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Bridgman-grown i-Algg SLdy1 gMN g 5 quasicrystal: Comparison of e, Cp, o, and x
with those for flux-grown samples
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Thermal expansivitya, 1-300 K), heat capacityCp, 1-108 K), electrical conductivity o, 1-300 K) and
magnetic susceptibility(y, 1-300 K) data have been obtained for a Bridgman-grown single grain
i-Algg Ph1 Mng 5 quasicrystalBR) for direct comparison with data previously published for a flux-grown
single grain sampl¢Phys. Rev. B65, 184206(2002; PRB], and presentr, y and Cp data for a second
flux-grown sample described in an earlier publicat[@hilos. Mag. B 79, 1673(1999; PM]. Fortuitously,
comparative analyses show these samples to have essentially the same composition. At all tempesatdires,
x for BR are, respectively, approximately one-third and one-quarter those for PRBC$i@re the same
(+1%) down to 30 K, below which the B decreases more rapidly to one-half that for PRB at 1 K. d&ke
agree to +2% from 300 to 40 K, with a more rapid decrease for BR below 30 K, eventually & gsbelow
4 K. The total Griineisen parameters are similar at all temperatures. The two methods for sample growth differ
primarily in a quenching of the flux-grown sample to room temperature after growth, while the Bridgman-
grown sample cools very slowly, resulting in slightly different phases, and magnetic properties which are
associated with lattice defects. An attempt to convert the single grain flux-grown sample to the phase of the
Bridgman sample using an 800°C anneal and a slow cool to room temperature was not successful, with the
appearance of second phase inclusions. These inclusions are ascribed to slightly different compositions for the
two phasegsee Boissiewet al., Philos. Mag. A78, 305(19998]. This suggests that a single grain flux-grown
sample with an Mn composition near 9% cannot be converted by annealing and slow cooling into a single grain
LT phase, and vice versa. These considerations may not apply to samples with Mn compositions closer to 8%.
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[. INTRODUCTION hours at 800°C. In particular, the low temperature suscepti-
- . . ) bility (fraction of magnetic Mn ionswas 60% smaller when
Initially, quasicrystals, solids with long range symmetry sample initially at 800°C was cooled slowl¥0°C/h to
but without normal cr_ystalline periodicity, were metastable ;om temperature than when it was quenctEsD® C/min.
materials, and were discovered when certain binary alloys Ofhis suggests that the low temperature thermodynamic prop-
Al and Mn, Cr, and Fe were cooled rapidly from a high grfies of a flux-grown sampl@s in Ref. 3, which is cooled
temperaturé.Subsequently, systems of ternary alloy quasiC-rgpidly to room temperature after growtishould differ from
rystals were found which are stable at room temperature, angose for a Bridgmah or Czochralski-growt! sample,
often can be obtained as large single grdind:Pd-Mn al-  since these are cooled slowly to room temperature in the
loys, which have been studied extensively, are one of thesgrowth process; specifically, the Bridgman or Czochralski
systems; see Ref. 3, where citations to previous work argamples should show significantly smaller effects associated
given, together with linear thermal expansivity), heat ca-  with the onset of thémagnetig spin-glass state at low tem-
pacity (Cp), magnetic susceptibilityy) and electrical resis- perature. The presemnt, Cp, y and o data were taken for a
tivity (p) data for flux-growA single grain samples of quasi- large (10 mm, 1.6 ¢ single grain Bridgman-grown nominal
crystalline icosohedral AIPdMinominally i-Al+{Pd,;Mngg) i-AlggPdh1Mn, o sample for comparison with our earlier pub-
and its¢’ (nonquasicrystallineapproximant. While the low lished results for a flux-grown single grain sample.
temperature thermodynamic properties of most quasicrystals The earliest report of the effects of composition and heat
are well-behavedthough unusual; see Ref),5those for treatment on the physical properties isAIPdMn was by
AlPdMn are complicated by the onset on cooling of a spin-Lancoet al. who usedp(T) and x(T) data from 4 to 300 K
glass associated with a small fractidaess than a few %0of  for melt-spun(quenchegl samples of three different compo-
the Mn5-8 sitions to ascertain composition-dependent eff&&tEhey
Préjearet al® report low temperature(T)[=1/p(T)] and  showed that the magnitudes of and of p and their
x(T) data as a function of annealing rate for Czochralski-temperature-dependences were very dependent on the Mn
grown single graini-AlIPdMn samples[ICP (Inductively =~ composition. For Mn contents of 7.5%, 8.5% and 10%, re-
Coupled Plasma Atomic Emission Spectrompttpmposi-  spectively, y at 200 K was -3, 0, and 23107 emu/g,
tions Al Phi Mngs and Al Py Mnsgl. They show while the 4 K p (ps) decreased from 6400 to 3600 to
that the electrical conductivity has a linear dependence oa600 uQ-cm, with (ps—pso0 decreasing from 3000 to 300 to
the (very smal) number of magnetic Mn ions which deter- (approximately 0 uQ-cm. Of relevance to the present re-
mine x(T); x(T), in turn, depends on the Mn composition of sults, they noted thas, for the Al,o Pd,Mn; 5 sample in-
the sample and the cooling rate after annealing for threereased by 40% after warming slowly to and annealing at
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970 K(700° O, then cooling at the same rate; correspondingthough these(T) data appear to be consistent with those of
x data were not reported. They ascribed this difference to aRréjeanet al,® who find this fraction for a comparable
annealing effect. sample to be approximately 0.1%.

Ishimasa and Mot? used electron microscopy to study  Hippertet al?2 report the magnetic properties of a number
the structure of AIPdMn samplgand also samples with an of AIPdMn samples as a function of compositi@vin, g to
additional 1% to 3% Sias a function of various heat treat- Mnggs), structure and thermal history. The temperature-
ments. They found that while samples grown from the meltdependences of these data have a common shape from ap-
(about 1180 K, 907°§ annealed at 1075 K802°C), and  proximately 6 K to 150 K when plotted ds/(T)-x(0)]/A,
quenched in water and liquid nitrogen, were standard F-typghere x(0) is a temperature-independent term, aid is a
(F1, or HT) quasicrystals, samples which were given a secscaling factor which is 1 for an arbitrary standard set of data
ond, lower temperature, anneal before being quenchednd varies from 0.58 to 31.5 for the 19 samples. This corre-
showed a new low temperature equilibrium icosohedralation is, to a great extent, independent of sample structure
phase(F2, Ry, or, generically, L) which involved a super- and composition. The origin of the magnetism in AIPdMn in
lattice formation. The transition temperature is given as beterms of essentially nondetectable sample inhomogeneities is
ing between 1021 and 876 lroughly between 750 and discussed and an explanation of the deviationg(@% from
600°0. Curie-like behavior is given in terms of a Kondo effect com-

Audier et al* used solidification sequences in ingots peting with Ruderman-Kittel-Kasuya-Yosid®KKY)) inter-
grown with both Bridgman and Czrochralski techniques toactions. Extensive citations are given to related experimental
determine the liquid AIPdMn phase diagram, and also note@dnd theoretical literature.
the F1 to F2(and k) transition region. In further investi-

i i A 16 Boissi 17
gatlt_)ns, Ishimas& Haussleret al,, ° BplSSleuet al,*" and Il. EXPERIMENTAL DETAILS
Audier et all® show that the equilibrium low temperature
phase(LT) for compositions near AjPd-Mngg cannot be The data reported in the present paper involve

described simply, and begins to form on cooling belowi-AIPdMn samples from three different sources. Those for
750° C(Ref. 18. Ishimasa®>19shows that quasicrystals with the flux-growrt single grain sample PRB(nominally
compositions close to AJPd;Mngg which have been Al;;Pdh;Mngg), unless otherwise noted, were published pre-
quenched to room temperature after a long period anneal &iously in Physical Review B.Present data were taken for a
600°C have a LT P-type phase rather than the F-type foBridgman-grown single grain sampie?® BR, and for a
other compositions. Boissieat al.'” using samples from the single grain flux-grown sample, PM, from material involved
experiments of Audieet al,'4 give the relative compositions in an earlier Philosophical Magazine publicatibn.
of the three phases as; HT icosahedrid or FJ) Since the PRB and PM data were expected to characterize
(Algg P, Mng ), lower temperature(intermediatg F2  the quenched-in HT phase and the BR data the equilibrium
(AlggPdhy Mngg and (LT  equilibrium) F,, LT phase, the logical next step was to transform tHe)
(Algo P> Mng ). The nominal(initial) composition of the PRB sample to the LT state with a 72 h 800°C anneal and a
Bridgman ingot from which these three samples were obslow cool(12°C/h to room temperaturéPRBAN). The re-
tained was Ao Ph,Mn 518 sulting data were unusuédee belowand a subsequent met-
The y investigations of Kobayashiet alZ’ (Mny, allographic analysis showed 2nd phase inclusions. Subse-
quenchegiand Matsucet al2! (nominal My and Mry ) in-  quent similar heat treatme®00°C anneal, slow copbf a
volved temperature- and time-dependent effects from liquidPRB resisitivity samplg(1x 1X5 mn?) showed the same
helium temperatures to 600°C for samples which initially effects, as did a BR resisitivity sample after an 800°C anneal
were quenched from 800°C to room temperature. The resul@nd quench to 300 K. When this BR sample was annealed
are complex and are interpreted in terms of the discussion igain at 800°C and cooled slowly to 300 K, the inclusions
the previous paragraph; a general result is that the low tendisappeared. These effects can be interpreted using the dif-
peraturey for the equilibrium LT state is appreciably smaller ference between the compositions of the quenched-in HT 1
than that for the initial HT quenched-in state. Matsi@l?! ~ phase(Algg b, Mng ) and the LT(F,y) equilibrium phase
also show that after cycling to high temperature to obtain théAlgg b, JMng ;) reported by Boissieet all” While gen-
equilibrium LT state, a subsequent anneal at 800°C aneralizations probably are not appropriate, these results sug-
quench reproduces the initial, quenched gest that, for AIPdMn samples such as ours with approxi-
Rempelet al?? describe the magnetic properties of single mately 9% Mn, the conversion of a single graguenchey
grain Czochralski-grown Ap JPdy; Mng 5 from 4 to 1000 K HT sample to a single grain LT sample will involve a 0.5%
and magnetic fields up to 50 kOe, including slight anisotro-increase in the Al composition and a 0.5% decrease in the
pies. These suggest that their data, which qualitatively agrelln composition; that is, additional Al must be found, and
with post-annealing LT results given in Refs. 20 and 21, refe5% of the Mn must disappear. Clearly, this is not possible in
to the LT AIPdMn phase. The maximum temperature,a solid sample with a fixeHT) composition. The inverse
1000 K (727° O, fortuitously is below the 750°C tempera- also must apply; a single grain LT sample cannot be con-
ture where the LT phase converts to the HT phdsEheir  verted to a single grain HT phase by annealing at 800°C and
analysis of the low temperature magnetic data indicates thajuenching. There are no indications of two-phase behavior in
only 0.008% of the Mn ions are participating, which is ap-the systematic annealing studies of Prejetal.? who used
preciably smaller than that found earligf% —1.4%,%7 al-  Czochralski-grown single grain AIPdMn samples with 7.9%
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stated uncertainties; we have used a common molecular
weight, 46.80 g/mol, in the analysis of the, data. The
composition of the PRB sample as given in Table | is to be
preferred to the estimat@Al,;Pd;Mngg) in Ref. 3. Papers
cited in Sec. | refer primarily to a nominal 8% Mn compo-
sition, so the larger Mn compositions in Table | may be sig-
nificant in comparing results. See the end of the preceding
7] paragraph and Secs.lll A and 111 B

] The BRB) and BRC) samples in Table | represent the

] two (equal, 30 my halves of a “resistivity” sampl¢l mn?

] cross-section, 4 mm longvhich was cut from the base of
o4l the Bridgmana sample and was broken accidentally in
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preparations for a susceptibility) measurement. The com-
mon compositions of the two halves of this sample are reas-
suring, but the differences from the BR SEMI composition
C ‘ are larger than expected; the PM sample was common to
0 50 100 150 200 250 300 both SEM determinations. Subsequent metallographic in-
spection showed corresponding orientations for these two
samples, and no evidence of a second phase. Table | also

FIG. 1. Electrical conductivitie§s) for the AIPdMn samples: ~ includes matrix and inclusion compositions for a portion of
(A) PM, from Ref. 4. Present dat&)for PRB: (A) for PM; () for ~ the PRBAN sample which was included inadvertently in the
PRBAN: (&) for BR. SEMII determinations.

The hardware and detailed procedures used folthg,

to 8.5% Mn. A possible explanation for the differences inCp, anda measurements are identical with those described in
these two experiments is given by the report of Ishinfak¥a  earlier papers, and will not be repeafedSusceptibility data
that, for Mn compositions near 8%, the LT phase is P-typavere taken using a superconducting quantum interference
rather than the F-type for larger fractions. device(SQUID) magnetometer. Sinclel(H) data to 70 kOe

Table | gives the compositions of these samples as detegt 1.8 and 300 K showed linear behavior at low fields, the
mined by ICP(PRB, BR and SEM(Scanning Electron Mi- susceptibilities were determined from the measured moments
croscopy (PRB, PM, BR analyses. The SEM datéwo se-  M(T) using x(T)=M(T)/H with H=1 kOe. The precision of
ries, | and IlI, different setupswere taken for samples the conductivity data(sample dimensions approximately
mounted in close proximity on a common substrate to givel mmx1 mmxXx5 mm) was better than 1%, with a system-
reliable relative compositions. While no uncertainties areatic dimensional uncertainty of £5%. Tl& and a samples
given for the ICP compositions, the SEM uncertainties reflectvere irregularly shaped, with a flat base and approximately
not only instrumental uncertainties but also deviations froml0 mm height to accommodate the dilatometer. The masses
an average of data taken at a number of points on the samplef the sample$PRB (PRBAN), PM, BR] were, respectively,
The compositions of the three SEMI samplésrtuitously) 6.1, 4, and 1.6 g. Th€, data were taken from 1 to 108 K
are very similar, with the only significant difference occur- using a standard tray-type isothermal calorimétevhile the
ring for the BR ICP composition which is barely within the 1 to 300 K« data were obtained using a differential capaci-

100 - e R R T TR

T (K)

TABLE I. Sample Compositionén Atomic %) from ICP and(relative) SEM analyses; the corresponding
molecular weights are given in grams. The SEMI and the SEMII data were taken on caoiputaliffereny
substrates; the same PM sample was used in the two determinatiofi®). &Rl BRC) are the two halves of
the broken resistivity sample. See the text for details.

Sample Al Pd Mn Mol Wt
PRB ICP 68.93 21.62 9.45 46.80
PRB SEMI 68.95) 21.62) 9.52) 46.95)
PM SEMI 69.Q03) 21.01) 9.92) 46.52)
PM SEMII 69.83) 20.93) 9.42) 46.24)
BR ICP 69.22 20.73 10.05 46.26
BR SEMI 69.13) 21.5(4) 9.4(5) 46.15)
BR(B) SEMII 70.13) 20.12) 9.891) 45.74)
BR(C) SEMII 70.32) 19.94) 9.83) 45.54)
PRBAN(2-phasg SEMII
Matrix 68.63) 22.14) 9.43) 47.2
Inclusions 73.83) 19.64) 7.004) 44.5
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tance dilatometer which was calibrated using a high purity ~
copper standaréf

Ill. EXPERIMENTAL RESULTS

A. Electrical conductivities

6
(XXo)ex (107 gemu

(] -1
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Figure 1 gives the temperature-dependences of the elec =
trical conductivities of the present samples. The conductivi- o ]
ties of the three single grain self-flux-grown sampjék) O 50 700 150 200 250 300 3500
from Ref. 4, and present data for this same PM matérial (a)
and for PRB(¢)] essentially are in agreement within the 5%
systematic uncertainty in these data. The conductivities ot~
the BR samplg <) are significantly smaller than those for
the flux-grown samples, in agreement with the results of,
Préjeanet al® When compared with those data, the slightly €
smaller conductivities and temperature-dependences of th
present data probably are associated with the larger Mn con *
tent[Mng 53, VS Mng »3)].22 The two-phase PRBANF) data
lie between these two.
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B. Magnetic Susceptibilities

Figures 2 present the magnetic susceptibiljty data for
the samples which are characterized in Table I. At “high” g
temperaturesy is expected to show a Cure-Weiss type be- &
havior Eé

o

N

o
Mg (emu/g)

X=Xo+Cl(T-0). (1)

where C is the Curie constand,the Curie-Weiss tempera- ; | | 3 3
ture, andy, a temperature-independent term, often diamag- Y AP I IR I T M TRAPINTE R
netic (<0). Table Il gives parameters for fits of E¢L) to ©)
both the highT (100=T=2300 K) and low T (T<30 K)

data; STD represents the standard deviations of the data from FIG. 2. Magnetic data for the AIPdMn samples: Figa)?

the fits. The minima which determine these fits for the Righ 1/[x(T)-xo] vs T; Fig. 2b), x(T) vs 1/T; Fig. 2c), magnetic mo-
data are very shallow; the numbers in parentheses for thesgentM as a function of fieldH at 1.85 K. Symbols are as for Fig.
parameters show the effect 6f=+1 K on the other param- 1, with: Open and solidsr) representing individual data for BR)
eters. The magnitudes gffor the flux-grown samplePRB,  and BRC), respectively(— — 3 in Figs. 2 are a smooth average of
PRBAN, PM are significantly larger than those for the the BRB) and BRC) data; in Figs. &) and 2c), (¢) are actual
Bridgman-grown samplegBR), leading to the different data for the combined B®) and BRC) samples. In these figures,
y-axis scales in Fig. 2 The values gfat 300 K(not shown  the flux-grown[PRB (v), PRBAN (), PM (A)] data use the left-
vary from 7 to 2< 10°7 emu/g for the flux-grown samples to hand and the smaller BridgmaBR) [(¢), open and solid r)]
-1.5x 1077 emu/g for the average of the fits to the @R data the right-hand scales. See the text for details.

and BRC) data[BR(BC)]; x=0 at 150 K for BRBC). The

very strong Mn dependence gfnoted by Lanceet al*?and  to represent the datdrom 100 to 300 K, and 2 to 30 K,
Lasjauniaset al.” is qualitatively consistent with the relative respectively. In particular, for a dilute magnetic system such
differences(an order of magnitugebetween the lowT y's  as exists for AIPdMng should be zero.

for the 7.9% and 8.5% Mn samples of Préjetral? (their Figure 2a) provides a test of Eq1), with 1/(x—xo) ap-

Fig. 1), which were selected to have small magnetic effectsproximately linear inT for temperatures above 65 K, and the
and the lowT data for the current9.5% Mn) samplegFig.  slopes inversely related to the C’s in Table Il. At low tem-
2(b)]. The highT fits of Eq. (1) to the data could have been peraturesy, is negligible, and the data are best presented by
extended down to 65 K with a slight loss of precision, but x(1/T) in Fig. 2b). This figure contains the dat&> ) which

the practical upper limit of the low fits was approximately were obtained when the BR) and BRC) samples were

35 K. Hippertet al?3 (and, earlier, Ref. Bascribe the inabil- combined into a single sample, as well as the avetage-)

ity to represent AIPdMn susceptibility data with Ed.) to  [BR(BC)] of the fits of Eq.(1) to these data. The agreement
the existence of a Kondo effect competing with RKKY in- is quite satisfactory, and gives the basis for using BR to
teractions, which, when included, allows the representatiomepresent the susceptibility at higher temperatures. For un-
their data from 5 to 150 K. Hence, the parameters in Table Iknown reasons, thg(T) data for highT were much better for
have no direct physical significance, and are useful primarilthe individual BR pieces than for the combinatignot

B (kGauss)
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TABLE Il. Parameters for fits of Eq.1) to the susceptibility data for the various samples in Fig. 2. See
the text for details.

Sample 0 C X0 STD
K 10 emu-K/g 107 emu/g 10° emu/g
T>100 K
PRB —-20.410) 1.77218) -0.06-4) 0.7041)
PM -12.510) 1.79520) -2.96-5) 0.97112
PRBAN -55.410) 2.822) -0.37-5) 9.195)
BR(B) -18.310) 0.61Q6) -2.55-2) 4.671)
BR(C) 0.510) 0.3134) -3.07-1) 7.291)
BR(BC) -9.9(10 0.4555) -2.80-1) 0.0213)
T<30K
PRB -1.2 1.23 1.20 373
PM -0.60 1.19 4.10 92
BR(B) -0.88 0.334 1.54 54
BR(C) -0.79 0.214 -0.27 32
BR(BC) -0.85 0.274 0.64 0.05
shown). Figure 2c) gives the corresponding 1.85 K field de- N
pendence of the magnetic moment for these BR samples, as alT=2, Agpi TN, (2b)
well as for the PRB sample. Again, the average of the data n=0

for BR(B) and BRC) (- — 9 agrees well with the actual data
for the combined sampled ). In each of Figs. @) and 2b),

x(T) for the two-phase samplfPRBAN, (¢)] has a quite .
different shape from that for the single phase samples. Not Ihetleaq parimstirﬁl an%él,_gertlﬁrallyl/ atre ZB.‘SCI’Ibed.f.tO
that the average of the ratio of the values of C for the higrﬁ ectronic contributions, witi.,=y, the electronic Specitic

and low T fits for PRB, PM and BEC) in Table Il is 1.531 eat coefficient, although, for amorphous solids, a linear
and is consistent With’ that from Rempet al,22 1.65 " term also has been associated with a distribution of tunneling

: tates?® In most instances, higher order terms are associated
The differences between thgs of BR(B) and BRC St . ' . D
: W he (B) RC) \Qnth lattice propertleséC'S“), with the characteristi®=0 De-

resent a puzzle. They are the two halves of the sampl ;
P b y b ye temperatur®, given by

which was used to obtain the BR conductivity data shown iP
Fig. 1, have identical composition@able I, and metallo-
graphic inspection shows them to be single phase with a
common orientation across the bre@lo grain boundary

The differences are not experimental, singel/T) [Fig. ®8:[(127T4/5)FR/C3]

2(b)] and low temperatur®(H) [Fig. 2(c)] data for a com- =[1.944x 10°r(mJ/g — mol — K/C5]K3, (3)
bination of the two samples are consistent with the sum of

the individual data. Following Préjeaet al.® but using the

high T values ofC in Table II, the fraction of the Mn ions

which are magnetic can be estimated to be 0.35% and 0.67%hereR andr are the gas constant and the number of atoms
for these two samples. The possibility of a localization orper unit cell, respectively. This equation has no significance
highly nonuniform distribution of the magnetic ions is sug- for tunneling systems, where the*lattice” contributiad;,

gested by these data. often is appreciably greater than would be calculated for a
Debye solic?®
O, also can be calculated from an average 0 K sound
C. Representation ofCp and « data velocity as®

The bases for the presentation of the pregentand «
data are given in previous papésand are summarized in
the following. The basic equations used to represent low

eh3 _ 3 3
temperature data are: (00)" = (ke *(BrNo/A7Vim) (1A110%)), (43
N
CJ/T= > Copey T2, (2a)  Which for a quasicrystafisotropic, only two sound veloci-
n=0 ties; v, and a twofold degenerate) is
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=(h/kg)3(3rN/AmV )3 [3/(2 + (v7 1)) )] (4b)

=(2.5142X 10°3)3(r/V)v3[3/(2 + (v1/v)®)],  (40)

whereh is Planck’s constankg the Boltzman constanty
Avagadro’s number(/g-mol), V,, the molar volume[m3/
(g-mol], r as above, and the sound velocities are in m/s.
These velocities are related to the elastic constant€as
=Cy,=0v3, andC_=C,,=gv?. Note that the densityp, en-
ters into Eqgs.(4) only through the definition of the molar
volume. & ]
The onset of the spin-glass state below approximately % 50 100 150 200 250 300
10 K (Ref. 3 masks the behavior implied by Eq®), and (a) T (K)
makes it impossible to determin@, and y through fits to
Cp(T) data fori-AlPdMn. For convenience, power series 190L
similar to Eqs(2) were used to represent the data, with ~ ~ :
rather thanT?"; the parameters for these series have no}< 100f
physical significance. '
At low temperatures (below ©4,/10), the rapid
temperature-dependence 6% presents difficulties in the
display of data. Since the Debye function approximates this
temperature dependence, it is reasonable to use the Deby©  4of
function as the basis for displayir@} results; one procedure :

T (108K?

80f

(mJ mol

for accomplishing this is to relate experimental lattice 201

Cu(T)'s [C'\i‘t:CV(T)—yTPl directly to the Debye function 0 1

using equivalent Deby®'s.32 For aC' datum atT, @(T) is 0 10 20 30 40 50 60 70 8 90 100 110

the Debye temperature which, when used in the Debye rela) T (K)

tion for Cy (Cpepye Ref. 30, will give the sameC{?t at that

temperature FIG. 3. a/T (a) andCp/T (b) vs T data for Al-Pd-Mn quasic-
lat rystals: (c) PRB, data from Ref. 3]¢), present annealed PRB

Cy(M=CyT)—T= CDebye[G)(T)/T]' (5) (PRBAN); (¢) present BRy(A) present PMCp(T) (sample from

Ref. 4). The lines, where shown, represent fits to the data. Ghe
data are indistinguishable in Fig(t8. The T scales are different for
the two figures.

A plot of O(T) vs T shows deviations of the data from the
Debye function, or the effects of dispersigmon-Debye-like

behavioy; a decreasing represents an increasing positive
deviation ofC,, from Debye behavior. When comparing ma-
terials with significantly differen®y’s, a normalized plot of I'=3B7V(a/Cyj) ==d In ®y/d In V, (7

O(T)/O vs T/B, will display clearly differences in the \here the characteristic energy, may be®, for the lattice,
shapes of theCy(T) relations and forms the basis for the the Fermi Energy for free electrons, the Curie temperature
normalization of thel >20 K PRBCP data to non-magnetlc for a magnetic system, etc. Va|ueslbﬁypica”y range from
AlPdMn ¢ approximantCp data to obtain an estimate of the +1 tg +4 (Ref. 33, althoughI" will have much larger mag-
i-AIPdMn lattice Cp(T) at lower temperatures. nitudes when®d has a large volume sensitivity, such as that
The volume thermal expansivity3=3a for an isotropic  associated with tunnellingf:3 The latticeT’, I, generally
solid) is related directly toC\(T) by the Grineisen has a temperature-dependence similar to th&@ @, since
relation?%33 the lattice modes which are excited with increasihgnay
L _ have significantly different volume-dependences. By analogy
B=3a=T(Cy/B;V) =T'(CplBgV), (63 \yith @(T), I' is the limiting, T=0 value of['a(T), and, at
where B; and Bs are the isothermal and adiabatic bulk high T, I'® approaches a constant valug?'. Since I'"
moduli, V is the molar volumeT is the dimensionless Grii- =-d In ©y/d In V, T§" also can be calculated from the
neisen parameter, an€p/Cy=Bs/B.3! If independent Vvolume{pressurerdependence of the sound velocit{&xs.
(separablecontributions to the thermodynamics of an isotro- (4).
pic solid can be identifiedsuch as electronic, lattice, mag-

netic, spin_—glass, _et);_.each cont_ribgti_on will have &, and N D. Cp and « data
al’; associated with it, and the individual thermal expansivi- ) .
ties will be additive to give for an isotropic material ~ Figures 3, in which ther andCp data have been normal-
ized by T to compensate partially for their rapid temperature-
B=> Bi=3> a;= >, ICyiB;V. (6b) dependence, present an overall picture of these data, while
Figs. 4 use the format suggested by E@.to display the
In this model, th';’s are given by low temperature data. Th®(T) plot in Fig. 5, which is
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FIG. 5. An equivalent Debye the{®(T), Eq. (5)] representa-
tion of the Cp(T) data, with symbols as in Fig.(1); here,
(——0O--) is from a normalization of the high AIPdMn ¢’ ap-
proximantCp data to the PRB data, from Ref. G#) are a recal-
culation of the BR data assuming=0.25 mJ mol' K2 ©¢
=505 K is from Ref. 3. See the text for details.

All of the quasicrystalCp data are in essential agreement
(+1%) above 30 K[Figs. 3b) and 3, with differences ap-
pearing at lower temperaturgBigs. 4b) and § which, for
PRB, PM and BR can be associated with differences in the
spin-glass contribution, and, for PRBAN, this contribution

FIG. 4. a/T (a) andCp/T (b) vs T? for the lower temperature F;l;‘:'htgt(avz(:ccs’?nc:ilgha;& Svgrrfr:ec(:zr;]gi:je?otrc{[h?’nﬁﬁqgasse
data in Fig. 3. Symbols are as for Fig. 3, withC1—) smooth rep- Yy ) A p . p -
resentations of the AIPdMg’ approximant data from Ref. 3. The PRBAN (+) show deviations below 9 K, with 1 K magni-
T2 scales are different for the two figures. tudes 94% and 48%, respectively, of PR&e Fig. 4)].

_ _ The BRCp data( <) begin to deviate from those for PRB
based on the Deby€p function [Eq. (5)], provides a more pelow 30 K, with the differences becoming significant
sensitive presentation of the data from 7 to 105 K; betwee@_g,%) below 20, and are 47% dfp for PRB at 1 K.

15 and 40 K, the marker sizes correspond to approximately A comparison with the normalized approximant data
5% in Cp. In these figures, data for the flux-grown PRS suggests that the lattice contribution & is only a few
Sample are from Ref. 3, with present data shown for th%ercent at 3 K and rapidly becomes negligible at lower
Bridgman-grown samplgBR, (©)], the two-phase PRBAN temperature$,so the relative 1 K magnitudes &p/T for
sample(+), andCp only for the flux-grown PM material de- PRB, PM and BR can be associated with differences in the

scribed in Ref. 4A). ma . . Lo
, . gnetic(spin-glas$ contribution and should be related to
Smooth AIPdMn¢’ approximant data from Ref. 3 are the corresponding values of in Fig. 2b) (Table 1. The

shown in Figs. 4-U1-) to illustrate for a similar material the relationship is not direct, since in Table Il, the ratio of the

temperature-dependencesdadfT andCp/T in the absence of : : : . )
the spin-glass contribution; spin-glass contributions to theCurle parameter¢C) is approximately 4, while the corre

uasicrystake and Cp data clearly are important. In Ref. 3, sponding 1 KCp ratio is close to 2. The_small differences
?he shgpes of thepquasicrysta)I/ PRB ai{-’fd approximant ~ etween the PMA) and PRB(e) Cp's which occur below
Co(T) relations are very similar above 20 K, which allowed 9 K (to —6% below 4 K possibly are related qualitatively to
the approximant data to be normalized to the quasicrystdf'€ relative low temperature values of C in Tabl¢siée Fig.
data from 20 to 105 K and extrapolated to lower tempera2(b)]. No obvious explanation exists for the temperature-
tures to approximate the behavior of a similar nonspin glas§ependence ofp for two-phase PRBAN, which, on cooling,
quasicrysta[see the discussion following E¢p)]. This nor-  deviates from that for PRB at approximately the same tem-
malized®(T) for the approximant is shown in Fig.(5[]-)  perature as the break in thé1/T) relation in Fig. 2b); this
to illustrate qualitatively the effect of the spin-glass state orbreak suggests magnetic ordering below 10 K. The compo-
C, for the quasicrystals. The value 6, for PRB as calcu- sition of the matrix in PRBAN is approximately that of the
lated from the elastic constanf&gs. (4)], ©¢'=5051) K other quasicrystaléTable ).
(Ref. 3), also is shown in Fig. 5 to provide qualitative con- In Ref. 3, the maximum in® (or, more correctly, the
firmation that the shape of the normalized relation is rel-inflection poin) for PRB (see Fig. 5, approximately 11)K
evant; the large®, and systematically largéd’s from 10 to  was associated with the onset of the spin-glass contribution,
20 K for all of the quasicrystals suggest that PRB is elastibut the differences between PRB and BRevious para-
cally more rigid than the approximahsince, for a fixedl, a  graph suggest a higher temperatu0 to 30 K). For all of
larger ® corresponds to a small€lp. these data, a possible electronic contribution to the quasi-
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crystalCp has been ignorefly=0 in Eq.(5)]. The(#) sym- VS I D L
bols in Fig. 5 show the effect 08(T) for BR when a “rea- F o : : : s j
sonable” value fory (=0.25 mJ/mol-K, Ref. 3 is assumed. TEoo 7 oo AR SRR SARAAEEE

The difference is significant, but affects only slightly the es- 3
timated temperature for the onset of spin-glass effects. R A . o S E
A discussion of previou€p and« data is given in Ref. 3. GEAR b i Lo 3
The low temperatur€, data for PRB agree well with those = ‘ j } : . : 3
of Chernikovet al. for a quenched nominatAl,gPd;Mngq AF wag o - seeees B P T -
sample3* Although their 1.9 K MH) data are very similar to : : : 3
those in Fig. &), the data from 50 to 200 K were repre- E
sented by a Curie constaf@=7x10*emu/g and Curie- 3
Weiss parameted=-108 K) which are very different from
those for PRB in Table Il. The differences from the present 1

P S S T S T U B S I S S A [ IR BRI T R

O

Cp data of the 1 to 7 K data for a Bridgman-grown sample 10 20 30 40 80 %0 100
(nominally i-Algg L0, Mngz) from Lasjauniaset al’” are T (K)

larger, possibly because of the higher Mn con@&rithis

would be consistent with a low temperatur€=1.6 FIG. 6. Total Gruneisen parameteis, for the thermal expan-

X 1074 emu/g which is appreciably larger than those for thesion samples, with symbols as in Figs. 3. Note the split temperature
flux samples in Table II, and with ) at 2 K also larger ~Scale.
than those in Fig. @).”

The o's for PRB(°) in Figs. 3a) and 4a) are from Ref. 3, scatter in thex data; contrast the behavior of the PRBAN
while those for BR(¢ ) and PRBAN(e) are present datay ~ data() and that of the other two sampld$gg andl'gg are
data were not taken for the PKI, sample. As for theCp  in essential agreement above 15 K, where spin-glass contri-
data, thex data are in reasonable agreem@r%) from 300  butions are small, and below 6 K, where spin-glass contribu-
to 45 K; at lower temperatures, the BBnd PRBAN data  tions predominate for both samples, withat 1 K giving
show a significantly stronger temperature-dependence thdrspin—giass=6(1)- In Fig. 6, the small differences i at inter-
those for PRB and, below 5 K, are only 60% @fzg [Fig.  mediate temperatures is a result of the relatively smaller BR
4(a)]. The BR and PRBx(T) data show approximately the spin-glass contribution. The implication is thE(T) in the
expected dilatometer precisiqe10° K™, Ref. 3. As for  absence of spin-glass effects increases rapidly as the tem-
the Cp data in Fig. 4b), the shapes of the(T)/T relations  perature decreases.
are similar for BR and PRB, but, because of spin-glass for- I'(T) in Fig. 6 is constant at above 50 K, but begins to
mation, are qualitatively different from those of ti§e ap-  increase with decreasing temperature at lower temperatures.
proximant(—[J-). Reference 3 discusses previous AlPdMnThis behavior is unusual, since an increask inith decreas-
thermal expansivity data, none of which have comparabléng temperature usually occurs at temperatures approaching
accuracy at low temperature. the minimum in®(T) (25 K in Fig. 5. The basis for this

The « data for the two-phase annealed PRBRBAN)  rapid increase id” with decreasing temperature is shown in
sample Figure @) are not of the same quality as those for Fig. 7, wherea(T)/T and Cp(T)/T have closely similar
PRB and BR, and, although in agreemént%) with those  shapes, but at all temperatur@s 25 K), «(T) is offset by a
for BR above 40 K, show excess scatter below 10 K, as weltelatively large contribution linear in {see Eqs(2)].
as a reproducible spike near 7(K2=50 K?). At higher tem-
peratures, small isothermal drifi&ample shorteningap-
peared on warming and data-taking was not possible from 35
to 50 K. An anneal at 50 K and an overnight cooling to 28 K The initial objective of the present experiments was to
allowed drift free data to be taken to 56 K, which were inobtain C,(T) and «(T) data for a single grain Bridgman-
agreement with earlier data taken on cooling from 300 K. Ingrown AIPdMn quasicrystalBR) for comparison with pre-
contrast, theCp data for this sampléwhich initially was  vious data for a similar single grain flux-grown AIPdMn qua-
cooled slowly from 77 to 4 iKshow smooth behavidt1%)  sicrystal (PRB).2 The primary difference between these
at all temperatures, and only deviated fr@p for PRB be-  materials is that the final flux-grown sample is quenched
low 10 K [Fig. 4b)]. from the growth temperaturé800+°Q to room tempera-

The Grineisen parametdr, Eqgs.(6a) and(6b)] provides  ture, while the Bridgman-grown sample is cooled very
a dimensionless relationship betwe€p and « and a mea-  slowly from the same temperatures and should have smaller
sure of the volume-dependences of the characteristic eneéihhomogeneities. Low temperatur€, and « data for
gies of a materia[Eq. (7)]. Figure 6 gives the temperature AIPdMn quasicrystals show an anomalous contributitat
dependence of the totdl (ignoring specific electronic con- is, a deviation from normal lattice or metallic behayior
tributions for PRB(°), BR (<) and PRBAN(e); here, actual  which is ascribed to the onset of a spin-glass which is asso-
a data and smooth representations ©f(T) were used ciated with the magnetism of a small fraction of the Mn
to calculate I'(T) for each sample, with B;V=3.41 ions?®%’these magnetic ions, in turn, are related to inhomo-
x 10° mJ/g-mol(Ref. 3, corrected for the molar volume in geneities(defects in the materiaP?® The low temperature
Table ). The scatter il'(T) reflects sensitively the relative x(T) gives a direct measure of this magnetism, and the re-

IV. DISCUSSION/SUMMARY
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00T T T e e Tr 7340 dence of the density of states and its variation Witin spite
: : : A of the almost factor of two differences i@, and « at low
35 temperature in Figs. 4, the magnitudes of Ik@) relations
j for PRB and BR in Fig. 6 are very similar. This suggests that
30 theT” which is associated with the spin-glass state is similar
‘ in magnitude[6(1)] to the latticels at low temperature.
Thesel'(T) relations are very similar to that for an AlCuFe
quasicrystal in both temperature-dependence and relatively
large magnitude, suggesting again a common quasicrystal
characteristi€. These similar shapes can be associated with a
large I" for the high density of very low frequency modes
which are responsible for the rapid decrease®(T) on
warming®® A determination of the pressure-dependence of
3 the elastic constants for AIPdMhdoes not appear to sup-
=5 port this hypothesis.
1 1 1 ] Lattice contributions will be small at 1 KRef. 3), so the
0.0+ '1(')0' s '2(')0' L '3(')0' o '4(')0' — '5(')0' L '6(')00 PRB/BR ratios ofCp (1.9) and & (1.7) (Fig. 4) represent
relative spin-glass contributions at 1 K. These ratios do not
K9 correlate directly with the factor of 4 ratio of the low tem-
_ 5 ) perature Curie parmete¢€) in Table Il. This difference may
FIG. 7. A comparison okr/T and Cp/T vs T¢ for the single- ot pe significant, since th€p and a data represent bulk
grain Bridgman sample. Thes) representa/T (left scale, the gy nje averages, while thedata refer to a small fraction of
(©) Cp/T (right scalg. the sample. Hippert al22 show that small composition and
sults of Prejearet al® and Hippertet al2® show thaty is  Significanty variations can occur along the growth axis of a
sensitive to both annealing procedures and, presumably, Mgzochralski-grown sample. The presgntdata for the two
composition. Fortuitously, our three samplesee Table )  halves(BRB, BRO) of the BR conductivity sampléTables |
have very similar compositions, so differences between thand Il, Figs. 2, and the end of Sec. Il) Bresent another
flux-grown (PRB, PM and Bridgman-grow{BR) samples complication, since these data suggest that significant varia-
would be expected to be associated primarily with a smalletions in the inhomogeneities which are associated with the
concentrations of defects for the latter. Mn magnetism can exist over relatively largem) distances
Figures 3 and 4 present ti&, and « data for the flux- in a single grain sample. This is consistent with the report by
(e,A) and Bridgman-A) grown samples. While th€, and  Hartwig et al.%” that anomalous x-ray transmission data for a
« are very similar for all samples above 25 K, the BR data in“highly perfect” single grain AIPdMn sample show the exis-
each case are smaller than those for the flux-grown sampldéence of a non-uniform distribution of bulk defects on a mm
at lower temperatures, in qualitative agreement with the descale.
creased susceptibilities in Table Il and Fig. 2. Thus, the ef- The close similarity of the compositiofisn, 9.62)%)] of
fects of spin-glass formation become significant on coolinghe flux- and Bridgman-grown samples in this investigation
below 255) K for the flux-grown PRB, and, from Fig. 5, (Table l) should minimize any effects due to the rather strong
near 15 K for BR. reported dependence of the susceptibility and spin-glass re-
In Fig. 5, the ®(T) relations for the experimental data lated properties on Mn compositidi? The systematic study
were calculated from the totals data, neglecting electronic of Hippertet al? includes the effects og(T) of the struc-
contributions[y=0 in Eq.(5)]. The relatively small effect of ture, sample compositiofMng 5], method of preparation
including these is shown by a recalculation of the BR rela{Czochralski- and Bridgman-grown, rapidly cooled ribbpns
tion using a “reasonable” value of (#). TheT=0 value of and heat treatmerslow-cool, quench, intermediate anneal
0, 0,=505 K, as calculated from the elastic constants EqsAfter subtracting smalk, and ferromagnetic terms, the 5 to
(4) is shown also in Fig. 5, so, for the BR lattice, tB&T) 150 K x(T) results for the variougl9) samples could be
relation would rise sharply from 335 at 15 K €@y, (505 K) made to coincide when a scaling factér?* was used, with
atT=0. To emphasize this behavior, the normali&d) for ~ A=1 for the x(T) of an arbitrarily chosen single grain mate-
the nonquasicrystalline, nonmagneti¢ approximant of rial. The variation ofA for these samples ranged from 0.58
AlPdMn (-0-)2 also is shown. The®(T) relation for to 31.5. For comparison, single poi@t 1/T=0.15 K'?) nor-
i-AlCuFe (not shown has a similar shap'é]’his abrupt de- malizations to this relation for the curretds grown PRB
parture from Debye behaviofconstant®) on increasing and BR samples givA =32 and 4, respectively. In Ref. 23,
temperature appears to be a basic characteristic of quasicryi§e values ofA for as grown single crystal AIPdMn samples
talline and related materials, and implies that it is very diffi-are 1.85 for a Bridgman samplbing o and range from 7.45
cult (impossible? to obtain low temperatur€, parameters to 31.5 for four as grown Czochralski samplgdngs].
from fits of Eq.(2a) to a range of data for temperatures While the differences between the presémiencheyl PRB
above 5 or 10 K. and (slow-cooled BR x’s can be understood in terms of a
I'(T) [Eq. (7), Fig. €] plays the same normalized role for smaller density of inhomogeneitie@efects for the BR
a as O(T) for Cp, and is a measure of the volume depen-sample, the differences between the Bridgman-grown

— n N
[$,] [} (9]
Co/T (md mol" K®)

—
(=]
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sampleq1.85(Ref. 23, 4 (presenf] may represent a depen- the composition Ay £, JVing 7, making it impossible for a
dence on Mn composition; the differences frqand be-  single grain of one state to be anneajed guencheglinto a
tweer) the as grown Czochralski single crystal samples apsingle grain of the other. To demonstrate this, a BR sample
pear to be large. quenched from 800°C contained inclusions; when this
The above discussion has not included data for the twosample then was annealed and slow-cooled to 300 K, the
phase annealed PRBPRBAN) sample[Tables | and Il and  inclusions disappeared. This problem apparently does not ex-
(+) in Figs. 3—-6. While PRBAN, when compared with the st for Mn compositions near 8%, where the LT phase is
other samples, shows an enhanced magnetism above 100fKtype!519 Prejeanet al8 report reversible behavior in the
[Fig. 2a@)] and a relatively constant but smallgr below  heat treatment(quenching vs slow annealingof their
10 K [Fig. ZAb)], the Cp and « data are in reasonable agree- [8.2(3)% Mn] samples, and no evidence of the unusy@)

ment above approximately 20 K, and it is at lower temperapehavior which is shown in Fig.(B) for our two-phase
tures that differences arise. These data have little inhererfgmple PRBAN.

significance, since the physical properties of this sample can-
not be characterized, although the relative insensitivity of the

higher temperature data to sample structure and impurity ACKNOWLEDGMENTS
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