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Low-temperature entropy in Cu-based shape-memory alloys and the boson peak
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We have measured the energy and entropy differences bet@eerd martensitic phases in Cu-Zn and
Cu-Zn-Al shape-memory alloy systems which display martensitic transitions in a range of temperatures be-
tween 30 K and 130 K. We show that the entropy difference originates in the low-efiéigyibrational
modes and displays the predicted features for a system showing the so-called boson peak, characteristic of
structurally disordered solids. In the studied systems the boson peak is conveniently revealed by the ratio
between the entropy difference and the Debye entropy.
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I. INTRODUCTION BP is also revealed by thermodynamic quantities. For in-
stance, the heat capacifyshows a peak in the scal€l T3
Cu-based shape-memory alloys display @pen bcc  vsT curve.

phase oB phase at high temperature, and transform marten- In the present paper we report measurements of the dif-
sitically towards a close-packed structure at a lower temperderence of enthalpy and entropy betwggrand martensitic
ture. For a considerable tintdt has been recognized that the Phases in two shape-memory alloy systems: Cu-Zn and Cu-
stability of the high-temperature open phase is a conseZn-Al. In the ternary alloy the compositions are selected
quence of its excess of vibrational entropy compared with itdvith & constant valence electron to atom ratla. The mar-
close-packed counterpart, which is more favorable fromfensitic structures of these two alloy families ar® @nd

purely energy consideratioRsThis excess of entropy origi- L8R respectively, which are monoclinic structures, and are
nates from low restoring forces in specific lattice directionsConVeniently described by a large unit célipproximately

related to the path that leads the system from the highgrthorhombia containing, 9 and 18 close-packed atomic

temperature parent phase to the martengtenbination of planes; respectively. The distinc.t packing sequence is a con-
— sequence of the different ordering configurations in the two
shears and shufﬂes qi1g pIane; alond110) directions. systems. Cu-Zn displays a BAng3m) ordered structure
Such low restoring forces manifest themselves by a |0W'(nearest-neighbor ordering while Cu-Zn-Al is L2,
energy TA,[110] phonon branch with a correspondingly (Fm3m) (next nearest-neighbor orderindt is worth men-
small elastic constar@’, which slightly softens as the mar- tioning that measurements of enthalpy and entropy changes
tensitic transition is approached. In contrast, in the martensihave been previously reported for a number of Cu-based
tic phase, the boundary frequency of thi#4[100] branc?  shape-memory alloys, including those studied in this work.
is three times larger than the corresponding boundary freHowever, all previous data correspond to alloy systems
guency of theT A, branch in the8 phase. At the same time transforming at relatively high temperatures. For this tem-
the elastic anisotrop€,,/C’ decreases from 13 to~2.4®  perature rangeAS has reached, within experimental error,
This peculiar vibrational behavior shares some similaritieshe classical high-temperature value, and thus it does not
with that of a number of structurally disordered solids. Ac-show any appreciable temperature dependence. In the present
tually, these systems also show an excess of low-frequendyaper measurements have been extended to systems trans-
states not present in their crystalline counterpaithis fact ~ forming at relatively low temperatures. A simple vibrational
suggests that the opeh phase can be considered, from the model based on the ideas described above has been used in
point of view of its vibrational properties, as a vibrationally order to show that the entropy difference accounts fairly well
disordered phase, and the martensitic transition as a condefer the excess of vibrational entropy of the high-temperature
sation, with a first-order character, towards a vibrationally3 phase. Moreover, these results corroborate the existence of
ordered phase. In disordered systems the excess of lowhe BP in the studied shape-memory alloys.
frequency states is usually seen by a higher contribution
compared with the Debye behavior which, in principle, is [l. DENSITY OF STATES AND THE BOSON PEAK
supposed to apply in the low-frequency regime. This excess
of low-frequency states gives rise to the so-called boson peak
(BP), which is shown by a maximum in the vibrational den- ~ We have collected reported DOS for Cu-Z8u-Al-Be °
sity of states(DOS) divided by w? at frequencies far below and Cu-Al-Mn(Ref. 11) 8 Cu-based alloys. From these data
the Debye frequencgwithout a peak in the DOS itsglfThe  the ratiog(w)/gp(w) has been calculated, whegéw) is the

A. General features
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/-/ . T— wherep is the fraction of anomalous or Einstein modes. The
/6? ’ ‘..x‘“\. heat capacity of thg8 phase is thus given by
. 2 O /./I ‘A‘ k&
D‘? T s f‘ b, Cu-Al-Mn 7 Cp(T)=(1=p)D(T/6p)+pE(T/bg), ()
= - A‘f whereD(T/60p) and E(T/6g) are Debye and Einstein heat
\8/ 15 s capacities, respectivelyp =% wp/k is the Debye tempera-
®)) i ,t“ f\"\_\ ture andfz="% wg/k is the Einstein temperatureThe BP is
#A" Cu-Al-Be* revealed by a peak on the ratiBc=Cg(T)/D(T/6p).
s Within the present model this ratio is given by
1.0+ .
E(T/6g)
I I I Rc=1+p W—l . (4)
020 025 030 0.35 040 D
0)/0) It is straightforward to show that foF —0, Rc—1—p; for
T—o, Rc—1, and thatR. displays a maximum at a tem-

D
peratureT,,.,= 0g/5. Therefore, the proposed approach is

FIG. 1. 9(@)/gp() Vs w/wp for Cu; 47 at. % Zn, Cu; 22.72  g4equate to model systems displaying the BP.

at. % Al; 3.55 at. % Be and Cu; 25 at. % Al; 7 at% Mn. The peak
reveals the existence of a BP in these systems.
B. The martensitic transition
actual DOS andyp(w) is the Debye DO gp(w)~ w?]. The martensitic phase is close packed and its vibrational
properties can be adequately accounted for by a Debye

The ratio is shown in Fig. 1 as a function @f wp (wp is the - :
Debye frequency given in the corresponding referentms model. Moreover, we will assume that the corresponding De-

the three systems. A bump is clearly observed in the regioRY€ temperature is the same as the Debye temperature of the

of small frequencies €0.25-0.3505). It is worth noting B Phase. This means that the heat capacity of the martensitic
phase isCy(T)=D(T/6p). Within this framework, the

that this bump is consistent with the fla#\, dispersion re- i )
lation over a broad region of the Brillouin zone, and with Modes responsible for the BP provide the excess of entropy
corresponding low zone-boundary frequency which is clos@f the 8 phase with respect to the martensitic phase. There-
to the frequency of the maximum of the bump. This behavioffore, this excess of entropy for a system that transforms at a
is common to all Cu-based shape-memory alloys. THese ~ temperatureTy, is given by

anomalous modes correspond to displacementq 140

planes along(110) direction, which are involved in the

transformation from thg phase to the close-packed marten-

sitic structure. The behavior illustrated in Fig. 1, suggests i
hereAS=S;— Sy, . Note that the BP also shows up in the

that at low frequencies the DOS for shape-memory alloys" ,
can be expressed as ratio AS/Sp given by:

TMCB_CM TM D
As=f dT=f (Re-1)=dT, (5
0 T 0 T

JTM Re—1)2dT
® s Jo RemPTdl
gz TuD =RS_1- (6)
f 2dT
o T

g(w)zsz-l—f(w—wE),

where the termw? describes @ Debye phonons, and the

term f(w—wg) corresponds to a narrow distribution of _ . o o
phonons centered aboutz and related to the anomalous The classical high-temperature limit afS is given by

phonon modes. The effect of the excess of low-frequency
modes on the thermodynamic properties can be accounted
for by simply assuming that(w— wg) is a é function. This
means that the low-frequency transverse acoustic modes are ) o -~ )
essentially described in terms of an Einstein model withFrom this equation it is clear that the stability of the high-
characteristic frequenayg . While this is certainly too crude temperature8 phase is, for a given fractiop, favored by a
an approximation for the DOS, it is expected to provide realow value of 6g. On the other hand, the high temperature

sonable results in terms of integral quantities. Thus, the folmean-square displacement oTAz(llo)[lTO] Einstein
modes is given by

0
AS(T> aE)zskama—D. @)
E

lowing vibrational spectrum is assumed:
214302-2



LOW-TEMPERATURE ENTROPY IN Cu-BASED SHARE .. PHYSICAL REVIEW B 68, 214302 (2003

12T
koM’

(8)

<U$A2>2

I
o

whereM is the average atomic mass. Indeed, large-amplitude

TA,(110) 110] displacements enhances the instability to-
wards the martensitic phase. Therefore, l6walso favors
higher transition temperatures. From this point of vigy is

the temperature at which both, the entropy stabilizing effect
(thermodynamical and the large-amplitude displacements
destabilizing effect(mechanical balance each other. This
balance leads to the following relationship,

N
o

I\/Ia)%
TM:<U‘2FA2> " e—ZASISka_ (9)

dQ/dT (mJ/mol)
5 o

Note that this expression only applies at temperatires
> 0.

Within the preceding approach, the difference in vibra- -80
tional energy betweep and martensitic phases is given by

2 | s 1 s ]
70 80 90 100
Therefore, the difference in configurational energy between T (K)

both 8 and martensite is given by

.
AEUibzf " (Re—1)DdT. (10
0

FIG. 2. Example of a calorimetric curve for a

ABeon=TuAS—AE,ip, (11) Cus 56ZM26.91A 9 49 allOY.
whereTyAS is the total-energy difference between the two
phases. microcalorimeter, specifically designed to investigate solid-
solid transitions was used. The working temperature range
Ill. EXPERIMENT was from 5 K to 350 K, which is adequate for the study of

martensitic transitions witfi,, down to~20 K. An example

We have studied two shape-memory alloy families,yt 5 cajorimetric curve, represented as the ratio of the ther-

Cu,Zn, and Cy_(x;y)ZnAly, with constant valence
electron concentratiore/a=1+x+2y=1.48 (Cu contrib- . . . .
utes 1 electron, Zn 2 electrons and Al 3 electipnghich 400 | i
corresponds to the eutectoid value. Single crystals have bee
grown in sealed quartz tubes by the Bridgman method. The
purity of the metals used was 99.999% in all cases. In the
case of Cu-Zn samples, after the growth process, the encay 300
sulated ingots were kept in contact with a piece of steel at
1100 K while being taken out of the furnace, and rapidly
quenched into water at room temperature by breaking the~s 200
quartz tube. This method ensures that homogengepisase \%
Cu-Zn single crystals are obtained. For this reason the
guenched Cu-Zn single crystals were not heat treated furtheH 100 4
except for long-term annealing at room temperature. From
the ingots of both Cu-Zn and Cu-Zn-Al, small 5-mm- I L
diameter disks of 2 mm thickness were cut using a low-speec 0
diamond saw. In order to eliminate any surface damage
samples were polished with fine grinding paper. The actual
composition of the single crystals was determined by means . L L L
of electron dispersion analysis of x rays. Cu-Zn-Al samples 034 036 038 040
were annealed for 900 s at 1073 K, air cooled down to room
temperature and annealed at room temperature for a ver X+ o y
long time (several days

Transition temperature3),, entropy changedsS, and FIG. 3. Transition temperaturky, vs reduced compositiofsee
enthalpy changedH were obtained by means of calorimet- text for detaily x+ay with «=1.357 for the studied alloys.
ric measurements. A high-sensitivity differential scanningCircles: Cu-Zn. Squares: Cu-Zn-Al.

0.42
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2! 12 FIG. 5. Boson peakRs=AS/Sy—1 vs reduced temperature
<
| | T/6p) as revealed from the difference of entropy betwgkand
0 Cu 7n Al martensitic phases. Circles: Cu-Zn. Squares: Cu-Zn-Al. Solid sym-
1.0} - - . bols: present paper. Empty symbols: data from the literature. The
1 L continuous lines are fits to E¢G) with 65=265 K, =53 K, and

L 1 1 | 1 1 1 '
00 02 04 06 08 1.0 1.2 p=0.047 for Cu-Zn, andp =290 K, =53 K, andp=0.047 for

Cu-Zn-Al.
T/@D IV. RESULTS

FIG. 4. Entropy changeS vs reduced transition temperature  Figure 3 shows the transition temperatdrg as a func-
T/6p for Cu-Zn and Cu-Zn-Al alloys. Solid symbols: data from the tion of composition. For data reduction a weighted composi-
present paper. Open symbols: data collected from the literaturdion X+ ay was used. It is seen that the value giving the best

Continuous lines are obtained from E@) with 6,=265 K, 6 linear representation isx=1.357. Actually, this value is
=53 K, andp=0.047 for Cu-Zn anddp=290 K, #g=53 K, and  |ower than but close to, the value proposed in Ref. 12 where
p=0.047 for Cu-Zn-Al. low-temperature transition temperatures were estimated from

the resolved stressneeded to induce the martensite at 80 K.
mal powerdQ/dt to the (instantaneoystemperature rate This estimation assumes a constant valuelefd T which,
dT/dt vs T is shown in Fig. 2 for a Cu-Zn-Al crystal. The from the Clausius-Clapeyron equation, implies a constant
calorimetric curves show the jerky structure that is commorvalue ofAS. As we will see, this is not a good assumption at
to martensitic transitions in shape-memory alloys. After alow temperature and, therefore, the method supposes an un-
proper correction of the base line, the enthalpy, and entropgerestimation ofTy,. This is in agreement with the larger
changes can be obtained as: value of a reported in that work compared with the present

value.

T(dQ\[dT| * Figure 4 shows the obtained valuesAdh as a function of
AH:J () () dT (12 Ty for Cu-Zn and Cu-Al-Zn alloys. To our knowledge
dt/\ dt present calorimetric measurements are the only direct mea-
surements of entropyand enthalpy changgdor shape-
and memory alloys which transform below liquid nitrogen. A
number of data corresponding to alloys with higfigy have
T1/dQ\[dT| * been collected from the literature and were included in the
=J ()( ) dT, (13 plots (open symbols Since it is known that in Cu-based
T Tldt alloys the electronic contribution to the entropy change is
negligibly small*® it is thus reasonable to assume that the
whereT; andT; are temperatures located ababelow) and  measured entropy difference has a purely vibrational origin.
below (above the starting and finishing temperatures onAt high temperatures the entropy change is almost indepen-
cooling (heating calorimetric runs, respectively. dent of temperature, and it decreases as the transition tem-

Ti

dt
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00 02 04 06 08 10 1.2 parameter will be left as a free fitting parameter.
— We fitted expressiofb) to the ratio between the measured

" Cu-Zn 1 ASandSy. Sy and S, were d.etermirlled by numerical inte-
gration. Best fits were obtained with=53 K for both
400+ - Cu-Zn and Cu-Zn-Al. As expected, these values are slightly
lower than previous estimations based on the zone-boundary
frequency. The fits are depicted in Fig. 5, whdRg—1
(=A9S)) vs T\ /6p is plotted for Cu-Zn and Cu-Zn-Al al-
e loys, respectively. The experimental results clearly show the
tendency expected for a system displaying the BP. The con-
tinuous lines in Fig. 4 are obtained from E@) with the
values estimated for the parametets, 6z, and p. The
goodness of the fit gives further support to the existence of
the BP.

Since the volume change at the martensitic transition in
Cu-based shape-memory alloys is negligibly small, the calo-
i rimetrically measured\H is an excellent estimation of the
energy difference between the two phases. In Fig. 6 the mea-
sured values oAE are compared witd',AS, whereAS is
obtained with the values qf, 6y, and g previously deter-
= mined. The agreement is very satisfactax¥,;, calculated
from Eq. (10) is also shown in the figure. This quantity is
small, but plays an important role in the low-temperature
transition region. For alloys transforming at temperatures

— Tu> 0, the energy difference is essentially determined by
00 02 04 06 08 1.0 1.2 the configurational energy difference and shows a linear de-
T/ pendence on the transition temperature.
9D

FIG. 6. Energy differencAE as a function of reduced transition /N this paper we have reported low-temperature measure-
temperaturel/ 6. Solid symbols: this paper. Empty symbols: data ments of the energy and entropy differences betwgemd
from the literature. The continuous line yAS and the dashed Martensitic phases in Cu-Zn and Cu-Zn-Al with an eutectoid
line the difference in vibrational energAE,;;,) obtained from the ~ composition. We have confirmed that the excess of entropy
model with 6,=265 K andp=0.047 for Cu-Zn, and)p=290 K  of the B phase with respect to the martensitic phases arises
and p=0.047 for Cu-Zn-Al. For both alloys the fit rendez  from the low-energylT A, phonon modes. These low-energy
=53 K. modes show up in the density of states as a BP with similar

features as the BP reported for a number of disordered solids.

perature lowers. Such a decrease is in agreement with thenis anomaly is observed about frequencies close to the
third law of thermodynamics. zone-boundary frequency of tfeA, branch. This behavior

In order to compare the measuréd values with the has been accounted for by assuming a DOS with a certain
predictions of the above-presented model, we need estimgactionp of localized modes described by an Einstein model
tions of the parametery, , p, and g . We started by taking and the remaining modes described by a Debye model. The
the values ofp and 6 reported in previous works. For DOS of the close-packed martensite is assumed to be Debye
Cu-Zn the Debye temperature was obtained by Veal an@ype with the same Debye temperature as in the correspond-
Rayné* from very low-temperature heat-capacity measureing g phase. We have found that this simple model provides
ments. An average value for the compositions studied in thexcellent results regarding thermodynamic quantities such as
present paper i¥p=265 K. For Cu-Zn-Al alloys,fp was the entropy difference between the two phases. In particular,
estimated in Ref. 15. For the composition range of interesthe model enables understanding of why the entropy change
here we take an average value&f=290 K. takes a rather constant value over a broad temperature range

On the other handp was also estimated in Ref. 15 by (see Fig. 4 from high temperature down to temperatures
fitting AS values of alloys transforming at high temperaturesslightly above the Einstein temperature which characterizes
to expression7) taking 0= w,g/k=58 K, wherewzg is  the anomalous low-energy modes. Moreover, the small con-
the zone-boundary frequency of tiié\, branch measured at tribution of the vibrational energy to the energy difference
a temperature close to the martensitic transition temperatureetween the two phases is also explained by the model tak-
These fits yield a value gi=0.047, which was found to be ing into account the small value of the fractipnof these
nearly independent of alloy composition. We thus fixed thisanomalous modes.
value ofp for both Cu-Zn and Cu-Zn-Al alloys. As regards  The three relevant parameters of the proposed model are
0g, the estimation based on tleA, boundary frequency the Einsteindg and the Debye, temperatures and the frac-
wzp certainly represents an overestimation. Therefore, thision p of anomalous modesi: and p are seen to be, to a

AE (J/mol)

N
o
o

AE (J/mol)

V. DISCUSSION
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good approximation, composition independent, wiijede-  ously attributed to localized modes associated with the TI
pends on composition essentially through the average atomatoms. The results of the present paper are consistent with
mass. It is interesting to analyze H®) with the estimated this viewpoint. In shape-memory systems, the strong anisot-
values of these parameters, together with the measured valugpy of the openg phase, characteristic of these systéms,

of the entropy change at hig'h tempgratures. Assuming thEgauses the localization of the soft anomalous (ﬂ.l@)]
Twm=300 K, the mean amplitude displacements of (llo)modes. This is in agreement with very general arguments

planes along110] direction that enable the instability of the ¢jaiming that strong anisotropy and/or noncentral forces are
B phase to yield the martensitic structure are of the order ofactors that favor the existence of low-energy modes giving
10% of the interplanar distance between (110) planes. Actlise to the BP? In the close-packed martensitic phase with
ally, this is a reasonable value for Cu-based shape-memoiyy elastic anisotropy the anomaly disappears and the mate-
alloys taking into account the fact that the transformationyig| displays, to a large extent, the usual Debye behavior. It is
strain is of the order of 15%. foreseeable that the observed behavior could also occur in

At a first glance, the existence of the BP in shape-memoryther crystalline solids with low-lying soft branches such as
alloys could be considered as an unexpected result since thigrtain ferroelectrics.

feature is commonly associated with structural disorder. Ac-
tually, in disordered solids its appearance is still a subject of
speculation and different explanations have been prop@sed.
It seems, however, that disorder-induced localization of crys-
tal vibrations is at the origin of such an effect. Since disorder We are grateful to Professor Jim Krumhansl| for calling
is not the only possible localization effect, this point of view our attention to the possibility of finding a boson peak in
enables us to propose that the BP should be present in aspape-memory alloys. We thank Avadh Saxena for fruitful
system with localized vibrational modes. This is, for in- discussions. This work has received financial support from
stance, supported by recent inelastic neutron scattering me&CyT (Project No. MAT2001-3251and DURSI (Project
surements in Tl-filled skutteruditéé Results show a peak in  No. 2001SGR00066 J.M. acknowledges financial support
the DOS, absent in the unfilled system, which is unambigufrom DURSI.
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