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Anisotropic Spin Correlations in the Zn-Mg-Ho Icosahedral Quasicrystal
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Neutron scattering experiments have been performed on the Zn-Mg-Ho icosahedral quasicrystal
using powder and single-crystalline samples. In contrast to a previous Letter [Charaér Phys.
Rev. Lett.78, 4637 (1997)], the magnetic long-range order could not be detected in the icosahedral
quasicrystal. It instead exhibits highly anisotropic diffuse scattering, which appears as satellite
ridges of intense nuclear Bragg reflections, running parallel to the fivefold axis. The result
suggests that quasi-five-dimensional spin correlations develop on a six-dimensional hypercubic lattice.
[S0031-9007(98)06916-6]

PACS numbers: 75.50.Lk, 61.44.Br, 75.40.—s

Quasicrystals (QCs) are characterized by sharp Bragipr RE = Ho [10,11]. This rather indicates that spins are
reflections with a point-symmetry that is prohibited in aparamagnetic abovEsg and randomly freeze at this tem-
periodic lattice, such as fivefold or tenfold symmetry. Toperature. Hence, the two results are contradicting. Re-
account for the Bragg reflections and point-symmetry atent metallographic investigations show that the i-QC has
once, quasiperiodicity was proposed and today is widelyan almost stoichiometric composition of &MgsoRE;
accepted [1]. This quasiperiodicity can be regarded as H2]. However, the previous magnetic experiments used
projection of a periodic structure in a higher-dimensionalZnsyMg4;,REg samples, which can probably be contami-
virtual space into the three-dimensional (3D) real spacenated by several crystalline phases. Therefore reexamina-
Owing to the novel structure, physical properties of thetion of a single-phased sample is necessary. In this sense,
guasiperiodic systems are quite intriguing to study [2].a single crystal study is much preferable since itis, in prin-
Icosahedral quasicrystal (i-QC) is one realization of sucteiple, a perfect single phase. In addition, it gives informa-
guasiperiodic systems, which can be described as a préion on theQ-direction dependence.
jection of a six-dimensional (6D) hypercubic lattice into  In the present study, we have performed neutron scatter-
the 3D space. It shows twofold (2f), threefold (3f), anding experiments on powder and single crystalline samples
fivefold (5f) symmetric axes. The i-QC can most easilyof the Zn-Mg-Ho system. We selected REHo because
be obtained in real alloys, e.g., Al-Pd-Mn [3] or Al-Li- the most distinct LRO was reported for Ho. In our results,
Cu [4], and some of them can be grown in a macroscopithe LRO could not be detected, whereas highly anisotropic
size. Thus, various physical properties have been investdiffuse scattering was observed in the single i-phased
gated using i-QC, for example, electrical resistivity [5] andsample. As far as we know, this is the first observation
phonon dispersion relation [6]. They show almost no di-of the clear anisotropy in physical properties. Fromghe
rection dependence, and this isotropic behavior is thoughtependence, the diffuse scattering should be regarded as
to originate from the high point-symmetry of the i-phase. quasi-five-dimensional spin correlations defined in the 6D

Recently, i-QC was found in the Zn-Mg-RE (RE: rare space.

earth) system [7]. Since this system has localizgd The Zn-Mg-Ho powder samples were prepared by melt-
magnetic moments (or atomic spins) on the RE sites, iing constituent elements. The samples were characterized
provides an opportunity to study magnetism on the quasiby scanning and transmission electron microscopies (SEM
periodic lattice. To date, the neutron powder diffrac-and TEM) and x-ray diffraction. The.5 cm?’ single crys-
tion was performed and suggested a coexistence of thal of i-QC was obtained by the Bridgman method. De-
magnetic short-range order (SRO) and long-range orddails of the crystal growth were published elsewhere [13].
(LRO) at low temperatures, such &< Ty = 7 K for  Neutron diffraction experiments were performed at the
RE = Ho [8]. The LRO was shown to have a wave vec-triple-axis spectrometer ISSP-GPTAS installed at JRR-
tor of gep = (%OOOOO)ﬁD and was named aguasimag- 3M, JAERI (Tokai), operated in the double-axis configu-
netism (Suffix “6D” indicates that the vector is defined ration. Collimations of40’-80'-40" or 40’-80’-80" were
with the 6D reciprocal lattice bases [9].) Ifthe LRO really employed. Incident neutrons &f = 2.67 A~ were se-
existed, this could be the first experimental evidence ofected by a vertically focusing pyrolytic graphite (PG)
a quasiperiodic spin structure with an anisotropy in themonochromator, and second harmonics is eliminated by
gep Vector. However, the magnetic susceptibility showsthe PG filter. In the single-crystal experiment, the scatter-
no anomaly atT'y but instead exhibits a spin-glass-like ing plane was chosen normal to a 2f axis, so that the plane
transition at lower temperatures, for examglgg = 2 K contains all the 2f, 3f, and 5f axes.
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First of all, we examined the microstructure of the hexagonal ZgHo structure using the lattice parameters of
ZnsoMgyHog sample prepared under the same condition: = 8.93 A and ¢ = 9.32 A [14]. At low temperatures,
as Ref. [11]: the as-cast sample was annealed at 873 iagnetic Bragg peaks appear at the same positions as the
for 20 min and subsequently at 673 K for 48 h. Shownintense LRO peaks in the previous Letter. They were
in Fig. 1 is the backscattered electron image taken inndexed with quasiperiodic indices. However, this should
SEM. It clearly shows the coexisting four phases as i-QCbe misleading indexing, since they apparently originate
(Zn;—,Mg,)sHo, ZnsMg7, and Mg. The i-QC was shown from the crystalline phase. The ordering temperature was
to have a composition of ZpMgs3Ho;9, which is almost  determined by measuring magnetic susceptibility'as=
the same as the stoichiometric composition. The last tw@.4 K [15], which is almost equal to that of the previously
phases are nonmagnetic crystalline phases. In additiongported LRO. The above results strongly suggest that the
there remains the magnetizn,—,Mg,)sHo phase with intrinsic magnetism in i-QC is SRO and that the previously
x ~ 0.2. Further anneal reduces this phase; however, weeported LRO can probably arise from the crystalline
found that a very long time is required to completely phase. )
eliminate it in the Ho system. Thus, the previous diffrac- Next, we investigated the@ dependence of the diffuse
tion pattern can possibly be a superposition of the magnetiscattering using the single crystal. Shown in Fig. 3 are re-
signals from(Zn; - .Mg,)sHo and i-QC. sults of O scans along the 2f, 3f, and 5f axes. Scans at

Having the above metallographic knowledge in mind,two temperature§’ = 1.3 and 20 K were performed and
we made a ZgMgszoHoip sample annealed at 723 K for results are shown in the same manner as the powder re-
200 h. The SEM result showed that 90% or more ofsylts. At7T = 20 K, well-indexed nuclear Bragg reflec-
the sample is i-phase. Thus, by comparing it with thetions were observed, confirming the single crystallinity of
ZnsoMgsrHog sample, we regard it as an almost singlethe sample. AT = 1.3 K, the diffuse scattering evolves
i-phased sample. The powder diffraction pattern of thisas observed in the powder sample, however, in a highly
sample is shown in Fig. 2(a). The scattering intensity anisotropic form as follows. Magnetic intensity along the
1(10)), taken afl’ = 20 K is shown as a high-temperature 2f axis exhibits well- -developed diffuse peaks, indicating
reference with only nuclear Bragg peaks. The peaks coulthe existence of the short-range spin correlations. The
be indexed with six indices, confirming the quasiperiodic
nature of the sample. The 6D lattice constant was esti-
mated asisp = 14.6 A. Development of magnetic scat-
tering intensity at the low temperature f= 1.6 K is
displayed by a subtraction, i.el(T = 1.6 K) — I(T =
20 K). Although the temperature is well belofy =
7 K, there appears to be almost no magnetic Bragg peak,
indicating the absence of the LRO in the single-phased
sample. In contrast, broad peaks appeal@t~ 0.55,
1.15, and2.0 A~! and reproduce the SRO part of the
previous Letter.

The powder diffraction pattern of th&n,_,Mg,)sHo
sample is shown in Fig. 2(b) with using the same manner
as Fig. 2(a). We selectad= 0.2 and annealed at 1023 K
for 1 h and then at 923 K for 20 h to obtain a single-phased
sample. The nuclear Bragg peaks can be indexed with
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FIG. 2. (a) The powder diffraction pattern of the ¢n
MgsoHoyp I-QC. The result atl’ = 20 K and the difference
between 20 and 1.6 K are shown. The suffix “6D” of indices
is ignored for simplicity. (b) The powder diffraction pattern
of the (ZnygMgy,)sHo crystalline phase, shown in the same
manner as (a). The vertical lines represent the intense LRO
peak positions in the previous Letter with the proposed QC
FIG. 1. The backscattered electron image of the,¥iy4,Hog indices [8]. Note that the magnetic Bragg peaks apparently
sample prepared under the same condition as Ref. [11]. originate from the crystalline phase.

20KV WD39mm X500-07 PHOT  10um

2365



VOLUME 81, NUMBER 11

PHYSICAL REVIEW LETTERS

14 6, TEMBER1998

2000

1500

20K)) (counts/1min.)

1.3K)-I(T=

-1000

-1500

Intensity (I(T:

-2000 =
0

2000

1500

1000

20K)) (counts/1min.)

=1.3K)-I(T=

Intensity (I(T:

2000

1.3K) - I(T=20K)) (counts/1min.)
& o
o o
o o

Intensity (I(T:

1000 |

500 |-

500 F

500 F

500 |
-1000 |
-1500 |

-2000 Lo
0

JRR-3M GPTAS 40-80-40-open 2axis ki=2.67A-1

i-Zn- Mg -Ho single

F(a) Q || 2f-axis
FI(T=1.3K) -

I(T=20K)

|
PN

 (4440-40)

(2660-20)

1500000

400000

4200000

100000

= e (022000)

.
0.5

1.5 3

1] along 2f axis (A l)

w
&

0
4

;ﬁbjb]ﬂshéks

Fi(T= 1.3K)-1(T=20K)
: < MA

a

i

(3331-11)

(3333-33)
» (444000)

sl 2

al
d . KT 20K)

£
—————

—+-— 500000

~ 400000
300000
¥ 200000

4100000

1.5 2 25
|Q| along 3f axis (A1)

w

0

1500

1000 |-

-1000 [

-1500 [

T
»(200000)

- (311111)

T+ (533333)

1500000
400000
1300000

1200000

100000

Iy -
o

o
o
i

15 2 25 3

L

(unt/s1un0) ((0z=1)1) Ausuamj

1) Ausua

(uwt/sunod) (3102

1)1) Ausuau|

(‘uw/s1unoo) ((Moz

tering plane, i.e.Q, > 0 andlél < 4 A~!, was scanned
atT = 1.3 and20 K. After confirming that the subtracted
magnetic intensity satisfies the symmetry requirement, we
folded the data into a single quadrant@f, Q, > 0. Fi-
nally, the quadrant was repeated for all ﬂl@ <4 A!
space to see characteristics of the intensity distribution.

Figure 4 shows the resulting intensity map of the mag-
netic contribution. A few intense spotlike peaks can be
seen in the map. However, they do not correspond to mag-
netic Bragg reflections but are definitely diffuse scatter-
ing, as evidenced by the corresponding scans in Fig. 3. In
the map, one can see ridges parallel to the 5f axis, which
pass through the intense peaks. The ridges appear as satel-
lites of intense nuclear Bragg reflections, suchtgs =
(OOOOOO)éD, Gip = (244020)¢p, GZp = (422222)4p, and
Gip = 31111 1)gp.

A position on theQ (Qx, Qy,0) plane in 3D recipro-

cal space is projected fro@p = (Q10202040504)sn
O + 270, —

by
<8> - “,<7Q1 + 20, + TQQ55>’ (1)

where o’ = (27 /agpv/2 + 7) and 7 is the golden ra-

tio [9]. Since it is a linear operation, the observed satel-

lite ridges can also be assigned to corresponding satellite
ridges of the foerﬁn = G6D *+ g¢p in the 6D recipro-

cal space, which have to be elongated along the 5f axis.
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FIG. 3. Theé scans along the (a) 2f, (b) 3f, and (c) 5f axes 40

in the Zn-Mg-Ho single i-QC, shown in the same manner as the
powder result. Triangles and dots for the differences stand for
the data along two symmetrically equivalent directions, such as

0 = (0,,0,0) and(0, 0y, 0) for the 2f axis. The suffix 6D of
indices is ignored for simplicity.

correlation length was estimated ds~ 10 A from the 2.0

peak até ~ (0.55,0,0) A~!. Diffuse peaks could also
be observed along the 3f axis with wider widths, and thus
the correlation length becomes shorter in this direction. In

contrast, almost no magnetic scattering could be observed W 4.0 20 0.0 2.0 4.0
along the 5f axis. This indicates very weak correlations Qx (A1)
along the 5f axis. Note that no magnetic Bragg peak ap- m
pears in the scans. This confirms the absence of LRO
in i-QC -mm,oi _— 0.0 o }100{3.{:
' > ntensily (coun Sec.
To see the overall features of the diffuse scattering@ in :|{T=|.§K] - {T=20K)}
space, we have made a magnetic-scattering intensity maeE'G a(color). Th i tering intensit btained
color e magnetic-scattering intensity map obtaine
Since only the broad diffuse peaks appear at low temper ¥ subtracting the data 4t — 20 K from those af 1.3 K. The

i i / /
tures, we employed the looser collimation 4ff'-30'-80 lue dots denote the intense nuclear Bragg positions. The

to gain intensity. Further, to achieve reasonable statistic3jack lines are projected loci of the magnetic diffuse positions,
accuracy within I|m|t¢d experiment tlm_e we measured theg) + 2. where suffix 6D is ignored in the figure. They are
intensity in the following procedure. First, half of the scat- drawn only in the first quadrant.
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(g6p is @ magnetic wave vector.) Then the most simplesix-dimensional lattice. Further study, both theoretically
gen that reproduces the observed ridge positiongis=  and experimentally, is obviously required to elucidate the
(x11101)¢p and gép = (0111x1)¢p, wWith x being arbi- nature of the spin correlations and relation with the spin-
trary. The projected loci of the ridges are shown in Fig. 4,glass-like behavior observed in magnetic susceptibility.
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