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Abstract. The magnetization of F- and P-type icosahedral Al-Pd-Mn was studied in the
temperature region between 2 and 870 K in a magnetic field below 80 kOe. F-type icosahedral
phase samples obtained by quenching from 1075 K were transformed to the low-temperature-
phase form during the magnetic measurement above 600 K. The low-temperature phase is
a P-type phase; this phase is characterized by a superlattice ordering. The samples showed
Curie-Weiss paramagnetism and increasing susceptibility with increasing temperature at high
temperatures. The increasing susceptibility is accounted for by a temperature dependence of
the Pauli paramagnetism arising from a pseudoga@min the electronic density of states.

The increase in the P phase was larger than that in the F phase, which indicates an enhanced
pseudogap in the P phase. This is consistent with a structural transformation to a more stable P
phase caused by the situ heat treatment. The Curie—Weiss susceptibility decreased after the
structural transformation from F- to P-type structure had occurred. A reduction by about one
half in the number of magnetic Mn atoms in the transformation is inferred. The temperature
dependence of the susceptibility deviates from the Curie—Weiss law below 30 K, which is similar
to what was found in a previous report by Chernikov and co-workers, but the deviation is much
smaller.

1. Introduction

Icosahedral quasicrystals were originally found in a rapidly quenched Al-Mn alloy which
exhibited an icosahedral symmetry in electron diffraction patterns, which is not allowed for
the well-known crystals with periodic translational symmetry [1]. At first the quasicrystals
were considered to be realized as metastable phases, but successive intensive studies revealed
that the quasicrystals contain various stable phases [2—4]. The phase transformation between
the icosahedral phase and the crystal was studied in detail by means of neutron diffraction
[5]. Several icosahedral alloys could be made to form single grains of millimetre size or
greater, and the physical properties were studied experimentally [6—13]. The icosahedral
phases are now known to consist of two types of structure, P type and F type [14].
Dodecagonal [15] and decagonal [16] quasicrystals were discovered subsequently; these
had an orientational symmetry inconsistent with periodic symmetry in a plane. Therefore
the quasicrystals now occupy the position of a new class of material with a new class of
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symmetries which includes a rich variety of alloys, for which, however, several problems
have not been fully resolved yet: (i) the atomic occupation has not been definitely determined
for the icosahedral quasicrystals in spite of elaborate studies [17-19] as yet, (ii) the electrical
conductivity of some of the icosahedral phases is extremely small, corresponding to a
very short mean free path comparable to the interatomic distance [13, 20] or suggesting
a quantum interference effect in the insulating regime [21, 22], (iii) only a very small
proportion of the Mn atoms are magnetic in the icosahedral phase containing Mn [23-25],
and (iv) a curious behaviour was observed in the Curie—Weiss susceptibility of the Al-Pd—
Mn icosahedral phase, with two different Curie constants and Curie temperatures in two
different temperature regions [26].

The rich variety of the new class of material was further augmented by a recent discovery
of superlattice ordering in Al-Pd—Mn alloys, in which a high-temperature F-type icosahedral
phase transformed to a P-type phase below approximately’@0id a narrow range of
composition near AhoPdi1oMngg [27]. This P-type phase has different structure to the
original P-type Al-Mn phase [1], and is characterized by the appearance of weak superlattice
reflections at the centre of two fundamental reflections. Here ‘fundamental reflections’
means the reflections observed also in the high-temperature F-type phase. The P-type phase
has an approximately times larger six-dimensional lattice parameter as compared with
the F-type phase, wheredenotes the golden mean. The difference between the electronic
properties of the two icosahedral phases is interesting in relation to the origin of the two
different structures, because the stability of an icosahedral Al-Pd—Mn quasicrystal was
thought to have an electronic origin [28].

The electronic origin of the stability of the quasicrystals has been studied theoretically
[29-31] and experimentally [28, 32—37] on the basis of the valley-like structure (pseudogap)
at Er in the electronic density of states (DOS), which is mainly related to the strong-
diffraction spots. The valley-like structure can be investigated experimentally via the UPS
study of the DOS [36], the electronic specific heat coefficient [34, 35], or the temperature
dependence of the Pauli paramagnetism [32, 33, 37, 38]. The UPS study is the most direct
method, but is not easy to conduct at high temperatures. The temperature dependence of
the Pauli paramagnetism gives the curvature of the DOB-aand affords a simple situ
measurement [37] at high temperatures, which is most suitable for the study of the possible
structural transformation between the two icosahedral phases [27]. Magnetic measurement
at low temperatures gives further information about the local magnetic moments. The
formation of magnetic moments of Mn was suggested to be governed by a delicate condition
dependent on the local environment of the Mn atoms [24].

Icosahedral Al oPthosMngs and Ak1oPth10Mngo samples were prepared in the present
study in order to clarify the DOS dif, the properties of the local magnetic moments, and
the Curie—-Weiss paramagnetism at low and high temperatures of the F and P icosahedral
phases.

2. Experimental procedure

Materials of nominal compositions 71.0 at.% Al-20.5 at.% Pd-8.5 at.% Mn (sample 1) and
71.0 at.% Al-21.0 at.% Pd-8.0 at.% Mn (sample 2) were melted in a plasma jet furnace.
The purities of the starting materials were 99.999%, 99.95%, and 99.95% for Al, Pd, and
Mn, respectively. They were put into graphite crucibles, and sealed in vacuum in quartz
tubes. They were annealed at 8@2 for 18 hours, and quenched into water. The resulting
ingots were F-type icosahedral phases. The electron diffraction pattern of sample 1 is shown
in figure 1(a).
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Figure 1. (a) The electron diffraction pattern of sample 1 in the F-type icosahedral phase, and
(b) that of the P-type icosahedral phase, after structural transformation. The direction of the
threefold axis is indicated by an arrow in (a). An example of superlattice reflection characteristic
of the P structure is shown by an arrow-head in (b).

All of the observed diffraction spots could be indexed to the F-type icosahedral
guasilattice. The strong diffuse intensity observed along the directions of the threefold
axis is the indication of structural disorder in this quenched F-type phase. Such a threefold
streak is related to the occurrence of the superlattice ordering at low temperature. The
composition of the ingot of sample 1 was analysed by means of energy-dispersive x-ray
microanalysis using a JEOL JEM5400/QX2000 scanning microscope. The composition
found by analysis was A}JPdoMnye. The discrepancy between the composition found by
analysis and the nominal one was within the experimental error of this analysis.

The samples were taken out from the crucibles, the surfaces in contact with the graphite
were removed using emery papers, and the samples were rinsed in acetone using an
ultrasonic washing apparatus. They were sealed in quartz cells in a He atmosphere of 0.3 atm
pressure to ensure thermal equilibrium with the magnetization measurement apparatus.

The magnetic force of the sample and the quartz cell was measured by the use of
Faraday-type magnetic balances. The balance used below 256 K was equipped with two
superconducting magnets, one of which produced the main magnetic field below 80 kOe
while the other produced the gradient field of 1128 Oe tm The sensitivity of the
electrobalance was % 107 cgs emu for the magnetic moment. The balance used above
256 K was equipped with a standard electromagnet producing the main magnetic field of
10 kOe, and the magnetic field gradient of the main field was utilized. The sensitivity was
1 x 10°% cgs emu for the magnetic moment. The magnetization was linearly dependent on
the magnetic field above 256 K, and the susceptibility measurement was made at 10 kOe
above that temperature. The magnetic susceptibjlityas determined in the linear region
of the field dependence of the magnetization over the whole temperature region.

The quartz cells were cracked to remove the samples from them after the measurement
was completed, and then put together again using glass adhesive to restore the shape. Then
the magnetic force of the cells only was measured. The force was independent of the
temperature above 16 K, and slightly dependent on temperature below that temperature.
The force of the cells was subtracted from that of the samples and the cells to give the net
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magnetization of the samples.

The magnetization of the initial F-type samples was measured in the temperature
region between 2 and 256 K with the magnetic balance equipped with the superconducting
magnet, and then it was measured above 77 K with the balance equipped with the standard
electromagnet. The sample structure transformed to P-type icosahedral structure in the high-
temperature measurement. The magnetization of the P-type samples was measured in the
temperature region between 2 and 873 K.

The electron diffraction pattern of sample 1 after the structural transformation is shown
in figure 1(b). An example of the superlattice reflections characteristic of the P-type phase
is shown by the arrow-head. All of the weak reflections located at the centre of the two
fundamental reflections could be interpreted in terms of the superlattice ordering. These
superlattice reflections had broader shapes than the fundamental reflections. In the powder
x-ray diffraction experiment, it was quite difficult to recognize the superlattice reflections,
because of the very weak intensity of the superlattice reflections, and because of the trace of
an unidentified crystal phase especially in sample 1. However, the intensity of the strongest
x-ray diffraction peak of the impurity crystal was less than 0.8% of that of the strongest
icosahedral peak. The structural transformation of sample 2 was not complete, in view of
the electron microscope observation which indicated traces of a portion that had still not
been transformed after the high-temperature magnetic balance measurement. The volume of
the part that had not been transformed was deduced to be about one third of the sample, from
the results of the electron microscope observation. Therefore discussions on the change in
the magnetization of sample 2 should be taken as semiquantitative.

1.5+
Al;,Pd,q sMng < (Sample 1)
S 1.0 X F O P
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Figure 2. The temperature dependence of the magnetic susceptiRilfyr samples 1 and 2
before the high-temperature measurements (F type) and after them (P type).

3. Results and discussion

The temperature dependence of the magnetic susceptipifity samples 1 and 2 is shown
in figure 2 before the high-temperature measurements (F type) and after them (P type).
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The characteristics of the magnetism are qualitatively summarized as follows. All of
the samples show Curie-Weiss (C-W) paramagnetism at low temperatures. The C-W
paramagnetism is reduced in P-type samples as compared with the corresponding F-type
ones. The susceptibility at high temperatures increases with the rise in temperature except
for sample 1 in its F-phase form. These characteristics are quantitatively analysed in the
following.

3.1. The temperature dependence of the susceptibility

A least-squares fitting of to the Curie—Weiss law
X =x0+C/(T—0) 1)

was tried for sample 1, wheng denotes a term independent of temperatarés the Curie
constant, an® is the Curie temperature. The temperature region of the data for the fitting
was selected so that the parameters obtained from the fit did not change with the width of
the selected region within the error of the parameters arising from the scattering of the data.
The temperature regions adopted were between 100 and 270 K for the F phase and between
50 and 150 K for the P phase. The results of the fit are shown in figures 3(a) and 3(b).
The temperature was raised by 20 K at twenty-minute intervals above 400 K. The magnetic
susceptibility was checked as remaining unchanged after being additionally held at 500 K
for 100 min, and the diffraction was checked as showing the F-type pattern. This means
that the transformation to the P phase does not occur below that temperature. The data for
the F phase are in good agreement with the fitting curve below 500 K, but deviate slightly
downward above 600 K. The deviation in the susceptibility was observed as an irreversible
change resulting from the annealing in the high-temperature measurement.

The irreversible deviation might be suspected to originate from Mn vaporization in the
annealing. However, the inner wall of the sample capsule showed little change in colour.
Furthermore, another sample taken from the same ingot was again water quenched from
800 °C for 18 hours after thén situ annealing in the high-temperature measurement in
order to check the recovery of the susceptibility. The susceptibility showed nearly the same
value as that after the first water quench: within 6%. Therefore the Mn vaporization effect
can be neglected. Another possible explanation for the deviation in the susceptibility is the
Mn migration from the icosahedral phase to the impurity crystal phase, because varying
the Mn content from 8.5 to 8.0% can change the Curie constant by a factor of 3 [25].
However, such a change in the main icosahedral phase would imply the unlikely situation
of the impurity phase less than 0.8% consisting almost entirely of Mn. Therefore the
irreversible deviation is most probably to be considered as corresponding to the precursor
of the structural transformation to the more stable P phase. Sample 1 was then annealed in
the magnetic balance at 773 K for 18 hours to complete the transformation to the P phase.

The result of the Curie—-Weiss fit is shown for sample 1 after the transformation to the
P phase by a dotted curve in figure 3(b). The data are in good agreement with the fitting
curve below 300 K, but deviate upward above it. The deviation was reversible, and therefore
the upward increase ig is inherent in sample 1 in its P-phase form. Such an increase
in x at high temperatures has been observed in the stable icosahedral phases Al-Cu—Fe
[32, 33], Ga—Mg—Zn [37], Al-Pd—Mn [28], and Al-Cu—Ru [38]. It was interpreted in terms
of the temperature dependence of the Pauli paramagnetism resulting from the valley-like
structure atEr in the DOS [28, 32, 33, 37, 38], which is closely related to the stability of
the icosahedral phases.
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Figure 3. (a) The temperature dependence of the magnetic susceptipiliof sample 1
(Al71PthosMngs) in its F-type form, and the C-W fitting based on equation (1). (b) The
temperature dependence pf of sample 1 in its P-type form, and various fittings based on
equations (1), (2), and (4).

Therefore a fitting ofy to the following function was tried for sample 1 in its P-type
form. The function consists of a constant susceptibility, the Curie—Weiss term, and the first
temperature-dependent correction [39]—proportional fe—of the Pauli paramagnetism:

X =xo0+C/(T —©)+ AT? 2
where
4 MBNEDGR” [ 1 (dzzv(;)) B < 1 dN(;))Z @)
3 NO\ dc? NE de )]

The quantityN (¢) denotes the electronic density of states,the Bohr magneton, an8g

the Fermi energy at 0 K. The result of the fitting is shown by a dashed curve in figure 3(b).
The curve indicates an improved agreement with the experimental data, but the agreement
is not satisfactory. A similar disagreement can be noticed in the temperature dependence
of the Knight shift for the AlsCuoRUy 5 icosahedral phase [38]. Therefore a fittingoto

the following function, which includes the higher-order temperature-dependent correction—
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proportional toT*—of the Pauli paramagnetism, was tried:
X = xo+C/(T —©) + AT? + BT*. (4)

The coefficientB contains complicated contributions from derivatives\afEr) up to fourth
order, the explicit form of which is given in the appendix. The result of the fitting for the
data above 50 K is shown by the solid curve in figure 3(b). The curve indicates a good
agreement with the experimental data. The necessity of the inclusion @f'tterm means

that the separation between tfié- and 74-terms is meaningful.

Table 1. Parameters determined from the fitting including constant, Curie-Wefssand 74-
terms (upper half), and from the Curie—Weiss law below 16 K with fixgdlower half). See
the text for details.

X0 C A B
(107emu © (105emu Py (10 Bemu (10 emu
gh (K) Kg™) (up) g K™ g tK™)
Sample 1 F —-2.82 -12.1 8.73 0.61 — —
(Al71PthosMng 5) P -3.67 —-12.8 2.72 0.34 0.41 3.27
Sample 2 F —-3.64 —-10.1 3.88 0.42 0.91 2.21
(Al71Pb1Mnsg) P —-437 —-14.4 1.26 0.24 1.89 1.41
Sample 1 €16 K) F —2.82 076  6.14 0.51
(Al71Pthos5Mng 5) P -3.67 -1.11 1.49 0.25
Sample 2416 K) F —3.64 110 267 0.35
(Al71Pb1Mng) P —-437 —2.44 0.70 0.18

The parametergg, ®, C, A, and B obtained by the fitting are shown in the first and
second rows in table 1. The parameter values quantitatively indicate the trend inferred from
figure 2: that the Curie constant is reduced and the coefficidrecomes positive from zero
after sample 1 is transformed from the F to the P phase. The positive valwénadlicates
that a valley-like structure is formed in the DOSHt in the more stable P phase of sample
1, as in the other stable icosahedral phases [32, 33, 37, 38], because the second term in
the braces of equation (3) always makes a negative contributioh tdhe coefficientB
contains complicated contributions from various derivatives, and such a clear conclusion
cannot be deduced from it. The reduction in the Curie constant suggests a change in the
environment of the Mn sites [24, 40] or in the clustering of Mn atoms [40, 41].

A similar measurement was made on sample 2 with a slightly different composition
in order to confirm the above trend in the transformation from the F to the P phase. The
long-time annealing in the magnetic balance was made at 873 K for 48 hours. The same
trend in the difference between the F and the P phases as shown in figure 2 is evident for
sample 2. The least-squares-fitting curves based on equation (4) are shown in figures 4(a)
and 4(b), and are in good agreement with the experimental data. The parameter values
obtained from the fit are shown in the third and fourth rows in table 1. The increase in
the coefficientA after the structural transformation is same as for sample 1, although it
is perhaps only fair to note that this argument depends on the separation Bf-tlznd
T4-terms in sample 2, because of the existence df-derm in both the F and P phases.

A considerable decrease was observed in the Curie constant in the transformation from
the F to the P phase for both samples. The Curie constant is a composite of the following
guantities: the angular momentuth the g-factor, and the density of local magnetic
moments. More detailed information about the local magnetic moments is obtained from
the following analysis of the magnetic field dependence of the magnetization.



3212 A Kobayashi et al

O F Exp.
(a) P 2 4
2- — CW +T 4T

[}
o®

00
0000000000

x [x1 o’ cgsemu/g]
o
|

-4 T T T T
0 200 400 600 800
4._
— 2 (b) O PExp.
o 5 2 .4
3 24 — CW +T +T
=
b
& 0+
’TO
% 2
=
-4 T T T T
0 200 400 600 800

T [K]

Figure 4. (a) The temperature dependence of the magnetic susceptipiliof sample 2
(Al71P1Mng) in its F-type form, and the fitting based on equation (4). (b) The temperature
dependence of of sample 2 in its P-type form, and the fitting based on equation (4).

3.2. The magnetic field dependence of the magnetization

The magnetizatiors is shown as a function of the magnetic fiel for the F and P
phases of sample 1, APdosMngs, in figures 5(a) and 5(b), respectively. The figures
clearly show the decrease in the paramagnetism of the local magnetic moments with the
transformation from the F to the P phase. The magnetization afPAl;Mng showed a
similar trend in the structural transformation. Fitting to a Brillouin function [28] may be
appropriate for investigating the properties of the local magnetic moments with due regard
given to a constant diamagnetic contribution in view of the trend towards saturation at low
temperatures, and the negative slope at high temperatures in figure 5.

Theo — xoH versusH /T data for sample 2 in its P-type form were fitted to a Brillouin
function, whereyo was determined from the fit of the temperature dependence tuf
equation (4) (table 1). The fitted curves are in good agreement with the experimental data
except at the lowest temperatures. The parameter values obtained are almost independent of
temperature at 12, 14, and 16 K. The differences between the values are within 10%. The
antiferromagnetic coupling indicated in the negative Curie temperature (the second column
in table 1) is considered to cause the disagreement between the data and the fitted curves at
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Figure 5. (a) Magnetization as a function of magnetic field for sample L{RdbosMngs) in
its F-type form. (b) Magnetization as a function of magnetic field for sample 1 in its P-type
form. The curves are only given as a guide for the eyes.

the lowest temperatures. Therefore it is reasonable to adopt the parameter values obtained at
16 K as a good approximation, because the effect of the antiferromagnetic coupling becomes
less important at higher temperatures on account of the thermal agitation.

Table 2. Parameters determined from the Brillouin fit at 16 &K.denotes the number of local
moments per granyg the g-factor, and/ the angular momentum. Thg-values in table 1 were
used in the fitting o — xoH.

Sample 1 Sample 2
(Al71PdosMngs) (Al71Pdb1Mng)
F P F P
N@0® gy 722 294 498 292
g 1.86 1.71 1.88 1.95

J 287 230 2.18 1.18
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Figure 6. o — xoH as a function ofH/T for samples 1 and 2 at 16 K. The-values from
table 1 were used.

Figure 6 shows curves fitted to the Brillouin function and the data for the F and P
phases of AliPdosMngs and Ak;Pd;Mng at 16 K. The agreement with the data is
excellent. Table 2 shows the parameter values obtained from the fitg-Tdwtor is nearly 2,
which indicates that the local moments mainly originate from spin angular momentum. The
orbital angular momentum may be quenched in the local low symmetry in the icosahedral
quasilattice.

A remarkable feature common to the two samples (table 2) is a decrease in the number
of local magnetic moment®/ after the transformation from the F to the P phase. The
decrease may be accounted for by a reduction in the number of magnetic Mn atoms caused
by a change in the environment of the Mn sites [24, 40] or in the clustering of Mn atoms
[40, 41]. The angular momentum between about 5/2 and 2/2 (the third row in table 2)
may be attributed to one Mn atom or to a cluster of antiferromagnetically coupled Mn atoms
[26]. The decrease in the Curie const@hdiscussed in section 3.1 is consistent with the
reduction in the number of magnetic Mn atoms, because the temperature region adopted
for the fit is much higher than the antiferromagnetic Curie temperatures shown in table 1,
and the individual Mn moments must thermally fluctuate independently to give the Curie
constant arising from individual Mn moments. Therefore the decreaSesmmost probably
accounted for by the reduction in the number of magnetic Mn atoms which may result from
a change in the environment of the Mn sites [24, 40] including the possibility of a change
in the distance between the Mn atoms [41]. Structural models of the transformation to be
investigated must be consistent with the present changé ithe number of magnetic Mn
atoms is about 1% and 0.5% of the total number of Mn atoms for the F and P samples,
respectively.
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Figure 7. The inverse of the susceptibility excluding the constanko as a function of the
temperature for the F and P phases of sample 1, wherggtivalues from table 1 were used.
The solid line shows the Curie-Weiss law for the higher-temperature fit in table 1. The broken
line shows the Curie—Weiss fit below 16 K.

3.3. Curie—Weiss paramagnetism at low temperatures

Figure 7 shows the inverse of the susceptibilityof sample 1, with the constant term
excluded, as a function of temperature below 120 K for the F and P phases. The figure
indicates that the temperature dependence afeviates below about 20-30 K from the
Curie-Weiss law determined at high temperatures. Sample 2 showed the same trend. The
feature can also be seen in figure 4(b). The data below 16 K can again be fitted to equation
(1), and parameters obtained from the fit are shown in table 1. The table indicates that the
Curie temperatur® and the effective magnetic momeRi;; decrease at low temperatures.

The above feature is qualitatively similar to a previous report [26]. It was interpreted on
the basis of antiferromagnetic clustering or a strongly frustrated spin-glass model [26]. The
absolute value oB obtained from the fit at higher temperature is much smaller than the
previously reported valu¢,— 108 K [26]. The reason for the difference between the present
result and the previous one is not clear. On the assumption of a clustering mechanism, the
difference might be concerned with the difference in the sample homogeneity. On adopting
a strongly frustrated spin-glass model, the difference might correspond to the difference in
the frustration, the details of which are not, however, known.

4. Conclusion

An increase iny was observed at high temperatures, and was interpreted on the basis of a
temperature dependence of the Pauli paramagnetism arising from the valley-like structure at
Er in the DOS. The coefficient of thE?-term was larger in the P phase than in the F phase,
which strongly suggests an enhanced valley-like structure in the P phase. This is consistent
with a structural transformation to the more stable P phase via the annealing. The Curie—
Weiss susceptibility of the P-type samples was about one third of that of the corresponding
F-type samples. This corresponds to there being fewer magnetic Mn atoms in the P phase
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than in the F phase, which is also inferred from the magnetization versus magnetic field
curves at low temperatures. Two different Curie constants and Curie temperatures were
observed in two different temperature regions, but the difference was much smaller than the
previously reported one [26].
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Appendix

The correction term of the Pauli paramagnetism of the ordéraf calculated by the use
of equations (6.4.3), (6.4.4) and (A4.6) of reference [39], where proper consideration [38]
has to be given to the temperature dependence of the chemical poteniiaé result is

41 AN\ 3t 1 (AN \2 /BN (@)
B = 2u3N(Epk* | -2 () — ( )( )
#eN(Ep) 2N@)*\ de 7 N\ d¢ dz?

_17n4 1 <dN(§)><d3N(§)>+7n4 1 <d4N({))
360 N(2)?\ d¢ de3 360N() \ de?

{=Er
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