain e (e; in standard symmetry-adapted notajioithe e=— (e, /C") 7]

simplest Landau free-energy expansion is This analysis may be expanded to include secondary cou-
plings.
2 , (i) Effect of softening inC,,: Ren and Otsuk& pointed
o B 24 A B . : ;
F(e,n)= > 7?+ —p*+ <98+ 7ez+ —e3+ —¢* out that in some materialS,, also softens with temperature
4 6 3 4 and consequently there may be a competition between both
+ Ken®7 (1) €' andC, modes. In that case,
wherew is the frequency of the anomalous phonon &id _ &1 > 2
the elastic constant defined &'=(C;;—C15)/2. Both Fle.em=F(en)+ 2 € T Ren€n" ®
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where € is the correspondingsymmetry-adapted sheay) and phonons. In the case of some magnetic martensites, par-
strain and.,, the strength of the symmetry allowed coupling ticularly Ni-Mn-Ga, the phonon softening is enhanced by
term. The expression &f(e, ) is given by Eq.(1). We may  magnetism. We propose additional experiments that may test
write an effective free-energy in terms gfand obtain that the broader validity of our scenariG) Measurements o’

the renormalized coefficient is now given by in Ni-Mn-Ga as a function of temperature with the hope of
observing a change in slope arouRd (ii) Low temperature
2(KE,,7)2 (Keﬂlxe,])2 (below 30 K measurements of phonon dispersiorui to
Br=B- c’ A ' (6) observe a possible up-tuakin to that in Ni-Mn-Ga. (iii)

Measurements indicating a possible structural phase transi-
where A=C4,/C’ is the elastic anisotropy The coupling tion to a monoclinic martensite around 1.2 K inU and

between both shear modes is then given by possibly a similar transition im-Pu below 60 K.
From the new perspective presented here it is clear that,
= Key| € 7) concerning structural behavior, the underlying physics in
Ken| A such disparate systems as shape memory alloys and certain

We emphasize that this relationshio between the two Sheaarctinides is quite similar. We have attempted to extract some
strains Es naturally mediated throu E the elastic constant anu_nifying principles that provide new insight into multistage,
isotropy (A) y 9 modulated structural transformations. Moreover, these con-

(ii) Role of magnetism: From the existing data, it appear nections may enable exchange of concepts and expertise

to renormalize the shuffle coefficiertsee Fig. 2 Clearly,d sfrom one set of materials to another and vice versa.

electrons are responsible in N and Ni-Mn-Ga whilef Inclusion of fully three-dimensional strain, shuffle and
pons . . magnetization gradient terffawill allow us to study domain
electrons are crucial ina-U and other actinides,

especiallf25Pu. The "kink” observed at the Curie poiff, walls, especially antiphase boundaries, twin boundaries and

. ; I P 5 microstructure by augmenting the Landau free energy with
is described by writingar(m) ="+ km,M" With «p, Ginzburg term& in multistage transformations. It remains to

<0), wherem denotes magnetization. Other couplings thatye eyniored how the multistage character of the transforma-
renormalize the strain coefficients are also very likely. Un-, affects domain wall orientation and energetics, specifi-
fortunately there is no data on the behavioGdfaroundT,. . cally the microstructure.

(i) For a-U it follows from symmetry analysis that the  this global view of the many factors implicated for dif-
monoclinic strain is coupled 'to the frozen PphoNONferent materials has drawn our attention particularly to the
amplitude>* Thus, the anomaly at 1.2 K in the specific H8at | \aeq for further study, in any complex material, for new,

may be an indication of MT to a monoclinic phase. This MaYrefined measurements of heat capacities and magnetic sus-
also happen for other actinides, including the apparentlyéeptibi”ty_

strange behaviéf>® of Pu.
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