
PHYSICAL REVIE% 8 VOLUME 37, NUMBER 11 1S APRIL 1988-I

Experimental evidence for the existence of enhanced density of states
and canonical spin-glass behavior in Al-Mn (-SQ qnasicrystaht
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%e report experimental evidence for an enhanced density of states at the Fermi level in

AlgdMnt4 and AlqqMn20Siq quasicfystals (QC) as indicated by the low-temperature specific heat
and resistivity. The excess speci6c-heat term hy is proportional to the Mn concentration in these
QC samp1es as is the case for dilute AlMu alloys. Spin-glass-like behavior is observed in both QC
samples. In Al-Mn-Si, the relative frequency dependence of the ac susceptibility cusp is compa-
rable to canonical spin glasses such as AgMn or CuMn.

Ever since the discovery of quasicrystals (QC) the in-
terpretation of their magnetic' or electronic properties
has been fairly controversiaL In a previous study Berger
and co-workers3 have proposed that the high measured
resistivity (150-200 p 0 cm) of Al-Mn QC could be inter-
preted within the framework of a Friedel-Anderson s-d
model which was originally developed for dilute Al 3d al-
loys. Although in a somewhat ddkrent context, other au-
thorsd s also proposed that the density of states (DOS) at
EF should be enhanced. However, to our knowledge, no
experimental evidence ' for the enhanced DOS has been
reported prior to this paper.

In this paper we present the very-low-temperature
specific heat (CI, ) and frequency variation of the ac mag-
netic susceptibility (X„) on QC and recrystallized (C)
samPles of AlgsMnld and A17sMnsoSiq. Our main results
are that the excess specific-heat term hy (due to Mn) is
proportional to the Mn concentration in these QC samples
as in the well-known case for dilute A/Mn alloys. Spin-
glass-like behavior is observed in both QC samples. In
Al-Mn-Si, the relative frequency dependence of the ac
susceptibility cusp is comparable to canonical spin glasses
such as AgMn or Ctd Mn.

All samples were prepared by melt spinning in widths of
up to 6 mm with average thickness -20 idm. They were
characterized in great detail by x-ray diffraction and
transmission electron microscopy. A175Mn20Si5 consists
almost entirely of the QC phase, with a typical grain size
-0.5 pm and with less than about 10 vol% of fcc Al.
Als6Mnl4 consists of -70 vol% of QC phase with typical
gralll size 1 idm. Tile rcmalnlng rcpfcscnts fcc Al
which contains up to 3 at. % Mn in solid solution. Because
of this second phase, we have also produced and studied
the behavior of Al-3 at. % Mn alloy.

Specific-heat measurements were performed on a dilu-
tion refrigerator by means of a step-by-step transient
heat-pulse technique; the ac susceptibility and magneti-
zation were measured simultaneously down to 40 mK in a
small dilution insert.

As shown in Fig. 1, hnear specific-heat variation as-
cribed to the electronic contribution can be observed in all
samples, but at very low temperatures (~ 0.3 K). For re-
crystallized AlgdMnl4 (annealed at 600 C) a y value of
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FIG. 1. Specific heat of (a) AlttdMftt4 QC, (b) Al-3 at. % Mn
solid solution, and (c) AlgdMuta recrystalhzed. In the inset, the
electronic term in excess to y of pure Al vs the Mn concentra-
tion in the range from dilute solid solution up to the QC phases
Al-Mn (QC 1) aud AI-Mn-Si (QC 2).

1.35 mJ/molK2 is found, in excellent agreement with
values reported for orthorhombic AlqMn (Ref. 10) and Al
in the normal state; both of which are present in our sam-
ple. " In QC samples, the amplitude of this electronic
term is estimated bg taking into account the hyperfine
contribution (tcT ) which increases rapidly at lower
temperatures. For QC AlssMntd, the analysis with a yT .

term between 0.08 and 0.25 K leads to y 10+0.5
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mJ/molK . In the inset of Fig. 1 we plot the amplitude
hy of this low-temperature electronic term in excess to the
y value of pure Al. We emphasize that hy scales with the
overall percentage of the Mn-s in the sample, in good
agreement with earlier results for very dilute AlMn„
(x ~ 0.45 at. %) alloys' and our own measurements on
x 3%. We have already measured and reported the
same proportionality with concentration of the residual
resistivity3 (p4zx 25, 70, and 100 poem for samples
containing 3, 10, and 14 at. % Mn, respectively). Taking
into account the correction for about 30 vol% of Al-3
at. % Mn in the AlssMn~a sample, we estimate that y for a
AisoMnzo QC would be -13m J/mol Kz.

In the Al-3 at. % Mn sample, above the quasilinear re-
gime (with y 3-3.3 mJ/molK ) the slight departure AC
from a yT+PT3 law around 1 K is ascribed to the onset
of magnetic interactions. ' lt becomes a broad bump in
AlssMn~a QC, somewhat similar to other C» data on
AlgoMnzo QC, with a maximum amplitude for /!aC/T at
1.4 K (hC being defined as the excess above the yT+PT3
law, with y 10 mJ/molKz). This bump does not exist in
a fully crystallized sample. " In X„a rounded maximum
also appears at 1.0 K (see Table I). We thus ascribe the
C» anomaly to magnetic interactions, since the relative
positions of the C» and X maxima are in agreement with
data on spin glasses. 'a We have calculated the entropy
S by integrating /)C/T between 0 and 7 K. Estimating
the phonon term from the data above 5 K, which corre-
sponds to a Debye-temperature range of 230-300 K, we
find S 60 to 70 mJ/molK.

For A175MnzoSiq Qc, the broad C» maximum is shifted
to higher temperatures (T & 10 K), 's and the C» varia-
tion between 0.3 and 7 K is well described by a power T '
law (Fig. 2); the amplitude of this term ascribed mainly to
an electronic contribution allows us to estimate y-9+ 1

mJ/molK, which is therefore smaller than the estimated
value for AlsoMnzo QC phase (= 13 m J/molKz). Furth-
ermore, the nuclear hyperfine contribution, C~ /IT
with A 3.75X10 JK/mol (see inset of Fig. 2) is ten
times larger than in AlgsMn~4 QC. Since this amplitude
cannot be of electric quadrupolar origin (on the basis of
the quadrupolar splitting energies obtained from NMR
(Ref. 16) or Mossbauer' data], we ascribe it to the
hyperfine field on the nuclei of magnetic Mn s sites. In
that case, A is directly related to the concentration of lo-
calized moments close to the saturation's in both QC
samples, and can give similar information as high-field
saturation magnetization.

Therefore, both modification of the magnetic bump and
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FIG. 2. Specific heat of A17aMnaaSiq compared to AlaaMn~a
(dashed curve). In the inset, C» is analyzed as the aum of the
electronic term, extrapolated from data above 0.3 K, and an
hyperfine nuclear T 2 contribution.

the hyperfine nuclear term indicate an enhanced magnetic
character in Al-Mn-Si as compared to AIMn. We now
discuss the magnetic measurements which confirm this
point.

The magnetization of AlgsMn~4 is proportional to the
field down to the lowest

temperature
and up to 3000 Oe.

At that field it attains only ass of the saturation expected
for 14% of free Mn spins with assumed S 1 (see Table
I). The field-cooled magnetization (3000 Oe) increases
slowly when the temperature decreases, without marked
anomaly around 1.0 K. The thermoremanent magnetiza-
tion tends to 1.5 X 10 z emu/, at $0 mK; it decreases ex-
ponentially when T increases and disappears around Tf
as in a spin glass.

The ac susceptibility was measured in a peak-to-peak ac
field of 2 Oe at 113 Hz. It goes through a rounded max-
imum around Tf 1.0 K. All these characteristics, small
magnetization, susceptibility maximum, and remanent

TABLE I. Magnetic parameters deduced from the ac susceptibility analyzed as X Xa+C/(T+e), for 5 (T (150 K, and elec-
tronic C~ term y. x denotes the concentration of magnetic Mn.

Tf C
(K) (10 ' emu/g)

8 Xt)

(K) (10 ' emu/g)
10 x

mJ/mol K2

AlgaMn)4 QC
AlqqMnI~ recrystalized
AlpgMu2aSig QC
AlqaMuaaSiq recryataiized

1.5 +' 0.05
0.15 ~0.05

13+' 2
0.25 +' 0.05

4+'0. 1

1+0.2
35+' 5
10+' 1

0.5+ 0.05
0.2+' 0.05
1.3 + 0.1

0.2+' 0.05

4.5+' 0.5
0.45 +' 0.1

43+ 6
0,8+' 0.2

1.5 + 0.2
0.15 +' 0.04

15+' 2
0.25+ 0.05

10+'0.5
1.35+ 0.05
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magnetization, suggest a spin-glass behavior below 1 K.
However, only the study of the divergence of the nonlinear
magnetization terms or of the frequency dependence of Tf
can be considered as a definitive proof of the existence of
the spin-glass transition. As to the rounded form of the
maximum in X„it could be due to (i) concentration fluc-
tuations or (ii) freezing of magnetic clusters (as an alter-
native to spin-glass transition). After recrystallization,
X„decreases to smaller values (see Table I) in good
agreement with earlier work' and in accordance with the
specific heat.

For the frequency dependence of X„in A17sMnzoSiq, we
observed a much sharper cusp at Tf =4.8 K at low fre-
quency (Fig. 3). The important result is that the cusp
temperature Tf. varies slowly with frequency. This rela-
tive vanation of Ty can be measured as GATI/(Tfhlogtnf),
where hTf is the variation of Tf associated with the loga-
rithm of the varying frequency, hlog~nf. Its value is
~0.015, very close to the small values published for
canonical spin glasses such as AuFe (0.01), CuMn
(0.007), or AgMn (0.005). ' This frequency variation of
X„therefore clearly indicates a spin-glass behavior in this
sample.

High-temperature susceptibilities of all the samples
have been analyzed in terms of a Curie-Weiss-like suscep-
tibility, C/(T+8) plus a constant contribution Xa (Fig.
4). Table I contains the magnetic data of QC and C sam-
ples. The best fits are obtained with 8 0 for AlgsMn~4
QC and 8~4 K for AlqsMnzoSiq QC. The spin value of
magnetic atoms is not well determined and, due to the
high Kondo temperature (600 K), it is possible that only
groups of more than -4 Mn are magnetic. ' A close com-
parison with the magnetic behavior of CuMn spin glass
gives an average S value 1 &S52 per Mn atom. zn We
have deduced the molar concentration x from C, using
these two S limiting values, in Table I. For AlgsMn~4 QC
the concentrations x are of the same order as those ob-
tained from the magnetic entrop~ S xNknln(2S+ I)
which gives x 7(+'0.7) x10 or 4.6(+ 0.5) &10
b.e., 5( ~ 0.5)% or 3.3(2 0.3)% of the Mn atoms] taking,
respectively, S~l or S 2. For Al-Mn-Si, the effective
magnetic field (200+'20 kOe) deduced from the nuclear

C~ term and assuming S 2 would be in good agreement
with the value measured in spin glasses such as CuMn
(280+ 10 kOe). z' Our estimates of the average effective

Al 75Mn205i5

FIG. 3. Frequency dependence of a,c susceptibility of
A17qMnq&is QC, at 11, 111,and 1100Hz, and 11 kHz.
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FIG. 4. XT, or X(T+8), as a function of temperature for (a)

AlssMn~4 QC, (b) AlqsMn2sSi5 as-quenched (QC), and (c)
Alq5Mn20Siq recrystallized (P phase).

magnetic moment per Mn, p,lr 0.51 and 1.3pn for
AlgsMn~4 and A17sMnznSis, respectively, are in excellent
agreement with previously reported results. ' Finally, the
difference in the magnetic characteristics of AlgsMn~4 and
A17sMnzoSis QC samples is confirmed by low-temperature
magnetoresistance measurements.

Simple interpretation of our results can read as follows.
The fact that electrical resistivity pn and excess linear
specific-heat term hy are proportional to the Mn concen-
tration in all our QC samples suggests that as a crude ap-
proximation we can consider Mn atoms as "isolated im-
purities" in an Al matrix. The Mn d states hybridized
with Al s,p states then give rise to an enhanced DOS at
Ep. The magnitude of electrical resistivity is obtained by
assuming the s-d scattering process in which each Mn
contributes -8 p Oem/at. % Mn in a direct analogy with
a well-known Friedel-Anderson s-d model for dilute al-
loys.

Clearly, the actual physical picture is more complex
due to the differing magnetic state of 510% of all Mn
sites in QC samples. These magnetic sites result in an ob-
served Curie-Weiss-like susceptibility term and spin-glass
behavior at low temperatures. The spin-glass "order" is
apparent in the maximum of the specific-heat curve, in the
ac susceptibility cusp, and also in the hyperfine term of
the specific heat. On the contrary, in fully recrystallized
samples all Mn atoms are nonmagnetic and there is no
evidence for enhanced DOS (or hy proportional to the
Mn concentration in specific heat) in that case.

In conclusion, the magnetic behavior of Alq6Mn~4 and
A17sMnzoSiq quasierystals indicate spin-glass-like freez-
ing. Moreover, the relative frequency dependence of ae
susceptibility cusp in Al-Mn-Si is found to be comparable
to that usually observed in canonical spin-glasses such as
AgMn, CuMn, and AuFe. The hyperfine nuclear
specific-heat term observed at very low temperatures
( & 300 mK) is much larger for A17sMnznSis as compared
to AlgsMn(4 which is "less" magnetic. The same trend is
observed in the magnetoresistance which is positive in
AlqsMn~4 and becomes negative in A17sMnzDSiq. z An ex-
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cess electronic specific-heat term (compared to pure Al)
hy as well as residual resistivity are proportional to the
Mn concentration in the QC samples. This we interpret
within a simple s-d model as an indication that the DOS
at the Fermi level is somewhat enhanced due to the hy-
bridization of Mn d states with s states of the Al matrix.
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