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Spin freezing in the decagonal phase of the Al-Mn-Pd alloy system
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We report the results of measurements of the low-temperature specifiC @t of annealed samples of
decagonal Ay dMn,g4Pd;5 1. A comparison with similar data, previously obtained for decagonal Al-Cu-Co
quasicrystals, indicate a substantial excess specific®gél) in the Al-Mn-Pd material, most likely due to
magnetic degrees of freedom. The temperature dependeiitg(d?) suggests a spin freezing phenomenon at
T;=12 K, which is confirmed by the temperature dependence of the third-order magnetic susceptjplljty
and the time dependence of the remanent magnetization well Biglow
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[. INTRODUCTION tration is limited by the phase equilibria in the Al-Mn-Pd
alloy system>!*Related studies of the decagonal Al-Mn-Pd
Although in recent years considerable attention has beephase, which contains twice as much Mn as the correspond-
paid to experimental and theoretical studies of magnetiing stable icosahedral phase, are therefore of interest. While
properties of thermodynamically stable quasicrystals, manyhermal and magnetic properties of icosahedral Al-Mn-Pd
guestions concerning the nature of magnetism in thesbave previously been studied in detail experimentally,
phases remain opérfor stable quasicrystals, different types analogous information for the corresponding decagonal
of magnetic behavior have previously been observed, ranghase is still scarct.
ing from diamagnetism to a spin-glass-type freezing of mag- Here we report the results of measurements of the specific
netic moment$:-8 Often the variation of the magnetic sus- heat C,(T) and the ac third-order magnetic susceptibility
ceptibility versus temperature is indicative of a combinationys(T) of decagonal Ay gVin,g4Pdi» 1, Synthesized via co-
of a diamagnetic background and either a spin-glass-type drerent growth from a metastable icosahedral phase produced
a Curie—Weiss type paramagnetic contribution at low temby melt spinningt>'*This technique allows to obtain single-
peraturegsee, for example, Refs. 6, and 8310 phase samples of decagonal Al-Mn-Pd, which are free of
Among the stable icosahedral phases, intrinsic spin-glasdinear phason strain. Our set of data, which also includes the
type behavior has previously been reported for Al-Mn-Pdresult of a measurement of the time dependence of the rem-
(Ref. 6 andRE-Mg-Zn (RE=Gd, Dy, Tb, Ho, E).”® The  anent magnetization below the spin freezing temperakyye
freezing of magnetic moments in tHEE materials is remi- complements previous investigations of the magnetic suscep-
niscent of that observed in the axial spin-glass systemsbility and magnetization of decagonal Al-Mn-Pd.
Y, Th, and Y;_,Gd,.'"* For icosahedralRE-Mg-Zn,
crystal-electric-field effects lead to a significant local mag-
netic anisotropy at the sites of the heavy rare-earth ions that
have nonzero orbital angular momentyBy, Tb, Ho, and
Er). The local anisotropy manifests itself, for example, by the The decagonal phase in the Al-Mn-Pd alloy system can
higher freezing temperaturds of (Y,_,Tb,)-Mg-Zn solid  only be obtained via a solid-state transformation involving
solutions than those for the ¢Y,Gd,)-Mg-Zn alloys with  one or more of the following phases: the icosahedral Al-
the same heavy rare-earth concentratinfis Mn-Pd phase, the orthorhombic H phase with approximate
Even more intriguing is the spin-glass behavior of thecomposition A};Mn,sPd,, and the cubicy phase with ap-
icosahedral Al-Mn-Pd quasicrystals. For icosahedraproximate composition AlMn;sPds.'® The decagonal
Al;oMngPd,, the low-temperature saturation magnetizationphase has a very narrow existence region near
Mg, magnetic specific heaf(T), and nuclear hyperfine Algg Mnyg Pdi, ;.12 Quite in contrast, the icosahedral phase,
specific heaCy(T), all indicate that a very low fraction of the H phase, and the phase all have extended regions of
magnetic moments, of the order of 1% of all Mn atoms, isstability. Depending on the cooling rate, these phases can be
involved in the spin-glass freezing transitidsuggestive of obtained in a metastable state with varying chemical compo-
the existence in this material of two classes of Mn sites—sition, leading to strongly segregated as-cast ingots. There-
magnetic and nonmagnetic. We note here in passing that thfere, the synthesis of the decagonal phase in an ingot with
is quite in contrast to canonical spin-glass systemsiominal composition Al gMn;g4Pd;, 1 requires long-range
Cu;_,Mn, and Au_,Mn, whereall Mn ions carry a mag- diffusion of all three constituent elements. Annealing at ap-
netic moment. For icosahedral Al-Mn-Pd, both the fractionproximately 800 °C for up to several weeks forms a decago-
of magnetic Mn ions and the freezing temperatiiein- nal phase of low quality exhibiting strong linear phason
crease rapidly with increasing Mn concentration. For ex-strain®~2!This is mainly because a segregated ingot cannot
ample,T; is enhanced by a factor of 7 when the Mn contentattain its equilibrium state. In principle, the equilibrium state
is raised from 9 to 11 at %2 For thermodynamically stable can be reached by annealing at a temperature just below the
icosahedral phases, a further enhancement of the Mn concemelting point. The decagonal Al-Mn-Pd phase, however, de-

Il. SAMPLE, SYNTHESIS, AND STRUCTURAL
CHARACTERIZATION
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composes at approximately 865°C into a nanocrystalline
texture of a pseudodecagonal crystalline approximant phase
with a solidus temperature of 896 “@1*1"which sets the
upper limit of an annealing temperature to about 850 °C.
Correspondingly, ingots annealed even at the highest pos-
sible temperature usually contain decagonal quasicrystal
grains with domains that differ by the strength of linear pha-
son strain.

Decagonal quasicrystals of high and rather uniform struc-
tural quality may be obtained by annealing tapes produced
by rapidly quenching an A} gVin;g Pdy, ; melt!*® Melt-
spun tapes quenched at a spinning velocity in the range be-
tween 20 and 30 m/s contain only a metastable icosahedral

phase with the nominal chemical composition. Since g 1. An SAED pattern obtained from the decagonal phase in

Algg dMn1g1Pd;; 1 is the equilibrium composition of the de- the annealed Ab gvins Pd:, ; tape. The tenfold axis was oriented
cagonal phase, the icosahedral phase can be transformed ip&allel to the electron beam.

the decagonal phase without long-range diffusion. Annealing

between 800 and 830 °C leads to a precipitation of the desjon electron microscopy images of our sample of decagonal
cagonal phase from the supersaturated icosahedral phagg.mn-pd quasicrystals, the reader is asked to consult Ref.

The growth occurs in a coherent manner, i.e., the tenfold axis3

and a tWOfOId aXiS Of the decagonal phase are pal’allel to a Bu'ky Samp'es for measurements of physica| properties

fiVefOId'aXiS and a tWOfOld aXiS Of the icosahedral phaseWere prepared by packing the necessary amounts Of ﬂakes
respectively’*?* Although the decagonal Al-Mn-Pd phase into a steel container, and subsequently the material was
produced via coherent growth is free of linear phason straingressed into a disk-shaped specimen. The resulting disks re-

it is still perturbed by random phason strain. We note inmained compact also after relieving the pressure.
passing that while linear phason strain breaks the decagonal

symmetry, random phason strain retains on the average the
decagonal symmetry.

Our sample of the decagonalgiMng Pd;, ; phase was The specific hea€,(T) was measured in the temperature
synthesized using a conventional melt-spinning techniqueange petween 1.7 and 30 K using a conventional relaxation-
with a wheel speed of 30 m/s. The as-quenched tapes Wefgpe method. A sapphire disk onto which a heater and a
annealed at 820°C for.4 days. Scanning electron microscopge-Au thermometer had been evaporated was weakly ther-
and x-ray microanalysis of the annealed tapes revealed thga|ly coupled to a heat sink held at constant temperature.
presence of trace amounts of the orthorhombic H phase ofie disk-shaped sample, prepared as mentioned above, was
the side of the tapes that was adjacent to the wheel whilgoyunted on the sapphire disk using a thin layer of Apiezon
quenching the melt. Typically, the thickness of the H-phasgyrease.
spots is well below lum, and we estimate the maximum ~ The ac third-order magnetic susceptibilitys(T) was
content of the H phase in the tapes to be between 0 and geasured in the temperature range between 8 and 16 K, us-
vol %. This estimate is in agreement with the results of thqng| an ac magnetometer probing directly?* The primary
powder x-ray investigation, which did not reveal the pres-coj| of the magnetometer was driven at the reference fre-
ence of any phases other than the decagonal phase. From $gencyf by the internal oscillator of a phase-sensitive am-
powder x-ray-diffraction pattern, the lattice constant for thep”ﬁer through a bipolar voltage-to-current converter. The
periodic direction(i.e., along the decagonal axiwas deter- amplitudes of the in-phase componenj and the out-of-

mined to be (1.255% 0.0003) nm. A subsequent transmis-fhase component’; of the third harmonic of the voltage

IIl. EXPERIMENTS

sion electron microscopy investigation also indicated that th nduced in the secondary coil are proportional to the real part

tapes contain practically 100% of the decagonal phase. A, : ; " :
. . . "' X3 and the imaginary parky of the complex third-order
typical selected area electron diffracti®AED) pattern ob susceptibility, respectively, and they were measured by the

tained from the annealed tape with the decagonal axis ori- 2 ,
. g . phase-sensitive detector, which was set to detect the response
ented parallel to the electron beam is shown in Fig. 1. In thid

SAED pattern only the very weak diffraction spots areat3f.Thet|me dependence of the remanent magnetization at

slightly shifted from the ideal positions that are expected fmJOW temperatures was monitored with a commercial SQUID

a decagonal phase practically free of rands well as magnetometer.

linean phason strains. Only a weak diffuse background can

be recognized, especially in the region close to the central IV. RESULTS, ANALYSIS, AND DISCUSSION
beam. In summary, the average tenfold symmetry of the
SAED pattern indicates that the decagonal phase is free of
linear phason strains, and thus reflects a decagonal phase inOur  specific heat C,(T) data of decagonal

the Al-Mn-Pd system of rather high structural perfection. ForAlgg gMn;g /P05 1 is shown on a double-logarithmic plot in
an additional characterization by high-resolution transmisFig. 2. Also the C,(T) data of nonmagnetic decagonal

A. Specific heat and magnetic properties
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FIG. 2. Specific heaE,, of decagonal Al-Mn-Pd as a function of ~ FIG. 4. Cy/T versusT of decagonal Al-Mn-Pd. The spin-glass-
temperatureT on logarithmic scales between 1.7 and 30 K. For type freezing temperaturg is indicated by an arrow.
comparison, we also show previously publisi@gT) data of non-
magnetic decagonal Al-Cu-O&Ref. 25. netic specific heaC,,(T) of decagonal Al-Mn-Pd, as estab-
lished in the way described above. In the inset of Fig. 3, we

. . plot C,, as a function ofl on logarithmic scales. Between 1.7
AlsClpCoys, previously reported by some of us in Ref. 25, 5 4 K, the temperature variation 6f, may very well be

are displayed in Fig. 2 as a reference. A comparison of thesl%presented by a power la® with a=1.22+0.01. Our

two datasets suggests that for decagonal Al-Mn-Pd, in th‘?nird-order magnetic-susceptibility data, presented and dis-

temperature range beIOW.ZO.K:P(T) IS domlnat_ed_ by an  ¢;ssed below, reveals that decagonal Al-Mn-Pd undergoes a
excess specific-heat contributi@n,(T) due to excitations of spin-glass-type freezing of magnetic momentsTat12 K

magngtic degrees of.freedom, thus complicating a dir.ecfsee Sec. IV B In relation with theC,(T) data we recall
analysis of the specific-heat data of this quasmrystallmq at forT<T;, a spin-glass magnetic contribution to the spe-

phase. For decagonal Al-Mn-Pd, the magnetic specific heat. :
C,, may be obtained by subtracting estimates of the elec- ffic heat is expected to vary &', where the exponerd

. ) ; usually takes values between 1.2 and %#.The magnetic
tronic termCe(T) and th_e_ lattice ternC(T), established contributionC,, to the specific heat reaches a maximum at a
from the results of specific-heat measurements on the no

ri!émperature of 17 K, i.e., 40% higher than the freezing tem-

magnetic decagonal Al-Cu-Co phase. In the temperaturg r o . : ;
o atureT;, which is typical of a spin glass.In Fig. 4 we
range between 1.7 and 10 K the specific heat of decagon ow the ratioC,(T)/T as a function of temperatuie We

AlgsCu,¢Coy5 is an order of magnitude smaller than that of note that the maximum o€.(T)/T vs T is close toT;,

decagonal Ao Mnys Pd;; ;. Therefore, below 10 KCny(T) indicating that the freezing of the spins & is associated
may be evaluated fairly accurately. Figure 3 shows the mag; i the maximum in the loss rate of magnetic entropy

dS,/dT. While this distinctive behavior of the magnetic
specific healC,, is not typical for spin-glass systems, close
proximities of theC,,/T vs T maxima toT; have previously

, been reported for metallic spin glasses
* * Cu _,Mn,,Pd,_,Mn,, icosahedral AyMngPd,;, and mod-
erately disordered YfPtIn,¢Bi,.528-%0

The temperature dependence of the magnetic entropy

AS,(T), obtained from the magnetic contributi@h,(T) to
the specific heat via the equation

150

Algg gMnyg 1Pdy5 4

100 L4 1100

Cpy (mJ/mol K)

[54)
o
Crm (md/mol K)

TCp
Aan(T)sz ?dT’, 1)

/ ] 1'0 is displayed in Fig. 5. For this calculatio@,,, was extrapo-
T lated to zero temperature assuming a power-law variation
0 : m = 2 C(T)xT??2below 1.7 K(see Fig. 3 At the freezing tem-
perature T;=12 K, the magnetic entropyAS,, reaches
T 0.517 J/molMn K. For spin glasses, only between 22% and

FIG. 3. Estimate of the magnetic contributia®,(T) to the ~ 30% of the magnetic entropgS;, is normally developed
specific heat of the decagonal Al-Mn-Pd phase. In§gtversusT below the freezing temperatu?é,reflectmg a considerable
between 1.7 and 10 K plotted on logarithmic scales; the solid line i$hort-range order of magnetic moments abdye We thus
the power-law approximation to the data between 1.7 and(de¢  estimate the total magnetic entropyS;,, of decagonal Al-
text). Mn-Pd to be between 1.72 and 2.35 J/mol Mn K. Assuming
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FIG. 5. The magnetic entrop¥S;, of decagonal Al-Mn-Pd as a FIG. 7. The variation of the “thermoremanent” magnetization

function of temperaturd between 0 and 20 K. Mg at T=5.5 K, plotted as a function of time on logarithmic

scales. The line is the fit to thd 1x(t) data using Eq(3) (see text
that each Mn ion is trivalent, i.e., carries a sj@ir 2, leads
to an expected loss of magnetic entropy S, a “remanent” magnetization with tim&.We have measured
=13.4 J/molMnK. Our experimental S, values are dis- the time dependence of the “thermoremanent” magnetiza-
tinctly smaller, thus suggesting that a large part of the Mntion M1g(t) of decagonal Al-Mn-Pd over 2.5 decades in time
ions in decagonal Al-Mn-Pd carry no magnetic moment atafter slowly cooling the sample from 50 to 5.5 K in an ap-

low temperatures. plied magnetic field of 55 kOe and subsequently removing
the field. OurM 1(t) data shown in Fig. 7 can adequately be
B. Magnetization described by a power law
A useful probe that allows a rigorous identification of the Mr(t)=mt 2, 3)

freezing transition to the spin-glass state is the third-order _ o o _
magnetic Suscep“b'“ty(s('r) that may be defined in terms Implylng that the relaxation involves a distribution of activa-

of an applied magnetic fieldl and magnetizatioM as tion energies. Equatio(8) has originally been proposed for
spin glasses by Binder and Sctes (Ref. 33, based on the
M(T)=x(T)H+ x3(T)H3+O(H®). 2) results of Monte Carlo simulations for square Ising lattices

with random nearest-neighbor interactions. A fit of Ef).to
For spin glassesy;(T) is negative, and it diverges at the the Mx(t) data yieldsm=1.39+0.01 and a=—0.174
freezing temperaturd;.3? We have measured the ac third- +0.001. The value of the exponeat is consistent with
order magnetic susceptibility;(T) of decagonal Al-Mn-Pd  analogous values previously reported for various spin-glass
in the temperature range between 8 and 16 K. The real pagiystems’ The slow relaxation oMg(t) is a general obser-
x5(T) of the complex third-order magnetic susceptibility vation for spin glasses, which reflects the nature of the low-
shown in Fig. 6 displays a distinct negative anomaly, thusemperature state of these systems, with multiple configura-
confirming the spin-glass nature of the freezing transition. tions separated by energy barriers of varying heights. The

A characteristic feature of the irreversible behavior of thevariation of the remanent magnetization with time is not uni-
magnetization in a spin-glass system is the slow variation ofersal, however, and it appears to vary from one spin-glass
system to anothéf

or e’ - 1 V. SUMMARY
¥, The low-temperature specific heat and the ac third-order
: . magnetic susceptibility indicate a spin freezing phenomenon
e 3 | in annealed single-phase material of decagonal
: AI Gg.d\AnIS.lPdlZ.l at Tf: 12 K
. Results of measurements of the time dependence of the
N ] “thermoremanent” magnetizatioM g and also the slow
o* variation of Mg(t), all measured below;, are typical of
i * Alge sMn g 1Pd5 1' canonical spin glasses, thus giving additional support to our
5 m 1"5 - '20 classification of the low-temperature state of decagonal Al-
T(K) Mn-Pd. . . . . .
The entropy variation that is related with the spin freezing
FIG. 6. The real park; of the complex ac third-order magnetic transition indicates that a substantial fraction of the Mn ions
susceptibility of decagonal Al-Mn-Pd as a function of temperaturecarries no magnetic moment at low temperatures. Satoh
T. et al® reported that the fraction of magnetic Mn ions in

x3' (10~9 emu/mol MnOe?3)
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decagonal Al-Mn-Pd was 2.5 at% Mn, i.e., 14% of all Mn Ag, . Mn,, and Ay_,Mn,, all with strong Ruderman-
atoms. By contrast, recent nuclear—magnetic-resonance meﬂi-tte|_Kasuya_Yosida exchange interactions among Mn mo-
surements indicate that as much as 9 at% Mn carries a maghents(see Ref. 36

netic moment, i.e., 50% of all Mn atom®.

The ratio T¢/x, a quantity that reflects the strength of
interaction between magnetic moments, lies in the range be-
tween 130 and 480 K. The most likely value for decagonal
Al-Mn-Pd is therefore lower but nevertheless quite close to The melt-spun Al-Mn-Pd tape has been synthesized by P.
the corresponding value of icosahedral,gMngPd; and  Reimann in the group of Professor H.-J.r@herodt at the
clearly above that observed for the quasicrystallineUniversity of Basel, Switzerland. We gratefully acknowledge
RE-Mg-Zn (RE=Dy, Tb, Ho, EJ alloys. In icosahedral useful discussions on the Al-Mn-Pd phase diagram with Dr.
Al;MngPd,; a value ofT;/x=450 K may be inferred from R. Luck and T. Gadlecke, as well as the help of Dr. E. Bis-
the results of our measurements of thermal and magnetichoff in the x-ray microanalysis performed with a dedicated
properties (see Ref. & By comparison, quasicrystalline scanning electron microscope at the Max Planck Institute for
RE-Mg-Zn (RE=Dy, Th, Ho, E) alloys are characterized Metals Research, Stuttgart, Germany. This work was sup-
by distinctly weaker interaction strengths, reflected by theported in part by the Schweizerische Nationalfonds zur
T;/x values ranging from 15 to 70 KValues ofT;/x, which ~ Forderung der wissenschaftlichen Forschung. M.A.C. would
are comparable in magnitude with our findings for icosahelike to acknowledge the Texas Center for Superconductivity
dral and decagonal Al-Mn-Pd, have previously been reporteat the University of Houston for its hospitality during part of
for metallic spin-glass systems, such as ;CMn,, this work.
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